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special focus on the synthesis of new monomers and polymers, modification and application of

lignin in polymeric materials, chemical modification of polymeric microspheres, photochemistry,

physico-chemical and thermal studies of polymers, polymer composites, biocomposites, polymeric

blends, hybrids materials and their degradation in different conditions.

ix





Citation: Puszka, A.; Podkościelna, B.
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Department of Polymer Chemistry, Faculty of Chemistry, Institute of Chemical Sciences, Maria Curie-Skłodowska
University in Lublin, Gliniana 33, 20-614 Lublin, Poland
* Correspondence: andrzej.puszka@mail.umcs.pl (A.P.); beata.podkoscielna@mail.umcs.pl (B.P.)

1. Introduction

Polymeric materials are widely used in many different technical fields. Modern poly-
mers due to their properties are increasingly replacing traditional construction materials.
Polymers and plastics that are non-flammable and resistant to very high temperatures,
electrically conductive polymers, fully biodegradable plastics, shape memory polymers
and self-repairing polymers are also known. Therefore they can be used to make elements
of machines and mechanisms or can be applied as functional advanced materials. The de-
velopment of polymeric materials is constantly being driven by increasing market demand.

Oil and gas processing produces polymers that are used to make inexpensive, very
versatile plastics that make everyday life much easier. But as fossil fuels become scarcer,
new challenges arise for the plastics and polymers market.

Innovative plastics are providing ever higher performance, but creation of new ma-
terials must be in line with environmental policy. Sustainable thinking is important at
every stage, from the design, synthesis, processing and disposal of plastics after use.
Researchers and industry are increasingly turning to waste-free and low-emission technolo-
gies. As a result, it is possible to obtain materials that are fully functional and exhibit good
performance properties.

Due to the growing interest in modern polymeric materials, scientific information
related to specialized literature on the complex chemical structure of plastics, as well as the
possibility of modifying their features and properties during processing may be useful for
specialists from various fields of science and technology.

The aim of this Special Issue was to highlight the progress and fundamental aspects for
the synthesis, characterization, properties, and application of novel polymeric materials, as
well as their copolymers, composites, and nanocomposites. The development of polymers
is the greatest of all materials and the articles presented in our book are perfectly in line
with the latest discoveries in this topic.

2. Short Description of the Articles presented in This Special Issue

In this Special Issue, 33 original articles have been published on various topics, in-
cluding the preparation, characterization, and some examples of application of polymeric
materials. This issue includes review articles [1–8] and research articles [9–33].

In the paper of Usri, Jamain and Makmud [1] methods for the synthesis of cyclot-
riphosphazene derivatives are outlined. The flame retardant and dielectric properties of
various types of polymers doped with these compounds are also presented.

The relationship between the structure and properties of azo-compound-based liquid
crystals was described by Razali and Jamain [2]. In the paper, they have demonstrated
that few factors influenced on the formation of different liquid crystals: the length of the
alkyl terminal chain, inter/intra-molecular interaction, presence of spacer, spacer length,
polarization effects, odd-even effects, and the presence of an electron-withdrawing group
or an electron-donating group.
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Another 5 papers were devoted to organic-inorganic materials [3] and polymer com-
posites [4–7]. In the review paper of Ikake, Hara and Shimizu [3], the authors discussed the
organic-inorganic hybrid materials which have become indispensable high-performance
and highly functional materials. This is owing to the improved dispersion control in hybrid
materials and the emergence of functional ionic liquids. Harmonization of both these
factors has enabled the utilization of functional 3D network structures and nanodispersions
in composite materials. The authors summarized the historical development of hybrid
materials prepared using the sol-gel method and the birth of ionic liquids.

In the paper of Mousavi et al. [4], summarized the recent advances in using bioac-
tive Graphene Quantum Dots-based polymer composites in drug delivery, gene deliv-
ery, thermal therapy, thermodynamic therapy, bioimaging, tissue engineering, bioactive
GQD synthesis, and GQD green resuscitation, in addition to examining GQD-based
polymer composites.

The paper of Zaidi et al. [5] investigated the impact of carbon nanotubes influence on
the properties of the polymer/CNT nanocomposies for photovoltaic application.

The paper of Ogunleye and Rusnakova [6], reviews some of the studies related to the
techniques associated with fibre-prestressing in polymer matrix development. The reports
from this study provide some basis for selecting a suitable technique for prestressing as
well as measuring residual stresses in composite materials.

In the paper of Gómez-Gast et al. [7], the authors presents an overview of
polyhydroxyalcanoate–vegetal fiber composites, the effects of the fiber type, and the produc-
tion method’s impact on the mechanical, thermal, barrier properties, and biodegradability,
all relevant for biopackaging.

In the last review paper of Liu an Claesson [8], the authors summarize recent ex-
perimental investigations of the interfacial lubrication properties of surfaces coated with
bottlebrush bio-lubricants and bioinspired bottlebrush polymers. The authors also discuss
recent advances in understanding intermolecular synergy in aqueous lubrication includ-
ing natural and synthetic polymers. Finally, opportunities and challenges in developing
efficient aqueous boundary lubrication systems are outlined.

The scope of research articles of papers included a Special Issue is very wide. It
includes papers on the synthesis and study of the properties of new thermoplastic poly-
mers [9–13], obtaining of composites [14–16], nanocomposites [17–19], microspheres [20,21],
polymeric blends [22–24], hydrophobic nanostructures [25], polymeric membranes [26,27],
hydrogels [28] and others [29–33].

In the paper of Hernández-Fernández et al. [9], the effects of arsine on the synthesis
and thermal degradation of virgin polypropylene and proposes reaction mechanisms that
allow understanding of its behaviour are studied.

In another paper, Wnuczek et al. [10] proposed the synthesis of novel polycarbonates
obtained without the use of toxic bisphenol A.

In the next two articles, the authors presented a method of obtaining new polyurethanes.
Gomez et al. [11] described the preparation and properties of bio-polyurethanes obtained
from residual palm oil without and with jatropha oil or algae oil as additions. Such
polymers have a high potential for the production of environmentally friendly bio-based
polyurethanes. Puszka and Sikora [12] presented the synthesis and detailed characteri-
zation of the structure and properties of poly(thiourethane-urethane) elastomers with a
polycarbonate soft segment.

The paper of Serra-Aguila et al. [13] examined the development of a procedure to
predict tensile moduli at different strain rates and temperatures, using experimental data
from three-point-bending dynamic mechanical analysis. The method was validated by
means of a prediction of tensile moduli of polyamide PA66 in the linear elastic range, over
a temperature range that included the glass-transition temperature.

Several and important components of the Special Issue were papers describing poly-
mer composites as well as nanocomposites. Ahmad and Abdul Rahman [14], used an
electrospinning technique to obtain nanofibers of lignin-filled polyacrylonitrile composites.
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Removal of lignin from the polymer matrix by selective dissolution yielded fibers with a
porous structure was described in detail.

In the paper of Fouly et al. [15] the green composite from corn cob powder and epoxy
resin was presented. For the materials obtained, they studied the mechanical and tribologi-
cal properties, and compared the experimental results achieved with theoretical calculations.

In turn Wang [16] examined the effect of a halogen-free flame retardant on the kinetics
of the thiol-ene reaction. The results indicated that flame retardant promoted cross-linking
reactions, to form a compact char layer and retarded further the thermal degradation of the
polymer matrix.

Díez-Rodríguez et al. [17] obtained poly(ε-caprolactone) composites with mesoporous
SBA-15 nanosilica by extrusion. They studied the effect of the filler on the morphology,
thermal and mechanical properties of the obtained compositions.

In the article of Merzah et al. [18], the authors presented the preparation of treated
nanoclay composites with epoxy resin. The changes in mechanical and thermomechanical
properties as well as morphology depending on the amount of filler in the composites
were determined.

Chen et al. [19] used an in-situ polymerization method to prepare electrically conduc-
tive PANDB/γ-Al2O3 core-shell nanocomposites. For the resulting composites, the authors
determined the changes in electrical conductivity and characterized the morphology and
structure of the materials.

Wang’s and others’ paper [20] describes synthesis of novel crosslinked polyphosphaz
ene-aromatic ether organic–inorganic hybrid microspheres with different structures. The
materials were synthesized via precipitation polycondensation between hexachlorocyclot-
riphosphazene (HCCP) and bisphenol monomers. The changes in the structure, morphol-
ogy and wettability of the films obtained by immersing a silicon wafer in ethanol-dispersed
microspheres were studied.

In the paper of Rezić et al. [21], optimization of the microencapsulation process through
two steps of simple and complex coacervation for further effective functionalization of
polymers by dip-coating methodology was presented. The authors prepared functionalized
different polymer surfaces with antimicrobial core-shell microcapsules and characterized
of polymers after functionalization by several spectroscopic and microscopic techniques.

Masek et al. [22] have studied the influence of natural substances on the ageing
properties of epoxidized natural rubber (ENR) and poly (lactic acid) (PLA) eco-friendly
elastic blends. Additionally, the ENR/PLA blends were filled with natural pro-health sub-
stances of potentially antioxidative behavior, namely, δ-tocopherol (vitamin E), curcumin,
δ-carotene and quercetin. Their finding paves new opportunities for bio-based and green
anti-ageing systems employed in polymer technology.

In the paper of Lee et al. [23], high-density polyethylene (HDPE)/ethylene vinyl acetate
(EVA)/polyurethane (PU) blends were prepared by radiation crosslinking to improve
the thermal and mechanical properties of HDPE. This modification method is extremely
important and can be applied to various polymer products requiring high heat resistance
and flexibility, such as electric cables and industrial pipes.

The aim of the work by Chang et al. [24] was to obtain fully biodegradable polymer
blends derived from thermoplastic starch and poly (butylene adipate-co-terephthalate).
These blends were further foamed with carbon dioxide to improve the flexibility and reduce
the brittleness of the finished materials. Due to the fact, that obtained materials exhibits
improved flexibility, lightweight and environment-friendly nature, they could be used
in electronics packaging materials and has medical equipment application potential in
the future.

Hossain and Drmosh [25] reported a simple and inexpensive one-step process to
fabricate polymer-templated hydrophobic nanostructures for H2 sensing application. As a
polymer matrix, they used commercial polycarbonate which they subjected to appropriate
chemical treatment and then deposited palladium particles on it.
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In the paper of Li et al. [26], alkali-induced grafting proton exchange membranes with
co-grafting PVDF with α-methylstyrene and acrylonitrile were reported. The effects of
the types and contents of the alkalis and solvents on the grafting polymerization were
investigated and the obtained PVDF-based proton exchange membranes were characterized
in terms of the morphology, liquid uptake capability, swelling, ion exchange capacity,
conductivity, mechanical property and so on.

In the paper of Rosiles-González et al. [27], the authors reported the synthesis of block
and random copolymers of 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) and
methyl methacrylate (MMA), with different AMPS feed ratios. These solution-processable
copolymers with strongly sulfonated acid groups resulted in membranes with tunable ion
exchange and water absorption capacities.

Chi et al. [28] obtained and characterized novel metal-supramolecular hydrogels. The
hydrophilic polymers were based on acrylic acid and maleic anhydride, and in addition,
the polymer chain was grafted with terpyridine units. The supramolecular hydrogels
with different terpyridine contents were prepared via the Ni2+–terpyridine coordination
bonds formed in aqueous solution. Based on the results, the authors assume that such
coordination hydrogels in the future can be used in environmental reactions, biosensors
and the similar.

In the paper of Radwan et al. [29] are presented study of the mechanical properties of
peat stabilized with different percentages of fillers (including PP fibers).

El-Sayed [30] described the preparation and degradation of geopolymer concrete
samples during compression.

Pérez et al. [31], reported the effect of flocculation time, flocculant dose, and water
quality on the shear strength of kaolin aggregates. The research contained in this work are
useful for decision making in the design and operation of water thickeners and clarifiers.

In the paper of Lorente et al. [32], the relationship between the processing conditions of
the solution blow spinning process used to prepare nonwoven mats of polyethylene oxide
(PEO), and the structure and morphology of the resulting materials are studied. In this
research, the influence of the solvent used to preparation the PEO solutions to be blow spun
was considered. The authors concluded, that by changing the solvent composition used
to dissolve, the different thermal, mechanical and dissolution behaviors of the material
were found.

Pîrvu and Deleanu [33] have attempted to identify failure mechanisms and to measure
a well-accepted characteristic, backface signature (BFS), for the designed ballistic protection
package. The authors measured BFS and investigated failure mechanisms of this particular
package in order to evaluate it as a future application in body armor.
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Abstract: The new segmented poly(thiourethane-urethane)s (PTURs) based on 1,1′-methanediylbis(4-
isocyanatocyclohexane) (HMDI, Desmodur W®), polycarbonate diol (PCD, Desmophen C2200) and
(methanediyldibenzene-4,1-diyl)dimethanethiol were synthesized by one-step melt polyaddition
method. The obtained PTURs, with a content of 30–60 wt% of the hard segments (HS), were tested
in which the influence of changes in the HS content on their properties was determined. The
polymers were characterized by Fourier transform infrared spectroscopy (FTIR), gel permeation
chromatography (GPC), thermal analysis (DSC, TGA) and thermomechanical analysis (DMTA).
Additionally, tensile strength, optical (refractive index, UV-VIS and color) and surface properties of
the obtained polymers (contact angle and surface free energy) and adhesion to copper were examined.
FTIR analysis verified the supposed structure of the polymers obtained and showed a complete
conversion of the isocyanate groups. TGA analysis confirmed the relatively good thermal stability of
the polymers. On the other hand, after performing the DSC analysis, it was possible to state that the
obtained materials were partially or completely amorphous, and the microphase separation decreased
with increasing HS content in the polymer. Similar observations were made from the DMTA data. In
addition, the hardness, tensile strength, modulus of elasticity, storage modulus, adhesion to copper,
refractive index and total free surface energy increased with increasing HS content in the polymer.

Keywords: thermoplastic polyurethanes; surface free energy; dithiol; mechanical properties; differential
scanning calorimetry; optical properties

1. Introduction

Polyurethanes (PUs) are an important group of polymers that have a number of
unique properties [1–4], which provides opportunities for their use in various industries,
e.g., packaging, electronic, automotive, construction, building and medicine [5–11]. The
various applications of polyurethanes also include the modification of textiles in order to
provide them with increased mechanical strength and water resistance [12,13]. Among
polyurethane materials, we can distinguish foams, adhesives, varnishes, fibers, elastomers,
etc. [5]. The PUs can also form suitable blends [14–18] or composites [19–23].

PUs are generally formed by reacting diisocyanates with polyols or diamines [2].
Flexible polyol macro-chains have low glass transition temperatures (Tg) and form soft
segments (SS), while hydrogen-bonded urethane linkages create hard segments (HS) of
the polymer network structure [1–4,7,8,13]. These segments may be self-soluble with good
mixing or may remain separate as segmented polyurethane (SPU)-forming domains. The
quantities and separations of HS and SS determine the properties of the formed polymer. HS
ensures a high modulus, while SS ensures the extensibility of the product [3,4]. Hydrogen
bonding among hard and hard segments (HS-HS) and hard and soft segments (HS-SS) is
created due to the presence of polar functional N-H and C=O groups on PU chains. The
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level of miscibility of HS and SS relies on the amount of hydrogen bonding between these
segments [2,7,8,13]. In situations where there is a stronger hydrogen bond between HS and
HS, phase separation is predominant, resulting in high performance products [1,3]. The
phase intermixing is due to strong intra- or intermolecular interactions between HS and
SS. Indeed, this is a key element highlighting the relevance of the 3D positioning of the
functional groups [24], which has a significant influence on the mechanical properties of
the final product. SPUs with different properties can be obtained by varying the type and
the amount of initial components, by using different molecular weight diol component
or by changing the preparation process. All these mechanisms change the amount and
distribution of the HS and SS and lead to variation in the final properties [10,11]. This
aspect of molar mass variation for polymeric network has been highlighted as well by De
Keer et al. [25].

The soft segments consist of polyether, polyester or polycarbonate polyols, while the
hard segments are formed by reactions between a diisocyanate and low molecular weight
diol, dithiol or diamine chain extender (see Figure 1).

Figure 1. General scheme of reactions between polyol, diisocynate and different chain extenders.

Proper selection of the appropriate flexible segments in the case of biomedical materials
is extremely important due to the scope of their potential application. This choice deter-
mines the hydrolytic stability of the SS. The issue of the hydrolytic stability of polyurethane
materials has been the subject of many authors’ research for many years [26–28]. The first
PUs used in medicine were synthesized with the use of polyester diols, but the presence of
ester bonds made them highly hydrolytic unstable. The chemical structure, and above all
a highly developed surface, easily accessible to organic fluids, cells and enzymes, causes
rapid hydrolytic degradation of these polymers. The resulting carboxyl groups reduce
the pH value locally, additionally catalyzing their further destruction. For this reason, the
polyester component in PUs has been replaced by a polyether component which is resistant
to hydrolysis [28]. However, research has shown that poly(ether-urethane)s are in turn
susceptible to so-called oxidative degradation, which is the result of the joint interaction of
body fluids, oxidizing compounds and stresses. A mechanism for this degradation has been
proposed, involving the initiation of the process by adhesion and activation of cells (phago-
cytes), followed by the release of oxidizing substances (HOO·) that attack the polymer in the
polyether segment [28]. A mechanism that may additionally occur during the degradation
of such PUs under physiological conditions is acid hydrolysis. Such slow hydrolysis can
take place, for example, by the action of hydrogen ions secreted by leukocytes. In this reac-
tion, the oxygen atom of the PUs ether group undergoes protonation, which leads to chain
breakage. This course of the reaction is consistent with reports that PUs based on polyethers
are much more easily degraded in an acidic environment than poly(carbonate-urethane)s.
For these reasons, hydrolytically and oxidatively stable oligomeric polycarbonate diols
are used as the polyol component of the newest generation of PUs, which in turn made
it possible to obtain biologically stable poly(carbonate-urethane)s [28]. The hydrolytic
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stability of polycarbonates is associated with low water permeability, which is attributed
to the rigidity of the polymer chains. Moreover, unlike polyesters, the hydrolysis of the
carbonate bond leads to the formation of two groups, -OH and CO2, i.e., products that do
not further catalyze polycarbonate hydrolysis [26–28].

Another fragment of polyurethane materials that can be hydrolyzed is the HS fragment,
which is much more resistant to degradation than the soft segment. As it results from the
available literature, amine, alcohol and CO2 are formed during the hydrolysis of urethane
bonds. In turn, urea bonds are hydrolyzed to amines and CO2.

For special applications, other chain extenders can be used that contain reactive hy-
drogen atoms in their structure, e.g., dithiols [29–34]. The appearance of sulfur atoms
in the polymer structure, depending on the type of functional group, can enhance some
key properties, e.g., thermal and chemical resistance and optical properties (refractive
index). The use of chain extenders containing sulfur atoms in their structure is the subject
of mine and my colleagues’ research. Of the many systems available, we have synthesized
derivatives of diphenylmethane [33–47], diphenylethane [48–52], benzophenone [53–55],
diphenyl ether [56] and diphenyl sulphide [38,57–60]. In our previous studies, we have
attempted to obtain and investigate the effects of such unconventional chain extenders on
the structural, thermal, mechanical and optical properties of novel polyurethane materials.
Polymers obtained with the use of unconventional chain extenders were characterized by
hardness up to 81/61 Sh A/D and tensile strength up to 48.9 MPa, and these values are
higher than those of the commercial Chronoflex® AL 80A biomaterial. Such materials were
also characterized by better optical properties (refractive index 1.525 vs. 1.501, transmit-
tance 88.5% vs. 82.1%) compared to polyurethanes obtained with butane-1,4-diol as the
chain extender.

In this study, various poly(thiourethane-urethane)s (PTURs) were synthesized by using
cycloaliphatic 1,1′-methanediylbis(4-isocyanatocyclohexane) (Desmodur W®, HMDI) and
sulfur-containing chain extender (methanediyldibenzene-4,1-diyl)dimethanethiol (dithiol),
forming hard segments in the obtained polymers. The soft segments were composed
of PCD diol (Desmophen® C2200). By applying the one-step melt method, we obtained
PTURs with HS contents of 30, 40, 50 and 60 wt%. The influence of the composition on the
properties of the obtained PTURs was investigated. For the synthesized polymers, using
Fourier transform infrared spectroscopy (FTIR), the physicochemical (reduced viscosities,
gel permeation chromatography (GPC), contact angles (CAs) and surface free energy
(SFE), optical (refractive index, transparency and color), thermal (differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA)), thermomechanical (dynamic
thermal mechanical analysis (DMTA)), mechanical (hardness and tensile test) and adhesive
properties have been studied.

2. Materials and Methods

2.1. Materials

Dithiol (Tm = 85 ◦C) was obtained at the Department of Polymer Chemistry, Maria
Curie-Skłodowska University [33,61]. HMDI (Desmodur W®) and PCD of Mn = 2000 g/mol
(Desmphen® C2200) were kindly supplied by Covestro (Leverkusen, Germany). Before its
use, the PCD was heated at 90 ◦C in vacuo for 10 h. Dibutyltin dilaurate (DBTDL) from
Merck-Schuchardt (Hohenbrunn, Germany) was used as received. The analytical reagents
were as follows: 1,1,2,2-tetrachloroethane (TChE), diiodomethane and tetrahydrofuran
(THF) (Aldrich, St. Louis, MO, USA), 1–bromonaphthalene (POCh S.A., Gliwice, Poland),
redistilled water (Millipore, UMCS, Lublin, Poland) and Optylite® physiological saline
(KabiPac, Kutno, Poland) were used in purchased form.

2.2. Measurements Methods
2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using the attenuated total internal reflection (ATR/FTIR)
method with a Bruker TENSOR 27 spectrophotometer (Ettlingen, Germany) equipped
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with a PIKE measuring cell with crystalline diamond embedded in zinc selenide. The
FTIR spectra were recorded from 4000 to 600 cm−1, at a resolution of 2 cm−1 and with
128 scans per sample in the absorption mode. The PTURs were in the form of a 1 mm-thick
pressure-formed sheet.

2.2.2. Physicochemical Characterization

1. Gel permeation chromatography (GPC)

The number (Mn) and mass (Mw) average molar mass (Daltons (Da))), and the molar
mass dispersity (ÐM, ÐM = Mw/Mn) [62] of the PTURs were determined by gel permeation
chromatography (GPC) carried out on a Viscotek GPCMax (Westborough, MA, USA)
equipped with Triple Detector Array TDA305. The eluent, with the flow rate 1 mL/min,
was tetrahydrofuran (THF), and the operation temperature was set to be 35 ◦C. The molar
mass was calibrated with polystyrene standards.

2. Reduced viscosities

Reduced viscosities (ηred, dL/g) of 0.5% the polymer solution in (TChE) were deter-
mined in an Ubbelohde viscometer (Gliwice, Poland) at 25 ◦C.

3. Contact angles (CAs) and Surface Free Energy (SFE)

Contact angles (CAs) of PTURs were measured at 20 ◦C with a contact angle goniome-
ter (KRÜSS GmbH, Hamburg, Germany) with water and diiodomethane droplets. The
volume of droplets was 2 μL. Each sample was analyzed five times and the average value of
the contact angle was designated. For calculation of the surface free energy according to the
method of Owens, Wendt, Rabel and Kaelble [63], the Krüss ADVANCE (KRÜSS GmbH,
Hamburg, Germany) software was used. The sessile drop orientation and the ellipse fitting
method were used for data analysis.

4. Hydrolytic resistance

The PTURs (weighing approximately 1 g) were placed in Optylite® saline. Its ion
concentration was as follows (mmol/dm3): 141 Na+, 34 CH3COO−, 3 C6H5O7

3−, 2 Ca2+,
5 K+, 1 Mg2+, 109 Cl−. The solution temperature was 37 ◦C and the immersion time was
8 weeks. After each week, the samples were taken from the solution, washed in distillated
water and dried in vacuum at 60 ◦C. Then, changes in their mass (%) were determined.

2.2.3. Thermal and Thermomechanical Properties

1. Differential Scanning Calorimetry (DSC)

DSC analysis was carried out using a Netzsch 204 F1 Phoenix calorimeter (Günzbung,
Germany), in accordance with the standard ISO 11357-1:2016 [64]. Each sample (weighing
about 10 mg) was analyzed with the following program: cooling and isotherm for 3 min
at −100 ◦C, heating to 200 ◦C, next cooling to −100 ◦C and then heating to 200 ◦C. The
test was carried out at a heating rate of 10 ◦C/min, and under an argon atmosphere (flow
30 mL/min. Aluminum crucibles with a pierced lid were used as measuring cells, while
an analogous empty crucible was used as reference. The glass transition temperatures (Tg)
were read from the inflection point of the DSC curves, and the melting temperatures (Tm)
from the maximums of the endothermic peaks.

2. Thermogravimetric Analysis (TGA)

TGA was carried out using a Netzsch STA 449 F1 Jupiter thermal analyzer (Selb,
Germany) in a helium environment (gas flow = 20 cm3/min), with the temperature ranging
from 30 to 800 ◦C and a heating rate of 10 ◦C/min. Polymer samples weighing about 10 mg
were placed in an aluminum(III) oxide (Al2O3) crucible and an analogous crucible was
used as the reference.
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3. Dynamic Mechanical Thermal Analysis (DMTA)

DMTA of PTURs was performed in tensile mode using DMA Q800 Analyzer TA
Instruments (New Castle, DE, USA). Calibration was performed as per the manufacturer’s
recommendations included in Advantage Software, version 5.5.24 (TA Instruments, New
Castle, DE, USA). The experiments were carried out on rectangular samples of dimensions
close to 1 mm thick, 5 mm wide and 30 mm long. Polymer shapes were prepared using the
Carver hydraulic press with heated plates. Press molding was performed at 100–120 ◦C
under a 10–30 MPa pressure. Experimental conditions employed were a frequency of 1 Hz
and static stain of 0.05%, with the scanning temperature ranging from −100 ◦C to 150 ◦C in
the air conditions and a temperature ramp of 3 ◦C/min. The samples were cut from the
pressed sheets. The variations in storage modulus (E′), loss modulus (E”) and tangent delta
(tanδ) versus temperature were determined.

2.2.4. Mechanical Properties

Tensile testing was carried out using a Zwick/Roell Z010 tensile-testing machine
(Ulm, Germany) agreeing to the International Standard ISO 527-2:2012 [65] at the speed
of 100 mm/min at 23 ◦C. Polymeric samples (1 mm thick and 6 mm wide for the section
measured) were cut from the pressed sheet. Polymer shapes were prepared using the
Carver hydraulic press with heated plates. Press molding was performed at 100–120 ◦C
under a 10–30 MPa pressure. The hardness of the PTURs was determined by the Shore
A/D method using a Zwick 7206/H04 hardness tester (Ulm, Germany). The readings were
taken after 15 s at the temperature of 23 ◦C [66].

The single lap-shear strength of polymers on a copper plate with dimensions of
100 mm × 25 mm × 1.5 mm was measured in accordance with the Polish Standard PN EN
1465: 2009 [67] using the Zwick/Roell Z010 device (Ulm, Germany). An adhesive joint from
a polymer sample of 12.5 mm × 25 mm × 0.2 mm dimensions was prepared by pressing
the polymer between two copper plates (prepared according to PN-EN-13887:2005 [68]).
The strength of such an adhesive joint was measured at the tensile speed of 2 mm/min at
23 ◦C.

2.2.5. Optical Properties

1. Refractive index (RI)

RI was measured by using Conbest Abbe’s Refractometer Type 325 (Krakow, Poland)
instrument according to Method A of the European Standard EN ISO 489:2022 [69] at 23 ◦C.
The contact liquid was 1–bromonaphthalene.

2. Transmittance

The ultraviolet-visible (UV/vis) spectra of the PTURs were obtained by a UV-2550
(Shimadzu, Kioto, Japan) UV spectrophotometer at a scanning rate of 200 nm/min and in
the range of 200–900 nm.

3. Color

The color of the polymers was determined using a X-Rite Ci4200 spectrophotometer in
accordance with the standard ASTM E308 [70]. The color is defined in the CIELab system,
where it is specified in L*, a*, b* space. Parameter a* is the color from green (negative
values) to red (positive values); parameter b* is the color from blue (negative values) to
yellow (positive values); and parameter L* is the brightness, describing the grey scale from
black to white (value 0 corresponds to black and 100 to white).

2.3. Polymer Synthesis

PTURs with hard-segment contents of 30, 40, 50 and 60 wt% were prepared by a
one-step melt polymerization from dithiol, HMDI and at the NCO/(OH + SH) molar
ratio of 1.07. The general procedure for the synthesis of PTURs using this method was
as follows. Oligomer diol and dithiol (0.01 mol together) and HMDI (0.0107 mol) were
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heated with stirring under dry nitrogen to 90 ◦C in an oil bath. A catalytic amount of
DBTDL (about 0.03 g) was added to the formed clear melt and polymerization rapidly
began with vigorous stirring. The reaction temperature was gradually elevated to 130 ◦C
and the formed rubber-like product was additionally heated at this temperature for 2 h.
Schematic representation of the polymer synthesis is given in Figure 2.

 

Figure 2. (a). Chemical structures of the reactants; (b) Schematic representation of the synthesis route
of polymers; (c) Images of the synthesized polymers.

Designations and composition used to synthesize the PTURs are given in Table 1.
The polymers were designated as X-Y, where X is the abbreviation of soft segment and Y
represents the hard-segment content.

Table 1. Designations of the PTURs.

PTUR
Amount of Dithiol

(mol %)
Amount of Soft

Segment (mol %)

1 Hard-Segment
Content (wt%)

PCD-30 53 47 29.87
PCD-40 67 33 39.83
PCD-50 77 23 50.15
PCD-60 85 15 59.88

1 The hard-segment content (wt%) is calculated by using the expression Wdithiol+WHMDI
Wdithiol+WHMDI+WSS

, where Wdithiol, WHMDI

and WSS are the mass of dithiol, HMDI and soft segment, respectively.
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Our use of a polycarbonate soft segment as a building block was extremely important
in terms of the potential use of the newly obtained PTURs as biomedical materials. As
is commonly known, depending on what the obtained material is to be used for, we can
use different SS. Our goal was to obtain polyurethane materials that could be used in
long-term implantation. Therefore, we chose polycarbonate among the different types
of SS. Additional advantages of polyurethanes obtained with the use of PCD are their
better resistance to hydrolysis than polymers obtained from polyester segments and more
favorable strength properties than polymers with a polyether SS.

3. Results and Discussion

The polymers obtained were transparent or partially transparent (PCD-30) solids
(see Figure 2c). All these polymers dissolved at room temperature in THF, TChE, chloro-
form, N,N-dimethylacetamide and N,N-dimethylformamide, but they were insoluble in
N-methyl-2-pyrrolidone and dimethyl sulfoxide.

3.1. FTIR

The structures of all the polymers were verified by FTIR spectroscopy. Characteristic
bands of different groups present in PTURs are visible in the FTIR spectra (see Figure 3).

Figure 3. FTIR spectra of synthesized polymers.

On the FTIR spectra obtained for all the studied PTURs, a broad absorption band in
the range 3351–3309 cm−1 was observed. It is typical for the N-H stretching vibrations of
urethane and thiourethane groups [33,34]. For the same fragments of the above-mentioned
groups, we also observe bending vibrations in the range 1511–1509 cm−1 [33,34]. The
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next clear bands visible in each spectrum are the peaks corresponding to C-H stretching
vibrations of the CH2 group; asymmetric ones are visible in the range 2933–2926 cm−1,
while symmetric ones in the range 2859–2854 cm−1. Next, we can read the bands corre-
sponding to the C-H bending vibration of the CH2 group in the cyclohexane structure
and in the aliphatic CH2; the asymmetric ones are located in the range 1465–1450 cm−1,
while the symmetric ones are located in the range 1404–1403 cm−1 [33]. FTIR spectra of
all the obtained polymers also indicated strong absorption in the range 1741–1738 cm−1

and 1676–1654 cm−1. The former range corresponds to C=O stretching vibrations from
carbonate groups while the latter corresponds to the same vibrations in the thiourethane
groups [33,34]. In the case of C=O stretching vibrations occurring in the urethane group,
the band corresponding to them can only be read for the structure containing 40% of the
HS—1700 cm−1. In the case of the other polymers, these bands are hardly visible due
to the broad peak coming from the carbonate group. The next observed bands are those
corresponding to the stretching vibrations of the carbonate group; for asymmetric ones—
1249–1245 cm−1 and for symmetric ones—957–900 cm−1 [33]. On all spectra, we can also
distinguish the bending vibration peaks of the carbonate group out-of-plane, which are in
the range 792–791 cm−1, while in-plane, they are in the range 731–727 cm−1. For structures
with a high content of HS (50 and 60 wt%), we can distinguish additional bands in the range
1195–1194 cm−1. We attribute them to C-N stretching and N-H bending vibrations. These
peaks are not observed for polymer structures with lower hard-segment content [33,34].

The absence of the –NCO band at about 2260 cm−1 shows that all –NCO groups were
converted to urethane and thiourethane groups [34]. Table 2 presents major absorption
bands appearing for the FTIR spectra of the obtained PTURs.

Table 2. Basic absorption bands appearing for the FTIR spectra of the obtained PTURs.

Types of Vibrations [cm−1]

PTUR νN–H

νC–H

CH2 νC=O

Carbonyl

νC=O

Thiour.
δN–H

δC–H

−

−

−

−

 
− −

−
−

− −

and CH2

ν O–CO–O

Carbonyl
νC–N +
δN–H

δ O–CO–O

Carbonyl

νas νsym H-
Bonded

Free νas νsym νas νsym Out of
Plane

in pl.

PCD-30 3351 2933 2859 1738 - 1676 1511 1465 1404 1245 957 - 791 731
PCD-40 3351 2930 2857 1740 - 1676 1510 1458 1403 1245 901 - 792 730
PCD-50 3338 2928 2856 1740 1654 1672 1510 1458 1403 1246 900 1195 792 729
PCD-60 3309 2926 2854 1741 1654 - 1509 1450 1404 1249 900 1194 791 727

The changes in the intensity of the individual bands are closely related to the changes
in the chemical composition of different polymers.

3.2. Physicochemical Characterization
3.2.1. Reduced Viscosities and GPC

Reduced viscosity values of the obtained polymers (given in Table 3) ranged from 0.62
to 3.63 dL/g, and in each series they decreased with increasing SS content in the sample.
The obtained PTURs were materials which exhibit high molar masses (Mn in the range of
21,700–42,000 Da and Mw in the range of 33,000–62,000 Da) and relatively low dispersities
(ÐM ranged from 1.43 to 1.66). The low molar mass dispersities of the obtained polymers
results from the relatively long mixing time of the contents of the reaction flasks during
the syntheses. This is due to the fact that at 135 ◦C, all polymers were in a plasticized state.
This indicates the high homogeneity of the polymers obtained.
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Table 3. ηred values and GPC data of the PTURs.

PTUR ηred (dL/g) Mn (Da) Mw (Da) ÐM

PCD-30 3.63 41,900 60,100 1.43
PCD-40 1.90 32,000 53,200 1.66
PCD-50 1.54 42,000 62,000 1.48
PCD-60 0.62 21,700 33,000 1.52

3.2.2. CAs and SFE

The surface properties of the obtained polymers were determined on the basis of the
CA and SFE values, and the obtained results are shown in Figure 4.

 

(a) (b) 

°

Figure 4. Quantifying the contact angles of (a) and SFE (b) of synthesized polymers.

When using polymers as biomaterials, the chemical properties and surface properties
are of key importance. Depending on the type of biomaterial used, both hydrophobic and
hydrophilic properties may be advantageous. The CA and SFE values are significant in
determining these properties. For polyurethanes, SFE values exceed 50 mN/m; therefore,
they are classified as polar materials [63].

An important aspect for the researcher was the combination of biocompatibility with
the value of critical surface energy. This problem was dealt with by Baier [71] in his research.
According to the hypothesis proposed by him, the surface of the material with the so-called
critical surface energy at the level of 20–30 mN/m is characterized by thrombogenicity
and was defined by Baier as a hypothetical zone of biocompatibility, understood as the
zone of minimal cell adhesion. On the other hand, materials with a critical surface energy
above 40 mN/m promote cell adhesion. Therefore, they are good materials, especially for
orthopedics, where the adhesion of cells to the implant surface and the overgrowth of the
implant with tissues play a key role in the healing process.

It is commonly accepted that hydrophilic surfaces have CA values up to about 30◦,
and hydrophobic surfaces above 90◦ [63]. As it can be seen from Figure 3, all obtained
PTURs were hydrophilic (CAs for water between 70.74◦ and 78.2◦).

3.2.3. Hydrolytic Resistance

The hydrolytic resistance of polyurethane material in the human body environment is
extremely important in biomedical applications. To preliminarily evaluate this property,
PTURs with 50% wt. content were incubated in Opylite® salt solution for 8 weeks. The
observed changes in the mass of the test sample are presented in Figure 5.

15



Polymers 2022, 14, 2933

Figure 5. Diagram of sample mass change during Optylite® liquid incubation.

As can be seen in Figure 5, during the initial stage of incubation, the physiological
liquid was absorbed by the polymer chain (in this stage the polymer was swollen). After
appropriate saturation with the solution (and loosening of the polymer chain), the hydroly-
sis of carbonate bonds took place, which shows the small weight loss of the tested sample,
which is visible on the curve. The conducted research shows that the PCD-50 polymer is
hydrolytically stable in a multi-ion physiological fluid for about 6 weeks and its hydrolysis
only takes place after this time.

It is noteworthy that after 8 weeks, the mass of the samples decreased by about 0.2%.
According to the available literature, significant changes in the hydrolytic stability of
polyurethanes only occur during the longer incubation period [72–74].

3.3. Thermal and Thermomechanical Properties
3.3.1. DSC

The changes in physical transformation of the obtained PTURs were determined
by DSC analysis. In order to better interpret the obtained results, the compounds that
constituted SS in the obtained polymers were also tested. The numerical data of the analyses
are presented in Table 4, while the shapes of the DSC curves are presented in Figure 6.

Table 4. DSC data of the synthesized PTURs and SS.

PTUR
Tg [◦C] Tm [◦C] ΔH [J/g]

I a II b I a II b I a II b

PCD-30 −2 −15 50 - 34.1 -
PCD-40 1 −12 47; 132 - 0.7; 0.6 -
PCD-50 32 20 52; 146 - 1.9; 2.2 -
PCD-60 44 33 55 - 2.6 -

PCD −40 −50 21; 56 5.6; 40.1; 53.3 6.6; 64.8 3.6; 3.3; 53.0
a, b first and second heating scan, respectively.

The determined Tg values of the obtained PTURs were in the range of −2–44 ◦C in
the first heating cycle and −15–33 ◦C in the second heating cycle. These values increased
with the increase in the content of the HS in the polymers, with a significant increase being
observed for the polymer with 50 wt% of hard segments. Considering the differences in
the Tg values of polymers and pure soft segments (PCD: −40 ◦C), it can be concluded
that with the increase in the content of the hard segment in PTURs, their microphase
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separation degree decreased. The Tg values in the second heating are much lower than in
the first heating, i.e., repeated heating of the sample lowers its glass transition temperature.
Polymers with a 50 and 60 wt% of the hard segment showed Tg values slightly higher
than room temperature; therefore, they should be located on the border of elastomers and
plastomers. More precise viscoelastic properties of the obtained materials were determined
by the DMTA method and the description of the obtained results is presented in the rest of
this work.

° °

 

Figure 6. DSC curves of the synthesized polymers.

On the DSC curves of all polymers (see Figure 6) from the I heating cycle, one or
two endothermic peaks with Tm values in the range of 47–146 ◦C were observed. The
peaks with the lowest Tm values in the range of 47–55 ◦C and ΔH values in the range of
0.7–34.1 J/g may be responsible for the melting of the soft segment. In turn, small visible
endothermic peaks with Tm values ranging from 132 to 146 ◦C should be attributed to the
melting of more or less ordered hard segments [33]. The most intense peak of SS melting
is visible for the PCD-30 polymer, while for the PCD-50 and PCD-60 polymers the heat
of this transformation is very low, which makes it difficult to speak of a visible peak. The
DSC curves of the second heat no longer reveal any melting energy effects of SS or HS. This
indicates that the intrinsic capacity of the obtained polymers is very low.

The low ΔH values determined from the I heating cycle and the absence of endothermic
peaks in the II heating cycle curves indicate a slight tendency of the obtained PTURs to
form ordered structures. The polymer with the lowest content of hard segments (PCD-
30) was characterized by the highest degree of ordering, but only within the domains of
soft segments.

3.3.2. TGA

The thermal stability of the obtained PTURs was determined by means of thermo-
gravimetric analysis carried out under an inert gas atmosphere.
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As can be seen from the data in Table 5, the obtained polymers had higher thermal
resistance compared to the regular polymer whose TG analysis was presented in a previous
work [30]. Analyzing the effect of changing the HS content in PTURs, it can be seen that its
increase in the polymer caused a decrease in T5, T10 and T50.

Table 5. TG data of the synthesized PTURs.

PTUR T5
1 (◦C) T10

2 (◦C) T50
3 (◦C) Tmax

4 (◦C)

PCD-30 281 295 343 286; 333; 360; 429
PCD-40 279 289 341 292; 339; 362; 444
PCD-50 278 288 337 292; 334; 367; 446
PCD-60 275 285 333 295; 342; 451

1, 2, 3 The temperatures of 5%, 10% and 50% mass loss, respectively; 4 The temperatures of maximum rate of mass
loss.

Based on previous studies [33], and by analyzing the data in Table 4, it can be said that
the decomposition process of the obtained PTURs took place in several stages. The DTG
curves shown in Figure 7 revealed relatively intense peaks at the maximum in the range
of 286–295 ◦C, which were associated with the decomposition of thiourethane bonds. The
intensity of this peaks increased with increasing HS content in the polymer. The further
peaks with maxima at 333–342 ◦C can be attributed to the decomposition of urethane
bonds. A third degradation step for polymers with an HS content below 60 wt% (peaks
at about 362–367 ◦C) is related to the degradation of the polycarbonate soft segment. The
last decomposition step for all polymers (peaks at about 429–451 ◦C) can be attributed to
the decomposition of the aromatic structure fragments of the obtained PTURs [33,34]. The
small peaks seen at temperatures around 600 ◦C may be related to the decomposition of
the solid products formed in the earlier stages.

 
 

(a) (b) 

Figure 7. TG (a) and DTG (b) curves of the PTURs.
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3.3.3. DMTA

To investigate the influence of the soft segments on the viscoelastic properties of
PTURs, dynamic mechanical thermal analysis was performed. Changes in storage modulus
(E′) and mechanical loss factor (tanδ) with temperature are shown in Figure 8, while DMTA
data are summarized in Table 6.

(a) (b) 

Figure 8. Temperature dependence of storage modulus (a) and tanδ (b) of synthesized PTURs.

Table 6. DMTA results of the PTURs.

PTUR E′
onset (◦C) E′

20 (MPa) E”max (◦C) T tanδmax (◦C) tanδmax FWHM (◦C)

PCD-30 −6.69 52 −5.81 21.07 0.459 48.45
PCD-40 10.55 418 5.81 46.19 0.448 40.23
PCD-50 36.98 910 27.42 66.37 0.461 31.43
PCD-60 61.41 1704 50.95 86.87 0.535 24.48

As can be seen from the data in Table 6, with the increase in the content of HS in the
polymer, almost all parameters determined by the DMTA method increased. The exception
was the damping value (tanδmax) and the FWHM parameter (full width at half maximum),
which is a degree of sample homogeneity.

On the basis of the results obtained, it can be stated that as the content of HS in the
polymers increased, their glass transition temperatures increased, which is in agreement
with the results of the DSC analysis. Increasing the value of the storage modulus in the
series of polymers causes materials to become harder and stiffer. These conclusions were
confirmed by the results of the strength test results described later in this paper. On the
other hand, the decrease in the value of the FWHM parameter in the series confirms the
results of the DSC, which found that as the HS content increased, hard and soft segments
decreased, causing the polymer to have a more homogeneous structure.
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Considering the curves of the dependence of the storage modulus on the temperature
(Figure 8a), it can be concluded that, among all the materials, the polymers PCD-30 and
PCD-40 exhibit the most favorable viscoelastic properties. This is due to the fact that these
polymers possess rubber-like properties (i.e., they are in the rubber-elastic state) in the
widest temperature range. The occurrence of this state over a wide temperature range is
characteristic of elastomeric materials. The other polymers are characterized by the fact
that the melting area begins almost immediately after the transition from the glassy state,
in which the polymers transform into a melted amorphous state. In this state, polymers
can be easily processed using conventional processing methods, such as injection molding,
extrusion or 3D printing.

The tan delta vs. temperature curves show two peaks corresponding to two types of
relaxations. The first one (with maxima between −60 and −50 ◦C) is connected to the main
chain movements of the soft segment and local movements of thiourethane and urethane
polar groups. The second type of relaxation (called primary relaxation) with maxima
between 21 and 87 ◦C is related to the glass transition of the soft segment in the polymer.
The intensity of the principal relaxation peak determines the material’s ability to damp
(absorb) vibrations; the smaller its value, the greater the material’s damping capacity [32].

3.4. Mechanical Properties

The hardness, tensile strength, elongation at break, modulus of elasticity and lap shear
strength are listed in Table 7.

Table 7. Hardness and mechanical properties of PTURs.

PTUR
Hardness (Sh) Tensile

Strength (MPa)
Elongation at

Break (%)
Modulus of Elasticity

(MPa)

Lap Shear
Strength (MPa)A D

PCD-30 71.75 ± 1.50 25.00 ± 0.82 34.43 ± 0.23 350 ± 0 1.82 ± 0.13 4.32 ± 0.33
PCD-40 84.75 ± 0.50 34.25 ± 2.99 45.76 ± 2.71 275 ± 0 4.35 ± 0.56 14.70 ± 0.51
PCD-50 96.25 ± 0.50 53.00 ± 1.87 46.54 ± 4.06 223 ± 2.89 69.51 ± 2.19 15.93 ± 0.64
PCD-60 91.50 ± 1.15 66.00 ± 1.41 51.11 ± 2.37 75 ± 0 289.88 ± 2.88 18.05 ± 0.44

Shore hardness of the obtained PTURs was determined on two scales: A and D. On
the A scale it was in the range of 71.75–96.25 ShA, while on the D scale it was in the range
of 25.00–66.00 ShD. It depends on the composition of the polymer. In general, the higher
the content of the hard segment, the higher the hardness values of the polymers defined in
both scales. The exception is the PCD-60 polymer, the hardness of which on the A scale
is lower than that of the PCD-50 polymer, while at such high values the results can be
misleading due to the near maximum range of the measurement scale.

All of the obtained polymers exhibit relatively high tensile strengths ranging from
34.43 to 51.11 MPa, which generally increased with increasing hard segment content. The
elongation at break is in the range of 75–350%. The value of this property decreased as the
hard segment content increased. For the modulus of elasticity, the values are in the range
of 1.82–289.88 MPa. The modulus values are in agreement with the determined Tg values.
The PCD-30 and PCD-40 polymers that had Tg below room temperature also have moduli
typical of elastomers. The other two polymers that had Tg values near room temperature
also have significantly higher modulus values. The polymer with the highest content of the
hard segment and the highest Tg value (PCD-60) is also characterized by the highest value
of the modulus of elasticity and the highest hardness on the D scale.
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The analysis of the influence of the hard segment content on the adhesion properties
to copper showed that the more content there is, the greater the strength of the adhesive
joint. This dependence confirms that with an increase in the amount of extender, and thus
with an increase in the amount of sulfur atoms in the polymer, the affinity (adhesion) of
such material to copper increases. This is in accordance with previous studies, and the
values achieved for the obtained materials were higher than those previously described in
the literature [33,34,38,49,58].

3.5. Optical Properties
3.5.1. Refractive Index and Transparency

The obtained polymers had refractive index values ranging from 1.5135 to 1.5615
(see Table 8), and these values increased with increasing HS content in the polymer. This
relationship is in agreement with previous results, which confirm that the refractive index
value depends on the presence and amount of sulfur atoms in the polymer; the more sulfur
atoms there are, the higher the refractive index of the polymer.

Table 8. Refractive index and transmittance of PTURs.

PTUR Refractive Index
Transmittance (%)

T500
1 T800

2

PCD-30 - 3 63.41 ± 0.012 71.78 ± 0.009
PCD-40 1.5135 ± 0.002 76.52 ± 0.008 82.91 ± 0.014
PCD-50 1.5355 ± 0.003 76.05 ± 0.007 82.89 ± 0.011
PCD-60 1.5615 ± 0.003 72.67 ± 0.010 80.15 ± 0.007

1, 2 transmittance at 500 and 800 nm, respectively. 3 opaque.

In contrast to the refractive indexes, the transparency of the obtained polymers de-
creased with increasing HS content in the polymer. The exception was the polymer PCD-30,
which was nontransparent (see Figure 2c). The polymer with the highest transparency
was PCD-40, with little difference compared to the transparency of PCD-50. The PCD-30
polymer had the lowest transparency, which was due to the relatively high degree of
ordering within the soft segment domains. To further characterize the color dependence of
the HS content in the polymer, a color test according to ASTM E308 was performed.

3.5.2. Color

The results of the color tests of the obtained polymers are shown in Figure 9.
As can be seen from Figure 9a, the brightness L* of the polymers in the series generally

decreases (except for the PCD-50 polymer), which indicates that the proportion of white
color in the series decreases. On the other hand, the increase in parameter b* in the series
causes that the proportion of yellow color to increase, which can be seen by observing the
appearance of the samples in Figure 2c. The increase in parameter b* in the series can be
related to the increase in the number of sulfur atoms in the polymer, i.e., the more sulfur
there is, the more yellow the polymer. A similar relationship was observed for parameter a*,
as the increase in parameter a* causes a shift in the color of the obtained polymer towards
the green color.
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Figure 9. Brightness L* (a), parameter a* (b) and parameter b* (c) of synthesized PTURs.

4. Conclusions

The use of a one-step melt polyaddition method, carried out with a slight excess of iso-
cyanate groups to hydroxyl and thiol groups (NCO/(OH + SH) = 1.07), enabled the prepa-
ration of high-molecular PTURs. The obtained polymers were colorless opaque rubber-like
solids with relatively high transparency. PCD-40 and PCD-50 polymers exhibited similar
and best transparency. The synthesized PTURs were soluble at room temperature in DMF,
TChE and THF. All polymers of NMP and DMSO showed high resistance.

The ηred values determined were in the range of 0.62–3.63 dL/g. It was observed
that as the hard segment content increased, the viscosities of the obtained PTURs de-
creased. The values determined Mn and Mw for THF-soluble polymers were in the range of
21,700–42,000 Da and 33,000–62,000 Da, respectively. The dispersity of molar masses con-
tained in the range 1.46–1.66 was quite low for the polymers obtained by the one-step melt
method. This indicates that their structures were highly homogeneous. After examining
the refractive index, it was found that as the content of the hard segment in the polymer
increased, the value of this index increased.

The TGA investigations allow us to conclude that the obtained PTURs were char-
acterized by relatively good thermal stability. From the values obtained, it can be seen
that the mass loss temperatures decreased with the increase in the hard segment content.
DSC analysis showed that the obtained PTURs exhibit a partially ordered structure. The
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determined Tg values were in the range of −2–33 ◦C in the I heating cycle and −15–44 ◦C
in the II heating cycle. These values increased with increasing hard segment content in the
polymers. From the obtained Tg values, it was concluded that the obtained PTURs were
elastomers or plastomers. DMTA analysis confirmed these observations.

Upon examination of the mechanical properties, it was found that all the obtained
polymers exhibited relatively high tensile strengths (34.43–51.11 MPa), which increased
with the increase in the hard segment content. The same relationship was exhibited by
the shore hardness values. On the other hand, the elongation at break decreased with the
increase in hard segment content. From the PTUR adhesion tests, it is evident that as the
hard segment content in the polymer increases (and thus the sulfur content increases), the
adhesion strength increases.
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61. Wnuczek, K.; Puszka, A.; Podkościelna, B. Synthesis and Spectroscopic Analyses of New Polycarbonates Based on Bisphenol
A-Free Components. Polymers 2021, 13, 4437. [CrossRef] [PubMed]

62. Stepto, R.F.T. Dispersity in polymer science. Pure Appl. Chem. 2009, 81, 351–353. [CrossRef]
63. Król, P.; Uram, ł.; Król, B.; Pielichowska, K.; Walczak, M. Study of chemical, physico-mechanical and biological properties of

4,4′-methylenebis(cyclohexyl isocyanate)-based polyurethane films. Mater. Sci. Eng. C 2018, 93, 483–494. [CrossRef] [PubMed]
64. ISO 11357:2016; Plastics—Differential Scanning Calorimetry (DSC). International Organization of Standardization: Geneva,

Switzerland, 2016.
65. ISO 527-2:2012; Plastics—Determination of Tensile Properties—Part 2. International Organization of Standardization: Geneva,

Switzerland, 2012.
66. EN ISO. 868:2003; Plastics—Plastics and Ebonite—Determination of Indentation Hardness by Means of a Durometer (ShoreHard-

ness). International Organization of Standardization: Geneva, Switzerland, 2003.
67. PN EN 1465:2009; Adhesives. Determination of Tensile Lap-Shear Strength of Bonded Assemblies. European Committee for

Standardization: Brussels, Belgium, 2009.
68. PN-EN 13887:2005; Structural Adhesives. Guidelines for Surface Preparation of Metals and Plastics Prior to Adhesive Bonding.

European Committee for Standardization: Brussels, Belgium, 2005.
69. ISO 489:2022; Plastics—Determination of Refractive Index. International Organization of Standardization: Geneva, Switzerland,

2022.

25



Polymers 2022, 14, 2933

70. ASTM E308; Standard Practice for Computing the Colour of Objects by Using the CIE System. ASTM International (ASTM):
London, UK, 2018.

71. Baier, R.E. The role of surface energy in thrombogenesis. Bull. N. Y. Acad. Med. 1972, 48, 257–272. [PubMed]
72. Kim, H.W.; Knowles, J.C.; Kim, H.E. Hydroxyapatite/poly(ε-caprolactone) composite coatings on hydroxyapatite porous bone

scaffold for drug delivery. Biomaterials 2004, 25, 1279–1287. [CrossRef] [PubMed]
73. Serrano, M.C.; Pagani, R.; Vallet-Regi, M.; Pena, J.; Ramila, A.; Izquierdo, I.; Portoles, M.T. In vitro biocompatibility assessment of

poly(ε-caprolactone) films using L929 mouse fibroblasts. Biomaterials 2004, 25, 5603–5611. [CrossRef] [PubMed]
74. Williams, J.M.; Adewunmi, A.; Schek, R.M.; Flanagan, C.L.; Krebsbach, P.H.; Feinberg, S.E.; Hollister, S.J.; Das, S. Bone tissue

engineering using polycaprolactone scaffolds fabricated via selective laser sintering. Biomaterials 2005, 23, 4817–4827. [CrossRef]
[PubMed]

26



polymers

Article

Synthesis and Spectroscopic Analyses of New Polycarbonates
Based on Bisphenol A-Free Components

Krystyna Wnuczek * , Andrzej Puszka and Beata Podkościelna
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Abstract: This paper discusses a new synthesis of bisphenol A-free polycarbonates based on four
aliphatic–aromatic systems. In the first stage, different types of monomers (with/without sulfur)
derived from diphenylmethane were synthesized. Then, new polycarbonates were prepared in
the reactions with diphenyl carbonate (DPC) by transesterification and polycondensation reactions.
Three different catalysts (zinc acetate, 4-(dimethylamino)pyridine and benzyltriethylammonium
chloride) were tested. The structures of the compounds were confirmed by Nuclear Molecular
Resonance spectroscopy (NMR) in each stage. The chemical structures of the obtained polycarbonates
were verified by means of Attenuated Total Reflectance Fourier Transform infrared spectroscopy
(ATR–FTIR). The presence of a carbonyl group in the infrared spectrum confirmed polycarbonate
formation. Thermal studies by differential scanning calorimetry (DSC) were carried out to determine
the melting temperatures of the monomers. A gel permeation chromatography analysis (GPC) of
the polycarbonates was performed in order to investigate their molar masses. Thermal analysis
proved the purity of the obtained monomers; the curves showed a characteristic signal of melting.
The obtained polycarbonates were characterized as having high resistance to organic solvents,
including tetrahydrofuran. The GPC analysis proved their relatively large molar masses and their
low dispersity.

Keywords: polycarbonates; transesterification; polycondensation

1. Introduction

Polycarbonates are materials encountered in everyday life. They are a class of ther-
moplastic polymers that were formally esters of carbonic acid. They are characterized
by numerous advantages such as good hardness, ductility, rigidity, transparency, and
toughness and excellent mechanical properties [1]. Compared to other thermoplastics,
the most advantageous properties are as follows: high impact strength, good dielectric
properties, good dimensional stability, wide operating temperature range, high creep
strength, small water absorption, and a self-extinguishing tendency. In addition, most
of the polycarbonates are non-toxic, very hard, abrasion-resistant, and chemical-resistant
materials [2,3].

Bisphenol A polycarbonate (BPA-PC), derived from petroleum, is one of the most
important and widely commercialized polycarbonates. However, bisphenol A is a toxic
compound that can induce chronic toxicity and environmental problems [4]. BPA-PC is
the carbonic acid polyester derived from 2,2-bis(4-hydroxyphenyl) propane. This is the
best known polycarbonic resin of this type because of its good mechanical, thermal, and
electrical properties, as well as being made from available raw materials. Most of the
commercially available polycarbonates have been synthesized using bisphenol A. This
compound is a precursor of important plastics, primarily of some polycarbonates and
epoxy resins [5]. The use of bisphenol A as a diol for the synthesis of polycarbonates is
controversial. The detection of bisphenol A in the environment and food products has
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been the subject of much recent research. Some studies prove that the thermal treatment of
any food packaging product containing bisphenol A causes it to be released into the food.
Studies proved that at temperatures above 70 ◦C and at high humidity, polycarbonate is
hydrolyzed to bisphenol A [6–10].

The conventional phosgene process for polycarbonate preparation has been eliminated
because of the toxicity of phosgene. Historically, polycarbonates were obtained by the
polycondensation of phosgene with aromatic diols [11]. More and more often, there are
reports in the literature which describe other “phosgene-free” methods of synthesizing this
group of polymers, based mainly on the transesterification of appropriate diols (mainly
butane-1,4-diol and bisphenol A) and dimethyl or diphenyl carbonate.

In recent years a safe and environmentally favorable process for the synthesis of poly-
carbonates has been a research goal [12]. Diphenyl carbonate (DPC) and bisphenol A are the
main raw materials for polycarbonate synthesis. The non-phosgene route became popular
for polycarbonate synthesis through the melt transesterification of DPC and BPA [13–15].
Diphenyl carbonate is a sustainable and environmentally benign reagent mainly used as a
phosgene substitute for the synthesis of polycarbonates. The transesterification of bisphe-
nol A and diphenyl carbonate and ring-opening polymerization of macrocyclic oligomers
are commonly known routes [16]. As the transesterification is achieved through melt
polymerization, the solvent is not necessary. However, so far there is no reliable process
to produce DPC from phenol without the use of phosgene. The synthesis of macrocyclic
oligomers is essentially the same reaction as the production of PC from bisphenol A and
phosgene. In this context, the wholly non-phosgene process to produce PC would be a
very desirable alternative [17].

There are many entries in the literature regarding the transesterification of diols
followed by polycondensation to polycarbonates. Kim and Lee compared the transesteri-
fication of bisphenol A with that of diphenyl carbonate or dimethyl carbonate to obtain
polycarbonate precursors. They also used the direct oxidative carbonylation of bisphe-
nol A (with carbon monoxide) to obtain polycarbonate precursors for the synthesis of
phosgene-free polycarbonates. They concluded that the melt transesterification of bisphe-
nol A and diphenyl carbonate occurred readily to produce reactive precursors without a
significant equilibrium constraint [18]. On the other hand, these methods were used to
obtain high-molecular-weight polymers. Park and co-workers have published a synthesis
procedure to obtain polycarbonates with a molecular weight of 100,000−200,000 Da. In the
first step, oligomers were formed bearing almost equal numbers of hydroxyl and methyl
carbonate end-groups. In the second step, the condensation reaction was conducted at a
high temperature to connect the −OH and –O–C(O)–OCH3 chain-ends while removing
the generated methanol under reduced pressure [19]. Sun and Kucling have described the
synthesis of high-molecular-weight polycarbonates based on organo-catalysis. However,
in most cases, the use of metal-based catalysts is required for the preparation of aliphatic
polycarbonates by the polycondensation method, which are difficult to remove completely
from the final polymer [20]. Their study was focused on the synthesis of high-molecular-
weight aliphatic polycarbonates using organo-catalysts via a two-step polycondensation
of dimethyl carbonate and a linear alkane diol as monomers. In our paper, three catalysts
were used and all of them were organic compounds.

With the growing concern about environmental pollution and global warming, devel-
oping eco-friendly materials has become a key global necessity. The main goal of this study
was to develop a new method of obtaining polycarbonate materials so that their syntheses
fit into the ideals of green chemistry.

The aim of this research was to synthesize new polymeric compounds based on safe
(BPA-free), non-toxic components. A method of synthesizing aliphatic–aromatic com-
pounds based on diphenylmethane has been developed. Twelve new polycarbonates
based on diols or dithiol with the DPC monomer were obtained. Polycarbonates were
prepared by the polycondensation reaction and their chemical structures were confirmed
by means of ATR–FTIR. Their properties were examined by DSC analysis. Briefly, our
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method applied the DPC reagent to introduce carbonate groups. The transesterification
reaction of DPC with diols/dithiol in the melt phase was performed, resulting in the forma-
tion of PC precursors. In the next step, PC compounds are amenable to the condensation
polymerization reaction. The polycondensation step occurs under vacuum conditions to
remove the phenol produced as a recyclable byproduct. The precursors obtained by this
route have phenyl carbonate and/or hydroxy end-groups [18,21]. As diols/dithiol compo-
nents, the diphenylmethane derivatives were used. The chemical structures of monomers
were confirmed by NMR (and the ATR–FTIR analysis in the Supplementary Materials).
For the obtained polycarbonates, ATR–FTIR and GPC were performed. A detailed study
concerning the thermal analysis of the obtained polycarbonates (thermogravimetry and
DSC) will be discussed in the next paper.

2. Materials and Methods

2.1. Chemicals

Diphenyl carbonate, methane dichloride, and tetrahydrofuran were purchased from
Merck (Merck, Darmstadt, Germany). Catalysts: zinc acetate, 4-(dimethylamino)pyridine
(DMAP) and benzyltriethylammonium chloride also were obtained from Merck (Merck,
Darmstand, Germany). Purified water was delivered by Millipore (Millipore, UMCS Lublin,
Poland).

2.2. Methods

The 1H and 13C NMR spectra were recorded using a Bruker Avance 300 MSL instru-
ment (Bruker, Coventry, United Kingdom) operating at 500 MHz for 1H and 75 MHz for 13C
resonance frequency. Chemical shifts were referenced to deuterated chloroform (CDCl3),
which served as an internal standard. The coupling constants (J) are given in Hz. The
abbreviations for signal patterns are as follows: s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; b, broad.

The attenuated total reflection (ATR) was recorded using infrared Fourier transform
spectroscopy (ATR-FTIR) on a TENSOR 27, Bruker spectrometer, equipped with a diamond
crystal (Germany). The spectra were recorded in the range of 600–4000 cm−1 with 64 scans
per spectrum at a resolution of 4 cm−1.

Differential scanning calorimetry (DSC) curves were obtained with the use of a DSC
Netzsch 204 calorimeter (Netzsch, Günzbung, Germany). All DSC measurements were
made using aluminum pans with pierced lids sample mass of 5–10 mg in a nitrogen atmo-
sphere (30 mL/min). As the reference, an empty aluminum crucible was used. Dynamic
scans were made at a heating rate of 10 K/min. The heating cycle was in the temperature
range 0–200 ◦C. Parameters such as melting temperature (Tm) and enthalpy of melting
(ΔHm) were also determined.

The number (Mn), weight (Mw), average molar mass (g/mol), and molar mass disper-
sity (DM) of the obtained polycarbonates were determined by gel permeation chromatogra-
phy (GPC) performed on a Viscotek GPC max (Viscotek, Kennesaw, USA) equipped with
the triple detector array TDA 305. The eluent was tetrahydrofuran (THF), the flow rate was
1 mL/min, the operation temperature was set to 35 ◦C, and the molar mass was calibrated
with polystyrene standards.

2.3. Synthesis of Monomers

The syntheses of monomers were carried out according to the methods developed in
the Department of Polymer Chemistry, UMCS. The reaction scheme is presented in Figure 1.
The syntheses of diols E and H and dithiol have been reported in the literature [22,23]. The
description of the syntheses of these three monomers can be found in the Supplementary
Materials (S2.3). A detailed description of the synthesis of the diol M is provided below.
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Figure 1. Scheme of monomers synthesis.

Synthesis of (methanediyldibenzene-4,1-diyl)dimethanol (diol M)

In total, 78 g (0.37 mol) of 1,1-methanediylbis[4-(chloromethyl)benzene] and 77 g
(0.78 mol) of potassium acetate were weighed and added into a 1000 cm3 round-bottom
flask. Boiling pebbles and 600 cm3 of pure acetic acid were added. The contents of the
flask were boiled gently for 6 h. In order to avoid the sediment sticking to the flask, the
whole construction was shaken. The solution was then decanted into a beaker and the
KCl remained in the flask. An amount of 1 L of distilled water was added to the solution.
An oil crystallized while stirring and was separated. The product was filtered off using a
funnel and, after being transferred to a flask, 300 cm3 of 10% aqueous Na2CO3 solution
was poured over it, and then it was filtered again in the funnel. The resulting product
was transferred to a 1000 cm3 flask and treated with 5% aqueous KOH solution (100 cm3)
and 650 cm3 of methanol. The flask was heated under reflux. The state of boiling was
maintained for 3 h. Then, the alcohol was distilled off. The separated precipitate was
filtered off using a funnel and then washed with distilled water until reaching neutral
pH. The crude product was purified by crystallization from ethyl acetate (1 g per 7 cm3 of
the solvent).

2.4. Synthesis of Polymers

The synthesis method is based on two consecutive reactions. In the first stage, the
transesterification reaction takes place (with simultaneous removal of the phenol byproduct
from the reaction medium), and in the next stage, polycondensation takes place. For the
production of polymers, diphenyl carbonate was selected as a monomer introducing
carbonate groups (for the production of aliphatic–aromatic polycarbonates). Diphenyl
carbonate and one of the monomers were placed in a three-necked flask equipped with a
mechanical stirrer, gas inlet, thermometer and water pump. Substrates were added in a
stoichiometric ratio of 1:1. The catalyst was added in an amount equivalent to 0.1 mol%.
The reactions were conducted in a nitrogen atmosphere for 2 h after the complete melting
of the components. The temperature was kept at 140–150 ◦C. As the reaction proceeded,
phenol was released, which was fed by a water pump to the flask. After two hours, the gas
supply and the water pump were disconnected. Reactions were carried out for another
2 h under a vacuum pump, maintaining the temperature at 140–150 ◦C. The resulting
polycarbonates were placed into beakers, treated with dichloromethane (50 mL), and
precipitated with methanol. Then, they were left to evaporate the solvent. For complete
drying of polycarbonates, the beakers were placed in an oven for 12 h (50 ◦C). Figure 2
presents the laboratory glass diagram. Figures 3 and 4 show the schemes of reactions and
probable reaction courses.
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Figure 2. Diagram of laboratory glass used in the synthesis of polycarbonates.

Figure 3. Scheme of syntheses of polycarbonates.

Figure 4. The probable course of the transesterification and polycondensation reactions with the use
of diols and DPC [24]. (A), (B), (C): Oligomers.

Three types of catalysts were used in the reactions. Their structural formulae are listed
in Figure 5. In total twelve parallel reactions were performed: each of the four monomers
with three catalysts. Twelve products and twelve comparative materials (after precipitation
with methanol) were obtained.
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Figure 5. Catalysts: (a) zinc acetate, (b) DMAP, and (c) benzyltriethylammonium chloride.

3. Results and Discussion

3.1. 1H and 13C NMR Analysis

The 1H and 13C NMR analyses were performed for all synthesized monomers and the
chlorine derivative of diphenylmethane (1,1′-methanediylbis[4-(chloromethyl)benzene]).
NMR spectroscopy was applied in order to determine the monomers’ structures. Deuter-
ated chloroform was used as the solvent. The NMR analysis allowed confirmation of the
structures of the obtained monomers. All NMR spectra are presented in Figures 6–15. The
detailed information about the signals is presented below:

(a) 1,1′-methanediylbis[4-(chloromethyl)benzene]
1HNMR (500 MHz, CDCl3—d, δ ppm): 7.35 (d, J = 8.1 Hz, 4H), 7.21 (d, J = 8.21 Hz,
4H), 4.60 (s, 4H), 4.02 (s, 2H).
13CNMR (126 MHz, CDCl3—d, δ ppm): 141.13 (PhC), 135.47 (CPh), 129.31 (Ph), 128.87
(Ph), 46.13 (Cl-CH2-Ph), 41.32 (Ph-CH2-Ph).

(b) Diol M
1HNMR (500 MHz, CDCl3—d, δ ppm): 7.31 (d, J = 8.1 Hz, 4H), 7.21 (d, H = 8.21 Hz,
4H), 4.68 (s, 4H), 4.00 (s, 2H), 1.64 (s, 2H).
13CNMR (126 MHz, CDCl3—d, δ ppm): 140.59 (PhC), 138.71 (CPh), 129.11 (Ph), 127.32
(Ph), 65.20 (OH-CH2-Ph), 41.34 (Ph-CH2-Ph).

(c) Dithiol
1HNMR (500 MHz, CDCl3—d, δ ppm): 7.29 (d, J = 8.1 Hz, 4H), 7.22–7.00 (m, 4H), 3.99
(s, 2H), 3.75 (d, J = 7.5 Hz, 4H), 1.79 (t, J = 7.5 Hz, 2H).
13CNMR (126 MHz, CDCl3—d, δ ppm): 139.89 (PhC), 138.99 (CPh), 129.23 (Ph), 128.22
(Ph), 41.23 (-CH2), 28.70 (SH-CH2-Ph).

(d) Diol E
1HNMR (500 MHz, CDCl3—d, δ ppm): 7.25 (d, J = 8.1 Hz, 8H), 3.95 (s, 2H), 3.71 (s,
4H), 3.68 (t, J = 6.1 Hz, 4H), 2.64 (s, 4H), 2.44 (s, 2H).
13CNMR (126 MHz, CDCl3—d, δ ppm): 139.98 (PhC), 135.87 (CPh), 129.16 (Ph), 129.02
(Ph), 60.32 (-S-CH2-Ph), 41.21 (Ph-CH2-Ph), 35.47 (OH-CH2-), 34.33 (-CH2-S-).

(e) Diol H
1HNMR (500 MHz, CDCl3—d, δ ppm): 7.24 (d, J = 8.1 Hz, 4H), 7.14 (d, J = 8.1 Hz, 4H),
3.96 (s, 2H), 3.69 (m, 4H), 3.64 (t, J = 6.6 Hz, 4H), 2.44 (s, 4H), 2.10 (s, 2H), 1.68–1.31
(m,16H).
13CNMR (126 MHz, CDCl3—d, δ ppm): 139.73 (PhC), 136.37 (CPh), 129.02 (Ph), 62.86
(-S-CH2-Ph), 41.21 (Ph-CH2-Ph), 36.00 (OH-CH2-), 32.50 (-CH2(II)-), 31.33 (-CH2(III)-),
29.14 (-CH2(IV)-), 28.58 (-CH2(V)-), 25.33 (-CH2-S-).
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Figure 6. 1HNMR spectrum of 1,1′-methanediylbis[4-(chloromethyl)benzene].

Figure 7. 13CNMR spectrum of 1,1′-methanediylbis[4-(chloromethyl)benzene].

Figure 8. 1HNMR spectrum of diol M.
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Figure 9. 13CNMR spectrum of diol M.

Figure 10. 1HNMR spectrum of dithiol.

Figure 11. 13CNMR spectrum of dithiol.
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Figure 12. 1HNMR spectrum of diol E.

Figure 13. 13CNMR spectrum of diol E.

Figure 14. 1HNMR spectrum of diol H.
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Figure 15. 13CNMR spectrum of diol H.

3.2. ATR–FTIR Analysis

The chemical structure of polycarbonates was confirmed by attenuated total reflection–
Fourier transform infrared spectroscopy. The study consisted of observing the changes in
the positions of the absorption bands for the characteristic functional groups of the obtained
polycarbonates. Figures 16–19 present the results of the polycarbonates analyses: the pure
polycarbonate and the polymers obtained after precipitation from methane dichloride and
methanol. The most important vibrations occurring in the spectra are presented in Table 1.

Table 1. Characteristic signals in ATR–FTIR spectra [cm−1].

Polymer
C–H

Aliph.
C–H

Arom.
C=C

Arom.
C–O C=O –OH

Diol E + DPC + Zinc acetate 2916 881 1596
1463

1239
1172 1743 3426

Diol E + DPC + DMAP 2915 816 1598 1239
1171 1744 -

Diol E + DPC + Benzyltriethylammonium
chloride 2916 880 1597

1295
1238
1104

- 3458

Diol H + DPC + Zinc acetate 2923 943 1449 1257
1210 1742 -

Diol H + DPC + DMAP 2929 943 1598
1494 1259 1743 -

Diol H + DPC + Benzyltriethylammonium
chloride 2931 988

819 1452
1239
1180
1100

1760 3408

Diol M + DPC + Zinc acetate 2961 924
854 1469 1228 1738 -

Diol M + DPC + DMAP 2917 915
860 1469

1235
1172
1109

- 3319

Diol M + DPC + Benzyltriethylammonium
chloride 2929 915

860
1587
1490

1253
1230
1021

1740 -
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Table 1. Cont.

Polymer
C–H

Aliph.
C–H

Arom.
C=C

Arom.
C–O C=O –OH

Dithiol + DPC + Zinc acetate 2958 920
863 1593 1178

1106 1771 -

Dithiol + DPC + DMAP 2960 914
825 1595

1238
1172
1119

- 3315

Dithiol + DPC + Benzyltriethylammonium chloride 2962 925
811 1596

1256
1231
1174

1740 3370

Figure 16. ATR–FTIR spectra of polycarbonates based on diol E.
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Figure 17. ATR–FTIR spectra of polycarbonates based on diol H.
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Figure 18. ATR–FTIR spectra of polycarbonates based on diol M.
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Figure 19. ATR–FTIR spectra of polycarbonates based on dithiol.

Due to the fact that the main components of the polymers are diphenyl carbonate and
the diphenylmethane derivatives, the spectra are similar. The presence of the carbonyl
group was considered as evidence of the polycarbonates’ formation. The valence vibrations
of the C=O group occur in the range of 1600–1900 cm−1. In the aromatic esters this
range is narrowed down to 1730–1780 cm−1. In our previous studies of composites with
polycarbonate as a filler, the carbonyl group peak was even narrower. The signal from
the carbonyl group was in the range of 1730–1725 cm−1 for all materials [25]. In the
present study, this effect was found for all samples except for the polymers: diol E + DPC
+ benzyltriethylammonium chloride, diol M + DPC + DMAP, dithiol + DPC + DMAP.
In these cases, polycarbonates were not formed. The vibrations of the C–O group for
saturated esters are visible in the range of 1050–1330 cm−1 for all samples. The signal for
the hydroxyl group occurs for most samples. This could be related to the presence of the
OH group in diols. Another characteristic absorption band in the range of 2962–2915 cm−1
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is derived from the stretching vibrations from the C–H aliphatic groups. This effect is
visible for each composite. Multiple bands ranging from 1596 cm−1 to 1449 cm−1 can
be associated with the vibrations of C–H and C=C bonds related to the benzene rings
and aromatic skeletons. These come from both the aromatic diols and dithiol. The peaks
around 1400–1450 cm−1 originate from the C–H deformation in the -CH2- group. The
bands around 1295–1012 cm−1 could be attributed to C–O stretching vibrations. The
signal at 811–988 cm−1 was also associated with the C–C vibrations from the aromatic part.
The spectra for the polymers obtained after precipitation from methane dichloride and
methanol are characterized mostly by greater signal intensity. As for the carbonyl group, it
was not visible in the spectra of diol M + DPC + DMAP. To sum up, the presence of the
carbonyl group (C=O) appeared in 20 of 24 samples. Our previous studies discussed the
effect of sulfur atoms on the infrared spectra [26,27]. The spectra of monomers are included
in the Supplementary Materials (Figure S1 and Table S1).

3.3. DSC Analysis (Differential Scanning Calorimetry)

The thermal properties of the obtained monomers were studied by means of DSC
analysis. Characteristic parameters were determined and collected in Table 2. Monomers
were tested in the temperature range 0–200 ◦C (Figure 20). The DSC analysis allowed
the determination of the minimum temperature of the transesterification reaction of the
monomers used with DPC.

Table 2. DSC data of monomers.

Monomer Tm [◦C] ΔHm [J/g]

Diol E 85 143

Diol H 68 161

Diol M 119 154

Dithiol 84 101

DPC 84 134

Figure 20. DSC curves of monomers.
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3.4. GPC Analysis

The purpose of the GPC analysis was to determine the molar mass distribution of
the obtained polycarbonates. Due to their high chemical resistance (only two polymers
completely dissolved in tetrahydrofuran), it was not possible to perform the analysis: the
remaining polycarbonates were insoluble or only partially dissolved in THF. The polymers
that dissolved in THF (i.e., diol H + DPC + zinc acetate, diol H + DPC + DMAP) were
characterized by Mn = 1570 and 6000 g/mol, Mw = 4346 and 11,387 g/mol, and molar
mass dispersity (ÐM) of 2.768 and 1.898, respectively. Figure 21 shows the chromatograms
for these polymers.

Figure 21. GPC chromatograms for polycarbonates dissolved in THF.

The asymmetry of the peaks in the chromatograms indicates the heterogeneity of the
molar masses of the polymers (presence of fractions with different molar masses, including
oligomers).

4. Conclusions

As a result of the multistage synthesis reactions, four aromatic–aliphatic compounds
were obtained as diphenylmethane derivatives: diol M, diol E, diol H, and dithiol. The
chemical structure of each compound was confirmed by the spectroscopic techniques 13C
and 1H NMR. Additionally, the ATR–FTIR spectra of the compounds are shown. The new
polycarbonates were obtained using transesterification reactions and the polycondensation
process. Three catalysts were used. The presence of the carbonyl group in the infrared
spectrum was used to confirm the formation of the polymer. Taking into account raw
materials and comparative materials, the carbonyl group appeared in 20 samples. The
polycarbonates were characterized by high resistance to THF. The obtained results of the
GPC analysis indicated relatively large molar masses and small dispersity.

In summary, the use of unconventional compounds such as diols resulted in the
production of polycarbonates free of toxic BPA.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13244437/s1, Figure S1: ATR–FTIR analyses of monomers; Table S1: Characteristic
signals in ATR–FTIR spectra of monomers [cm−1].
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Abstract: Organic–inorganic hybrid materials have become indispensable high-performance and
highly functional materials. This is owing to the improved dispersion control in hybrid materials and
emergence of functional ionic liquids. Harmonization of both these factors has enabled the utilization
of functional 3D network structures and nanodispersions in composite materials. Polymeric materials
endow materials with flexibility, toughness, and shape-memory properties, whereas inorganic mate-
rials provide materials with unique optical, electrical, and magnetic properties due to their nanosize.
Organic–inorganic hybrid materials have evolved into novel materials that go beyond the composite
rule. In this review, the historical development of hybrid materials prepared using the sol-gel method
and the birth of ionic liquids have been summarized. In addition, the historical results leading to the
development of functional 3D network structures and dispersion control have also been presented,
as well as a review of the research on functional ionic liquids, which are of current interest. The
authors also summarize the results of their research on functional ionic liquids. The design of new
organic–inorganic hybrid materials has been discussed and the future prospects of new polymer
composite materials provided.

Keywords: sol-gel process; 3D network hybrid materials; nanoparticles; nanodispersity; ionic liquids

1. Birth of Organic–Inorganic Hybrid Materials

Organic polymers are low-weight, flexible, and supple, and have excellent formability
and workability. Conversely, inorganic materials have excellent functionality, such as
high elasticity and heat resistance, as well as optical, magnetic, and electrical properties.
Consequently, organic–inorganic hybrid materials combine the excellent properties of both
these materials. By appropriately designing the substances and elements to be combined as
well as the way in which they are combined, they can be transformed into unique materials
with new and diverse functionalities that go beyond their mere combination [1–8].

Hybrids between organic polymers and inorganic materials that exhibit excellent
properties are found in nature. For example, shells, teeth, bones, siliceous algae, and rice
are typical organic–inorganic hybrids created in nature via biomineralization, in which the
inorganic substances are synthesized in vivo. Plants absorb silica from the soil through their
roots, which is then accumulated as amorphous silica (opal) in their stems and leaves [9,10].
Strong wind-resistant and rain-resistant stems are supported by silica. In the leaves, the
scattering effect of opal promotes plant photosynthesis, and opal precipitation near the
leaf pores regulates the water content. Some plants are sensitive to salt damage. In regions
with low rainfall, plants protect themselves from salt damage by actively forming hybrids
with high silica contents. Animals too use their abundant calcium deposits. For example,
Trochus niloticus (Figure 1), which inhabits the seas of Okinawa and other coral reefs around
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the world, has a densely stacked structure of polygonal aragonite (CaCO3) (width ~8 mm;
thickness ~0.9 mm; stacking interval ~40 nm) [11].

Figure 1. (a) Photograph of Trochus niloticus and (b) lateral-view SEM image of the internal stacked
columnar nacreous layer microstructure of a fresh sample of Trochus niloticus. A schematic repre-
sentation of the multi-scale hierarchical structure of the nacreous layer: (c) 10 μm, (d) 2 μm, and
(e) 200 nm length scale of the individual tablet features, and (f) 30 nm length scale showing the
nanoasperity structure. From ref. [11]. Adapted with permission from Ref. [11]. Copyright 2005,
Materials Research Society.

The structure consists of a planar arrangement of ca. 95 wt.% aragonite tablets and
ca. 5 wt.% biopolymers connecting the tablets. This regular arrangement allows one to
see the beautiful structural color of the pearls, which is their characteristic luster. The high
homogeneity and orderliness of the nacreous layer allows it to develop excellent mechanical
properties. In other words, Trochus niloticus is protected by an excellent high-performance
hybrid material.

The wings of the morpho butterfly emit a brilliant iridescent blue (Figure 2). Nanopho-
tonic structures are built on wing scales in a structure so dense that it is almost mystical.
Although the physics of structural color is well-established, replicating wing structures by
conventional top-down lithography remains challenging.

Figure 2. (A) Schematic representation of the scales of morpho butterfly wings. (a) Christmas
tree structure of lamellar layers similar to actual wing scales. (b) Designed scales to be fabricated
with aligned lamellae structures of PMMA/LOR (LOR; lift-of-resist supplied by MicroChem Corp.)
alternate layers. From ref. [12].
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Natural organic–inorganic hybrid materials are excellent composites with a dense
structure consisting of an organic and an inorganic phase. Elaborate structures, such as
homogeneous dispersions, phase separation, and dense structures, endow hybrid materials
with functionalities beyond those predicted (composite law). Recently, considerable re-
search attention has been directed toward the development of biomimetic hybrid materials
that mimic excellent natural hybrid materials, which are rich in functionality [12–14]. In
particular, organic–inorganic hybrid materials exhibiting ultrastructures with nanoscale di-
mensions in the dispersed phase have attracted considerable research interest [15–17]. The
ultrafine structure of the dispersed phase gives rise to quantum effects that are not observed
in the bulk material. The excellent properties of these materials, such as those observed
for the aforementioned natural hybrid materials, have led to their widespread application
in artificially prepared hybrid materials. In the field of optics, these materials satisfy the
transparency, orientation, and wide viewing angles required for flat-screen displays.

Inorganic materials also exhibit properties that are different from their bulk counter-
parts, which can be hybridized with polymers to provide various properties, such as gas
barrier [18], light modulation [19], and electrical conductivity [7,20]. These properties can-
not be obtained from the bulk polymers and are new properties that can only be achieved
via the formation of an ultrafine structure with inorganic materials and hybridization on a
molecular level. However, the nanometer-sized dispersion of the inorganic materials in
the polymer matrix generates extremely high interfacial free energy on the surface of the
nanoparticles. This causes the nanoparticles to aggregate in the matrix, which not only
causes the nanoparticles to lose their unique properties, but also reduces their suppleness,
toughness, and formability. Therefore, the development of methods to produce highly
dispersed inorganic nanoparticles in a polymer matrix is important for the future use of
nanoparticles in devices.

2. Preparation of Hybrid Materials Using the Sol-Gel Method

The sol-gel method can be used to hybridize organic polymers and inorganic sub-
stances on a molecular level. The sol-gel method prepares these materials via the gelation
of the precursor solution upon the hydrolysis and polycondensation reaction of an alkoxysi-
lane. Because the starting materials are liquids, it can be applied to many organic polymers
and various inorganic materials by adjusting the miscibility of the two components. The
resulting hybrids show a variety of forms, from networked structures formed between the
organic and inorganic phases to simply dispersed microparticles in a polymer matrix [21],
which have a significant bearing on the overall functionality of the material.

The sol-gel method has a long history. Metal alkoxides were developed as raw ma-
terials to prepare hybrid materials by Ebelmen [22] in 1846. Research using the sol-gel
method, which had stagnated for a long time, was triggered by the preparation of sintered
polycrystals using metal alkoxides by Mazdiyasni et al. [23] in 1969 and Dislich [24] in
1971. Dislich developed the low-temperature hydrolysis of silicate esters, which is thought
to be the beginning of the use of silicate ester hydrolysis as a glass production method.
Silica gel was prepared via the hydrolysis of silicate esters. Dislich used the hydrolysis
and polycondensation of metal alkoxides to prepare powdered gel particles, which were
then hot-pressed to produce transparent PYREX® glass. Subsequently, research on the
use of various metal alkoxides and the preparation of ceramics began to flourish. The
sol-gel method has become a promising technique for hybridization using heat-sensitive
organic materials because glasses and ceramics can be synthesized under relatively mild
conditions. In particular, the development of hybrid materials comprising organic polymers
and inorganic materials, and the development of hard contact lens materials by Philipp and
Schmidt [25] in 1984, are regarded as epoch-making events. Mixed solutions containing
epoxysilane, methacryloxysilane, and titanium alkoxide were subjected to condensation
reactions, to which methacrylate (MMA) monomer was added to obtain an injectable ho-
mogeneous reaction solution. The viscous solution was heated and cured at temperatures
up to 150 ◦C to obtain colorless, transparent hybrid materials in which the MMA monomer
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was polymerized into polymethyl methacrylate (PMMA). The PMMA hybrid has a network
structure constructed from siloxane (Si-O-Si) bonds, which is also bonded to titanium (Si-O-
Ti) via these bonds. The 3D network structure imparts high tensile strength, flexibility, and
toughness to the hybrid. The dimethylsiloxane backbone and presence of alcohol groups in
the side chains endow the hybrid material with good oxygen permeability, good wettability
to tears, and excellent resistance to protein adhesion.

Organic–inorganic hybrid materials prepared using the sol-gel method have evolved
from mere blends of organic polymers and inorganic substances to materials with new
functional properties that are neither organic polymers nor inorganic substances due to their
combination on a molecular level. Recently, the hybridization of many organic polymers
and inorganic materials using the sol-gel method has been extensively carried out and the
sol-gel method has attracted considerable interest as a technology used for the development
of new materials. As mentioned beforehand, the 3D network structure is very important
in regard to the physical properties of hybrid materials, and the silane coupling agents
described in the next section significantly contribute to the creation of these 3D structures
in a highly controlled manner.

The preparation of hybrid materials comprising organic polymers and metal oxides using
the sol-gel method from the perspective of the silane coupling agents used is presented in the
next section. The formation of cross-linking between the organic and inorganic phases by the
silane coupling agents, the historical development of high-performance organic–inorganic
hybrid materials, and the new adverse effects of hybridization are also described.

3. Creation of Nano-Hybrids Using Silane Coupling Agents

Recently, the preparation of organic–inorganic hybrid materials using the sol-gel
method has attracted interest in the homogeneous dispersion or compositing of inorganic
materials in nanometer size in a polymer matrix. However, the nanometer size of these
particles results in high interfacial free energy on the surfaces of particles and the particles
aggregate to reduce this free energy. In this process, small gaps are created between
the agglomerating microparticles. As the polymer chains cannot penetrate these gaps, a
difference in the osmotic pressure occurs between the inside and outside of the polymer,
resulting in weak agglomeration [26,27] due to the solvent depletion effect [28]. This leads
to microscopic phase separation and heterogeneous dispersion in many hybrid materials.
The particle surface potential is important for the stable dispersion of the particles. This
implies that the dispersion can be controlled using the appropriate design of the surfaces
of particles.

The preparation of organic–inorganic hybrid materials using the sol-gel method has been
extensively studied by Chujo et al. [29–33]. Using the sol-gel method, organic–inorganic hy-
brid materials are mainly prepared utilizing the following methods: (i) mixing and composite
formation of the pre-synthesized organic polymers and inorganic materials, (ii) synthesis and
composite formation of the organic polymers in the presence of the inorganic materials, and
(iii) in situ preparation and composite formation of the inorganic nanoparticles in a polymer
matrix depending on the type of organic polymer or inorganic material used and the expected
material properties. These techniques have been used where appropriate. Recently, method
(iii) has become the standard because hybridization on a molecular level is often achieved.
When preparing silica via the sol-gel method, a silicon alkoxide, such as tetraethoxysilane
[Si(OC2H5)4; TEOS] or tetramethoxysilane [Si(OCH3)4; TMOS], is often used as the precur-
sor. Hydrolysis and polycondensation of TEOS forms silica with a 3D network structure
constructed via Si-O-Si bonds, as shown in Figure 3 [34].
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Figure 3. Key chemical reactions for the hydrolysis and polycondensation of tetraethyl orthosilicate
(TEOS) under acidic or basic conditions. This is the central basic reaction in the sol-gel method, from
which many functional hybrids are prepared.

Nanometer-sized silica can be dispersed in situ in a polymer matrix when TEOS is mixed
with an organic polymer and subjected to the sol-gel reaction. Metal oxide nanoparticles with
3D network structures constructed by M-O-M bonds can be synthesized in situ by changing
the starting material from Si to a metal (M) alkoxide [M(OR)n; M = Ti, W, Cu, Mg, etc.; R = CH3,
C2H5, C3H7, and C4H9] [35,36]. According to Sanchez et al. [37], hybrids are classified as Class
I or Class II based on the bonding state of the organic and inorganic materials. Class I refers to
hybrids in which the inorganic substances are dispersed and combined in the polymer matrix
via weak interactions, such as van der Waals forces, hydrogen bonds, and electrostatic forces,
whereas Class II refers to hybrids in which the organic polymers and inorganic substances
are combined via strong bonds, such as covalent and coordination bonds. Metal–carbon
bonds are susceptible to hydrolysis and the bond between the two atoms is weak. Hence,
silicon–carbon bonds, which are less susceptible to hydrolysis, are often utilized in Class II
hybrids, and organic groups and silane coupling agents incorporating silicon–carbon bonds
are often used in these organic–inorganic hybrid materials. In particular, the polymer side
chains and termini are often modified, substituted, or copolymerized with silane coupling
agents in hybrid materials comprising organic polymers and inorganic materials [38–40].
Furthermore, silane coupling agents not only improve the dispersibility of the nanoparticles,
but also have excellent features that easily form Si-O-Si or Si-O-M bonds and 3D network
structures [41] between the organic and inorganic phases.

The 3D network structure not only gives the hybrid material flexibility, but also
contributes to the weather resistance of the material. One of the general-purpose polymers
is polyurethane (PU), a generic term for polymers with urethane (-NHCOO-) groups in the
main chain structure, obtained by the polyaddition reaction of polyhydric alcohols and
isocyanates. Although PU exhibits excellent rubber elasticity due to the pseudo-network
structure induced by isocyanates, aromatic isocyanates are vulnerable to light exposure,
causing yellowing and oxidative degradation. Ikake et al. [42,43] focused on the network
structure of PU and constructed 3D networks with high photostability by using a cross-
linking agent instead of aromatic isocyanates. The properties of PU elastomers derive
from this network structure, which also offers the advantage that the cross-linking density
can be easily adjusted by adding appropriate amounts of metal alkoxides. Both ends of
the polyol were modified with silane coupling agents, and titanium tetraisopropoxide
was added to generate titania nanoparticles in situ, forming a 3D network within the PU
matrix. The silane coupling agent enabled the titania nanoparticles to be highly dispersed
in the PU matrix, resulting in hybrids with excellent transparency in the visible light range
and UV-protection properties without yellowing. Furthermore, by changing the type of
metal alkoxide used, various properties can be imparted to the PU. For example, copper(II)
ethoxide (CuOEt) can be used to produce CuO nanoparticles, which do not contribute to
the network structure because CuOEt is bifunctional. However, the PU matrix is reinforced
by the Si-O-Si bonds originating from the coupling agent and the CuO nanoparticles

49



Polymers 2022, 14, 3247

dispersed in its network mesh (Class I hybrid). This effectively utilizes the band energy
of CuO, making the PU hybrid material transparent in the visible light region, but able
to block near-infrared (heat) radiation. In the case of tungsten trioxide (WO3), which
exhibits photochromic properties, WO3 forms a tungsten bronze structure [44] upon UV
irradiation, giving it a bright bronze-blue color. However, the resulting hybrid properties
considerably depend on the method used to form the WO3 composite. The choice of the
WO3 precursor is important because the use of tungsten alkoxide produces Class II hybrids,
which do not exhibit photochromic properties. Conversely, Class I hybrids are produced
when sodium tungstate(VI) dihydrate is used as the precursor and a WO3 solution in
which the Na-type is changed to H-type via a cation exchange resin is used. The resulting
hybrids show good photochromic properties [45,46]. Leaustic et al. [47] showed that UV
irradiation of an aqueous suspension of WO3 formed tungsten bronze structures using
electron spin resonance spectroscopy. Colton et al. [48] also showed that the d-orbital
electrons of tungsten were excited by UV light causing a transition from W(VI) to W(V)
with a decrease in energy of 1.2 eV using the X-ray photoelectron spectra of amorphous
WO3 powder samples. In Class II hybrids, the d-orbital of tungsten contributes to the
bonding interactions, which may explain why the transition is less likely to occur and why
photochromic properties were not exhibited. This is an example of the effect of the starting
material used in the sol-gel method on the materials’ properties.

Furthermore, the sol-gel method is useful for preparing thermosetting resins. The
hybridization of polyimide (PI) with silica using the sol-gel method was reported by
Morikawa et al. [49] in 1992. Tetraethoxysilane (TEOS) was added to polyamide acid
(PAA) to obtain silica particles via in situ thermal cross-linking and dispersed in the PI
matrix. The silica content was low because the hybrid is a Class I direct dispersion with a
uniform dispersion achieved at < 8 wt.%; the dispersion was non-uniform at higher silica
contents. The PI hybrid was completed upon cyclization of the PAA end during the thermal
imidization reaction; the effect of modifying both ends of PAA with a silane coupling
agent on the thermal imidization reaction was not determined and is unknown. In 1997,
Srinivasan et al. [50] synthesized and characterized PAA oligomers bearing trimethoxysilyl
groups introduced upon modification by a silane coupling agent. The oligomers were
then thermally cured to form a cross-linked network with Tg > 450 ◦C and a thermal
decomposition temperature of 500 ◦C. The PAA oligomers show excellent performance as
low-viscosity precursors to cross-linked PI networks. Chan et al. [51] reported in 2002 that
both ends of PAA can be modified with 3-aminopropyltrimethoxysilane (APrTMOS) and
TEOS added to prepare PI-Silica hybrid materials. Silica was homogeneously dispersed by
the silane coupling agent and the silica content in the hybrid was increased to 54.9 wt.%. At
low silica contents, the hybrids form a 3D network structure constructed by Si-O-Si bonds,
whereas, at higher silica contents, more Si-OH residues are formed upon hydrolysis of the
alkoxy groups in APrTMOS or TMOS.

In the field of electronic materials, in addition to electrical properties, resins with
excellent heat resistance and low coefficient of thermal expansion are used, especially
thermosetting resins. Polyimide (PI), for example, is an example of such a resin, and we
expect that the application range of PI will be further expanded by adding heat dissipation
properties to PI. We have synthesized PI consisting of 1, 2, 3, 4-cyclobutane tetracarboxylic
dianhydride (CBDA) and 2, 2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) [52]. The
PI matrix is not heat-dissipating by itself, so new PI hybrids can be fabricated by adding
heat-dissipating inorganic materials such as magnesia (MgO). In 2018, Hara et al. [53]
prepared a PI/MgO hybrid material with MgO finely dispersed in a PI matrix cross-linked
with APrTMOS. Magnesium ethoxide (MgOEt) was used as a precursor for MgO and the
MgO particles prepared in situ using the sol-gel reaction of APrTMOS-terminated PAA
and MgOEt. MgO particles have high thermal diffusivity. The dispersion of MgO particles
in the matrix creates thermal conduction pathways in the direction of the thickness of
the hybrid film. In the hybrids prepared with 20 wt.% of the MgO hybrids, the thermal
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diffusivity and thermal conductivity values were approximately twofold higher than as
those of PI alone.

Currently, there is a wide variety of silane coupling agents; however, the polymer
matrix and type of metal alkoxide that can be dispersed depend on the coupling agent
used. In some cases, hybrid properties can be improved by promoting the formation
of crosslinks in the hybrid material, whereas, in other cases, the hybrid properties can
be utilized using nanodispersed inorganic materials. Therefore, it is important to select
an appropriate structure, such as a 3D network, according to the desired functionality
required for the desired application. In the sol-gel method, a combination of several metal
alkoxides can impart various properties to the material. Conversely, an increase in the
number of inorganic components in the polymer matrix can affect the conformation of
the polymer chains, and although the material gains new functionalities, it also loses the
original properties of the organic polymer, such as formability, flexibility, and toughness.

Subsequently, the interactions formed between the polymer matrix and inorganic
materials in the hybrid material, the particulate dispersion, and composite formation in the
hybrid material derived from these interactions need to be considered.

4. Birth of Ionic Liquids, from Designer Solvents to Functional Ionic Liquids

Recently, ionic liquids have attracted considerable attention as a "third solvent," similar
to organic solvents and water. Ionic liquids have a long history and have been the subject of
numerous review articles [54–60]. They are generally defined as salts with melting points
below 100 ◦C. The first ionic liquids were molten salts reported by Gabriel and Weiner [61]
in 1888. In 1914, Walden [62] reported that ethylammonium nitrate is a molten salt with
a melting point of 12 ◦C. This is the original form of today’s ionic liquids. They have
subsequently attracted attention as functional liquids, mainly in the field of electrochemistry,
and considerable research attention has been turned on ionic liquids with melting points
near room temperature from the viewpoint of their convenience. Ionic liquids, which are
also known as "designer solvents,” are available in many varieties due to the number of
cation and anion species available. As organic ions are also used, there is a high degree
of freedom in terms of their molecular design. However, the complex interactions formed
between ions and high ionic concentrations make it difficult to predict the properties of
ionic liquids.

In 1992, Wilkes et al. [63] developed an ionic liquid using BF4
– as the anion, which

was found to be a room-temperature molten salt that is more stable to water and air than
conventional ionic liquids. Since then, the research interest in ionic liquids and number of
reports have increased. The excellent properties of ionic liquids as substances (salts) have
been utilized in a wide range of practical applications, such as solar cell electrolytes [64],
antistatic agents [65], lubricants [66], and antibacterial agents [67]. In addition, ionic liquids
are not only used as solvents, but also as additives and functional liquids. Recently, ionic
liquids have been used as functional materials, such as magnetic ionic liquids [68–71].

Ionic liquids can dissolve solutes that are not soluble in common organic solvents. A
milestone was reported in 2002 by Swatloski et al. [72], who used an ionic liquid containing
1-butyl-3-methylimidazolium cations ([C4mim]+) to dissolve cellulose, a natural polymer.
Fukaya et al. [73] clarified the correlation between the structure and polarity of ionic liquids
and reported that a group of ionic liquids using various phosphoric acid derivatives as the
anion have high polarity (evaluated using the Kamlet–Taft parameter [74]), which were
stable and dissolved cellulose without heating. In particular, cellulose forms strong intra-
and intermolecular hydrogen bonds. Therefore, it is advisable to design ionic liquids with
high hydrogen bond-donating properties (donor type; the b-value used in the Kamlet-Taft
parameter), which are effective for hydrogen bond breaking (relaxation) [75]. Abe et al. [76]
reported that ionic liquids selectively dissolve cellulose when dissolved in an untreated
biomass resource, such as bran. Bran is a macromolecular complex comprising cellulose,
hemicellulose, and lignin, in which lignin forms a 3D network structure [75]. Therefore,
lignin is not easily dissolved by the high polarity alone, but by appropriately controlling
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the polarity of the ionic liquid so that only cellulose can be isolated and extracted from
bran. In other words, the design of the ionic liquid showed that it was highly selective for
penetration into the bran matrix.

The affinity of ionic liquids toward polymeric materials is not limited to natural
polymers such as cellulose; they also exhibit affinity toward synthetic polymers. The high
compatibility and selectivity of ionic liquids with polymers can lead to the creation of new
materials using ionic liquids as solvents and/or additives in the polymer matrix. Ueki
et al. [77] reported the diverse compatibilities of various polymers using a hydrophobic
ionic liquid ([C2min][NTf2]). PMMA is miscible with [C2min][NTf2] in any ratio and the in
situ polymerization of the ionic liquid with MMA and a crosslinker enables the preparation
of gels loaded with the ionic liquid. Aqueous solutions of poly(N-isopropylacrylamide)
(PNIPAm) have a lower critical solution temperature (LCST) [78] of ~304 K, which is also
observed in the volume phase transition of PNIPAm gels. By changing the solvent used in
this system to [C2min][NTf2], the phase separation behavior follows a completely opposite
trend, with PNIPAm + [C2min][NTf2] exhibiting an upper critical solution temperature
(UCST). Conversely, polybenzyl methacrylate (PBnMA) shows an LCST that is soluble at
low temperature, but insoluble at higher temperature. Scott et al. [79] reported that the
addition of an ionic liquid ([C4min][PF6]) to PMMA, a polymeric material with a high glass
transition temperature (Tg ), acts as a plasticizer to lower the Tg. It was reported that the
addition of [C4min][PF6]) to the PMMA matrix improves the thermal stability of PMMA by
imparting the properties of the ionic liquid to PMMA.

5. Ionic Liquids/Collaborations with Hybrid Materials

The addition of inorganic substances to polymers significantly reduces their polymer-
specific properties, such as formability and toughness. This is because the dispersion of
inorganic substances on a nanometer scale results in strong interactions (e.g., hydrogen
bonds and coordination bonds) between the inorganic components and the polymer, which
unintentionally increases the cross-linking density of the matrix. However, if the interaction
between inorganic components and polymers is completely inhibited, the freely behaving
inorganic components will aggregate in the matrix. Therefore, the cross-linking density of
the inorganic components and polymers must be controlled.

Hara [80] synthesized several ionic liquids and investigated the dispersion and stability
of inorganic particles by ionic liquids. In general, the Hildebrand solubility parameter (SP
value) is used as a guide when selecting a solvent for a polymer. However, the SP value
concept is only valid for systems with weak interactions, such as London dispersion forces,
and is often not applicable in highly polar solvents. In the case of polymers, the solubility
differs depending on the polymer concentration and molecular weight distribution. In
addition, the estimation of the SP values of ionic liquids is difficult because they are
mainly based on Coulombic interactions, which often do not match the actual system.
In such a situation, we found an ionic liquid, tetrabutylphosphonium chloride (TBPC;
P[4,4,4,4]Cl), which specifically inhibited the hydrogen bonds formed between the polymer
and inorganic components. When nanoparticles, such as titania, are added to PMMA, the
hydrogen bonding between the C=O groups in PMMA and the OH groups present on the
titania surface is enhanced. Hara et al. [81] reported that upon loading TBPC onto a hybrid
material, only the hydrogen bonds were inhibited, and the hybrid film became flexible
(Figure 4).

Due to its high affinity for PMMA, TBPC has no effect on the transparency in the
visible light region. The cross-linking density of the PMMA hybrid material can also be
adjusted by simply adjusting the MSi content; the addition of TBPC reduced the cross-
linking density due to hydrogen bonding, resulting in a significant increase in the shape-
memory performance (fourfold higher deformation rate) and toughness (28-fold higher)
when compared to the hybrid prepared without TBPC. TBPC also reduced the cross-linking
density of the material. Furthermore, the inhibitory effect of TBPC on the hydrogen bonding
and thermal dissociation of the matrix can be controlled in the presence of TBPC [82].

52



Polymers 2022, 14, 3247

The incorporation of titania and thermally dissociable carboxyl groups into the network
structure of the hybrid can be used to prepare hybrid materials with reversible cross-
linking, in which the cross-linked structure is retained at low temperature and dissociated
upon increasing temperature; the cross-linked structure is reformed upon decreasing the
temperature (Figure 5). In other words, a melt-moldable network polymer was created for
the first time using organic–inorganic hybrid materials prepared via the sol-gel method.

Figure 4. Schematic representation of the hybrid material composed of poly(methyl methacrylate)
(PMMA), titania, and tetrabutylphosphonium chloride (TBPC). The transparency, toughness, and
shape memory of the PMMA/titania hybrid are improved.

Figure 5. (A) TBPC inhibits hydrogen bonding between the carbonyl group of MMA (R1) and the
hydroxy groups on the surface of titania particles; the functional group (Rn) of the other candidate
monomer is thermally reversibly bound and unbound in the PMMA copolymer/titania hybrid
material. (B) Monomers with functional groups capable of bonding to the surface of titania particles;
the functional group (Rn) of the other candidate monomer is thermally reversibly bound and unbound
in the PMMA copolymer/titania hybrid material. Monomers with functional groups capable of
radical polymerization: R2 is MA, R3 is VI, R4 is HE, R5 is DMA, and R6 is AN. From ref. [82].
Reprinted with permission from Ref. [82]. Copyright 2020 American Chemical Society.
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Notably, the selectivity of the ionic liquid to act on the polar sites in the PMMA matrix
enables the hybrid material to be melt-molded. Furthermore, the original properties of
the matrix, such as the toughness and high transparency of PMMA, were retained. Titania
did not aggregate before and after melt-molding and retained its UV-shielding ability,
and the shape-memory properties of PMMA were maintained due to the hydrogen bond-
inhibiting and plasticizing effects of TBPC. In other words, ionic liquids have the effect
of balancing the basic properties of the constituents. This has enabled hybrid materials
to evolve into highly functional materials that combine the superior properties of their
incorporated components.

6. Creation of Functional Hybrids in the Presence of Ionic Liquids

The functional manifestations of hybrid materials prepared using the sol-gel method
have been described. It is clear that the hybrid properties are highly related to the network
structure of the matrix and dispersibility of the inorganic material. Here, we discuss the
future prospects for the creation of functional organic–inorganic hybrid materials from the
viewpoint of their dispersion in the matrix. The durability of functional nanoparticles in
the matrix is particularly important for the preparation of functional hybrid materials and,
from the viewpoint of their functional properties, the nature of the composite materials will
evolve from the homogeneous dispersion systems currently used to dispersion-controlled
systems in the future. Aida et al. [83] reported that UV irradiation of titania photoinduced
a switch from Ti(IV) to Ti(III), and that the magnetic properties of titania switched from
antimagnetic to paramagnetic. Despite its excellent magnetic properties, Ti(III) is easily
oxidized in the presence of oxygen and cannot withstand long-term use, which is a new
problem. Hara et al. [84] exploited the packing effect of the cyclohexane skeleton to control
the oxygen permeability. The lifetime of Ti(III) in polycarbonate (PC), which does not have
a cyclohexane skeleton, was ~2 h, but by nanodispersing titania in PC with a cyclohexane
skeleton, they succeeded in extending the lifetime to ~10 d, which is 120 times longer
than previously obtained. Furthermore, by covering the PC/titania hybrid film with a
photomask and irradiating it with ultraviolet light at 250 W for 2 h, only the areas exposed
to light were photoinduced to change to Ti(III) and become paramagnetic. The film is
expected to be used as a flexible magnetic lithography substrate because it enables flexible
patterning of the magnetic materials and magnetization (Figure 6).

Figure 6. (a) Superconducting quantum interference device (SQUID) magnetometry measurements of
PC100: before (grey plot) and after (purple plot) UV irradiation. (b) Image of the photolithography of
PC100 using a UV light source. (c) Photograph of PC100 upon photolithography and heat treatment.
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However, the sol-gel method also faced the problem that the high dispersion and ran-
dom orientation of titania did not allow a sufficient magnetic susceptibility to be achieved
for use as a magnetic lithography substrate. Therefore, it is necessary to develop new sub-
strates with aligned Ti(III) magnetic domains. In other words, the magnetic nanoparticles
require the development of technology to control the phase separation process during
the dispersion of the nanoparticles, i.e., the magnetic properties need to be improved by
clustering the nanoparticles together. Ikake et al. [85] have developed a method to control
the phase separation by combining the photoinduced phase transition and shape-memory
processes (Figure 7).

Figure 7. (a) Preparation of FeCl3-oriented hybrid films. (b) Photographs of Ti15TB40Fe5 after
the (iii) shape memory and (iv) UV irradiation and shape-memory processes. (c) Photographs of
Ti15TB40Fe5 after each process and state, with the image (iv) expanded to show a photograph of
the transmitted light. The white bar represents 50 mM. AFM images of each state of Ti15TB40Fe5
after (d) UV irradiation and (e) UV irradiation and the shape-memory process. MFM images of
each state of Ti15TB40Fe5 after (f) UV irradiation and (g) UV irradiation and the shape-memory
process. (h) Magnetometry measurements of Ti15TB40Fe5 after UV irradiation (green plot) and the
shape-memory process (blue plot). From ref. [85]. Adapted with permission from Ref. [85]. Copyright
2022, The Royal Society of Chemistry.

We found that UV irradiation of the highly dispersed magnetic ionic liquid TBP [FeCl4]
in a polymer matrix causes phase separation of the FeCl3 particles, which coincidentally
align along the polymer chain when the polymer chain is uniaxially stretched. Hybrids
with aligned particles exhibited a vivid color. When the hybrid material was irradiated
with UV light without the shape-memory process, the hybrid material was colored brown
by the FeCl3, but the magnetic susceptibility did not increase. By incorporating the afore-
mentioned shape-memory property, the magnetic nanoparticles were not only aligned
inside the hybrid material, but the magnetic domains were also aligned, and the magnetic
susceptibility increased threefold when compared with the hybrid material in which FeCl3
was uniformly dispersed. Furthermore, partial patterning was possible when the hybrid
film was covered with a photomask and irradiated with ultraviolet light and the shape-
memory process carried out with only the UV-irradiated areas showing paramagnetism.
This is the first reported attempt toward the preparation and morphological control of
organic–inorganic hybrid materials via the combination of a photoinduced phase transition
and shape-memory process. This knowledge is of great importance in the creation of
organic–inorganic hybrid materials. In contrast to conventional hybrid materials, which
focus on the highly homogeneous dispersion of inorganic particles in a polymer matrix,
in this system, the hybrid material is prepared by promoting the microphase-separated
structure of the particles. In particular, the use of the shape-memory property, which is also
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a characteristic of network polymers, and the use of the hybrid structure itself as a reaction
field, are very unique, even though they are the product of chance.

7. Conclusions

This paper summarizes the creation of organic–inorganic hybrid materials as a his-
torical fact. Various techniques and dispersion types were discussed, including in situ
formation of inorganic particles using metal alkoxides, physical dispersion and dispersion
by chemical bonding, but all have in common the creation of hybrid materials with a
highly homogeneous dispersion in a polymer matrix. It is precisely for this reason that
organic–inorganic hybrid materials have developed into essential materials with high
performance and functionality. From a simple blend of organic and inorganic materials,
a completely new material has emerged that is neither organic nor inorganic. Recently,
the incorporation of ionic liquids into the field of organic–inorganic hybrid materials has
revealed that ionic liquids are deeply involved in the control of the microstructure of hybrid
materials, from their role as solvents to their selective action on polar sites. The use of
functional ionic liquids as hybrid raw materials has also dramatically improved the dis-
persibility of inorganic nanoparticles down to the single-particle level, enabling the creation
of highly nanodispersed hybrid materials. Functional ionic liquids have made it possible to
functionally control 3D network structures and nanodispersion of fine particles. However,
there are still unexplored areas. Biomimetic hybrid materials such as those described above
are still some way off. Further research is awaited into the formation of dense structures
corresponding to their functions and the control of their structure. Biomimetic hybrid
materials are fabricated using only natural energy. Methods that actively utilize natural
energy for the creation of new materials will be increasingly needed in the future. Only by
solving these problems will organic–inorganic hybrid materials be transformed into novel
functional materials that go beyond the composite rule.
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Abstract: This article studies the effects of arsine on the synthesis and thermal degradation of 4 sam-
ples of virgin polypropylene (PP-virgin) and proposes reaction mechanisms that allow understanding
of its behaviour. Different points are monitored during the polypropylene synthesis to perform TGA,
DSC, FT-IR, RDX, and MFI analyses later. The content of AsH3 in polypropylene varies between 0.05
and 4.73 ppm, and of arsenic in virgin PP residues between 0.001 and 4.32 ppm for PP0 and PP10,
increasing in fluidity index from 3.0 to 24.51. The origin of thermo-oxidative degradation is explained
by the reaction mechanisms of the Molecule AsH3 with the active titanium center of the ZN catalyst
and the subsequent oxidation to form radical complexes. OO-AsH-TiCl4-MgCl2 and (OO-as-OO)2

-TiCl4-MgCl2, which, by radical reactions, give rise to the formation of functional groups aldehyde,
ketone, alcohol, carboxylic acid, CO, CO2, PP-Polyol, PP-Polyether, and PP-Isopropylethers. These
species caused the TG and DTG curves to increase degradation peaks in pp samples.

Keywords: arsine; ligands; polypropylene; catalyst; degradation

1. Introduction

Arsine (AsH3) is a chemical compound of inorganic nature formed by an arsenic atom
and three hydrogen atoms, and has a general structure ER3 (E = As, N, P, Sb, Bi, and R = H,
alkyl, aryl, halogens) and a tetrahedral geometry, with the pair of non-shared electrons
located in one of its vertices, which can act as a soft Lewis base [1,2]. In addition, it can
bind to transition metals (M), specifically those that have partially filled d-orbitals and
with vacant s and p orbitals, and form M-ER3 complexes using a covalent bond between
the arsine and the metal [1,3]. The coordination of the metals of the d-block of these
compounds is given two bonds at once: the donor bond σ and acceptor π. The donor bond
σ is established between the pair of nonbonding electrons of the ER3 ligand, belonging
to the HOMO orbital of the ligand (Highest Occupied Molecular Orbital) and the vacant
orbitals of the metal (LUMO, Lowest Unoccupied Molecular Orbital). On the other hand, for
the π bond, an action called retro bonding occurs between the filled or half-filled orbitals of
the metal (HOMO of the metal) and the anti-bonding σ orbitals of the E-R ligand and/or the
empty d orbitals of the heteroatom (E) [4,5]. Arsine complexes for use in catalytic processes
are of interest for their organometallic characteristics [6–10], such as their oxidation state,
metal coordination number, and the ease by which they can form vacant coordination
sites, among others, thereby allowing us to understand its reactivity and behaviour in
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catalytic systems [11,12]. The use of analysis techniques such as FTIR, X-ray fluorescence,
and NMR are necessary for studying these interactions between ligands and metals so that
the oxidation of compounds can be evaluated [4,13–15].

The effect of AsH3 on the synthesis of PP is of importance since, in the polymerization
stage of propylene, fundamental raw materials are required, such as Propylene, Ziegler
catalyst Natta (ZN), triethylaluminium co-catalyst (TEAL), selectivity control people, hy-
drogen (H2), and nitrogen (N2) [16,17], where at least one can act as Lewis acid or have
transition metals is its structure. PP synthesis begins with the initiation reaction, which is
the activation of the double bond and the active site, followed by a polymerization stage
and a polymerization completion stage [18]. The catalyst is titanium (IV) chloride (TiCl4),
which is a compound with a tendency to form different complexes with a wide diversity of
ligands as a result of being a strong Lewis acid [19,20]. In the catalytic system used for the
synthesis of PP, the effect of impurities such as this and other components, such as inhibitors
of PP polymerization, have been examined and quantified [15,21–28]. In this sense, AsH3
is an inhibitor of polymerization reactions. It is observed that its effect is irremediable to
the catalytic system and its coordination reaction with the active center of Ti in the catalyst,
as well as to the different surfaces of MgCl2 and with the alkyl co-catalyst [29–31].

In this research, the synthesis of 4 PP is conducted, and specific concentrations of
AsH3 are dosed at each stage [32] to evaluate its impact on the efficiency of the catalyst.
Regarding the PP production rate during the polymerization stage, the effect on the onset
of thermal degradation of PP will be evaluated. The significant alterations in the physico-
chemical properties of PP are of great importance, and have not been observed in previous
research. These must be studied so that adequate reaction mechanisms can be explained
and proposed in order to help understand the effect of arsine.

2. Materials and Methods

2.1. Standards and Reagents

For the elaboration of this work, a fourth-generation spherical Ziegler-Natta catalyst
with MgCl2 support with 3.6% by weight of Ti was used; Diisobutyl phthalate (DIBP) as
an in-house donor supplied by Sudchemie, Germany. It was used as a triethylaluminium
co-catalyst (98% purity TEAL) from Merck, Germany, diluted in n-heptane. As an external
donor, cyclohexyl methyl dimethoxysilane (CMDS) acquired from Merck, Germany, was
used. Shazand Petrochemical, Iran, provided polymer-grade propylene. The hydrogen and
nitrogen used had a purity of 99.999% [33,34].

We worked with AsH3 at 99.999% purity and to guarantee the concentrations of
0.1 and 3.0 ppm in LPG balance, which were required for this research. A dilusor in
line was used, which allowed for the creation of the mixtures of AsH3 and LPG in the
required proportions.

2.2. Polymerization Process

The PP samples were synthesized by polymerization of propylene in the gas phase
with the use of a ZN catalyst [35]. The process is shown in Figure 1, and this process
consists of a fluidized bed reactor, where nitrogen was initially fed to purge the equipment;
subsequently, the propylene and hydrogen that provide the fluidization and absorb the heat
of the reaction were fed the catalyst, TEAL, the selectivity control agent, and the nitrogen,
in order to carry out the polymerization in discontinuous mode; the quantities are shown
in Table 1. This process was conducted at 70 ◦C and 27 bar pressure. Gases leaving the
reactor passed through a compressor to be transported to a heat exchanger where they
were cooled and recirculated to the reactor. The resin obtained passed to a purge tower fed
with nitrogen and steam to remove traces of hydrocarbons that left the system to obtain a
virgin resin [17].
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Figure 1. Diagram of the polymerization process and sampling points.

Table 1. Reagents for polymerization.

Run
Catalyst
[kg/h]

Propylene
[TM/h]

TEAl
1

[kg/h]

Hydrogen
[g/h]

Nitrogen
Arsine
[ppm]

Selectivity
Control Agent

[mol/h]
T [◦C]

Pressure
[bar]

0 5 1.2 0.25 30 . 0 1 70 27
1 5 1.2 0.25 30 . 0.05 1 70 27
5 5 1.2 0.25 30 . 0.84 1 70 27

10 5 1.2 0.25 30 . 4.73 1 70 27
1 triethylaluminium co-catalyst.

During the process, sampling points were established, as shown in Figure 1. The
first points correspond to the feed where samples of propylene were taken (A) that came
from liquefied petroleum gases (LPG), nitrogen (B), hydrogen (C), and arsine (D), which
came from the same as the propylene from LPG. The following points are those taken
from within the reactor; these are composed of gas samples inside the reactor (E), catalyst
inside the reactor (F), a sample of the catalytic system (G), and recirculated propylene (H).
The last points were taken in the degassing stage, the resin sample that came out of the
reactor (I), the gases that were synthesized and removed by virgin PP desorption (J), and
the PP obtained from the process (K). Because this process was repeated several times with
different concentrations of arsine, a number was assigned to each of them, with zero as
the target.

Throughout the process, sampling points were established, as shown in Figure 1.
These were found in the feed, in the reaction system, and in the degassing stage. Table 2
describes the sampling points and the identification of the samples; because this process
was repeated several times with different concentrations of arsine, a number was assigned
to each of them, with zero as the target.
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Table 2. Identification and sampling points.

Stage Point Substance State of Origin Identification

Feeding

A Propylene LPG A0, A1, A5, A10
B Nitrogen Gas B0, B1, B5, B10
C Hydrogen Gas C0, C1, C5, C10
D Arsine LPG D0, D1, D5, D10

Reaction

E Gases Inside the
reactor E0, E1, E5, E10

F Catalyst Inside the
reactor F0, F1, F5, F10

G Catalyst Catalytic system G0, G1, G5, G10
H Propylene Recovered H0, H1, H5, H10

Degassing

I Resin Exits the reactor I0, I1, I5, I10

J Gases Retired in the
purge J0, J1, J5, J10

K Polypropylene Dust K0, K1, K5, K10

2.3. Analysis
2.3.1. Thermogravimetric Analysis-TGA

To determine the effects of arsine on the thermal degradation of the PP samples
obtained, the Perkin Elmer TGA7 equipment performed a thermogravimetric analysis
(TGA) at a heating rate of 20 ◦C min−1 and under an N2 flow rate of 60 mL min−1. For this
analysis, 10 mg samples were used to obtain the TG and DTG curves [36,37].

2.3.2. Differential Scanning Calorimetry Analysis-DSC

A differential heat scanning (DSC) analysis was performed on a DSC Standard Cell
RC. To ensure an identical thermal history, the sample was heated from 0 ◦C to 230 ◦C at a
rate of 10 ◦C min−1 and subsequently cooled from 230 ◦C to 0 ◦C at the same speed.

2.3.3. Melt Flow Index-MFI

The melt flow index (MFI) was measured using a Tinius Olsen MP1200 plastometer.
The temperature inside the cylinder of the plastometer was 230 ◦C and a 2.16 kg piston was
used to displace the melt. After the MFI data was obtained, the average molecular weight
for each of the PP samples was evaluated using the Bremner approximation [38], which was
obtained by correlations that were formulated by the study of commercial polypropylene
samples with MI values between 0.7 and 12, measuring the variation in the molecular
weight distribution by SEC, using differential refractive index and low-angle laser light
scattering detectors [39].

MW
3.7 = 1675/((MFI230 ◦C 2.16 kg) × 10−21) (1)

2.3.4. X-ray Fluorescence

This analysis was performed on Malvern’s Axios FAST analytical equipment, which
allowed us to see the concentration of arsenic and arsine present at the sample points.

2.3.5. Infrared Fourier Transform Analysis-FT-IR

Fourier transform infrared spectroscopy (FT-IR) was used to determine the most
significant structural changes in the PP matrix and the ZN catalyst due to the reaction
of ZN Ti with AsH3, and to evaluate how this interaction affected the thermal stability
of PP. FT-IR analysis was performed using a Nicolet 6700 (Thermo Scientific) infrared
spectrometer using the attenuated total reflectance (ATR) method. The samples were
analyzed in the form of films; these films were obtained by compression moulding of the
PP in a CARVER 3895 hot press to obtain 300 mm diameter films of ≈100 μm thickness.
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2.3.6. Gas Chromatography Analysis with Selective Mass Detector (GC-MS)

A GC-MS 7890B from Agilent technologies was used for arsine analysis [36]. Figure 2
shows the chromatograms of the standards for AsH3.

Figure 2. Arsine chromatogram.

2.3.7. Headspace-GC-MS

PP samples were analyzed using an Agilent 7694E Headspace Sampler with the
following conditions, GC cycle time: 60 min, furnace: 150 ◦C, transfer line: 175 ◦C, loop:
175 ◦C, vial equilibrium time: 60 min, stirring speed: off, loop size: 1.0 mL, loop filling time:
0.2 min, loop equilibrium time: 0.02 min, injection time: 0.3 min, pressurization time: 0.4.

3. Results

3.1. Polymerization Process

Polymerization occurs in three stages. The first is the formation of the active site
consisting of the alkylation of a pentacoordinate Ti (III) ion for the titanium atom that is
on the surface of the layers of the α-TiCl3 [40,41] and the activation of the double bond
of the monomer. This is given by the coordination of the monomer when establishing
a giving bond of electrons p of the double bond with the empty orbital of the transition
metal. During the reaction, an intermediate is formed where the unsubstituted carbon
binds to the transition metal and the other to the alkyl group [18]. The second stage is the
propagation of the monomer, where the active center is linked to the transition metal-alkyl,
formed by the constitution of a coordination complex between the growth chain, the added
monomer, and the active center of the catalyst [41]. The third stage is the culmination
of polymerization, which can be achieved with the separation of hydrogen β, with the
removal of a hydride, or by deactivation of the complex using H2 [41,42]. The addition of
arsine during polymerization can affect this process due to its ability to bind to transition
metals such as Ti present in the catalyst, inhibiting its effectiveness. Thus, in this work,
samples are taken at strategic points that allow for the measurement of the content of this
compound and for the proposition of a reaction mechanism, so that the behavior of the
PP-virgin arsine and its effects can be determined.

3.1.1. Quantification of Arsine at the Polymerization Stage

The variation of the concentrations of arsine presented in the samples taken at the
different selected points of the polymerization process is shown in Figure 1, where the
points detailing the presence of these components can be observed. Point D is the initial
concentration of arsine introduced to the process, which varies from 0.05 to 4.73 ppm,
referring to the presence of impurities not removed during the purification stage of the
refinery grade propylene, which translates to a failure of the petrochemical plants that
supply this compound. Point H refers to the recovered propylene; the values obtained are
equal to 0, which means that AsH3 was adsorbed or absorbed during the polymerization
reaction. Point E shows the gaseous propylene found in the reactor; the presence of AsH3 at
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this point indicates that the compound is part of the reaction or interacts in the formation of
the polymer being adsorbed, which had been confirmed at point H. Therefore, there must
be a reaction mechanism between the catalyst and the arsine that allows the latter to act as
a component of the polymerization reaction, which is possible due to the arsine’s ability
to form M-ER3 bonds, binding to the transition metal of the active center of the catalyst
affecting the polymerization reaction, and due to the efficiency of the catalyst.

3.1.2. Reaction Mechanisms of AsH3 Proposed during Polymerization: Reaction of
Residual AsH3 with TiCl4/MgCl2

In the mechanism proposed in Figure 3, AsH3 competes with the propylene monomer
for the active site of Ti. First, a complex π is formed by coordinating the AsH3 with the Ti of
the TiCl4/MgCl2 complex. The AsH3-Ti interaction is conducted via the interaction of the
electropositive Ti with the free electron pair of arsenic, which predominates the electrons
of the π bond of propylene. The formation of a complex π in Ti-propylene has no barriers
and is accompanied by an energy gain less than that of AsH3-Ti, so the latter reaction is
predominant. The propylene insertion barrier varies between 6–12 kcal mol−1 [43–46]. The
high probability of occurrence of the insertion reaction is supported by thermodynamics,
since a favoring of approximately 20 kcal mol−1 is observed [30,47,48]. In the PP synthesis
process, the polymer chain’s propagation takes place by moving propylene into Ti-PP,
where the PP-alkyl chain has the olefin inserted [47,49]. The PP chain’s growth is affected
when Ti’s active centre reacts with inhibitors of different polarities. The occurrence of these
reactions depends on energetic factors. The coordination of the different inhibitors to the Ti
Center on the surface of MgCl2 is favored by 27.2 kcal mol−1 for Ti-H2O, 15.1 kcal mol−1

for Ti-H2S, 8.4 kcal mol−1 for Ti-CO2, 13.1 kcal mol−1 for Ti-O2, and 30.6 kcal mol−1 for
Ti-CH3OH interactions [26]. Since AsH3 exhibits polarities intermediate to the poisons
mentioned above, it is expected that its values are within the ranges discussed above. As
shown in Figure 3, AsH3 interferes with the formation of propylene complexes and their
insertion. It is worth mentioning that the interactions of these impurities, including AsH3
with the active centers of Ti, are reversible when these inhibitors are removed from the
system, and thereafter, the active center of Ti resumes polymerization [50].

 

Figure 3. Cont.
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Figure 3. Reaction mechanism of residual AsH3 with TiCl4/MgCl2.

3.1.3. Discussion of FTIR Analysis

Figure 4 shows the catalyst’s infrared spectra with various arsine levels used during
the synthesis of PP. The above identifies species of oxidized arsenic in the As-ZN complex,
thus supporting the mechanisms prepositioned in Figure 3. Concerning the fundamental
vibration As-O and As = O in FTIR, the force constants of an As-O bond estimated by the
use of Gordy’s rule are 8.7 × 105 and 4.6 × 105 cm−1 dinas for a single bond and double
bond, respectively [51]. When substituted in the fundamental equation for a harmonic
oscillator, these values give VAs-O 964 and 776 cm−1 for a “pure” single bond and a double
bond, respectively. The values for the fundamental vibration As-0 and As = O were, in most
cases, within 10–40 cm−1 of 920 cm−1 the average of the frequencies calculated for a single
and double bond [51,52]. The observed frequency suggests a higher bond order than one
that may well result from the subsequent donation of the pπ electrons of the oxygen atom
using the empty dπ orbitals of the arsenic atom. Figure 4 shows that the band’s growth
between 800 and 970 cm−1 is associated with the increase in the concentration of oxidized
arsenic atoms in the As-ZN complex, and an increase in the area of these peaks is observed,
being greater for the K10 sample. This last catalyst sample was the one that was in contact
with the highest levels of AsH3. The spectra indicate that the oxidized arsenic that is part
of a chemical complex within the catalyst was higher when AsH3 levels increased.

Arsenic of AsH3-TiCl4-MgCl2 is oxidized in the presence of oxygen atoms to form a
complex of radicals O-O-AsH2-TiCl4-MgCl2, which are the initiators of the degradation
of wasting PP. In Figure 5, the effect of this complex of radicals O-O-AsH-TiCl4-MgCl2
is shown on the beginning of the degradation of PP, which consists of the abstraction
of hydrogen in the PP-virgin, generating a stable tertiary radical, which, when reacting
with a molecule O2, will produce a Peroxy-PP-virgin radical, which extracts hydrogen
from a neighboring virgin-PP chain, thereby forming the virgin-PP-Hydroperoxide. The
latter, after a homolytic rupture, will give rise to the Alkoxy-PP-Virgin radical [53–56].
The radical complex of O-O-ash-tiCl4-MgCl2, after the abstraction of hydrogen, forms
the peroxy complex H-O-O-AsH-TiCl4-MgCl2 that, by hemolysis, forms the radical O-
AsH-TiCl4-MgCl2. The latter can perform successive abstractions of hydrogen from the
tertiary carbon of the PP-virgin chain to continue increasing its degradation or reaction
with hydrogen radicals to end the radicalization process and form the stable complex HO-
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AsH-TiCl4-MgCl2. This last complex also participates in the radical reaction with PP-virgin
and with oxygen atoms to form the radical tertiary polymer and the intermediate complex
HO-As-OH-TiCl4-MgCl2 that, by dehydration, forms the new adduct O = As-TiCl4-MgCl2.
Figure 3b shows the reaction of two molecules of AsH3 with the active center of Ti of the
Catalyst ZN, to form the complex (AsH3)2-TiCl4-MgCl2 that subsequently oxidizes in the
presence of oxygen atoms to form the radical complex (O-O-As-O-O-)2-TiCl4-MgCl2, which
are the initiators of the degradation of PP-virgin residues by abstraction of multiple tertiary
carbon protons, by the formation of multiple tertiary radicals of the PP-virgin chain and
the intermediate complex HO-As-OH-TiCl4-MgCl2 that, by dehydration, forms the new
adduct O = As-TiCl4-MgCl2.

Figure 4. Infrared spectra of the catalyst with distinct levels of arsine.

3.2. Effects of Arsine on the Properties of PP
3.2.1. Effects of Arsenic Content on Virgin PP MFI

The effects of the arsenic content in the samples are reflected in the change of the MFI
obtained for each of them, presenting a linear correlation with an R2 of 0.99786; where the
concentration of income of AsH3 increases, so does the MFI, as shown in Figure 5. This
means that the arsine from impurities (point A) participates in the polymerization reaction,
forming a stable complex present in the polymer chain that changes some properties of the
resin obtained, including the Mw of the samples, which was calculated using the formula
proposed by Brenner. Its variation is shown in Figure 5, demonstrating that as the arsenic
content present in the resins increases, the MFI decreases.

Consequently, small chain scissors and fractures of the polymer structure during
degradation are very frequent, occurring as the average molecular weight decreases and
the MFI increases. It should be noted that the residue contents of the catalyst, such as Ti,
Al, Cl, and Fe, do not present significant differences, thus the changes presented in this
paragraph are not generated by residues other than arsine, as has been presented in other
studies [36,57].

From these data, it can be inferred that, during the reaction, the arsine reacts with the
ZN catalyst. During the development of this work, a reaction mechanism was proposed
where it was evident that the arsine competed with the propylene molecule in the polymer-
ization stage, reacting with the active center of the ZN that influences the growth of the
polymer chain and presenting evidence of the high reactivity of the catalyst.
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Figure 5. Relationship between the arsenic content in the PP and the MFI, and the variation of the Mw.

3.2.2. Degradation of Residual PP

The thermal degradation of the samples was evaluated by TGA and DSC, the data
obtained show a decrease of the thermal stability of the material as the arsenic content
increases. These results are presented in Figure 6. The thermal behavior of the K0 sample
does not have a significant variation, as presented in the literature [19]. K0 and K1, which
have a zero and very low content of arsenic, respectively, in their matrix, have a peak
rupture at 390 and 430 ◦C with a mass loss of 22%.

Figure 6. TGA and DTG of PP samples.

The addition of AsH3 in the polymerization implies marked changes in the perfor-
mance and macromolecular structure of the final material obtained, demonstrating that
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their molecular weight and thermal stability are too low to have functional groups different
from the hydrocarbon. Previous research has demonstrated a link between the polymer’s
low molecular weight and photooxidative degradation, as indicated by the carbonyl index
in the 1712 cm−1 band of FTIR (Figure 7), which is impacted when the concentration of
arsine and arsenic in the sample increases [57–59]. To understand this behavior, a reaction
mechanism is proposed to explain the reduction in the physicochemical properties of PP
when it has arsine content.

Figure 7. Carbonyl index of PP samples.

3.3. Degassing Process

The degassing process is the second stage of the process, in which the resin passes
when leaving the reactor. This consists of the purge tower, where nitrogen and value are
fed to remove the hydrocarbons, and the adsorption or absorption of arsine by the resin
obtained is confirmed [35].

3.3.1. Identification and Quantification of Arsine in the Degassing Stage of PP Resin

Table 3 shows the concentrations obtained from the different compounds during the
degassing stage taken at the available sampling points together with the input data for the
overall process. Point I: the samples obtained from this point are of newly polymerized
resin, which contains arsine either absorbed or adsorbed. Point J: volatile compounds
are removed, having values equal to 0 for the arsine content, which allows us to rule out
the absorption of both arsine and arsenic at the interface of the polymer. At this point,
the other compounds formed during polymerization that are purged are also determined,
which allows us to determine the effect of the arsine on their composition. Finally, point
K: showing that the resin obtained has the content of the two compounds, therefore, the
products obtained from these processes are considered waste and may present variations
concerning virgin resins that can contribute to the degradation of the material, thermal
stability, and fluidity index, among others. The study of the effects on these properties
allows us to determine applications for these generated residues.
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Table 3. Compounds determined in the degassing stage.

Compound
(ppm)

Point I Point J Point K

I0 I1 I5 I10 J0 J1 J5 J10 K0 K1 K5 K10

AsH3 0 0 0 0 0 0 0 0 0 0 0 0
Alcohol 10.1 50.2 81.5 180.1 15.2 80.2 100 310.1 5.1 7.5 20.1 50.5
Ketone 19.5 80.2 160.1 220.1 30.2 130.1 220 280.7 4.5 10.6 31.5 45.5

Aldehydes 13.2 60.1 121.5 242.7 25.2 91.5 172 270.1 7.1 11.7 22.3 21.2
Acid 20.1 97.1 210.1 351.7 32.1 161.2 308 425.1 4.5 23.4 41.5 33.3
CO 0 0 0.2 1.1 0 0 0.4 3.2 0 0 0 0.1
CO2 0.1 1.5 5.5 11.3 1.2 2.1 8 20.2 0 0.1 1.2 1.9

The compounds determined during this stage present a significant increase concerning
the target; this increase may be related to the increase in the content of arsine fed in the
polymerization stage. If we take point J as a reference, where most of these gaseous
compounds are removed, it can be seen that the values are 3.5 to 5.27 times higher for the
sample J1 concerning the white (J0); in the case of the J10 sample, the values are between
9.29 and 20.4 times higher with respect to the white, being alcohol the compound, where
the greatest increase is shown. In addition, as the arsine content in the feed increases, the
formation of CO production is promoted.

3.3.2. Mechanisms of Reaction of Peroxy Radicals in Arsenic Complexes to Form the VOCs
Identified in PP

The Alkoxy-PP-virgin radical that has formed undergoes a homolytic rupture of the
simple bond adjacent to the carbon of the oxygenated radical. This homolysis forms the
methyl-PP-virgin ketone and the radical PP, as seen in Figure 8. The radical O-AsH-TiCl4-
MgCl2 attacks the tertiary carbon of the methyl-PP-virgin ketone, to abstract the hydrogen
atom and thus propagate the oxidation of the more stable carbon [58]. This new radical
reacts with the oxygen atom to form the β-Hydroxyperoxy Methyl-PP-virgin Ketone,
2,4-pentanedione, 1-Hydroxy-2-propanone, and acetone. The latter two are formed after
homolytic cleavage of another tertiary carbon bond, the formation of the acetone radical,
and subsequent reactions with the hydroxyl and hydrogen radicals. On the other hand, the
PP radical at the end of the chain reacts with O2, giving rise to PP-hydroperoxide, to the
PP-Alkoxy radical, and then to methanol-PP-virgin, which, by abstraction of the tertiary
carbon proton by the radical O-AsH-TiCl4-MgCl2, forms an intermediate radical that, when
reacting with O2, decomposes into methanol and formaldehyde. Methanol-PP-virgin gives
rise to Aldehyde-PP-virgin that, by homolysis of the H-C bond of the terminal carbonyl
group, forms the Carbonyl-PP-virgin radical, which in turn, by reactions with hydroxyl
radicals and hydrogen, gives rise to CO, CO2 and formic acid, as shown in Figure 8.

The strong relationship between the concentration of AsH3 residues and the arsenic
content within the PP-virgin matrix with the MFI, TG, and DTG shows that increasing the
concentration of AsH3 drastically decreases the stability of PP, allowing us to propose an
alternative reaction mechanism to that shown in Figure 3; a mechanism that comes even
closer to the behavior of K10. Figure 8 shows the reaction of two Molecules AsH3 with
the active center of Ti of the catalyst ZN, to form the complex (AsH3)2-TiCl4-MgCl2 that
is subsequently oxidized in the presence of oxygen atoms to form the radical complex
(O-O-As-O-O-)2-TiCl4-MgCl2, which are the initiators of the degradation of PP-virgin waste
by abstraction of multiple tertiary carbon protons, by the formation of multiple tertiary
radicals of the virgin-PP chain. These will react with the oxygen atoms by forming PP-Virgin
poly peroxide that supports increased PP fluidity and low TG and DTG values. The poly
peroxide of PP-Virgin, due to its chemical structure, has the appropriate stereochemistry
to form hydrogen bonds with another poly peroxide of the PP-Virgin to give rise to a
macromolecule of greater polarity, and in an acid medium, creates polyols of PP-virgin.
Figure 8 also shows that PP-virgin polyoxide, by the effect of hydrogen and hydroxyl
radicals, forms PP-virgin polyols with a carboxyl group at the end of the chain. The latter

71



Polymers 2022, 14, 3123

experiences homolytic ruptures and dehydration. In homolysis, it gives rise to acetone,
1-Hydroxy-2-propanone, isopropyl alcohol, and 1,2-Propanediol, and in dehydration, it
forms stable tertiary carbocations, which, when reacting with different alcohols and polyols,
gives rise to macromolecules of PP-virgin ether type.

 

 

Figure 8. Mechanisms of reaction of peroxy radicals in arsenic complexes to form VOCs.

This study showed the impact that certain contaminants may have on the manufacture
of polymers such as polypropylene. The selection and analysis of raw materials is critical to
preventing this sort of reaction from happening during the industrial synthesis of PP. With
this research, we expect that the purity of any raw materials will be thoroughly examined
before application.
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4. Conclusions

After the analysis of the samples obtained, it is possible to define the effect that the
arsine has on thermal stability and other properties of PP, in addition to defining how
an increase of the content of this chemical compound can further enlarge the difference
in thermal stability, molecular weight, and MFI between the samples and standard; the
first two decreasing and the last increasing. Likewise, the possible reaction mechanisms
that occur between the arsine with the active titanium center of the ZN catalyst and the
subsequent oxidation to form radical complexes of O-O-AsH-TiCl4-MgCl2 and (O-O-As-
O-O-) 2-TiCl4-MgCl2, which, by radical reactions, give formation to aldehydes, ketones,
alcohols, carboxylic acids of functional groups, CO, CO2, PP-Polyol, PP-ethers, and PP-
Isopropyl ethers, can be defined.
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Abstract: A kind of terpyridine derivative (NH2-Tpy) in which the amino was incorporated by a short
alkyl chain was synthesized. Through grafting of terpyridine units into the hydrophilic copolymers of
maleic anhydride and acrylic acid PAAMa via the reaction of the amino groups in NH2-Tpy and the
maleic anhydride units, a series of gelator polymers—P1, P2, and P3—containing different contents
of terpyridine units was synthesized. Under coordination of Ni2+ and terpyridine ligands in linear
polymers, the supramolecular hydrogels H1, H2, and H3 with different cross-linking degrees were
prepared. The linear polymers P1–P3 had a strong absorption peak at about 290 nm in the UV-vis
spectra which was attributed to π–π* transition, and there was a new peak at about 335 nm led by the
metal-to-ligands charge transfer (MLCT) when coordinated with Ni2+ ions. According to the rheo-
logical behaviors, the storage modulus (G′) was larger than the loss modulus (G′ ′). These hydrogels
showed typical gel-like characteristics when the terpyridine content of the hydrogels exceeded 10%,
and the hydrogels showed liquid-like characteristics when the terpyridine content of the hydrogels
was less than 7%. The results of the micromorphological investigation of the xerogels from SEM
illustrated the metal–terpyridine coordination cross-linking could have an important influence on the
microstructures of the resulting hydrogels. Furthermore, these hydrogels based on supramolecular
cross-links exhibited reversible solution–gel transition at different environmental temperatures. At
the same time, the equilibrium swelling of the supramolecular hydrogels was 8.0–12.3 g/g, which
increased with the decrease in the content of the terpyridine units in the resulting hydrogels.

Keywords: supramolecular hydrogel; acrylic acid; maleic anhydride; terpyridine; coordination interaction

1. Introduction

Hydrogels are polymeric materials with 3D networks of cross-linked structures that
can retain a large amount of water in their swollen state through capillary, osmotic, and
hydration forces [1,2]. Great advances have been made in supramolecular polymers over
the past several decades [3,4]. As one of the most important subfields, supramolecular
hydrogels refer to the soft materials that are constructed via non-covalent interactions such
as hydrogen bonds, π–π interactions, van der Waals interactions, hydrophobic interactions,
ionic bonds, host–guest interactions, metal–ligands coordination interactions, etc., and
have attracted great enthusiasm for these fields [5–9]. Supramolecular assembly systems
based on multiple, orthogonal non-covalent motifs allow for the preparation of controlled,
reversible, selective, multi-stimuli-responsive hydrogel materials, and supramolecular
hydrogels play a vital role in biological science, drug transport, tissue engineering, wound
dressing, and so on [10–12].

Generally, most covalent chemistry is irreversible, whereas most supramolecular non-
covalent chemistry is reversible, and thus some thermodynamic behaviors could occur in
these systems [13]. Many supramolecular hydrogels have stimulus–response characteristics,
especially thermal responsiveness, and metal–ligand-coordination-based supramolecular
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hydrogels with thermo-responsive properties are promising [9,14,15]. The gel–sol transition
temperature of supramolecular hydrogels could be adjusted by controlling the amount
and strength of the non-covalent coordination bonds, which allows hydrogels to be more
accurately applied in various fields [14]. Furthermore, since the metal–ligands coordina-
tion bond can usually be rebuilt after being destroyed in the appropriate environment, a
supramolecular hydrogel based on metal–ligands has sometimes been used as a tunable
thermosensitive material with reversibility [16].

It is known that 2,2′:6′,2′ ′-terpyridine (tpy)-based ligands show versatile binding with
different divalent and trivalent metal ions to form bis-terpyridine complexes, whereas linear
coordination polymers or network polymers are obtained from the coordination of ditopic
or polytopic ligands with appropriate metals [17–19]. Therefore, the tpy-based building
blocks applied in supramolecular chemistry and materials have attracted considerable
interest, and the ease of modification in the ligands or polymer chains and the introduction
of different metals into molecular structures have endowed these building blocks and
resulting supramolecular materials with many interesting functional properties [20,21].

There have been some novel supramolecular hydrogels based on terpyridine-metal
coordination in recent years [22–25]. Yu et al. reported a ditopic ligand comprising terpyri-
dine and acetylene segments, and the fluorescence enhancement in the blue emission in
solution or gel could occur when coordinated with zinc ions [22]. Yang et al. designed
interpenetrating polymer network hydrogels based on metal–terpyridine coordination
and dynamic covalent bonds, and the properties of these hydrogels can be adjusted via
tunable metal–ligand interaction [23]. The modification of building blocks and the intro-
duction of different metals supply more ways to optimize the properties of these novel
supramolecular hydrogels.

Hydrogels originating from the hydrophilic group have good hydrophilicity. Obvi-
ously, terpyridine and some functional segments generally show hydrophobic properties,
and it is difficult to form hydrogel systems for terpyridine alone. Linking with hydrophilic
structures is a possible way to obtain hydrogels for terpyridine–metal complexes. Due
to large steric hindrance, it is difficult to form the homo-polymer of maleic anhydride;
however, copolymerization based on maleic anhydride is very common, and many copoly-
mers containing maleic anhydride have been prepared and applied in scale inhibition and
dispersing agents. As one of the hydrophilic monomers, maleic anhydride (MA) is often
used in the preparation of hydrogels [26–28]. Furthermore, MA is easy to modify and
functionalize for the copolymers containing maleic anhydride through the reaction of acid
anhydride groups and other functional groups [29–31].

Herein, a terpyridine derivative with an amino group (NH2-Tpy) was designed and
synthesized (Scheme 1). Through the reaction of the amino in NH2-Tpy and the anhy-
dride group in a hydrophilic copolymer (PAAMa) of acrylic acid and maleic anhydride
prepared from free radical copolymerization, the terpyridine segments were introduced in
the copolymers and a series of hydrophilic target gelator polymers (PAAMa-Tpy) were ob-
tained (Scheme 1). The supramolecular hydrogels with different terpyridine contents were
prepared via the Ni2+–terpyridine coordination bonds formed in aqueous solution. The
photophysical properties, morphological characteristics, rheological properties, thermal
responsiveness, and the equilibrium swelling ratio of the linear polymers and resulting
metallo-supramolecular hydrogels based on non-covalent coordination were studied.
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Scheme 1. Synthetic routes of the copolymer PAAMa and the terpyridine-containing polymers P1,
P2, and P3, and the preparation of metallo-supramolecular hydrogels H1, H2, and H3.

2. Materials and Methods

All the chemicals were purchased from commercial sources and used without further
purification unless otherwise specified. The 4′-(p-hydrophenyl)-2,2′:6′,2”-terpyridine (1)
was synthesized via the Kröhnke method according to instructions in [32], 4′-(p-(3-(boc-
amine) propoxy)-phenyl)- 2,2′:6′,2”-terpyridine (3) was synthesized according to the previ-
ous method in [33], and 4′-(p-(3-amine propoxy)-phenyl)- 2,2′:6′,2”-terpyridine (NH2-Tpy)
(4) was synthesized according to the reported method in [34]. The copolymer PAAMa was
synthesized as indicated in the literature [35]. The gelator polymer (PAAMa-Tpy) was syn-
thesized according to the instructions in [36]. The 1H NMR spectra and 13C NMR spectra
were obtained with a Bruker Advance 500 spectrometer. IR spectra were recorded using a
Bruker vertex 70 TGA-IR instrument. The UV spectra were recorded with a Hitachi U-4100
instrument. The morphological analysis of all hydrogels was carried out using a JSM-7500F
instrument. The viscosity average molecular weight (Mη) was studied using an Ubbelohde
viscometer. The swelling ratio of the resulting supramolecular hydrogel was measured
at room temperature. The swelling ratio (g/g) of the sample was calculated: equilibrium
swelling ratio (ESR) = (mt − m0)/m0, where m0 and mt are the weights of the xerogel and
hydrogel samples at time t, respectively. When a hydrogel reaches its swelling equilibrium
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state, its swelling ratio is called the equilibrium swelling ratio (ESR). In measurement, the
free water should be removed carefully so that precise data can be obtained.

2.1. Synthesis of 4′-(p-(3-(boc-amine) propoxy)-phenyl)-2,2′:6′,2”-terpyridine (3)

Compound 1 (3.5 g, 10.7 mmol) and (3-(boc-amino)-propyl bromide) (2) (3.2 g, 13.4 mmol)
were added to the solution of potassium hydroxide (0.7 g, 12.5 mmol) in ethyl alcohol
(60 mL) under the protection of nitrogen and stirred for 48 h at 90 ◦C. After the reaction
was completed, the solvent was evaporated, and the residue was separated using column
chromatography with PE as eluent. Following this, 4′-(p-(3-(boc-amine) propoxy)-phenyl)-
2,2′:6′,2”-terpyridine (3) (4.5 g, 9.3 mmol) was obtained as a white solid with a yield of 87%.
1H NMR (CDCl3): δ 8.74–8.66 (m, 6H), 7.90–7.88 (m, 4H), 7.37–7.34 (m, 2H), 7.03–7.01 (d,
2H, J = 8.8 Hz), 4.11–4.09 (t, 2H, J = 6.0 Hz), 3.38–3.36 (m, 2H), 2.04–2.01 (m, 2H), 1.46 (s,
9H), 0.98–0.94 (t, 1H, J = 7.4 Hz).

2.2. Synthesis of 4′-(p-(3-amine propoxy)-phenyl)-2,2′:6′,2”-terpyridine (NH2-Tpy) (4)

To the solution of compound 3 (2.0 g, 4.1 mmol) in dichloromethane (15 mL) was added
phosphoric acid aqueous solution (85 wt%) (1.5 mL, 7.0 mmol) dropwise; then, the mixture
was vigorously stirred at room temperature for 2 h. Sodium hydroxide (0.9 g, 21.0 mmol)
aqueous solution (10 mL) was added dropwise at 0 ◦C until the solvent became weakly
alkaline (PH ≈ 8). The solvent was extracted with dichloromethane, and the organic phase
was dried with magnesium sulfate and evaporated to obtain NH2-Tpy as a white solid with
a yield of 88%. FT-IR (KBr): 3960.26, 3734.43, 2928.74, 1696.56, 1659.53, 1600.96, 1516.05,
1438.43, 1389.36, 1247.81, 1178.37, 1093.31, 833.34, 788.26, 660.52 cm−1. 1H NMR (CDCl3):
δ 8.74–8.66 (m, 6H), 7.90–7.88 (m, 4H), 7.37–7.34 (m, 2H), 7.03–7.01 (d, 2H, J = 8.8 Hz),
4.11–4.08 (t, 2H, J = 6.0 Hz), 3.38–3.36 (m, 2H), 2.96–2.93 (t, 2H, J = 6.6 Hz), 2.04–2.01 (m,
2H). 13C NMR (CDCl3): 156.4, 155.8, 149.092, 136.8, 128.5, 123.7, 121.4, 118.2, 114.8, 77.3,
77.0, 76.8, 66.0, 39.2, 33.0.

2.3. Synthesis of Copolymer of Acrylic Acid and Maleic Anhydride PAAMa

To the solution of maleic anhydride (10.0 g, 102.0 mmol) in deionized water (30 mL)
was added acrylic acid (18.2 g, 252.7 mmol), and the ammonium persulfate water solution
(10 mL, 10 wt%). The solvent was stirred for 5 h at 85 ◦C, and was then cooled to room
temperature. The solution was evaporated in a vacuum environment, and the copolymer
PAAMa was obtained as a white solid with a yield of 96%. Mη = 21,000. 1H NMR (D2O):
δ 4.40 (br, 2H), 3.92 (br, 2H), 1.79–1.96 (br, 5H), 1.49–1.50 (br, 10H).

2.4. General Synthetic and Purification Procedure of Gelator Polymer

To the three-neck flask was added NH2-Tpy (2.4 g,6.3 mmol), PAAMa (4.5 g), and
N,N-dimethylformamide (100 mL) under a nitrogen atmosphere. The mixture was stirred
for 48 h at 130 ◦C, and then the solution was cooled to room temperature. The target gelator
polymer P2 (6.0 g) was obtained as a yellowish solid via precipitation with diethyl ether
twice. The other polymers, P1 and P3, with different contents of the terpyridine unit, were
prepared with a similar method.

2.5. Preparation of Supramolecular Hydrogels

To the 0.14 mL aqueous solution of NaOH (0.1 g/mL) was added 0.1 g gelator polymer
(P1 or P2 or P3) and 0.86 mL H2O. After the polymer was dissolved completely, the
0.5 mL aqueous solution of NiCl2·6H2O with a concentration of 0.024 g/mL (for P1),
0.034 g/mL (for P2), and 0.042 g/mL (for P3) was added into the polymer solution to obtain
supramolecular hydrogels H1, H2, and H3, respectively.
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3. Results and Discussion

3.1. Synthesis of the Hydrophilic Polymers Containing Terpyridine Segments

Compound 1 was synthesized via the classic Kröhnke method according to the litera-
ture [32]. In an alkaline condition, amino-substituted bromide 2 reacted with the hydroxyl
group in compound 1, and the protected amino functional group could be incorporated on
it with a high yield (Scheme 1). Through a deprotection process under an acid condition,
the important intermediate NH2-Tpy can be obtained. The copolymer of acrylic acid and
maleic anhydride, PAAMa, was simply synthesized via free radical copolymerization of
acrylic acid and maleic anhydride initiated by ammonium persulfate. The gelator polymers
(PAAMa-Tpy) were synthesized via a reaction of different molar ratios of NH2-Tpy with
the polymer PAAMa in DMF. Through an amidation process of the terminal amino group in
NH2-Tpy with the anhydride unit in PAAMa, the terpyridine segments can be introduced
onto PAAMa successfully [36]. The resulting linear polymers exhibited good solubility
in water due to the large numbers of hydrophilic carboxyl groups from acrylic acid and
maleic anhydride. The FTIR spectra of PAAMa, P1, P2, and P3 are given in Figure 1. It
can be seen that the strong stretching vibration absorption peaks of C=O at 1717 cm−1 and
C-O at 1176 cm−1 for PAAMa appeared and there were not any aromatic structure signals.
The characteristic bands of aromatic skeleton were detected at 1518 cm−1, 1595 cm−1, and
785 cm−1, which were assigned to the aromatic structures in phenyl-substituted 2,2′:6′,2′ ′-
terpyridine in polymers P1, P2, and P3. As seen in Figure 1, the absorption intensity of
the aromatic skeleton structures became more and more strong from P1 to P3, which is in
agreement with the result of an increase in the terpyridine segments grafted onto the poly-
mer for P1-P3. The NMR spectroscopy of NH2-Tpy, PAAMa, and three gelator polymers
with different terpyridine contents (P1, P2, and P3) are shown in Figure 2. The character-
istic peaks of the aromatic part in NH2-Tpy appeared between 7 and 9 ppm, whereas the
PAAMa had no signal in this range, and the three polymers had the characteristic peaks of
the terpyridine units at the same position as NH2-Tpy, which indicated that the terpyridine
moieties were incorporated onto PAAMa successfully.
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Figure 1. FTIR spectra of PAAMa, P1, P2, and P3.
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Figure 2. The NMR spectra of NH2-Tpy, PAAMa, and the polymers P1, P2, and P3.

According to the integrating area of the NMR spectra, the content of the terpyridine
segments in the resulting polymers (PAAMa) can be calculated, and the results obtained
from NMR peaks and the feed percentage of the terpyridine-containing monomer NH2-Tpy

are summarized in Table 1. As shown in Table 1, the feed percentage of NH2-Tpy was close
to the content of terpyridine units calculated from NMR.

Table 1. The feed content of monomer NH2-Tpy, and the content of terpyridine segments calculated
from the NMR integrating area and the conversion rate of the radical polymerization for P1, P2, and P3.

Polymer
Feed Percentage of

NH2-Tpy (%)
Terpyridine Content

from NMR (%)
Conversion Rate (%)

P1 7.2 6.9 95.8
P2 10.4 10.1 97.1
P3 13.5 12.7 94.1

3.2. Photophysical Properties of the Linear Polymers Containing Terpyridine Segments

Ultraviolet absorption spectroscopy was used to study the photophysical properties
of PAAMa-Tpy and the interaction with Ni2+ in water solution. As shown in Figure 3,
the UV spectra clearly showed that there was an absorption peak at about 290 nm caused
by the π–π* transition of the terpyridine-based conjugated structures, and the absorption
intensity increased with the increase in the terpyridine content incorporated in the main
chains of the resulting polymers [37,38]. An aqueous solution of NiCl2·6H2O (0.5 mL) with
a concentration of 0.0024 g/mL, 0.0034 g/mL, and 0.0042 g/mL was added to an aqueous
solution of P1, P2, and P3 (9.5 mL) with a concentration of 0.0010 g/mL, respectively. A
total of 0.1 mL of the above solution was diluted to 3 mL and tested. In addition to the
shorter wavelength peak at about 290 nm similar to that of the uncoordinated polymers,
a new absorption peak at about 335 nm appeared, which was attributed to the metal-to-
ligand charge transfer (MLCT) after coordination with Ni2+, which supports the formation
of metal–ligand coordination between terpyridine and Ni2+ [24,37,39].
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Figure 3. UV spectra of 33 ppm P1 (7% terpyridine content), P2 (10% terpyridine content), and P3

(13% terpyridine content); and 33 ppm P1, P2, and P3 with 5 ppm, 7 ppm, and 9 ppm Ni2+ in aqueous
solution, respectively.

3.3. Preparation of the Metallo-Supramolecular Hydrogels

As shown in Figure 4, the Ni2+ was added to the aqueous solution of PAAMa-Tpy.
The white complex was first produced as the complex of terpyridine-Ni2+ spread in the
water; the transparency of the hydrogel then became higher, and finally, a uniform hydrogel
was formed. After Ni2+ was added, the Ni2+ complexed with two terpyridines succes-
sively to generate mono-complex Ni(terpyridine)2+ and bis-complex Ni(terpyridine)2

2+

to obtain a twisted octahedral structure in which Ni2+ was coordinated with six nitrogen
atoms [40,41]. The stability constant of bis(terpyridine)-complex Ni(terpyridine)2

2+ can
be estimated using the formation rate constant and dissociative rate constant between
terpyridine and Ni(terpyridine)2+. At 25 ◦C, the formation rate constant (kf) of terpyri-
dine and Ni(terpyridine)2+ in water is 105.3 M−1·s−1, and the dissociative rate constant
(kd) of Ni(terpyridine)2

2+ is 10−5.8 s−1. Since the stability constant of Ni(terpyridine)2
2+

K2 = kf/kd = 1011.1 M−1 and the stability constant of Ni(terpyridine)2+ K1 = 1010.7 M−1, the
Ni(terpyridine)2

2+ can exist stably at room temperature [42].

3.4. Micromorphological Study

To study the three-dimensional cross-linked networks inside the hydrogels, the mi-
crostructures of the xerogels prepared from the corresponding hydrogels via freeze drying
were investigated through SEM. As shown in Figure 5a, the pores of the xerogel with
7% terpyridine content were irregular, and there was no molded cross-linked structure
inside the hydrogel for H1. The partial collapse of the pores probably resulted from the
fact that there was no effective or strong cross-linking structure for the low content of the
coordination bonds. Figure 5b shows that the xerogel with 10% terpyridine content (H2)
had uniform pore distribution and a regular structure, and the average diameter of the
pores inside the xerogel was about 50–60 μm. Compared with H1, the increase in the con-
tent of terpyridine-unit-coordinated structures consequently led to a higher cross-linking
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degree and strength. The results indicate that there was a critical value of about 7–10%
for the content of terpyridine units in forming effective cross-linking structures for these
coordination-leading supramolecular hydrogels. As Figure 5c shows, the average diameter
of the pores in the xerogel with 13% terpyridine content (H3) was slightly smaller than
that of H2 (about 50 μm). There were many nanofibers in xerogels H2 and H3, whereas
there were almost no nanofiber structures in H1. With increasing terpyridine content, the
number of Ni2+–terpyridine coordination bonds increased; these play a vital role in the
formation of 3D network structures and their strength [43,44].

Figure 4. The formation process of supramolecular hydrogel based on the coordination of tpy and Ni2+.

 

Figure 5. SEM images of (a) H1 (7% terpyridine content), (b) H2 (10% terpyridine content), (c) H3

(13% terpyridine content).

3.5. Rheological Properties

The rheological properties of the three resulting metallo-supramolecular hydrogels
with different terpyridine contents—H1, H2, and H3—with a water content of 90% at
25 ◦C were studied (Figure 6). As shown in Figure 6a, the changes in G′ (storage moduli)
and G” (loss moduli) of the hydrogels H1, H2, and H3 as a function of applied frequency
(0–100 Hz) were monitored. Both G′ and G” increased obviously with increasing terpyridine
content in hydrogels, from H1, H2, to H3, which was due to the greater number of metallo-
supramolecular cross-link structures that could be formed with the higher content of
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terpyridine units in hydrogels [45]. At the same time, from 0 to 100 rad/s, both G′ and G”
increased with the increase in frequency and exhibited shear-thinning behaviors, which was
attributed to the deformation of the material under shearing forces and the reorganization
of the internal structures of the supramolecular hydrogels that appeared [46]. For hydrogel
H1, with a lower terpyridine content, however, the G′ increased slightly with the increase
in frequency and the differentials of G′ and G” were rather lower at different frequency
ranges, most likely because the supramolecular cross-link degree was very low and the
networks had not been formed effectively. For all hydrogels, the G′ values were much
larger than the corresponding G”, and the gaps between G′ and G” of hydrogels with
7% (H1), 10% (H2), and 13% (H3) terpyridine content were about 700, 2000, and 2600 Pa,
respectively, which were characteristic of an effective cross-linked network. Obviously, the
coordination interaction of terpyridine ligands incorporated into the hydrophilic polymer
chains with Ni2+ drove the formation of a viscoelastic 3D network, and consequently as the
terpyridine content in hydrogels increased and then the supramolecular cross-link degree
increased, the hydrogels became more solid-like.

G
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Figure 6. (a) Frequency sweep of three hydrogels with H1 (7% terpyridine content), H2 (10% terpyri-
dine content), and H3 (13% terpyridine content); (b) strain sweep of H1, H2, and H3.

Strain sweep measurements for H1, H2, and H3 at a frequency of 6.28 Hz were
carried out and the results were as shown in Figure 6b. As the strain increased, the G′
of H3 decreased sharply, which was caused by the destruction of the Ni2+–terpyridine
coordination interactions in the hydrogel, and when the strain reached 20%, the curve of
G” appeared at a peak and was crossed over with G′ at this point, which showed that the
internal cross-linked networks of the hydrogel were completely destroyed here [47,48]. The
shapes of the G′ and G” curves of the hydrogel H2 were similar to those of the hydrogel
H3, but the intersection point of the G′ and G” curves for H3 was at 1000 Pa, whereas the
intersection point of the hydrogel H2 was at 500 Pa, which was due to H3 possessing more
terpyridine and more coordination bonds [49]. The G” peak of H1 appeared at 250 Pa,
which was lower than that of H2. By contrast, there was no intersection point between the
G′ and G” of H1, mostly due to the low content of terpyridine in the hydrogel H1, and
there was not enough effective coordination for interaction-based cross-linked structures to
be formed in this hydrogel.

3.6. Thermo-Responsive Properties

These polymer hydrogels based on metallo-supramolecular cross-linking exhibited
interesting reversible sol–gel transition properties at different temperatures. To elucidate
the relationship of the sol–gel transition temperature Tgel–sol and the internal structure of
the hydrogels, the Tgel–sol of the hydrogels with different terpyridine contents and different
water contents was investigated. As shown in Figure 7, the hydrogel H1 gradually entered
into a homogeneous solution state at about 55 ◦C for 1 h, and when the environmental
temperature decreased to room temperature, the solution turned back to a gel state again
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slowly. This was probably caused by the disintegration of the Ni2+–terpyridine coordination
bonds in polymer hydrogels at the temperature above Tgel–sol, which were rebuilt at room
temperature [50]. As shown in Table 2, the Tgel–sol of the hydrogels H1, H2, and H3 were
55 ◦C, 60 ◦C, and 75 ◦C, respectively. Although there existed equilibrium of free Tpy and
Ni(II)(Tpy)2 complexes, the equilibrium constant is related to temperature. When the
temperature increased, the content of Ni(II)(Tpy)2 was reduced to the critical value, and
the number of cross-linking bonds was not high enough to keep hydrogels, the gel-to-sol
transition occurred. Therefore, the hydrogel with a higher content of terpyridine-Ni(II)
coordination bonds (H3) reduced to the critical content at higher temperature. Obviously,
the increased cross-linking degree of the polymer hydrogels resulting from the greater
number of Ni2+–terpyridine coordination bonds could have increased their thermal stability
and exhibited a higher Tgel–sol [9]. Furthermore, the Tgel–sol values of the hydrogel H3

with water contents of 91%, 90%, and 85% were 70 ◦C, 75 ◦C, and 93 ◦C, respectively.
The thermal stability of the hydrogels increased with the increase in the gelator content
because of the increased intermolecular interactions and network strength [51,52]. After
heating and cooling the same sample three times, the hydrogel still showed good phase
transition characteristics, which indicates that the supramolecular hydrogels have an
excellent dynamic reversible character.

 

Figure 7. The gel–sol–gel transition recycle of H1.

Table 2. The transition temperature of H1, H2, and H3 with 90% water content.

Hydrogel Transition Temperature

H1 55 ◦C
H2 60 ◦C
H3 75 ◦C

3.7. Swelling Behavior

These hydrogels contain a large number of hydrophilic groups in the main chains and
exhibited water absorption properties. The swelling ratios of the metallo-supramolecular
hydrogels H1, H2, and H3 were measured at room temperature when a hydrogel reached
its swelling equilibrium state. The results are shown in Figure 8. Generally, the water
absorption ratio of the cross-linking polymer hydrogel decreased with increasing cross-
linking degree of the hydrogel. As shown in Figure 8, the equilibrium swelling ratio of the
resulting supramolecular hydrogels H1, H2, and H3 were 12.3 g/g, 10.3 g/g, and 8.0 g/g,
respectively. These results were caused by the different cross-linking degrees for different
hydrogels. The cross-linking of these metallo-supramolecular hydrogels was obtained
via coordination interactions between metal ions and terpyridine units incorporated in
the linear polymer backbones. The content of terpyridine units in P1, P2, and P3 were
7.0%, 10.0%, and 13.0%, respectively, and consequently the cross-linking degrees for the
resulting hydrogels are in the following order: H1 < H2 < H3. Fewer terpyridine units in
hydrophilic polymers led to fewer coordination bonds and a lower cross-linking degree in
the hydrogels. The cross-linking network can swell more sufficiently, and more water can
enter into the network and bind with the hydrophilic polymer structures. Consequently,
the swelling ratio order for these supramolecular hydrogels was: H1 > H2 > H3. These
supramolecular hydrogels showed high water-absorption speed, and the times to reach
the swelling equilibrium state were 110 min, 130 min, and 140 min for H1, H2, and H3,
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respectively. Obviously, the low cross-linking degree was beneficial for the diffusion into
the 3D hydrophilic network.
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Figure 8. The equilibrium swelling ratio of the supramolecular polymer hydrogels H1, H2, and H3.

4. Conclusions

A novel metallo-supramolecular hydrogel was developed. The hydrophilic polymers
were based on acrylic acid and maleic anhydride, and used radical polymerization. The
gelator polymers containing different terpyridine units were obtained through grafting
reactions and the NMR results indicate that the synthesis was successful. The metallo-
supramolecular hydrogels were prepared via a coordination interaction of the terpyridine
units and metal ions, and the photophysical properties, rheological properties, micromor-
phology, thermo-responsive properties, and equilibrium swelling behaviors were fully
studied. The graft ratio of the terpyridine unit onto the main chains of the hydrophilic
copolymers of acrylic acid and maleic anhydride can be tuned easily. The content of
the ligand unit terpyridine played a vital role in the microstructures, mechanical perfor-
mances, and equilibrium swelling ratio due to the fact that the cross-linking degree can
be controlled conveniently via changing the content of terpyridine units in raw linear
hydrophilic polymers. The interesting thermal-responsive characteristics originated from
the non-covalent cross-linking bonds, and these can be further used as intelligent polymer
hydrogels. In general, these hydrogels based on coordination show good promise for
environmental responses, biosensors, and similar. In the future, adhesives, biocompatibility,
photo-function, and so on based on different back-bone systems should be investigated
and their application widened.
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Abstract: An extremely efficient lubrication system is achieved in synovial joints by means of bio-
lubricants and sophisticated nanostructured surfaces that work together. Molecular bottlebrush
structures play crucial roles for this superior tribosystem. For example, lubricin is an important
bio-lubricant, and aggrecan associated with hyaluronan is important for the mechanical response
of cartilage. Inspired by nature, synthetic bottlebrush polymers have been developed and excellent
aqueous boundary lubrication has been achieved. In this review, we summarize recent experi-
mental investigations of the interfacial lubrication properties of surfaces coated with bottlebrush
bio-lubricants and bioinspired bottlebrush polymers. We also discuss recent advances in under-
standing intermolecular synergy in aqueous lubrication including natural and synthetic polymers.
Finally, opportunities and challenges in developing efficient aqueous boundary lubrication systems
are outlined.

Keywords: bioinspired bottlebrush polymers; aqueous boundary lubrication; friction; wear resistance

1. Introduction

The origin of friction is the energy dissipation processes that occur as two surfaces
slide against each other [1]. Friction forces between two surfaces are often characterized by
the effective friction coefficient, μeff, that is, calculated by taking the ratio of friction force
(FFriction) and applied load (FLoad). The friction coefficient in synovial joints in mammals
was found to be as low as 0.001 as measured by hip function simulator machines, even
though values reported in different studies vary significantly [2]. It can be safely concluded
that the friction coefficient is well below 0.01. For example, Gale et al. have reported
values in the range of 0.002∼0.006 [3]. This extremely efficient aqueous lubrication ability
of the synovial joint is achieved by an association of lubricin, hyaluronan, phospholipids,
and aggrecan [4–6]. Lubricin and aggrecan, bottlebrush-like biomacromolecules that have
densely grafted pendant chains are abundant in synovial joints [7,8]. It is believed that these
bottlebrush structured biomacromolecules play key roles for a number of critical biological
functions, for example, hydration, aqueous boundary lubrication, wear resistance as well
as mediating the rheological and mechanical properties under pressure [8,9].

Inspired by nature, synthetic bottlebrush polymers consisting of a linear polymeric
backbone on which side chains are densely grafted have been designed and synthe-
sized [10–12]. Theoretical studies and computer simulations have been used to predict
the interfacial properties of bottlebrush polymer layers. The adsorbed amount of different
bottlebrush polymers at the mica/silica surfaces has been predicted by lattice mean-field
theory and compared with experimental data [13]. The frictional forces between polymer
brush-like layers formed by linear polymers have been predicted by molecular dynamic
simulations and scaling theory [14,15]. In addition, the interactions between bottlebrush
polyelectrolyte layers have been predicted by molecular dynamic simulations [16]. In
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recent years, considerable progress has been made in theory and computer simulation to
investigate the interfacial properties of polymer brush layers. For more detailed discussions,
we recommend the valuable reviews on the theoretical studies of interaction forces and the
lubrication properties of polymer brush-like layers [17,18].

The adsorption and interfacial lubrication properties between surfaces coated with a
range of different bioinspired bottlebrush polymers have been extensively investigated by
various surface analytical techniques [11–13,19–51]. Optical reflectometry [27–29], ellipsom-
etry [52], neutron reflectometry [28,52], and quartz crystal microbalance with dissipation
(QCM-D) [27,29] have been used to study the adsorption and desorption of bottlebrush
polymers on surfaces in aqueous media. Direct force measurement techniques includ-
ing surface force apparatus (SFA) [26,43,44,46], atomic force microscopy-colloidal probe
technique (AFM-CP) [12,30], and mini traction machine [11,31] have been used to deter-
mine surface forces and/or friction forces between the bottlebrush polymer layers. Such
measurements have shown that very efficient lubrication properties can be achieved by
bottlebrush structured polymers [12,19–23,30,31,48,53]. Such excellent performance and
highly promising lubrication systems are of great general interest, not least for relieving
arthritis pain [54].

To introduce the subject of this review, we start with a short introduction of the
molecular structures and functions of several important bio-lubricants found in the synovial
fluid. Next, we discuss recent experimental investigations of the interfacial lubrication
properties of bottlebrush polymer layers including friction forces and wear resistance. In
addition, synergistic aqueous lubrication mediated by natural and bottlebrush polymers
and small amphiphilic molecules is also discussed. Finally, outlooks for future research in
and use of aqueous boundary lubrication systems are provided.

2. Bio-Lubricants

Bio-lubricants including lubricin, hyaluronan, and phospholipids as well as aggrecan,
which is important for the mechanical response of cartilage, play important roles in reducing
friction forces and providing shock absorbing mechanical responses to articular cartilage
surfaces [8]. These molecular structures are very different, but they share a common feature
that they contain highly hydrophilic groups that bind water and allow for the hydration
lubrication mechanism [55] to be operative. Lubricin is a glycoprotein with a bottlebrush
structure. It is composed of the N-terminal by 2-somatomedin B (SMB)-like domains, the
C-terminal with a hemopexin (PEX)-like domain, chondroitin sulfate (CS) side chain, and a
densely glycosylated and mucin-like domain in the middle (Figure 1) [56,57]. It has been
suggested that lubricin is able to counteract damages of the superficial zone of cartilage,
and contributes to the preservation of chondrocytes in the joints [58]. The bottlebrush
structure in lubricin and mucins also reduces the interpenetration zone, that is, the region
where polymer chains on two opposing surfaces carrying such molecules overlap. This
suggests that the bottlebrush structured polymers are promising candidates for reducing
friction forces as the energy dissipation related to dragging polymer chains through the
interpenetration zone is minimized. The interfacial lubrication studies of various types
of mucins have shown that friction forces between surfaces can be reduced by mucins,
which can be attributed to their extensive hydration, which arises from the large amount
of oligomeric carbohydrate side chains [59–64]. Aggrecan also has a bottlebrush structure
domain in the middle (Figure 1) [65,66]. The friction forces between surfaces with covalently
attached cartilage aggrecan was found to be rather low (μeff = 0.03 ± 0.01∼0.11 ± 0.01,
depending on the ionic strength of the solution) [67], even though this molecule’s most
important function in the synovial joint area is found within the cartilage where it is
associated with hyaluronan, and together with collagen, builds the intricate nanostructure
of cartilage. For instance, the compressive resistance of articular cartilage has important
contributions from hierarchical brush-on-brush structures formed by one hyaluronan
associated with as many as 100 aggrecan molecules [68].
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Hyaluronan

Lubricin

Aggrecan

Figure 1. Lubricin: containing the N-terminal 2-somatomedin B (SMB)-like domains and the C-
terminal hemopexin (PEX)-like domain. Lubricin also contains a chondroitin sulfate (CS) side
chain, and in the middle region, it has a densely glycosylated and mucin-like domain. Aggrecan:
containing three globular domains (G1, G2, and G3), and in the middle, it has a large extended
domain heavily modified with glycosaminoglycans. Hyaluronan (HA): the anionic disaccharide
building unit of hyaluronan.

Hyaluronan and phospholipids also play important roles to achieve efficient aqueous
lubrication systems [5,69–75]. Hyaluronan is a linear anionic polysaccharide (Figure 1). In
fact, hyaluronan alone is not enough to reduce friction forces between surfaces [76,77]. How-
ever, hyaluronan is responsible for the viscous and elastic properties of the synovial fluid,
which is very important for reducing the friction forces between articular cartilage [78,79]. It
has also been reported that hyaluronan/aggrecan aggregates can achieve better lubrication
than hyaluronan alone, which is due to the highly charged glycosaminoglycan segments
on the aggrecan core protein [79]. In addition, the friction forces between damaged human
cartilage can be reduced by self-assembled structures formed by hyaluronan and phos-
pholipids [80]. The favorable interfacial lubrication properties of hyaluronan associated
with phospholipids have also been observed in model systems [81–83]. The results of the
friction force measurements between model silica surfaces coated with supported DPPC
bilayers in the presence of hyaluronan have clearly indicated that the aggregates of hyaluro-
nan/phospholipids are able to achieve low friction up to the pressure of 56 MPa, [81]
which is higher than the pressure (25 ± 5.2 MPa) [84] that leads to the damage of the
hyaline cartilage. Recently, multilayers have been prepared by the co-adsorption of HA and
DPPC vesicles by Raj et al. [82], and the investigation showed that the friction coefficient
between the layers was below 0.01 up to the pressure of 20 MPa. Over the last decade,
Dedinaite and co-workers have investigated the intermolecular synergistic mechanism
of the bio-lubricants in synovial fluid such as synergy pairs of hyaluronan and phospho-
lipids [77,81–87]. Their studies indicate that synergistic lubrication can be achieved by the
bio-lubricants working together. We summarize some of the observed synergistic effects of
bio-lubricants regarding their interfacial lubricating properties in Table 1.
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Table 1. The lubrication performance of the bio-lubricant aggregates. The table provides data for the
effective friction coefficient, μeff, and the highest pressure, P, investigated.

Compositions Substrate Interfacial Lubricating Properties Ref.

HA + DPPC liposomes Damaged human cartilage The reduction in friction was 69.5%,
P = 1.3 MPa [79]

HA + Aggrecan Mica μeff = 0.01, P = 1.6 MPa [78]
HA + DPPC vesicles Macroscopic glass surfaces μeff = 0.1, P = 210 MPa [77]
HA + DPPC bilayer Silica μeff = 0.03, P = 56 MPa [80]
HA + DPPC vesicles Silica μeff < 0.01, P = 23 MPa [81]

COMP + lubricin PMMA μeff = 0.06, P = 7 MPa [85]
cross-linked HA + DOPC Mica μeff > 0.5, P = 2 MPa [88]

HA + Lubricin Mica μeff = 0.09–0.4, P = 4 MPa [89]
HA + Lubricin +
Type II collagen Gold versus SiO2 μeff = 0.01, P = 0.013 MPa [90]

3. Bottlebrush Polymers

3.1. Synthesis of Bottlebrush Polymers

Graft copolymers are composed of a polymeric backbone with densely grafted side
chains, of which bottlebrush polymers are considered as a subset characterized by a very
high grafting density. With increasing packing density of the side chains, a comb structure
changes to a bottlebrush structure. This forces the backbone to adopt an extended confor-
mation, and the molecule forms an overall cylindrical morphology. The conformation of the
backbone and the length and the density of the side chains in bottlebrush polymers play sig-
nificant roles in the lubrication properties. Inspired by bottlebrush bio-lubricants, synthetic
bottlebrush polymers have been designed and prepared [91–97]. Conventional radical
polymerization methods including atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT), and nitroxide-mediated radical polymeriza-
tion (NMP)) have been used to prepare precisely designed bottlebrush polymers [98–103].
According to how the side chains of the bottlebrush polymers are formed, the synthesis of
bottlebrush polymers can be categorized into three approaches: (i) “grafting-from” (the
polymerization of monomers from polyinitiators in the backbone) [99,100]; (ii) “grafting-
through” (polymerization of macromonomers) [101,102]; and (iii) “grafting-to” (attachment
of pre-formed side chains to the backbone) [104] (Figure 2). Novel bottlebrush polymers
with advanced molecular structures such as double-brush [105], Janus [102], and core-
shell [103] bottlebrush polymers have been prepared recently. Bottlebrush polymers can be
applied in various fields such as templates of novel nanostructures, drug delivery, aque-
ous lubrication, and super-soft elastomers. In addition, novel cylindrical nanostructures
such as segmented nanofibers [106] and anisotropic polymer nanostructures [107] have
been developed. These emerging materials of precisely defined dimensions can be ap-
plied in many fields such as, sensors, bioimaging as well as lubrication [108,109]. Here,
only a general overview of bottlebrush polymer synthesis is provided; for interested read-
ers, we recommend a comprehensive review of the design and synthesis of bottlebrush
polymers [10,92,93].

3.2. Adsorption of Bottlebrush Polyelectrolytes at Surfaces

The adsorption properties of bottlebrush polymers at the mica and silica surfaces
have been predicted by the lattice mean-field theory by Linse and Claesson [13], Figure 3.
The bottlebrush polymers were considered to consist of charged segments without side
chains and uncharged segments with an attached side chain. The composition variable X
stands for the percentage of charged segments ranging from X = 0 (uncharged bottlebrush
polymer) to X = 100 (linear polyelectrolyte). The results of the theoretical modeling indicate
that there is a large difference in the surface excess of bottlebrush polymers at the mica
and silica surfaces. The difference in the surface excess between regular and random
distributions is at most 20%, while a 5-fold difference in the surface excess between regular
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and diblock distributions has been predicted. These results indicate that the adsorption
properties of bottlebrush polymers can be influenced by the polymer segment sequence,
the non-electrostatic interactions as well as the surface charge density. To be able to tune
the layer structure is important as the structure of the adsorbed polymer layers directly
influences the interfacial lubrication properties of the polymer bearing surfaces.

Figure 2. An illustration of three main synthetic approaches of bottlebrush polymer synthesis:
grafting-from, grafting-to, and grafting-through.

Figure 3. The theoretical surface excess (Γexe) as a function of the percentage of charged segments,
X, on the mica (a) and silica (b) surfaces with random (squares), regular (diamonds), and diblock
(circles) distributions of the uncharged and charged main-chain segments. In panel a, the fluctuations
of Γexe given as twice the standard deviation for 100 realizations of random distributions with the
fixed fraction of charged segments are given as error bars. The figures were adopted with permission
from [13]. Copyright © 2022 American Chemical Society.
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Polymer bottlebrushes attached to surfaces can be prepared by either the “grafting-to”
or the “grafting-from” method. The “grafting-to” method includes physical adsorption as
well as the chemical covalent attachment of pre-prepared polymers. The “grafting-from”
method is a bottom-up approach where polymer chains are grown by surface-initiated
polymerization from a substrate [110]. Surfaces with anchored polymer bottlebrushes
have shown great potential in lubrication applications [12,20,30,111–116]. Notably, the
branched brush configuration and layers expressing polymer loop structures have been
formed on surfaces by the “grafting-to” method through electrostatic interactions and using
diblock bottlebrush polymers [30] and triblock bottlebrush polymers [116], respectively.
The friction coefficients between surfaces coated with the bottlebrush polymer were as low
as 10−3 up to the pressure of 2.1 MPa [116]. The excellent lubrication properties of these
polymers arise from the very limited chain interpenetration of two opposing compressed
bottlebrushes due to the strong steric repulsive interactions between the densely grafted
side chains of the polymers. Furthermore, the side chains of the polymers are highly
hydrated, allowing for strongly bound but easily sheared water layers (i.e., the hydration
lubrication mechanism). In this context, it should be noted that shear properties of thin
aqueous layers outside hydrophilic surfaces are very similar to that of bulk water down to
thicknesses in the nanometer range as measured using a vertically oriented force sensor
and AFM [117]. Polymer brushes on the surfaces can also be formed by linear polymers,
and in many cases, favorable lubrication can be achieved. Interested readers are referred to
the review of Kreer [18] and the references therein.

3.3. Interfacial Lubrication Properties of Bottlebrush Polymer Layers

The interfacial lubrication properties of the surfaces coated with a polymer layer
depend on the chemical structure of the polymer, the structure of the polymer layer,
and the water content of the polymer layer. These properties are influenced by several
factors including the polymer–surface affinity as well as the solvent quality. The basis of
aqueous boundary lubrication is the presence of a strongly bound yet easily sheared water
layer, therefore, water-based lubricants always contain strongly hydrophilic regions. Thus,
synthetic water-based lubricants can be designed following two criteria: (a) they shall be
strongly hydrated to provide a low friction force; and (b) they shall adsorb strongly to
the surface being lubricated to provide a high load bearing capacity. The latter criteria
means that the polymers should remain on the surface under the action of a high load even
during sliding motion. Considering this criterium, one is tempted to draw the conclusion
that covalently attached polymers are to preferred over adsorbed ones. However, one
should also consider that covalently attached layers do not self-heal when worn. In
contrast, adsorbed layers can easily self-heal when the lubricating polymer is present in the
surrounding bulk solution.

3.4. Random Bottlebrush Polymers

Bottlebrush polymers containing cationic segments with hydrophilic side chains have
been developed, and investigations of interfacial lubrication have shown that such polymers
can achieve a low friction force [11,12,29,31,36,48]. For instance, Pettersson et al. studied
the effect of the side chain and charge density of random bottlebrush polyelectrolytes,
poly(ethylene oxide)-methyl ether methacrylate:methacryloxyethyl trimethylammonium
chloride-X (PEO45MEMA:METAC-X) by the AFM colloidal probe technique [12]. Here, X
stands for the percentage of charged segments and 100-X is thus the percentage of segments
carrying a 45 unit long poly(ethylene oxide) side chain. The effective friction coefficient
(μeff) of PEO45MEMA:METAC-X polyelectrolytes for the different systems is provided in
Figure 4. Here, μeff was calculated by taking the ratio of friction force (FFriction) and applied
load (FLoad), at FLoad ≈ 7 nN, which was in the vicinity of the highest measured FLoad.
The results show that the PEO45MEMA:METAC-X polyelectrolytes with a high percentage
of PEO45 segments, 100 ≤ 100 − X ≤ 25 (0 < X < 75), can achieve the lowest μeff at the
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mica–silica surface, implying that the frictional properties depend, to a significant degree,
on which of the surfaces has the highest concentration of extended PEO45 segments.

Figure 4. The effective friction coefficient (μeff) of PEO45MEMA:METAC-X systems (filled squares),
μeff of the bare mica–silica surface pair (unfilled square). The figures were adopted with permission
from [12]. Copyright © 2022 American Chemical Society.

The effects of the architectural parameters of poly(L-lysine)-g-poly(ethylene glycol)
(PLL-g-PEG) including side chain (PEG) length, Lys/PEG grafting ratio, and backbone chain
(PLL) length on the lubrication properties were studied by Spencer and co-workers [31,48].
These studies have shown how the interfacial lubrication properties of PLL-g-PEG can be
optimized by varying the length of the side chains and the grafting ratio. The efficient
aqueous boundary lubrication ability of PLL-g-PEG as well as PEO45MEMA:METAC-X was
due to the densely grafted PEG side chains counteracting the interpenetration between the
opposing layers under compression. The investigation of solvent quality on the lubricating
ability of the surfaces coated with PLL-g-PEG has shown that the friction coefficient of the
surfaces greatly increased with the decreasing solvent quality as the polymer layer structure
changed from an expanded brush structure to a more random-coil-like structure [34,35]. In
addition, the Scheutjens–Fleer self-consistent field theory has been employed to reveal how
the architecture parameters, graft ratio, and graft length of random bottlebrush polymers
influence the interaction between such polymers with a polyelectrolyte backbone and
neutral hydrophilic side chains as well as an oppositely charged surface [118]. The modeling
results indicated that the adsorption of random bottlebrush polymers is determined by the
electrostatic and steric forces in the system, which can be affected by the graft ratio and
graft length of the bottlebrush polymer. Particularly, it was demonstrated that the entropic
penalty of adsorption increases as the side chains become longer.

3.5. Diblock Bottlebrush Polymers

Diblock bottlebrush polymers typically consist of one strongly adsorbing block and a
second block with a bottlebrush structure with no or low tendency for adsorption. This
polymer design is expected to provide an adsorbed layer structure with bottlebrush tails.
Liu et al. studied the adsorption and frictional properties of diblock bottlebrush copolymers,
(METAC)m-b-(PEO45MEMA)n, at the silica surfaces [29]. This diblock copolymer was
composed of a cationic block and an uncharged bottlebrush block. The adsorbed amount
of the diblock polymer on silica was high, and the thickness of the adsorbed polymer layer
was found to be around 46 nm with a water content of around 90%. This result is in line
with the prediction of the theoretical modeling in which diblock bottlebrush copolymers
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have a higher adsorbed amount than random and regular bottlebrush polymers at the silica
surface [13] (Figure 3b). A change in the adsorbed layer structure was observed after a
few hundred seconds of adsorption. This change can be illustrated by the QCM-D data by
plotting the change in dissipation (ΔD) as a function of the change in frequency (Δf ) (left
panel in Figure 5). The ΔD − Δf curve for (METAC)m-b-(PEO45MEMA)n initially followed
that observed for the uncharged block ((PEO45MEMA)n), implying that initially, the diblock
copolymer adsorbs parallel to the surface. However, for (METAC)m-b-(PEO45MEMA)n,
the dissipation increased rapidly as the magnitude of the frequency change exceeded
about 25 Hz. This means that (METAC)m-b-(PEO45MEMA)n changes its orientation from
preferentially parallel to the silica surface at low coverage (low dissipation) to significantly
more extended conformations at high coverage (high dissipation).

Figure 5. (Left panel) Dissipation change (ΔD) as a function of frequency change (−Δf ) upon
adsorption of (METAC)m-b-(PEO45MEMA)n (upper curve) and (PEO45MEMA)n (lower curve) on
silica. The inset shows the data in the range of −Δf up to 40 Hz in more detail. The figures were
adopted with permission from [29]. Copyright © 2022 American Chemical Society. (Middle panel)
Fn/R as a function of separation between the silica surfaces coated with (METAC)m-b-(PEO45MEMA)n.
Fitted DLVO forces were obtained by using constant charge (upper line) and constant potential
(lower line) boundary conditions. The inset shows the forces between the polymer layers prior
to (black squares) and after (red circles) rinsing with water. (Right panel) Friction force (Ff) as a
function of load (Fn/R and Fn) of the bare silica surfaces in water (triangles) and after the adsorption
of (METAC)m-b-(PEO45MEMA)n in a 50 ppm polymer solution (the first cycle (squares) and the
subsequent one (circles)). The straight lines were fitted to the data points obtained at low loads.
The error bars corresponded to multiple friction force measurements. Filled and unfilled symbols
represent the data points obtained on loading and unloading, respectively. The figures were adopted
with permission from [30]. Copyright © 2022 The Royal Society of the Chemistry. In all cases, the
polymer concentration of the aqueous solution was 50 ppm and the surface was silica.

The surface and friction forces of the silica surface coated with the (METAC)m-b-
(PEO45MEMA)n polymer were studied by the AFM colloidal probe technique, and some
results are shown in the middle and right panels in Figure 5. The force curves between
the silica surfaces coated with the diblock bottlebrush polymer were consistent with a
double-layer force at separation beyond 40 nm. However, the force increased more steeply
at separations below 40 nm, indicating the presence of a long-range steric repulsion. The
calculated DLVO force curves indicated that the apparent double-layer potential of the
adsorbed layer was found to be 33 mV at the onset of the steric interaction at a separation of
40 nm. In addition, no hysteresis was observed between the forces measured on approach
and retraction. The friction coefficient was found to be 0.03 up to a pressure of 50 MPa,
and thus the layer remained intact up to this high pressure [30]. The low friction force
can be attributed to the strong steric repulsion and very limited interpenetration between
the branched brush layers, combined with the strong hydration of the PEO side chains.
Moreover, the friction forces between the adsorbed bottlebrush diblock polymer layers
increased slightly more than predicted by Amontons’ rule at high applied loads, particularly
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in solutions with a high ionic strength. This suggests that another energy dissipative
mechanism comes into play (e.g., some shear-induced lateral motion of the adsorbed
molecules along the surface). However, the low friction forces were recovered when the
applied load was reduced, indicating that attachments by electrostatic interaction may
provide self-healing properties by re-adsorption or repositioning of the molecules desorbed
or moved along the surface at high loads.

3.6. Triblock Bottlebrush Polymers

Triblock bottlebrush polymers typically consist of two adsorbing end blocks and a
middle block with a bottlebrush structure with no or low tendency for adsorption. Such
a polymer design is interesting as it will facilitate formations of bottlebrush loops. Re-
cently, an ABA triblock bottlebrush polymer, poly[(quaternized 2-(dimethylaminoethyl)
methacrylate)-co-methyl methacrylate] (P(DMAEMA-co-MMA)), has been prepared by
combining ATRP and post-modification techniques [116]. The triblock bottlebrush poly-
mer was built by two positively charged domains with P(DMAEMA-co-MMA) chains (A
blocks) and a bottlebrush region (B block), decorated with poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC). The surface and friction forces between the surfaces coated
with the triblock bottlebrush polymers were studied and the results showed that μeff of
the adsorbed polymer layer was as low as 0.0025 up to a pressure of 2.1 MPa in pure
water (Figure 6). The friction coefficient increased to 0.0115 ± 0.0003 in phosphate buffered
saline (PBS) solution at 2.1 MPa due to the conformational changes in the outer part of the
adsorbed polymer in the presence of salt, which was attributed to the increased affinity
of the bottlebrush block to the surface and the screening of the electrostatic interaction
between blocks adsorbed on the surface. A single loop adsorbed structure was formed by
the triblock bottlebrush polymer in pure water, while in the presence of PBS, the polymer
adopted to conformations with multiple loops and trains. The experimental data suggest
that polymer loops are efficient in reducing friction forces as it reduces the interpenetration
zone. This extremely low friction is additionally due to strong osmotic repulsion between
the densely grafted side chains of the triblock bottlebrush polymers and the sliding of the
surfaces is favored by the flow of water molecules during shearing.

 

Figure 6. (Left panel) Schematic representation of the ABA triblock bottlebrush copolymer and the
molecular structure of the triblock copolymer. (Right panel) Experimental results of the friction force
vs. the normal force for the triblock bottlebrush adsorbed layer. The figures were adopted with
permission from the study by Banquy et al. [116]. Copyright © 2022 American Chemical Society. The
friction coefficient values of lubricin (LUB) in PBS in the right panel were adopted with permission
from [119]. Copyright © 2022 Elsevier Inc.
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3.7. Wear Resistance Influenced by Molecular Adsorption Strength

The molecular adsorption strength cannot be judged by the polymer adsorbed amount.
For example, polyelectrolytes typically attach more strongly to oppositely charged surfaces
the higher their charge density. In contrast, the adsorbed amount typically decreases with
polyelectrolyte charge density. When surfaces are modified with thin adsorbed polymer
layers to form a well-lubricated surface, it is important that the adsorption strength is
high to promote a long lifetime and function of the layer. The adsorption of the polymers
onto surfaces may take place by non-specific electrostatic and hydrophobic interactions,
hydrogen bonding, or specific anchoring groups. Particular attention has recently been
given to mussel-inspired anchoring of polymers where catechol groups serve as anchors
on the surfaces [120,121]. Catechol groups adsorb at most types of surfaces under wet
condition, even on wet organic surfaces [122], and this provides a new approach to form
efficient aqueous boundary lubrication layers with strong anchors. Self-healing properties
of the adsorbed polymer layers have been observed in electrostatically anchored polymers
systems [29,30,123]. Claesson et al. studied how different functional attachment mecha-
nisms influence the adsorption strength by investigating molecular wear using statistical
and diblock copolymers using different anchoring mechanisms, electrostatic (NH3

+), hy-
drogen bonding/dispersion interaction (catechol), or both NH3

+ and catechol [124,125]. It
is difficult to observe wear scars of a sub-nanometer depth by using AFM. An alternative
for soft adsorbed layers on hard surfaces is to determine the change in surface stiffness with
increasing wear. An increase in stiffness implies that the thickness of the adsorbed polymer
layer is reduced due to wear, and this effect originates from a larger contribution to the stiff-
ness from the underlying substrate. It has been found that the adsorption strength varied
as NH3

+/catechol > catechol > NH3
+ anchoring on silica surfaces in water [124] (Figure 7).

This result implies that the anchoring of polymers containing catechol groups have a better
ability to protect the layer from abrasion compared to electrostatic interactions alone. We
note that anchoring the lubricant to the surface with the aid of electrostatic interactions has
the disadvantage that the load-bearing capacity decreases with the increasing ionic strength
of the solution. This situation can be improved by using non-electrostatically anchoring
groups such as catechol.

3.8. Synergistic Aqueous Lubrication Mediated by Aggregates of Natural Molecules and Polymers

The interfacial frictional behavior of bottlebrush polymers associated with surfac-
tants/phospholipids has been reported [50,126]. The interactions between a co-adsorbed
poly(acrylic acid)-poly(acrylamide) diblock copolymer with cationic surfactant layers on
mica surfaces were investigated by Drummond et al., who found that the lubrication ability
of the surface could be improved by the associated structure, which was attributed to
the hemifusion instability of the adsorbed surfactant layers being inhibited by the copoly-
mer [126]. Furthermore, the aqueous boundary lubrication properties of complexes of
the anionic surfactant (sodium dodecyl sulfate) with positively charged polymers (poly[3-
(2-methyl propionamido)-propyl]trimethylammonium chloride (PMAPTAC)) have been
investigated [50]. The study showed that the friction force was very low, even at pres-
sures up to 20 MPa, except for some friction peaks that occurred due to the load and
shear-induced structural changes in the layer. The data clearly demonstrated that the
association of the polymer and surfactant had a much better aqueous boundary lubrication
performance than the polymer or surfactant alone. This result implies that the internal
organization of the aggregate is essential for developing efficient polyelectrolyte–surfactant
systems for aqueous lubrication. This study provides a new approach to develop efficient
water-based lubrication systems formed by synergistic self-assembly at solid/aqueous
interfaces by utilizing the self-assembly structures of polyelectrolytes and surfactants.

Faivre et al. studied the lubrication and wear protection of a mixture of bottlebrush
polymers and linear polymers (hyaluronan, HA) and found that this mixture provided
wear protection both in water and saline [43]. This was attributed to the synergy of the
two polymers by which a boundary film was formed by entanglements of the bottlebrush
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polymer and HA. Faivre et al. also studied the effects of polyzwitterionic bottlebrush
polymer architecture such as monoblock, diblock, and triblock on the wear resistance,
where both individual bottlebrush polymers and mixture of the bottlebrush polymers
with HA were investigated [46]. The results demonstrated that the rupture pressure (P*)
(i.e., the load bearing capacity) of the thin film formed by the bottlebrush polymers alone
increased with the increasing content of the adhesive blocks on the bottlebrush polymers,
P*triblock > P*diblock > P*monoblock. They suggested that this is because the monoblock poly-
mer is rather peculiar since it has no terminal adhesive end blocks, the diblock polymer
has similar conformation as the monoblock polymer, but also electrostatic interactions with
the surface, while the triblock polymer tends to form loop structures that provide stronger
anchoring to the surface and lower chain interpretation. In addition, the rupture pressure
greatly increased when adding high-molecular weight HA into the bottlebrush polymer
layers. This high protective performance was attributed to the strong intermolecular inter-
action between the bottlebrush polymers and HA. This study provides a new approach
to enhance the interfacial lubrication and wear resistance of surfaces by using bottlebrush
polymers and linear bio-lubricants, opening new routes toward the development of efficient
aqueous boundary lubrication systems.

 

Figure 7. (Top row) The molecular structure of the catechol-based polymers. (Bottom row) Surface
stiffness maps show the worn area in the middle of the AFM image. From left to right, at high
loads (top of the worn area), wear was readily seen for electrostatic anchoring, less clearly seen
when catechol groups were used, and not observable when both electrostatic anchoring and catechol
groups were used. The figures were adopted with permission from [124]. Copyright © 2022 American
Chemical Society.

4. Outlook

An excellent aqueous boundary lubrication system will have a low energy dissipation
when the opposing layers slide against each other. This means that the interpenetration
zone should be small and the outer layer should be highly hydrated to allow for hydra-
tion lubrication. The wear resistance of the lubricating layer should also be considered
as it is important to have a high load bearing capacity. This means that the lubricant
should be strongly anchored to the surface, and here, catechol groups are a promising
alternative to electrostatic anchoring. It is also important to have an efficient self-healing
ability, which can be achieved by physical adsorption and by having a reservoir of the
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lubricants available in bulk solution. Several studies have demonstrated that very effi-
cient aqueous boundary lubrication systems can be formed by tuning the structure of
bottlebrush polymers, the layer conformation of bottlebrush polymers, and the molec-
ular adsorption strength. Furthermore, highly efficient intermolecular synergistic lubri-
cation has been achieved by aggregates of natural or synthetical molecules, for instance,
HA/aggrecan, HA/phospholipids, COMP/lubricin, HA/lubricin/Type II collagen, cross-
linked HA/DOPC, polyelectrolyte/surfactant, and HA/bottlebrush polymer. These results
have shown that efficient lubrication can be achieved as different types of molecules work
together. However, more observations are needed to reveal the internal structure of the
aggregates, leading to synergistic lubrication in polymer–surfactant, polymer–polymer, and
polymer–bio-lubricant systems. It is thus important to understand the intermolecular syn-
ergy mechanisms in lubrication and we hope that future studies of water-based lubrication
will pay increasing attention to intermolecular synergies. Moreover, the wear resistance of
the lubricating layer is greatly influenced by the molecular adsorption strength. Thus, fu-
ture studies focusing on the wear resistance of both the lubricating layer and the underlying
surfaces should be of high value. In addition, modeling studies are needed to optimize the
polymer design to achieve excellent lubrication for surfaces of different chemical composi-
tion and surface roughness, which would provide an additional molecular understanding
of the aqueous lubrication mechanism [55,117]. These related studies may not only provide
new approaches to aqueous lubrication processes in technical systems but also lead to the
development of new treatments and technologies to alleviate pain and prevent cartilage
degeneration. The review discusses the significance and effects of the bottlebrush polymer
design for excellent lubrication properties and wear resistance and summarizes the recent
observations of the lubrication properties of bottlebrush polymers. We predict that future
studies will provide answers to the fundamental questions and lead to the development of
new technologies for aqueous lubrication systems, for instance, smart lubricating coatings
with anti-fouling and anti-corrosion properties as well as tissue-engineering scaffolds.
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Abstract: In this paper, we report the synthesis of block and random copolymers of 2-acrylamido-
2-methyl-1-propane sulfonic acid (AMPS) and methyl methacrylate (MMA), with different AMPS
feed ratios. These solution-processable copolymers with strongly sulfonated acid groups resulted in
membranes with tunable ion exchange (IEC) and water absorption capacities. AFM images confirmed
the microphase separation of PAMPS-b-PMMA-1:1 block copolymer membrane, annealed under the
appropriate conditions. The resulting copolymers from the random combination of a 1:1 molar ratio
of AMPS and MMA monomers are effective at enhancing the esterification conversion of acetic acid,
when compared with a reaction catalyzed by PAMPS-b-PMMA block copolymers and the previously
studied catalytic membranes. With the PAMPS-co-PMMA-1:1 membrane, the esterification reaction
using acetic acid achieved 85% isopropyl acetate. These results are closely correlated with the increase
in IEC (2.63 mmol H+g−1) and the relationship between weight loss (20.3%) and swelling degree
(68%) in 2-propanol.

Keywords: block copolymers; random copolymers; catalytic membranes; esterification; isopropyl
acetate

1. Introduction

Over the years, polymeric membrane technology has been successfully applied in fuel
cells, natural gas purification, gas water treatment, hydrogen recovery, and drug delivery
systems that involve separation or transport processes [1–3]. Recently, catalytic membranes
have been used in processes that involve chemical reactions wherein separation of the
reaction products may or may not take place, such as in dehydrogenation reactions, selec-
tive oxidation, methane-steam reforming, the Fischer-Tropsch reaction, dimerization, and
esterification and transesterification reactions [4–7]. In the field of esterification and trans-
esterification reactions, catalytic membranes present the advantage of combining chemical
conversion and molecular separation in one step, thereby reducing the separation cost [8]
and presenting a low environmental impact [9]. Several solid acids and ionic polymers,
such as zirconium sulfate (Zr(SO4)2), sulfonated polyethersulfone (SPES)/phosphotungstic
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acid (PWA), poly(styrene sulfonic acid) (PSSA), poly(2-acrylamido-2-methyl-1-propane
sulfonic acid) (PAMPS), sulfonated polyphenyl sulfone (SPPS) or sulfonated polyether sul-
fone (SPES) with different sulfonation degrees (SD), embedded or blended in a polymeric
matrix of poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN), polyether sulfone (PES) or
polyphenyl sulfone (PPS), have been explored as catalytic membranes for esterification and
transesterification reactions [10–18]. Most of these catalytic membranes are blends of at
least two different polymers that present a decrease in their catalytic stability on reusing the
materials, which is attributed to the loss of solid acid or ionic polymer from the polymeric
matrix [14]. Thus, the development of functional membranes with strong acid groups
that allow higher catalytic efficiency without catalytic activity loss due to reuse is now
required, to prepare new heterogeneous acid catalysts. Within this context, copolymers
(either block or random) with rationally designed chemical structures could be considered
new alternatives that are able to overcome the shortcomings of blends to form a catalytic
membrane via these reactions. Both random and block copolymers are expected to prevent
the loss of ionic polymers, which occurs with blending in the polymeric matrix due to the
strong covalent bonds that link together the monomers in the macromolecule, increasing
the membrane’s useful life and reusability in esterification/transesterification reactions.
Moreover, in the case of block copolymers, it seems plausible that they are able to form
micro-channels within the polymeric structure that will promote more effective transport
of the reagents through the membrane.

Isopropyl acetate (IPOAc) is commercially produced for use in a wide range of chem-
ical applications. It is used as an industrial solvent for synthetic resins and polymers
such as vinyl copolymers, acrylics, polyesters, nitrocellulose, ethyl cellulose, epoxy resins,
methacrylic resins, polyamides, and alkyds, and as a solvent in adhesive production, as
well as in printing inks and as an aroma compound in perfumes [19,20]. Isopropyl acetate
is produced in the liquid-phase esterification reaction of acetic acid with 2-propanol, in the
presence of homogeneous or heterogeneous acidic catalysts [20]. In an industrial process,
the unreacted acetic acid is recirculated in order to increase the overall yield, and the
separation of the reaction products is carried out by reactive distillation, which involves
high energy consumption [21]. The use of catalytic membranes as heterogeneous catalysts
in the acetic acid (HOAc) esterification reaction emerges as an attractive alternative that
reduces the production cost due to energy savings, the elimination of the catalyst separation
step, and because it is an environmentally friendly process. For example, Zhang et al. [22]
used a catalytically active membrane with a composite structure of PVA/PES and ion-
exchange resins in the esterification of acetic acid and n-butanol, reaching 71.9% and 91.4%
conversion in a batch and pervaporation reactors at 85 ◦C, respectively. Caetano et al. [23]
reached ~90% biodiesel conversion in the esterification of palmitic acid with methanol,
catalyzed by a PVA membrane crosslinked with sulfosuccinic acid (PVA_SSA40) using a
1:63 alcohol:acid molar ratio at 60 ◦C. Recently, Wang et al. [24] elaborated a novel, highly
porous membrane by crosslinking PVA with 5-sulfosalicylic acid. This membrane was used
as a catalyst in the esterification of acetic acid and ethanol in a pervaporation membrane
reactor (PVMR), and an acetic acid conversion of 98.4% was reached at 75 ◦C in 12 h. A
new type of catalytic composite membrane, containing a support layer of commercial
porous PAN, a middle layer of a dense sodium alginate (SA)/MoS2, and an upper layer
of a PVA/p-hydroxybenzene sulfonic acid (Pha) blend was reported by Liu et al. [25].
The authors reported that the acetic acid conversion rate reached 94.3% under assisted
pervaporation at 75 ◦C in 12 h, which is 29% higher than that of the batch reaction.

Thus, in the present work, we synthesized a series of block and random copolymers of
2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) and methyl methacrylate (MMA)
with different AMPS feed ratios. In these copolymers, strongly acidic poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) (PAMPS) is expected to catalyze the esterification reaction,
whereas poly(methyl methacrylate) (PMMA), due to its hydrophobic nature should control
water swelling of PAMPS [20]. Physicochemical characterization and tests of the ion ex-
change capacity (IEC) and absorption capacity of PAMPS-b-PMMA and PAMPS-co-PMMA
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as copolymers membranes were carried out, and their performance as heterogeneous
catalysts on the acetic acid esterification with 2-propanol in a batch reactor are discussed.

2. Materials and Methods

2.1. Materials and Reagents

First, 2-acrylamido-2-methylpropane sulfonic acid (AMPS, 99%), sodium 2-acrylamido-
2-methylpropanesulfonate (AMPSA, 50 wt% in H2O), methyl methacrylate (MMA, 99%),
water (HPLC), potassium persulfate (KPS, ≥99.0%), methanol (MeOH, 99.9%), N,N-
dimethylformamide (DMF, 99.8%), ethyl 2-bromoisobutyrate (EBiB, 98%), 2-propanol
(99.8%) and 1,10-phenanthroline (phen) were purchased from Aldrich, Toluca (Edo. México)
México. Acetic acid (HOAc, 99.9%) was supplied by Fermont, Monterrey (Nuevo León)
México. MMA was purified by passing it through an inhibitor remover column. The
[Ru(o-C6H4-2-py)(phen)(MeCN)2]PF6 catalyst was synthesized as previously reported
elsewhere [26].

2.2. Synthesis of Block and Random Copolymers

For both copolymers (block and random), the [AMPS]o: [MMA]o feed molar ratios
were 1:1 and 1:2.

2.2.1. Synthesis of PAMPS-b-PMMA

The block copolymers were synthesized by radical polymerization, catalyzed by a
ruthenium complex (Scheme 1), as reported previously by Martínez-Cornejo et al. [27]. In
a typical synthesis, a 25-mL Schlenk flask was charged with AMPS (0.39 g, 1.88 mmol),
[Ru(o-C6H4-2-py)(phen)(MeCN)2]PF6 (12.5 mg, 0.0185 mmol) and EBiB (2.75 μL, 0.0185
mmol), in 0.5 mL DMF at 80 ◦C for 16 h. A known amount of previously degassed MMA
(1.88 or 3.76 mmol) was then added to the reaction mixture using a syringe under a N2
purge and the solution was heated again at 80 ◦C for 20 h. The resultant copolymer was
poured into diethyl ether and the product obtained thereby was filtered. After dissolving
in dichloromethane, the polymeric solution was purified through a silica gel column.

Scheme 1. Synthesis of PAMPS-b-PMMA by ATRP, catalyzed by a Ru(II) complex.

2.2.2. Synthesis of PAMPS-co-PMMA

The random copolymers were synthesized by free radical polymerization, using
potassium persulfate (KPS) as an initiator. As reported by Shen et al. [28], AMPS-Na
(3.68 mL, 9.68 mmol), KPS (0.3 mol %), a known amount of MMA (9.68 or 19.3 mmol), and
previously deoxygenated water (0.5 mL) were introduced to a 50-mL Schlenk tube. The
homogeneous mixture was degassed and the reaction tube was immersed in an oil bath at
60 ◦C. Polymerization was stopped after 2 h, and the reaction mixture was precipitated into
ethanol. Finally, the copolymers were dried at 80 ◦C under vacuum for 24 h (see Scheme 2).
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Scheme 2. Synthesis of PAMPS-co-PMMA by free radical polymerization.

2.3. Preparation of Dense Membranes

The dense membranes were prepared by the casting method, using 5% solutions of the
copolymers. Two different solvents were used: methanol to dissolve PAMPS-b-PMMA and
N,N-dimethylformamide (DMF) for PAMPS-co-PMMA. The solutions were poured into
an aluminum ring, then the solvent was slowly evaporated at 30 and 80 ◦C, respectively.
The membranes were dried under vacuum at 80 ◦C for 24 h. Finally, the PAMPS-co-PMMA
membranes were immersed in a 1 M HCl methanol solution for 24 h to convert the sulfonate
groups to acid.

2.4. Characterization

The 1H-NMR analyses were performed on a Varian NMR-600 spectrometer (Agilent
technologies, Santa Clara, CA, USA), using CD3OD for PAMPS-b-PMMA and DMF-d7 for
PAMPS-co-PMMA. An Agilent 1100 series GPC-SEC (Agilent technologies, Santa Clara,
CA, USA), equipped with two columns (Zorbax 60-S and 1000-S) and a RI detector, was
used to measure the molecular weights. A mobile phase (flow rate of 0.7 mL min−1) of
DMF with 0.05 % lithium bromide (LiBr) and PMMA standards was used for the analysis.
A TA Instrument DSC 2920 (Columbus, OH, USA) calorimeter was used to evaluate the
glass transition temperatures of the polymers at a heating rate of 10 ◦C/min, in a nitrogen
atmosphere, between 50 ◦C and 200 ◦C. The surface morphology of the block copolymer
membrane was analyzed with a tapping-mode atomic force microscope (AFM) using a
Bruker Multimode 8 instrument (Bruker, Billerica, MA, USA).

The ion exchange capacity (IEC, mmol H+g−1) was measured using a titration method.
First, 100 mg of membrane samples that had previously been dried were immersed in
NaOH solution (0.1 M, 5 mL) at room temperature for 24 h [28]. Thereafter, the remaining
solution was titrated with 0.02 N HCl, using phenolphthalein as an indicator. The IEC
value was calculated by:

IEC
(

mmolg−1
)
=

MNaOHVNaOH − MHClVHCl
Ws

(1)

where VNaOH and MNaOH are the NaOH volume consumed and the respective molar-
ity; VHCl and MHCl are the volume and molarity of the HCl consumed in the titration,
respectively; and Ws is the membrane sample weight.

Solvent uptake and weight loss: Dry membrane samples were immersed in 2-propanol
or methanol (5 mL) for 5 days at 60 ◦C. The samples were blotted with filter paper and then
weighed every 24 h. Finally, after 5 days, the samples were dried at 60 ◦C under vacuum
for 24 h and weighed. The 2-propanol or methanol uptake (%) and % weight loss (WL)
were calculated by:

Solvent uptake (%) =
m − mo

mo
× 100 (2)

WL =
mo − ms

mo
× 100 (3)

where m − m0 is the weight difference between the swollen mass and initial mass of the
membrane sample, and ms is the dry sample mass after 2-propanol uptake.
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2.5. Esterification Reaction Performance of Copolymer Membranes

The esterification reaction of acetic acid was carried out in a series of 12 mL screw-cap
vials under stirring at 60 ◦C. In each vial, 20 mg of membrane, cut into small pieces, was
immersed in 3 mL of 2-propanol for 24 h. The esterification reaction was then initiated
with the addition of 0.25 mL of acetic acid; it was continued up to a reaction time of 29 h.
Vials were removed at specified intervals and the titration technique with 1 M NaOH was
used to quantify the esterification reaction kinetics. The conversion (C) to isopropyl acetate
(IPOAc) was calculated using Equation (4) [22,29]:

C =

(
1 − nt

no

)
× 100 (4)

where no is the initial number of CH3COOH moles and nt is the number of CH3COOH
moles at time t.

3. Results and Discussion

3.1. Synthesis and Characterization of PAMPS-b-PMMA

The PAMPS-b-PMMA copolymers were synthesized by atom transfer radical poly-
merization (ATRP), catalyzed by a ruthenium (II) complex. The chemical structure and
composition of the block copolymers were confirmed by 1H-NMR, where the spectra
(Figure 1a) exhibit the characteristic signals of each block (PMMA and PAMPS). Four sig-
nals at 1.54, 1.68, 1.93, and 3.10 ppm correspond to polymer backbone protons (a, b), methyl
protons (c), and to methylene protons (d) adjacent to the acid group, respectively [27,30].
Moreover, with the incorporation of PMMA as a block, the copolymer shows the presence
of broad peaks between 1.10 and 0.80 ppm (f) and around 3.62 ppm (g) due to main-chain
protons [31]. The PAMPS-b-PMMA molar composition was calculated by the 1H-NMR
integration ratio of the peaks, at 3.10 ppm from –CH2- (d) of PAMPS and at 3.62 ppm from
–CH3 (g) of PMMA. In this case, the molar compositions calculated by 1H-NMR were lower
than the theoretical ones. For block copolymers with monomer concentrations and feed
[AMPS]o: [MMA]o molar ratios of 1:1 (50/50 mol %) and 1:2 (33/67 mol %), the copolymer
molar compositions found by NMR were 24/76 and 12/88 mol %, respectively, which is
attributed to the fact that a low concentration of PAMPS macroinitiator chains allows the
growth of a second PMMA block, due to the incompatibility of a purely hydrophilic ionic
block (PAMPS) with the purely hydrophobic nature of PMMA [32].

Two different glass transition temperatures (Tg), associated with individual polymer
PAMPS (124 ◦C) and PMMA (114 ◦C) blocks, were expected to be observed in the DSC
curves, due to their inherent immiscibility [33,34]. However, as can be seen in Figure 2, no
clear Tg was presented by the PAMPS-b-PMMA copolymers, which may be due to the large
number of water molecules bound to the copolymer chains [34,35], the presence of chain
interactions or crosslinking between the different functional groups, [28] and/or the close
values of their Tgs.

The immiscibility of the amphiphilic block copolymers leads to microphase separation,
where well-defined nanostructures can be obtained under the appropriate conditions [36,37].
In this context, the resultant morphologies of the block copolymer membrane (with 24%
PAMPS and roughly 90 μm membrane thickness) were investigated after a prolonged or
fast annealing step on silicon surfaces. Figure 3 shows the tapping-mode AFM images of
PAMPS-b-PMMA-1:1 (24/76 mol%) when thermally annealed under vacuum at 120 ◦C
for 72 h (Figure 3a) and when annealed using a microwave reactor for 180 s at 120 ◦C in a
toluene environment (Figure 3b,c), as reported by B. Xiaojiang et al. [37].
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Figure 1. (a) 1H-NMR spectrum of PAMPS-b-PMMA in CD3OD and (b) PAMPS-co-PMMA in DMF-d7.
Molar composition [AMPS]o/[MMA]o = 1/2.

Figure 2. The DSC second-heating curve of PAMPS-b-PMMA copolymer.
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Figure 3. AFM images of the PAMPS-b-PMMA-1:1 membrane: (a) thermally annealed at 120 ◦C for
72 h, (b) microwave-annealed for 180 s in the presence of toluene solvent, and (c) the 3-dimensional
texture of the image in (b).

The membrane surface (Figure 3a) exhibits a microphase separation structure, where
the paler regions are due to the hydrophobic component, while the darker regions represent
the hydrophilic PAMPS domains, which appear dark because they contain a high water
fraction [38]. However, a well-defined morphology was not obtained in the PAMPS-b-

PMMA-1:1 membrane annealed at 120 ◦C. Only segregated domains were observed, which
was to be expected since it is difficult to obtain a completely ordered state by thermal
annealing [39]. Meanwhile, the microwave-annealed PAMPS-b-PMMA-1:1 membrane
(Figure 3b) clearly shows an array of almost hexagonally perforated layer (HPL) mor-
phology. This ordered morphology is obtained due to the blocks’ composition (fPAMPS
= 0.25), as well as the tendency of sulfonated block copolymers to produce hexagonally
packed cylinders when exposed to a toluene environment [40,41]. These results confirm
that PAMPS-b-PMMA block copolymers were obtained.

3.2. Synthesis and Characterization of PAMPS-co-PMMA

On the other hand, it is well known that polymers must have the appropriate properties
for the fabrication of polymeric membranes for a particular application. For example, in
the case of catalytic membranes for esterification or transesterification reactions, it is
desirable for the polymers to present a high concentration of active sites (acid or base),
adequate swelling properties, and membrane-forming ability, as well as high molecular
weight, among other properties [18,20,27,42,43]. Thus, for comparison, random copolymers
with the same theoretical molar composition were synthesized using the free radical
polymerization technique; Figure 1 provides a representative 1H-NMR spectrum for each
block and random copolymer with the highest PMMA concentration. The free-radical
polymerization of AMPS with MMA using potassium persulfate (KPS) as an initiator in
an aqueous medium was not successful. Therefore, it was necessary to use AMPS as its
deprotonated sodium salt (AMPSA) and, subsequently, to protonate the formed copolymer
to obtain PAMPS-co-PMMA. The 1H-NMR signals corresponding to each proton in the
PAMPSA-co-PMMA were observed in the spectra (Figure 1b), which became broader and
shifted slightly downfield when compared with PAMPS-b-PMMA. The molar composition
could not be estimated by the integration ratio because of the overlapping between the
aforementioned signals at 3.10 ppm (d) of PAMPS and at 3.62 ppm of (g) of PMMA.
However, according to the IEC values, the theoretical composition in the feed agrees with
that of the experimental one, as will be discussed later. In comparison with PAMPS-b-
PMMA, PAMPS-co-PMMA random copolymers with higher PAMPS concentrations turn
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out to be insoluble in methanol. For this reason, DMF-d7 or DMF was used for their
characterization and membrane preparation, respectively.

An important difference between random and block copolymers was found in their
molecular weights and polydispersity index (Ð) values (see Table 1). The number-average
molecular weights (Mn) and Ð values for block copolymers PAMPS-b-PMMA were in the
range of 68,000–78,500 and 1.45–1.48, respectively, whereas for PAMPS-co-PMMA random
copolymers, these values increased by a factor of 5.4 and 5.8, with Ð values ranging from
1.87 to 1.91. The reason for this behavior is that high molecular-weight polymers are
formed immediately in free-radical polymerization and remain unchanged during the
polymerization process, whereas in a living polymerization, such as ATRP, the number-
average molecular weight increases linearly with conversion, leading to narrow molecular
weight distribution [44].

Table 1. Composition and molecular weights of block and random copolymers.

Copolymer
PAMPS

(%mmol) a
PMMA

(%mmol) a
Mn × 10−4

(gmol−1) b
Mw × 10−4

(gmol−1) b Ð b IEC c

(mmol H+g−1)

PAMPS-b-
PMMA-1:1

24 76 7.85 11.6 1.48 1.40

PAMPS-b-
PMMA-1:1

12 88 6.80 9.86 1.45 0.55

PAMPS-co-
PMMA-1:1

- - 42.5 81.2 1.91 2.63

PAMPS-co-
PMMA-1:1

- - 39.7 74.2 1.87 1.57

a Molar composition, estimated by 1H-NMR; b IEC values, expressed as mmol H+g−1 of membrane; c molecu-
lar weights.

However, while both copolymers are capable of membrane-forming behavior, more
flexible and practical membranes were obtained with high-molecular-weight PAMPS-co-
PMMA copolymers.

3.3. Ion Exchange Capacity (IEC) and Swelling Degree

Ion exchange capacity (IEC), which indicates the total number of active sites in the
membrane that may be able to catalyze a reaction, and swelling degree, which allows reac-
tants to access sulfonic acid groups, are important parameters for evaluating the catalytic
performance of a membrane [18,20,42]. The IEC value depends on the amount of PAMPS
in the copolymer. The block copolymers with 12 and 25% PAMPS exhibited IEC values
of 0.55 and 1.40 mmol H+g−1, respectively, whereas in the random copolymers, the IEC
values were 2.63 and 1.57 mmol H+g−1 (see Table 1). These latter values corresponded
to a PAMPS composition of 50 and 34% in the copolymers, which agrees with the theo-
retical feed molar ratios of [AMPS]o: [MMA]o of 1:1 and 1:2 respectively. The IEC values
of PAMPS-b-PMMA-1:1, PAMPS-co-PMMA-1:1 and PAMPS-co-PMMA-1:2 membranes
were similar to those reported for a transesterification catalytic reaction for methyl-ester
formation, ranging between 1.26 and 3.80 mmol H+g−1, and were higher than those for a
Nafion-117 membrane (0.92 mmol H+g−1) [7,12,18,20,42].

Figures 4 and 5 show the swelling degree and weight loss values for PAMPS-b-PMMA
and PAMPS-co-PMMA membranes. In addition, 2-propanol uptake values of 80% and
50.2% were found for membranes PAMPS-b-PMMA-1:1 and PAMPS-b-PMMA-1:2, re-
spectively, due to the high hydrophilicity of PAMPS. These results indicate that 2-propanol
uptake increases with the increase of PAMPS concentration in the copolymer. Both the
PAMPS-b-PMMA membranes were completely soluble in methanol. It can also be seen
that the stability of the membranes cast from PAMPS-co-PMMA increased when they
were immersed in 2-propanol or methanol (see Figure 3), which is due to the high con-
tent of random sulfonic groups in the polymeric chain, which allows a certain degree
of physical crosslinking via hydrogen bonding between the sulfonic functional groups
present. In fact, the swelling degree of PAMPS-co-PMMA-1:1 and PAMPS-co-PMMA-1:2
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diminishes considerably in 2-propanol, in comparison to membranes prepared with block
copolymers. Moreover, the PAMPS-co-PMMA membranes were insoluble in methanol,
presenting 100.5% and 81.3% methanol uptake, respectively. In comparison, the crosslinked
PVA/PAMPS catalytic membranes reported by Corzo-González et al., prepared using
poly(vinyl alcohol) (PVA) and PAMPS blends that are similar to PAMPS-co-PMMA random
copolymer membranes, presented a methanol uptake increase of 50–60% with increas-
ing PAMPS concentration from 10 to 30% in the blend [20]. This result confirms that the
presence of the random sulfonic group in the material allows a certain degree of physical
crosslinking that increases membrane stability in solution [45].

Figure 4. The 2-propanol and methanol uptake of membranes made from PAMPS-b-PMMA and
PAMPS-co-PMMA copolymers at different PAMPS concentrations.

Moreover, as can be seen in Figure 5, the weight losses (WL, %), after 2-propanol
immersion for 5 days, were 20.17 ± 1.7 and 19.7 ± 0.6 for the PAMPS-co-PMMA-1:1 and
PAMPS-co-PMMA-1:2 membranes, respectively, whereas membranes made from PAMPS-
b-PMMA copolymers presented WL values of 35.1 ± 2.5 and 31.3 ± 5.8, with feed [AMPS]o:
[MMA]o molar ratios of 1:1 and 1:2, respectively. The high weight-loss values in block
copolymer membranes are attributed to their lower molecular weight, in comparison with
those obtained in random copolymers. PAMPS-b-PMMA turned out to create fragile and
slightly brittle membranes when submerged in 2-propanol, making it difficult to extract
samples from the solvent for weighing in the WL experiment. Finally, the PAMPS-co-PMMA
membranes presented WL values of around 50% after methanol immersion.

Due to their high IEC and degree of swelling in 2-propanol, as well as an optimal
relationship between weight loss in 2-propanol and IEC, the PAMPS-co-PMMA-1:1 and
PAMPS-b-PMMA-1:1 membranes were chosen to study their catalytic activity in the ester-
ification reaction of acetic acid with 2-propanol.
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Figure 5. Weight loss percentages for membranes PAMPS-b-PMMA and PAMPS-co-PMMA in 2-
propanol and methanol.

3.4. Catalytic Performance in the Esterification Reaction

Figure 6 shows the kinetic reaction of the acetic acid esterification catalyzed by PAMPS-

co-PMMA-1:1 or PAMPS-b-PMMA-1:1. In addition, the reaction was performed without
a catalyst. It was observed that the esterification reaction proceeds even in the absence
of the catalyst, due to the weak acidity of acetic acid. However, it barely reaches a 9%
conversion in 29 h. Conversely, 17% isopropyl acetate conversion was obtained with the
PAMPS-b-PMMA-1:1 membrane in the same period of time, despite its high IEC value
(1.40 mmol H+g−1) and swelling degree (80%) in 2-propanol that allow the diffusion of
the reactants to access sulfonic groups for catalyzing the esterification reaction. The low
isopropyl acetate conversion of the PAMPS-b-PMMA-1:1 membrane could be attributed
to its poor stability in solution and its high weight loss in 2-propanol (35.1%), making it
difficult for it to absorb the moisture produced by the esterification reaction [46].

On the other hand, in the presence of a PAMPS-co-PMMA-1:1 catalytic membrane,
the conversion is greatly accelerated compared to the PAMPS-b-PMMA-1:1 membrane,
reaching 85% in 29 h. The result can be ascribed to the high IEC value (2.63 mmol H+g−1)
and adequate 2-propanol uptake (68%), which allow reactants to diffuse through the
swollen membrane and access the acid groups. Figure 6 shows a rapid isopropyl acetate
conversion in the first 15 h, up to 75%. After that, there is a stabilization period in the
following 14 h, with isopropyl acetate conversion at between 75 and 85%. The efficiency of
PAMPS-b-PMMA-1:1 as a catalytic membrane in acetic acid esterification is expected to be
enhanced in a hybrid process involving a catalytic reaction and pervaporation for reaction
product extraction [22].

Table 2 shows the PAMPS-co-PMMA-1:1 catalytic performance for esterification, in
comparison with Amberlyst and various PVA-based catalytic membranes [22,23,46,47].
Amberlyst 15 presented a slightly lower conversion rate (78%) at 75 ◦C in 29 h [46] than was
observed for PAMPS-co-PMMA-1:1 at 60 ◦C. The membrane used by Neguyen et al. [47]
was based on poly(styrene sulfonic acid) in a PVA matrix, whereas the second membrane
used PVA as a polymeric matrix crosslinked with sulfosuccinic acid (SSA) [23]. Both PVA
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membranes also presented a slightly lower conversion rate (70% and 83% respectively) than
PAMPS-co-PMMA-1:1. If we compare these with a PVA/PES membrane embedded with
ion-exchange resin, this clearly shows a lower conversion rate, even though the reaction
was carried out at 75 ◦C.

Figure 6. Isopropyl acetate conversion versus reaction time for PAMPS-b-PMMA-1:1 (�), PAMPS-co-
PMMA-1:1 (•), and without catalyst (�), at 60 ◦C for 29 h.

Table 2. Esterification performance by Amberlyst and PVA-based acid catalytic membranes, in
comparison with the PAMPS-co-PMMA-1:1 membrane reported in this work.

Material Ref.
T

(◦C)
IEC

mmol H+g−1
Raw

Material
Conversion (%) Time(h)

Amberlyst 15 46 75 4.75 Acetic acid/2-propanol 78 29
PVA/PSSH 47 50 - Propanoic acid/propanol 70 25
PVA_SSA40 23 60 - Oleic acid/methanol ~83 25

PVA/PES/Ion-Exchange
resin 22 75 - Acetic acid/n-butanol 68.2 20

PAMPS-co-PMMA-1:1 This work 60 2.63 Acetic acid/2-propanol 85.1 29
PVA: polyvinyl alcohol; SSA: sulfosuccinic acid; PSSH: poly(styrene sulfonic acid); PES: polyethersulfone.

Overall, the PAMPS-co-PMMA-1:1 catalytic membrane evinces a more efficient perfor-
mance than a PVA/PSSH catalytic blend membrane [47], a PVA/PES membrane embedded
with ion-exchange resin [22], and PVA cross-linked with sulfosuccinic acid, (SSA) [23] in
terms of esterification reactions.

4. Conclusions

A series of block and random copolymers of MMA with different AMPS feed ratios
were successfully synthesized via atom transfer radical polymerization (ATRP) catalyzed
by a ruthenium(II) complex and free radical polymerization, respectively. Although these
copolymers presented good film-forming ability, the PAMPS-co-PMMA random copoly-
mers were more flexible and versatile membranes, due to their high molecular weight in
comparison with block copolymers. PAMPS-co-PMMA membranes presented the high-
est IEC values (1.57–2.63 mmol H+g−1), with 2-propanol uptake of between 34 and 68%,
whereas PAMPS-b-PMMA exhibited IEC values and 2-propanol uptake in the range of
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0.55–1.40 mmol H+g−1 and 50–80%, respectively. These results are well correlated with the
increase in the molar composition of PAMPS in the copolymer. It was observed that the
catalytic activity performance of the PAMPS-co-PMMA-1:1 membrane, as a heterogeneous
catalyst in acetic acid esterification with 2-propanol at 60 ◦C, is more effective than in
the membranes obtained with block copolymers. A conversion rate of 85% was obtained
with this PAMPS-co-PMMA-1:1 membrane, which is expected to be enhanced in a hybrid
process involving reaction and separation in one single unit.
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Abstract: A novel alkali-induced grafting polymerization was designed to synthesize a PFGPA proton
exchange membrane based on the co-grafting of α-methyl styrene (AMS) and acrylonitrile (AN) into
the poly(vinylidenedifluoride) (PVDF) membrane. Three kinds of alkali treatments were used: by
immersing the PVDF membranes into a 1 M NaOH solution and mixing the PVDF powders with
16% or 20% Na4SiO4. Then, AMS with AN could be co-grafted into the PVDF backbones in two
grafting solvents, THF or IPA/water. Finally, the grafted membranes were sulfonated to provide the
PFGPA membranes. In the experiments, the Na4SiO4 treatments showed a greater grafting degree
than the NaOH treatment. The grafting degree increased with the increasing amount of Na4SiO4. The
grafting solvent also influenced the grafting degree. A 40–50 percent grafting degree was obtained in
either the THF or IPA/water solvent after the Na4SiO4 treatment and the THF resulted in a greater
grafting degree. FTIR and XPS testified that the PFGPA membranes had been prepared and a partial
hydrolysis of the cyano group from AN occurred. The PFGPA membranes with the grafting degree
of about 40–50 percent showed a better dimensional stability in methanol, greater water uptake
capabilities, and lower ion exchange capacities and conductivities than the Nafion 117 membranes.
The PFGPA membrane with the 16% Na4SiO4 treatment and THF as the grafting solvent exhibited a
better chemical stability. The obtained experimental results will provide a guide for the synthesis of
alkali-grafted PFGPA membranes in practical use.

Keywords: PVDF; alkali-grafting; α-methyl styrene; acrylonitrile; proton exchange membrane

1. Introduction

Recently, proton exchange membrane fuel cells (PEMFCs) have attracted more and
more attention as portable, clean, and efficient electrochemical energy conversion systems
due to their low operation temperature, long lifetime, and high power density [1]. The
proton exchange membrane (PEM) is one of the key components of the PEMFCs, which
provide the channel for the proton transportation [2]. Nafion, a perfluorosulfonic acid
polymer with high ion conductivity, thermal, and mechanical stability, is the most suc-
cessfully commercialized PEM [3]. However, Nafion membranes exhibit the drawbacks
of high cost, low performance under the low relative humidity condition, which limits
the commercial application on a large-scale [4]. Hence, many efforts have been made to
develop alternative membranes as substitutes for Nafion [5] such as the organic/inorganic
hybrid membranes [6,7], sulfonated aromatic polymers [8], blended Nafion composite
membranes [9], and fluorine containing polymers by grafting polymerization [10]. Sul-
fonated aromatic polymers exhibit excellent water uptake capability, ion exchange capacity,
and conductivity. Their shortcomings are the great swelling and bad dimensional stabilities,
which further deteriorate the mechanical properties of the membranes in application. Fluo-
rine containing polymers [10] including the fluorinated (PTFE, FEP, and PFA) or partially
fluorinated (PVDF and ETFE) membranes possess excellent chemical and thermal stability,
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but never have conductive groups. Therefore, how to introduce ion exchange groups into
the fluorinated polymeric matrix is the key to successfully preparing the fluorinated PEMs.

Radiation grafting is an effective way to prepare the PEMs for fuel cells [11–13]. The
properties of the membranes can be easily controlled by modifying the grafting polymer-
ization parameters. Styrene (St) [14], due to its low cost and adjustable ion exchange
capacity by sulfonation, is an appropriate material to be radiation-grafted into the fluori-
nated membranes. In addition, acrylonitrile (AN), methylacrylonitrile (MAN) [15], and
dimethylaminoethyl methacrylate (DMAEMA) [16] are also applied. It is noted that radia-
tion grafting is strict to the polymerizing instrumentation due to the use of high energy
γ- and X-ray, which is relatively toxic and expensive.

Recently, Qiu [17] proposed an alkali (NaOH) solution-induced grafting polymeriza-
tion to synthesize the PVDF-g-PSSA membrane, which displayed a higher conductivity
of 0.1119 S/cm at 25 ◦C and lower methanol permeability than Nafion. Guo [18] investi-
gated the tetrasodium orthosilicate (Na4SiO4)-induced grafting polymerization of PVDF
with a polystyrene sulfonated acid membrane. The experimental results indicated that
polystyrene was easily grafted into the PVDF by an alkali solution. With the increasing
content of NaOH or Na4SiO4, the proton conductivity of the PVDF-g-PSSA membranes
were gradually increased.

Styrene, or its sulfonated derivatives, is the most commonly utilized radiation grafting
monomer into fluorinated polymers. However, the main shortcoming of polystyrene deriva-
tives is that the benzylic C–H bond is easily broken to form benzyl radicals, resulting in a
subsequent chain scission by β-fragmentation [19,20]. Using fluorinated monomers (e.g., α,
α, β-trifluorostyrene (TFS)) can increase the chemical stability. Nevertheless, TFS possesses
low grafting kinetics [21] and sulfonation degree [22], leading to a too long reaction time
and unacceptable ion exchange capacity. Using the pre-sulfonated monomers (e.g., sulfonyl
fluoride containing TFS derivatives [21]) can improve the grafting kinetics, but they are
too expensive to be utilized on a large-scale. Ring-substituted styrenic monomers such as
p-methylstyrene or p-tert-butylstyrene have also been studied as alternative monomers
in order to increase the chemical stability [23]. Theoretically, α-methyl styrene (AMS), a
α-substituted styrenic derivative that is commercially available, is the most chemically
stable, and the polymerized AMS showed superior stability to polystyrene under oxidized
conditions [24]. However, the homopolymerization of AMS is difficult due to the low
steric hindrance of the α-methyl group and low ceiling temperature [25]. Grafting of AMS
with other monomers such as AN or methacrylonitrile (MAN) [26–28] could enhance the
polymerization conversion. However, few studies have been found on the alkali grafted
PVDF with AMS and its co-monomers.

In this paper, alkali-induced grafting proton exchange membranes with co-grafting
PVDF with α-methylstyrene and acrylonitrile were reported. The effects of the types and
contents of the alkalis and solvents on the grafting polymerization were investigated and
the obtained PVDF-based proton exchange membranes (PFGPA) were characterized in
terms of the morphology, liquid uptake capability, swelling, ion exchange capacity (IEC),
conductivity, mechanical property and so on. The PFGPA membranes possess excellent
dimensional stability and low swelling in methanol, indicating a potential application
prospect. Due to the advantages of low cost, ease of preparation, and relative environmental-
friendliness, the alkali grafting polymerization is attractive and exhibits a new approach to
synthesizing PFGPA membranes.

2. Materials and Methods

2.1. Materials

Kynar® polyvinylidene fluoride (PVDF) resins for batteries (Mw = 400,000~600,000)
were purchased from Arkema, France. Alpha-methylstyrene (AMS) was purchased from
Futian Chemical Com., Zhaoqing, China. Acrylonitrile (AN), N-methyl pyrrolidone (NMP),
dibenzoyl peroxide (BPO), tetrasodium orthosilicate (Na4SiO4), 1,2-dichloroethane, tetrahy-
drofuran (THF), isopropanol (IPA), hydrogen peroxide, and methanol were purchased from

124



Polymers 2022, 14, 2424

Guangfu Fine Chemical Com., Tianjin, China. All reagents were used as received except
that AN and AMS were distilled prior to use.

2.2. Preparation of the PFGPA Membranes

Preparation of the PFGPA membranes is shown in Scheme 1. Two types of alkalis,
NaOH and Na4SiO4, were used to treat the PVDF membranes.

NMP

PVDF
powder Na4SiO4

casting
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PVDF
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Alkali-treated
PVDFPVDF
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Scheme 1. The preparation of the PFGPA membranes.

NaOH treatment process: Certain amounts of PVDF powders and NMP solution were
mixed, stirred for 2 h, and poured onto the glass plate. The obtained PVDF membranes
were dried under vacuum at 60 ◦C for 10 h. Then, they were immersed into a 50 mL
1.0 M NaOH ethanol solution with 150 mg tetrabutylammonium bromide (TBAB) being
added at 60 ◦C for 20 min. The treated PVDF membranes were washed by deionized water
to neutral.

Na4SiO4 treatment process: Certain amounts of PVDF powders were dissolved in
NMP solution containing 3 wt.% deionized water, then the Na4SiO4 powders were added.
The mixture was stirred for 2 h, poured onto the glass plate and dried under vacuum to
afford the Na4SiO4-treated PVDF membranes, expressed as “PVDF_Na4SiO4 percent”.

Before grafting, the alkali-treated PVDF membranes were swelled in 1,2-dichloromethane
for 2 h. These were respectively immersed into a solvent, IPA/water (I/W) or THF,
for grafting polymerization with AN and AMS as the co-monomers and BPO as the
initiator. The grafting polymerization was performed at 50 ◦C for 60 h. The obtained
PVDF-g-P(AMS-AN) were washed with acetone and 1,2-dichloromethane three times, 2 h
each, to remove the residue reactants on the surface and dried under vacuum at 60 ◦C for
12 h. The grafting degree (GD) of the PVDF-g-P(AMS-AN) was calculated according to
Equation (1).

GD =
m1 − m0

m0
× 100% (1)
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where GD is the grafting degree; m0 and m1 are the masses of the PVDF membranes before
and after the grafting polymerization, respectively.

Afterward, the grafted PVDF membranes were swelled in 1,2-dichloromethane for
2 h. Then, they were sulfonated in a mixture of chlorosulfonic acid/1,2-dichloromethane
(5:100, v:v) at room temperature for 2 h [26] to obtain the PFGPA membranes. The PFGPA
membranes were washed with deionized water to neutral and dried under vacuum. The
obtained PFGPA membranes were expressed as “PFGPA_X_Y”, where X represents the
NaOH or percent of Na4SiO4 and Y represents the grafting solvent, respectively.

2.3. SEM

Morphologies of the samples were observed on a S-4800 field emission scanning
electron microscope from Hitachi, Japan. Prior to the measurement, the samples were dried
in the vacuum oven at 60 ◦C for 24 h and sprayed with Au powders on the surfaces.

2.4. IR Analysis

FTIR was performed on a Nicolet iS50 spectrometer from ThermoFisher Scientific Co.,
Ltd, Shanghai, China. The spectra were measured in transmittance mode in a wavenumber
range of 4000–600 cm−1 with a resolution of 8 cm−1.

2.5. XPS

The X-ray photoelectron spectroscopy (XPS) was performed with a D8 DISCOVER
instrument from BRUKER, Germany, with monochromatic Al Kα radiation (1600 W, 40 KV,
40 mA) and 2θ range of 5–45◦. The XPS data were analyzed and curve fitted by the XPS
peak software.

2.6. Liquid Uptake Capability and Swelling Ability

The membranes were cut into the dimensions of about 2 × 2 cm2 and dried at 120 ◦C
for 2 h to completely remove the absorbed water to afford the dry weight, length, and
width. The liquid uptake capabilities were measured in three types of liquids: deionized
water, 1 mol/L methanol aqueous water, and pure methanol, respectively. The membranes
were immersed into the liquid at room temperature, taken out periodically, and the water
on the surface was quickly removed using filter paper to provide the wet weight, length,
and width.

The liquid uptake capability and area swelling were calculated according to
Equations (2) and (3), respectively,

Liquid uptake =
Wwet − Wdry

Wdry
× 100% (2)

Area swelling =
Awet − Adry

Adry
× 100% (3)

where Wdry and Adry are the mass and surface area in the dry, respectively; Wwet and Awet
are the mass and surface area in the wet, respectively.

2.7. Chemical Stability

The PFGPA membranes were tailored into the dimensions of 2 × 2 cm2. Chemical
stability tests were evaluated by the degradation experiment of immersing the membranes
into 30 wt.% H2O2 aqueous solution at 60 ◦C for 6 h. Then, the membranes were inter-
mittently taken out from the H2O2 solution and weighed after wiping off the water on
the surface.

2.8. Ionic Exchange Capacity

Ionic exchange capacities (IECs) of the PFGPA membranes were determined by acid–
base titration. Before the test, the dried PFGPA membrane was immersed into a 0.05 mol/L
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NaOH solution for 24 h. Afterward, the membrane was taken out and washed with
deionized water several times. The washed water was combined and poured into the
NaOH solution. Then, the NaOH solution was neutralized with a 0.06 mol/L HCl solution.
IEC (mmol·g−1) was calculated according to Equation (4).

IEC =
VNaOH × CNaOH − VHCl × CHCl

W
(4)

where VNaOH and VHCl are the volume of NaOH and HCl (mL), respectively; CNaOH and
CHCl are the concentration of NaOH and HCl (mol·L−1), respectively; W is the weight of
the membrane in the dry.

2.9. Proton Conductivity

The proton conductivity measurement was performed by a double probe method in
SI 1287 AC impedance, UK. The membranes were placed between two Pt electrodes with
the fixed distance under the AC voltage of 10 mV. Conductivities σ of the membranes were
examined at room temperature according to Equation (5).

σ =
L

R × W × T
(5)

where R is the resistance (Ω) of the sample; T and W are the thickness and the width,
respectively; L of 1.5 cm represents the distance between two Pt electrodes.

2.10. Mechanical Measurement

The mechanical properties of the modified PVDF membranes were measured by a
strong electronic universal material testing machine at room temperature. The membranes
were fixed with clamps with the distance of 25 mm. The clamps were moved at the speed
of 20.0 mm/min until the membrane was broken.

3. Results and Discussion

3.1. Preparation of the PFGPA Membranes

PVDF possesses excellent chemical and thermal stability and it is hard to directly
introduce the other structural units into the polymeric backbone. In order to facilitate the
grafting polymerization, two types of alkalis, NaOH and Na4SiO4, were used to generate
the active reaction points in PVDF. Alkali treatments affect the positions and amounts
of the active points in PVDF. The NaOH treatment was performed by immersing the
PVDF membranes into a 1 M NaOH solution at 60 ◦C for 20 min and the alkali-corrosion
generally happened on the surfaces of the PVDF membranes. The Na4SiO4 treatment was
performed by mixing the PVDF powders with Na4SiO4 in NMP, so that the active points
were distributed evenly on the cross-section [29] of the PVDF membranes, maximizing the
likelihood of the grafting polymerization.

Afterward, the active PVDF membranes were immersed into a mixture containing the
co-monomers and the initiators to perform the grafting polymerization. The effects of the
alkali, the solvents, and amounts of the monomers on the grafting degree were discussed.
In the grafting polymerization, two types of grafting solvent, THF and IPA/water, were
used, which influenced the solubility of the monomers and compositions, structures,
and properties of the resulted polymers. In the IPA/water solvent, AMS and AN are
hydrophobic and immiscible. Gubler [28] proposed that due to the poor polarity of AMS,
using the IPA/water solvent (5:2, v/v) could increase the effective AMS concentration at the
grafting front, resulting in a higher AMS incorporation into the graft copolymer. When an
AMS molar fraction of 0.6 in the feed composition was required, the AMS:AN molar ratio
of 1:1 in the graft component was obtained. In our experiments, an AMS molar fraction of
0.6 by Gubler’s method was used.

Table 1 lists the parameters of the alkali, monomers, and solvents in the grafting
polymerization. When the amounts of AMS and AN were lower, the grafting degree by the
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NaOH treatment was about 2 percent in either the IPA/water or THF solvent (No. 1, 4). The
grafting degree by the Na4SiO4 treatment increased with the increasing amount of Na4SiO4
in either the IPA/water (No. 2, 3) or THF (No. 5, 6). For the 20% Na4SiO4 treatment, the
IPA/water solvent exhibited a greater grafting degree of 20 percent than 13.8 percent in
THF. When the volume ratio of AMS/AN to the solvent increased to 4:1, the IPA/water
solvent resulted in a greater grafting degree of about 30–50 percent (No. 7–9). For the
NaOH treatment, the grafting degree exceeded 30 percent. The treatment of 16% Na4SiO4
reached a grafting degree of 49 percent, greater than 43.61 percent of the 20% Na4SiO4,
manifesting a potential application prospect. When THF was used as the solvent, in order
to improve the grafting degree, AlCl3, a Lewis acid, which had successfully improved the
radiation-induced grafting polymerization of PVDF [30,31], was used to effectively catalyze
the alkali-induced grafting polymerization in our experiments. The obtained grafting
degree was slightly greater than that in IPA/water (No. 10–12). These experimental results
indicate that the PVDF-g-P(AMS-co-AN) with a grafting degree of 40–50 percent had been
successfully achieved in either the IPA/water or THF solvent system.

Table 1. The preparation of the PFGPA membranes.

No. Sample

Alkali Treatments Grafting Polymerization Factors GD IEC Cond.

NaOH
mol/L

Na4SiO4

%
BPO

/g
AMS/mL

AN/
mL

THF/mL
I/W/
mL

% mmol/g
×102

S/cm

1 1 0.35 16 5 50/20 2.91 - -
2 16 0.35 16 5 50/20 8.65 - -
3 20 0.35 16 5 50/20 20.03 - -
4 1 0.35 16 5 70 2.33 - -
5 16 0.35 16 5 70 8.61 - -
6 20 0.35 16 5 70 13.83 - -
7 PFGPA_NaOH_I/W 1 0.46 71 24 17/7 35.87 0.56 -
8 PFGPA_16%_I/W 16 0.46 71 24 17/7 49.02 0.89 1.33
9 PFGPA_20%_I/W 20 0.46 71 24 17/7 43.61 0.74 1.33
10 PFGPA_NaOH_THF 1 0.46 71 24 24 33.74 0.41 0.72
11 PFGPA_16%_THF 16 0.46 71 24 24 49.64 0.57 1.13
12 PFGPA_20%_THF 20 0.46 71 24 24 50.83 0.78 1.51

Finally, the PVDF-g-P(AMS-co-AN) membranes were sulfonated according to the
literature [26] to obtain the resulted PFGPA membranes.

3.2. Characterization of the PFGPA Membranes
3.2.1. Morphologies

The PFGPA membranes were obtained sequentially by alkali treatment, grafting
polymerization, and sulfonation. Figure 1 reveals the SEM photographs of the PVDF
membranes after alkali treatment. It was found that the pristine PVDF membrane possessed
a smooth surface. After the PVDF membrane was treated by 1 M NaOH solution, they
still remained smooth, but several tiny holes and cracks appeared. The PVDF membranes
by the 16% Na4SiO4 treatment manifested a slightly uneven thickness and some shallow
strips emerged. Treatment with 20% Na4SiO4 further magnified the nonuniformity of the
thicknesses and several defects caused by mixing the Na4SiO4 were clearly observed. It was
concluded that whenever NaOH or Na4SiO4 were utilized, the alkali treatments led to a
structural damage of the PVDF membranes. This is because the alkali treatment destroyed
the PVDF backbones, generating the active points to perform the grafting polymerization.

128



Polymers 2022, 14, 2424

  
(a) (b) 

  
(c) (d) 

Figure 1. The morphologies of the PVDF membranes by various alkali treatments. (a) pristine PVDF;
(b) treatment by NaOH; (c) treatment by 16% Na4SiO4; (d) treatment by 20% Na4SiO4.

After alkali treatment, the PVDF membranes were graft polymerized, respectively, in
two solvents, IPA/water or THF. Figure 2 shows the morphologies of the grafted PVDF
membranes. In the IPA/water solvent, the grafted PVDF membranes with NaOH treatment
showed a rough, uneven surface with a few holes. In comparison, the THF solvent resulted
in more and greater holes, indicating a worse mechanical property. For the treatment by
16% Na4SiO4, the grafted PVDF membranes in the IPA/water manifested many thin and
scaly stripes, along which a few tiny cracks were found. Treatment by 20% Na4SiO4 led to
folded scaly stripes, rougher surfaces, and greater cracks. Distinctly, when THF was used
as the solvent, the grafted PVDF membrane with the treatment of 16% Na4SiO4 showed
a relatively smooth surface and a few holes were evidently formed. For the treatment by
20% Na4SiO4, the membranes possessed more and greater holes, but still remained smooth.

Our experimental results showed that the solvents distinctly influenced the morpholo-
gies of the grafted PVDF membranes. These could be explained by the differences in the
solubilities of AN and AMS in IPA/water and THF. When the grafting polymerization
was performed in IPA/water, AN and AM tended to concentrate on the side of the IPA
and were grafted into the PVDF backbones. On the side of water, due to the insolubility,
less AMS and AN were grafted. Concentration differences in AN and AMS caused by the
heterogeneity of the IPA/water solvent brought about a nonuniform surface of the grafted
PVDF membranes. When THF was used, the AN and AMS were dissolved well and the
grafting polymerization could be performed evenly, which led to a smooth surface.

Finally, the grafted PVDF membranes were sulfonated by chlorosulfonic acid to afford
the PFGPA membranes (Figure 3). The PFGPA surfaces in the grafting solvent of IPA/water
with three alkali treatments of 1 M NaOH, 16% and 20% Na4SiO4, respectively, all showed
scaly surfaces, along with longer and deeper cracks, and somewhere the scales fell. For
THF as the grafting solvent, the surfaces of the PFGPA membranes presented as being more
even and the holes became greater.
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Figure 2. The morphologies of the grafted PVDF membranes with various alkali treatments in
IPA/water (left) and THF (right). (a) 1 M NaOH, (b) 16% Na4SiO4, (c) 20% Na4SiO4.

3.2.2. IR Analysis

The IR spectrograms of the pristine, 16% Na4SiO4-treated and grafted PVDF, and the
PFGPA membranes are presented in Figure 4. In the pristine PVDF membranes, absorption
bands at 1400 cm−1, 1164 cm−1, and 879 cm−1 were the characteristic peaks of PVDF,
representing the C–C, C–F, and –CH2 vibrations, respectively. After the treatment of 16%
Na4SiO4, the absorption band of the C=C bond at 1564 cm−1 appeared, indicating the
formation of the active points. The grafted PVDF membranes showed the appearance of
absorption bands at 2235 cm−1, which was attributed to the C≡N bond of AN [26] and
700 cm−1 assigned to the aromatic C–H deformation of the mono-substituted benzene
ring of AMS [16], whereas the absorption band of the C=C bond at 1564 cm−1 disap-
peared, showing that the AMS and AN had been successively grafted into the PVDF. After
the grafted PVDF was sulfonated, the membranes manifested new absorption bands at
1035 cm−1 and 1006 cm−1, which were the characteristic peaks of the –SO3H group [16].
The absorption band at 700 cm−1 disappeared, confirming the sulfonation of AMS. It was
also noted that in the PFGPA membranes, a lower absorption peak at 1660 cm−1 emerged,
indicating a partial hydrolysis of the CN bond to the carboxyl group [32].

130



Polymers 2022, 14, 2424

  
(a) 

( ) 

(c)

Figure 3. The PFGPA membranes in IPA/water (left) and THF (right) with various alkali treatments.
(a) 1 M NaOH, (b) 16% Na4SiO4, (c) 20% Na4SiO4.

3.2.3. XPS

The XPS analysis of the PFGPA membranes with the treatment of 16% Na4SiO4 is
shown in Figure 5. The PFGPA membranes showed peaks of C 1s and F 1s at about 285 eV
and 688 eV, attributed to the PVDF backbone [17]. The peaks of N 1s, O 1s, and S 2p at
about 400 eV, 532 eV, and 168 eV, respectively, confirmed the grafting of AMS and AN into
the PVDF membranes and sulfonation of the grafted PVDF membranes. Si 2p at 182 eV
was also observed, indicating the residue of silicon oxide from Na4SiO4. From the N 1s
core-level spectrum (Figure 5b), the N 1s spectrum of the PFGPA membrane could be
curve-fitted with two peaks at the BEs of 399.89 eV and 401.55 eV due to the N≡C– and
–NH–CO– groups, respectively, which demonstrated that the N≡C units had been partly
protonated during the hydrolysis process to generate the amide groups [32]. The peak of
O 1s at around 532 eV was curve-fitted with four peaks at the BEs of 531.65 eV, 532.10 eV,
532.90 eV, and 533.90 eV, corresponding to –SO3H, silicon oxide, –CONH2, and –COOH,
respectively. This showed that a few N≡C groups in AMS were hydrolyzed into amides
and carboxylic acid.
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Figure 5. The XPS (a), N1s (b), and O1s (c) fitting curves of the PFGPA membranes.

Therefore, it was concluded that PVDF-g-P(AMS-co-AN) had been successfully pre-
pared and the sulfonic grafted PVDF membranes (PFGPA) were partly hydrolyzed. The
hydrolysis of the cyano groups was due to the acid sulfonation condition, under which the
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N≡C groups were first hydrolyzed into the amides and then converted into the carboxylic
acid [26]. The hydrolysis of the cyano groups was unexpected [26] and the sulfonation of
the PFGPA membranes will be systematically investigated later.

3.3. Performances of the PFPGA Membranes

In our experiments, due to the higher grafting degree of 40–50 percent by 16% or 20%
Na4SiO4 treatment, four types of the PFGPA membranes in either THF or IPA/water (I/W)
were selected to measure their properties.

3.3.1. Liquid Uptake Capability and Area Swelling

In this section, three liquids, deionized water, 1 M methanol aqueous solution, and
pure methanol, were used to evaluate the liquid uptake capability and area swelling.

Figure 6 shows the water uptake capabilities and area swelling of various PFGPA
membranes for 192 h. For the water uptake capabilities, the four PFGPA membranes and
Nafion all peaked and then decreased during the 192 h. The PFGPA membranes obtained
in the grafting solvent of IPA/water showed a greater water uptake capability than those in
THF. It was noticeable that PFGPA_16%_I/W demonstrated the quickest and greatest water
uptake. It reached 75 percent at 24 h, peaked to 90 percent at 96 h, and finally decreased to
50 percent at 192 h. PFGPA_16%_THF, PFGPA_20%_THF, and PFGPA_20%_I/W showed
the maximum water uptake of 82, 40, and 54 percent, respectively, much greater than the
17 percent of Nafion.
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Figure 6. The water uptake capability (a) and area swelling (b) of the PFGPA membranes during 192 h.

With respect to the area swelling in deionized water, the four PFGPA membranes
peaked and then remained almost unchangeable for 192 h except that PVDF_20%_THF
showed the greatest area swelling of 15 percent at 96 h and then declined. Nafion displayed
a maximum area swelling of 4.76 percent at 24 h. The PFGPA membranes grafted in
THF showed a greater area swelling than Nafion. The PFGPA membranes grafted in the
IPA/water solvent showed a similar area swelling with Nafion at 96 h. Afterward, the
PFPGA_16%_I/W manifested an increasing area, swelling to 11.5 percent. However, the
PFPGA_20%_I/W maintained a lower swelling of about 4 percent. These experimental
results indicated that the IPA/water solvent provided a better dimensional stability in
water than THF.

Figure 7 displays the liquid uptake capabilities and area swelling of various PFGPA
membranes in deionized water, 1 M methanol aqueous solution, and methanol for 48 h.
Nafion showed the greatest methanol uptake capability, then the 1 M methanol aqueous
solution and the water uptake was the lowest. In contrast, the four PFGPA membranes
all exhibited the greatest water uptake capabilities, then the 1 M methanol aqueous solu-
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tion. The methanol uptake capabilities were the lowest, no more than half that of Nafion,
indicating a significant methanol resistance.

For the area swelling, similar to the liquid uptake capability, Nafion revealed a remark-
able area swelling in methanol of about 50 percent, almost 10 times as much as that in water
and 5 times in the 1 M methanol aqueous solution. However, the four PFGPA membranes
exhibited an area swelling in methanol of no more than 20 percent, much lower than that
of Nafion. Especially for PFGPA_16%_I/W and PFGPA_20%_I/W, the area swellings were
about 5 percent, indicating a better dimensional stability and promising application in
direct methanol fuel cells.
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Figure 7. The liquid uptake capabilities (a) and area swelling (b) of the PFGPA membranes for 48 h.

3.3.2. Chemical Stability

It is essential that the proton exchange membranes should maintain excellent chemical
properties during the operation of the fuel cell. In this paper, the chemical properties of the
four PFGPA membranes were evaluated by soaking in 30% H2O2 at 60 ◦C and the weight
changes were determined. The radicals generated by H2O2 resulted in the degradation of
the PVDF membranes. Figure 8 shows the weight changes of the four PFGPA membranes.
In comparison, Nafion was also tested under the same experimental conditions. It was
observed that Nafion showed a weight loss of less than 10 percent, indicating the best
chemical stability. Except for PFGPA_16%_THF, the other three PFGPA membranes quickly
descended to about 50 percent at 6 h and then leveled off. The PFGPA_16%_THF declined
to about 80 percent at 18 h, then slowed down to about 75 percent, slightly lower than
Nafion, but greater than 60 percent of AIEM-1 at 6% H2O2 solution by Hu [16].

On the other hand, the PFGPA_16%_THF and PFGPA_16%_I/W revealed different
chemical stabilities. The grafted chains accounted for 33 percent of the weight due to their
similar grafting degree of about 49 percent in Section 3.1. After degradation in H2O2, the
weight of the PFGPA_16%_I/W decreased to about 40 percent, meaning that the grafted
chains were almost completely degraded. However, for the PFGPA_16%_THF, the residue
weight was still 75 percent. This indicated that only part of the grafted chains decomposed
from the PVDF base and about 27 percent of the grafted chains were still retained, proving
a better chemical stability.
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Figure 8. The chemical stabilities of the PFGPA membranes.

3.3.3. Ion Exchange Capability and Conductivity

The PFGPA membranes have sulfonic acid groups and possess the ion exchange capac-
ities (IEC). The measured IEC values of the four PFGPA membranes are listed in Table 1. It
was noted that the IPA/water solvent in grafting polymerization displayed slightly greater
IEC values of above 0.7 mmol/g than THF. In particular, PFGPA_16%_I/W displayed
the greatest IEC value of 0.89 mmol/g, close to 0.91 mmol/g of Nafion measured in our
experiment, exhibiting a valuable application prospect. Whenever the grafting solvent was
either THF or IPA/water, the PFGPA membranes with 20% of Na4SiO4 treatment showed
an IEC value of about 0.75 mmol/g. The PFGPA_16%_THF showed the lowest IEC value
of 0.56 mmol/g.

Figure 9 shows the impedance plots of the PFGPA membranes and the conductivities
are listed in Table 1. The impedances of Nafion and the PFGPA membranes were mainly
influenced by the charge transfer process. In our experiment, Nafion showed the measured
conductivity of 0.0390 S/cm with the lower solution and charge transfer impedances than
the four PFGPA membranes. In comparison, the four PFGPA membranes possessed a lower
conductivity of about 0.0113–0.0151 S/cm. As far as the effects of the grafting solvents
were concerned, the THF resulted in a lower solution impedance than that of IPA/water.
PFGPA_16%_THF and PFGPA_20%_THF possessed a similar conductivity of 0.0133 S/cm,
showing that the content of Na4SiO4 never greatly influenced the proton transfer capability.
For the grafting solvent of IPA/water, the conductivity of the PFGPA membranes increased
with the Na4SiO4 content.

3.3.4. Mechanical Properties

So far, many of the PVDF-based proton exchange membranes by radiation grafting
have been synthesized as substituents for Nafion [15–18], but few of their mechanical
properties have been reported. In general, the radiation grafting destroyed the backbones
of the PVDF and thus decreased the mechanical properties. The greater the grafting degree,
the greater the decrease in the mechanical property. In this paper, the mechanical properties
of the obtained PFGPA membranes were measured and the data are listed in Table 2. The
effects of the alkali treatments and grafting solvents are discussed below.
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Table 2. The mechanical properties of the PFGPA membranes.

Sample Max. Load/N Elastic Modulus/MPa Stress/Mpa Strain/%

Pristine PVDF 68.14 1771.37 34.07 17.6
PVDF-16% 16.53 554.89 8.27 4.8
PVDF-20% 9.24 536.78 4.62 5.1

PFGPA-16%-THF 7.828 0.92 3.92 4.3
PFGPA-16%-I/W 10.79 0.043 5.40 2.8

PFGPA_NaOH-THF 25.07 639.40 12.53 4.9
PFGPA_NaOH-I/W 14.29 366.63 7.14 4.0

The PEMs have to possess the excellent mechanical properties to withstand the tough
operating conditions. To investigate the mechanical properties of the PFGPA membranes,
the pristine and Na4SiO4-treated PVDF membranes and the NaOH-treated PFGPA mem-
branes were used as a contrast. The pristine PVDF membranes showed an obvious plastic
deformation with the broken stress of 34.07 MPa, a strain of 17.6%, and elastic modulus of
1771.37 MPa. After the PVDF was treated by Na4SiO4, the mechanical properties declined
dramatically. Treatment by 16% Na4SiO4 showed a stress of 8.27 MPa and strain of 4.8 per-
cent, a quarter of the pristine PVDF membranes. Treatment by 20% Na4SiO4 intensified
the decrease with the stress of 4.62 MPa and the strain of 5.1 percent. After the grafting
polymerization and sulfonation, compared with the PVDF_16%, the PFGPA_16%_I/W and
PFGPA_16%_THF decreased in broken strain to about a half, indicating a worse mechanical
property. The IPA/water brought about a lower decline in strain than the THF. For the
PVDF_20%_THF and PVDF_20%_I/W, the membranes were too fragile to be measured
under the experimental conditions.

Comparatively, the PFGPA_NaOH_THF and PFGPA_NaOH_I/W showed the broken
stresses of 12.53 MPa and 7.14 MPa, and strains of 4.9% and 4.0%, respectively, which were
close to PVDF_16% and greater than PFGPA_16%_THF and PFGPA_16%_I/W. These could
be explained by the fact that PFGPA_NaOH_THF and PFGPA_NaOH_I/W possessed
the grafting degree of about 35 percent, lower than 49 percent of PFGPA_16%_THF and
PFGPA_16%_I/W, which resulted in a lower decrease in the mechanical property.

Our experiments demonstrated that the alkali treatment influenced the mechanical
property of the PVDF membranes. The alkali treatment destroyed the PVDF backbone
more than the grafting polymerization and sulfonation. The Na4SiO4 treatment led to a
greater decrease in mechanical property than the NaOH treatment and the obtained PFGPA
membranes became fragile [33].
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4. Conclusions

The PFGPA membranes were prepared by alkali-induced grafting polymerization
and subsequent sulfonation. The AMS could be grafted with AN into the PVDF base and
IR and XPS analysis testified that AMS and AN were successfully grafted into the PVDF
backbone and a partial hydrolysis of the CN group in AN occurred. A higher alkali content
resulted in a higher grafting degree. THF as the grafting solvent could dissolve the AMS
and AN, so that a smoother membrane and higher grafting degree were obtained than
that in the IPA/water solvent. The PFGPA membranes exhibited a greater water uptake
capability and better dimensional stability in methanol than Nafion, though they possessed
lower IEC values and conductivities. The PFGPA_16%_THF membrane with a grafting
degree of 49 percent manifested a slightly lower chemical stability than Nafion, indicating a
promising application. It was also noted that the alkali treatment brought about a decrease
in the mechanical property of the PVDF membranes and limits their practical application
in fuel cells. The next research will focus on the enhancement of the conductivities of
the PFGPA membranes and the improvement in the mechanical properties. The obtained
experimental conclusions would be instructive to optimize the PFGPA membranes prepared
by an alkali-grafted polymerization and promote their practical applications in PEMs.

Author Contributions: Conceptualization, S.L.; Data curation, formal analysis, investigation, and
resources, X.L.; Software, P.F. and Y.Z.; Writing—original draft and writing—review & editing, S.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Fund of China (grant number
51603144).

Acknowledgments: The authors would like to thank the Analytical & Testing Center of Tiangong
University for the SEM, IR, and XPS analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ke, X.; Zhang, Y.; Gohs, U.; Drache, M.; Beuermann, S. Polymer electrolyte membranes prepared by graft copolymerization of
2-acrylamido-2-methylpropane sulfonic acid and acrylic acid on PVDF and ETFE activated by electron beam treatment. Polymers
2019, 11, 1175. [CrossRef] [PubMed]
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Abstract: A series of novel crosslinked polyphosphazene-aromatic ether organic–inorganic hybrid
microspheres with different structures were prepared via precipitation polycondensation between hex-
achlorocyclotriphosphazene (HCCP) and bisphenol monomers. The bisphenol monomers have dif-
ferent numbers of –CF3 in the side group, which correspond to distinct oligomeric species-absorbing
mechanisms. The wetting behavior of the microsphere surface was evaluated using a water contact an-
gle (CA) measurement, which increased with the increase in the content of –CF3 in polyphosphazene.
We also investigated the effects of HCCP concentration and ultrasonic power on the morphology of
the microspheres.

Keywords: polyphosphazene; micro-nanospheres; species-absorbing mechanisms; hydrophobic-
ity; thermochemical

1. Introduction

In recent years, people have shown great interest in the research into and application
of the polyphosphazene family of materials, because they not only have excellent thermal
and chemical stability [1,2], but also can be surface-modified through interface reactions
that connect functional groups and bioactive molecules to the surface. The traditional
phosphonitrile material is a linear polymer with an alternating P-N main chain synthesized
by means of ring-opening polymerization of hexachlorocyclophosphazene and triphosp-
hazene. It has been widely used in solid polyelectrolytes, biomedical and organometallic
polymers and flame-retardant materials [3]. However, to expand its application further,
linear polyphosphazenes have the disadvantage of low yield and high cost which must be
overcome. For a long time, other kinds of phosphonitrile materials have attracted attention.
They are ring-linear and ring-matrix polymers, in which phosphonitrile rings are connected
by outer ring groups to form linear chains or crosslinked matrices. Because the complexity
of synthesis seriously limits the design ability of cyclic phosphine materials, more and
more studies are focusing on the preparation of cyclic matrix materials.

In the past few decades, various phosphonitrile polymers have been reported. Because
of their high thermal stability, they are used widely in adhesives [4], flame-retardant poly-
mer additives [5–7] and thermosetting resins [8,9]. Most cyclic polymers are synthesized
through many complex procedures: the phosphonitrile ring is first joined to bifunctional

139



Polymers 2022, 14, 2411

compounds such as hydroquinone or aminophenol, and then the precursors are cross-
linked with other bifunctional compounds such as anhydride and carbonyl chloride. It is
difficult to totally avoid the chain tensioning reaction in this procedure, which results in
a faulty structure in the final ring matrix product. To generate a unique cyclic trimer, an
active group of bifunctional components must first be protected, then deprotected, which
complicates the reaction process and limits its use [6,10,11].

Ion-crosslinked polyphosphazene hydrogel microspheres have previously been re-
ported as being made using the ion complexation process and have the potential to
be used for protein encapsulation. Polycrystalline poly[cyclotriphosphazene co-(4,4′-
sulfonyldiphenol)] nanotubes were synthesized by means of the in situ template
method [12,13], and silver nanocables coated with hybrid poly[cyclotriphosphazene co-
(4,4′-sulfonyldiphenol)] were obtained by means of the hard template method [14,15].
These results show that polyphosphazenes are inorganic–organic hybrid micro-nano ma-
terials with potential value at the molecular level for the preparation of nanomaterials.
However, there are few studies on the functionalization of these polyphosphazenes [16–20].
Therefore, it is necessary to investigate the functionalization of inorganic–organic hybrid
materials and provide new opportunities for their further application.

We describe a simple, broad, and successful one-pot synthesis method for surface-
functionalized novel crosslinked polyphosphazene-aromatic ether organic–inorganic hy-
brid microspheres by means of a single-step precipitation polymerization. Our approach
allows the direct one-pot synthesis of a series of functional polyphosphazene microspheres,
poly[cyclotriphosphazene-co-(3,5-ditrifluoromethyl)phenylhydroquinone] (6FPZF),
poly[cyclotriphosphazene-co-(3-trifluoromethyl)phenylhydroquinone] (3FPZF) and
poly[cyclotriphosphazene-co-2-phenylhydroquinone] (TPZF). To the best of our knowledge,
this is the first report on these polyphosphazene-aromatic ether microspheres. In contrast
to a previous report [21], we investigate the morphology of polyphosphazene-aromatic
ether microspheres with different side group structures on the polymer chain. Addition-
ally, we focus on the influence of different side groups of the bisphenol monomers on
the oligomeric species-absorbing mechanism. The morphology, particle sizes, chemical
structure and hydrophobic properties of the resulting microspheres are characterized.

2. Materials and Methods

2.1. Materials

Hexachlorocyclotriphosphazene (HCCP) (synthesized as described in the literature [3])
was recrystallized from petroleum ether. The melting point of the purified HCCP was
113–116 ◦C. (3,5-ditrifluoromethyl)phenylhydroquinone (6FPH) and (3-trifluoromethyl)
phenylhydroquinone (3FPH) were synthesized and characterized by the method reported
in [22,23]. 2-phenylhydroquinone (TPH) was purchased from Alfa Aesar Chemical Co. Ltd.,
Shanghai, China. Acetonitrile, acetone, tetrahydrofuran (THF) and triethylamine (TEA)
were purchased from Beijing Chemical works Co. Ltd., Beijing, China and used without
further purification.

2.2. Characterization

The ultrasonic bath used in the experiment was produced by Kunshan Ultrasonic
Instrument Company, and the model was KQ-300GV (Kunshan, China). The samples were
tested for infrared spectra. The infrared spectra (KBr particles or films) were measured
on a Nicolet 410 Fourier (Madison, WI, USA) transform infrared spectrometer at room
temperature (25.8 ◦C). The scanning range of the sample was 450–4000 cm−1. Scanning
electron microscopy (SEM) measurements were performed on an SHIMADZUSSX-550 elec-
tron microscope (Kyoto, Japan) at an accelerating voltage of 15 kV. Each sample (4 mg) for
SEM observations was dispersed in ethanol (1 mL) and then deposited onto the surface of
aluminum foil. The specimens were coated with gold before the SEM observations. Trans-
mission electron microscopy (TEM) measurements were obtainedusing a JEOL JEM1200-EX
transmission electron microscope (Tokyo, Japan). The pressed polyphosphazene micro-
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spheres were analyzed by X-ray photoelectron spectroscopy (XPS) (ESCALAB.MK II,
Thermo Scientific, Horsham, UK). The ESCALAB.MK II scanning ESCA microprobe in-
strument adopted a monochrome Al KαX-ray source (1486.60 eV). Wettability experiments
were characterized by the water contact angle (CA) test. The CA was measured on the
JC2000C2 contact angle system (POWEREACH/JC2002C2 CA meter, Shanghai, China). At
room temperature, water droplets (approx. 4.0 μL) were dropped onto the coating surface
of polyphosphazene microspheres carefully. The contact angle value of each sample was
obtained by measuring five different positions of the same sample and taking the average
value. Thermogravimetric analysis (TGA) was used for evaluating the thermal stability
of the polyphosphazene microspheres by the PE Pyris 1 TGA thermal analyzer system
(Perkin Elmer, Waltham, MA, USA). Before analysis, we kept the sample at a constant
temperature for 10 min at 100 ◦C in a nitrogen atmosphere to ensure that it was dry and free
of moisture. Then, we cooled the sample to 80 ◦C, then raised the temperature to 800 ◦C at
a heating rate of 10 ◦C min−1 and recorded the temperature of each sample under 5% and
10% weight loss.

2.3. Synthesis

The preparation of microspheres was carried out as follows (Scheme 1): 4 mL of TEA
was added to 100 mL of acetonitrile solution containing 0.2 g (0.575 mmol) HCCP. Then,
6FPH, 3FPH or TPH was added into the above solution. Polycondensation was carried out
in an ultrasonic bath (150 W, 45 kHz) at 20 ◦C for 3 h. After the reaction, the precipitated
product was filtered and washed three times with 100mL of THF and 100mL of deionized
water. Then, the product was dried in a vacuum (−0.1MPa) at 60 ◦C for 12 h to obtain
white powdered 6FPZF, 3FPZF and TPZF micro-nanospheres. Synthesis yield was about
80–90% wt%, calculated from HCCP.

Scheme 1. Synthetic route and suggested chemical structures of polymeric micro-nanospheres.

2.4. Film Preparation for CA Measurement

Polyphosphazene hybrid organic–inorganic micro-nanospheres were prepared in a
0.5 mg mL−1 ethanol dispersion. Before use, the dispersion was treated with ultrasound
(240 W, 45 kHz) for 30 min. A clean silicon wafer was immersed in the microsphere
dispersion, after which it was removed, and the excess liquid was quickly evaporated under
infrared light. Finally, the silicon wafer impregnated with polyphosphazene microspheres
was dried in a vacuum at 60 ◦C for 1 h to form a hydrophobic surface layer.
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3. Results and Discussion

In the acetonitrile solution, the reaction was carried out in a hypertonic bath with
excess TEA as the acid receptor. The polycondensation of HCCP with equimolar phenol
produced prepolymer and hydrogen chloride. The reaction of hydrogen chloride with
triethylamine accelerated the polycondensation reaction. Therefore, fully crosslinked
polymers were prepared. The functional monomer initially formed a complex with the
template. After polymerization, their functional groups were fixed by highly crosslinked
polymer structures.

Figure 1 shows the chemical structure of the prepared polyphosphazene micro-
nanospheres, which was tested by Fourier transform infrared spectroscopy (FT-IR). The
stretching vibration of the P-O-(PH) group has a strong absorption peak at 961 cm−1. The
absorption at 3200–3300 cm−1 corresponds to the phenolic hydroxyl groups of 6FPH, 3FPH
and TPH, which no longer exist after the polycondensation. Therefore, the polycondensa-
tion between HCCP and hydroxybenzene was successfully completed.

Figure 1. FT−IR spectra of 6FPZF, 3FPZF and TPZF micro-nanospheres.

According to a previous study, in which Choe and his colleagues proposed the mech-
anism of oligomer species absorption, the formation process of polyphosphazene micro-
nanospheres also follows a similar mechanism [24]. In the initial stage of precipitation
polymerization, primary micro-nanospheres are generated through the continuous aggre-
gation of primary nuclear particles. Once stable particles are produced, these particles
will grow by continuously absorbing oligomers instead of forming particles at one time.
Therefore, there are almost no pores in the micro-nanospheres obtained at the end of
polymerization. It is pointed out that only when the molecular weight of the oligomer
exceeded the critical value (critical molecular weight MW.C) did the precipitation of the
crosslinked oligomer produce the initial nucleus. This critical value MW.C was determined
by the solubility of oligomers.

The morphology of as-synthesized microspheres was investigated by means of trans-
mission electron microscopy (TEM). Figure 2 shows that all three of the species of obtained
polyphosphazene microsphere exhibit a clean surface, and there are no discernable nanos-
tructures on the microspheres.
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Figure 2. TEM images of polyphosphazene micro-nanospheres: (a) 6FPZF micro-nanospheres;
(b) 3FPZF micro-nanospheres; (c) TPZF micro-nanospheres.

The morphology and particle sizes of the obtained microspheres were characterized
with SEM. As shown in Figure 3, it can be seen clearly that 6FPZF and 3FPZF provide
visible microspheres and there are no TPZF microspheres when the molar ratio of HCCP
to bisphenol is 1:2. The reason for this phenomenon is that the –CF3 groups with strong
polarityaccelerate the nucleophilic substitution reactions. Therefore, the 6FPH containing
two –CF3 groups possessed higher reactivity with HCCP to form stable microspheres
compared with 3FPH and TPH. The reaction degree between TPH and HCCP was too low
to reach the critical molecular weight MW.C, and thus the oligomers could not precipitate
from the solution.

Figure 3. SEM images of polymer microspheres prepared when the molar ratio of HCCP to bisphenol
was 1:2: (a) 6FPZF micro-nanospheres; (b) 3FPZF micro-nanospheres.

Figure 4 shows the SEM microphotographs of crosslinked polymer micro-nanospheres
prepared when the molar ratio of HCCP to bisphenol was 1:3. The 6FPZF and 3FPZF
microspheres exhibit clean surfaces and no adhesion, indicating the independence between
microspheres. The diameter of the microspheres was less than 2 μm and about 1.5 μm on
average. Under the same reaction conditions, the size of TPZF microspheres was relatively
smaller, which showed that the –CF3 group had a great influence on the growth of particles
in the process of precipitation polymerization.

 
Figure 4. SEM images of polymer microspheres prepared when the molar ratioof HCCP to bisphenol
was 1:3: (a) 6FPZF micro-nanospheres [21] Copyright © 2013, Springer-Verlag Berlin Heidelberg; (b)
3FPZF micro-nanospheres; (c) TPZF micro-nanospheres.
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The particle morphology and sizes of the obtained 6FPZF, 3FPZF and TPZF micro-
spheres prepared when the molar ratio of HCCP to bisphenol was 1:6 were characterized
with SEM (Figure 5). It was obvious that the polymer microspheres with narrower disper-
sion and smooth surfaces were obtained with decreasing molar ratios of HCCP to 6FPH.
Similar phenomena were also observed in 3FPZF and TPZF microspheres, due to the similar
structures of their polymer chains.

Figure 5. SEM images of polymer microspheres prepared when the molar ratio of HCCP to bisphenol
was 1:6: (a) 6FPZF micro-nanospheres; (b) 3FPZF micro-nanospheres; (c) TPZF micro-nanospheres.

In the process of precipitation polymerization, temperature and ultrasonic power have
a great influence on the growth of particles. Figure 6 shows the number–average sphere
diameter (Dn) of the 6FPZF, 3FPZF and TPZF microspheres in various reaction conditions.
The particle size of 3FPZF and TPZF microspheres increased with the increase of ultrasonic
power, and compared with 6FPZF microspheres, the particle size always adhered to a
certain law, namely 3FPZF > TPZF > 6FPZF, as shown in Figure 6.

 
(a) (b) 

Figure 6. (a) Dependence of number–average particle size (Dn) of polymer microspheres on tempera-
ture of the 6FPZF, 3FPZF and TPZF microspheres; (b) effect of ultrasonic power on number-average
particle size (Dn) of the 6FPZF, 3FPZF and TPZF microspheres.

Figure 7 shows the SEM microphotographs of crosslinked polymer micro-nanospheres
prepared by means of a single-step precipitation polymerization. In this experiment, the
microsphere morphology differed with the varying molar ratios of HCCP to hydroxyben-
zene. The 6FPZF microspheres exhibited clean surfaces and almost complete spheres when
the molar ratio of HCCP to 6FPH ranged from 1:2 to 1:7 (Figure 7(a1–f1)). The microspheres
were independent of each other, and no microsphere adhesion was observed. The diameter
was less than 2 μm and about 1.5 μm on average. The average particle sizes of 3FPZF
micro-nanospheres were1.57, 2.03, 2.12, 2.02, 1.76, and 1.74 μm. Firstly, the particle size
of as-synthesized 3FPZF microspheres increased as the molar ratios of HCCP to 3FPH
decreased(Figure 7(a2–c2)).The maximum particle size was achieved when the molar ra-
tio of HCCP to 3FPH was 1:4 (Figure 7(c2)).Then, the particle size of the as-synthesized
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3FPZF microspheres increased with the increase in the molar ratio of HCCP to 3FPH
(Figure 7(d2–f2)). This phenomenon was due to the low level of reaction at high molar
ratios of HCCP to 3FPH. At the initial stage of precipitation polymerization, the oligomeric
species precipitated from the solution when the molecular weight was not high enough.
Thus, the particle size of obtained 3FPZF microspheres was smaller. However, when the
molar ratio was lower, more oligomers of 3FPZF formed; these oligomers exceeded the
critical molecular weight MW.C and precipitated from the solution. The lower the molar
ratio of HCCP to 3FPH, the higher the number of nucleus particles, thus resulting in a
smaller particle size of 3FPZF microspheres. As shown in Figure 7(a3–e3), when the molar
ratio of HCCP to TPH was 1:2, there were no TPZF microspheres. The TPZF microspheres
had non-uniform particle sizes when the molar ratio of HCCP to TPH was 1:3 (Figure 7(a3)).
Then, with the decrease in the molar ratio of HCCP to 3FPH, stable particles were gener-
ated. The average particle size was 1.97μm when the molar ratio of HCCP to TPH was 1:4.
However, doublet and triplet particles were observed at the higher molar ratio of HCCP
to TPH. The particle sizes of 6FPZF, 3FPZF and TPZF microspheres with varying molar
ratios are shown in Table 1. The differing morphologies of the resultant microspheres are
attributed to the –CF3 group with strong polarity. It was easier to perform a nucleophilic
substitution reaction because of the existence of –CF3. Otherwise, the existence of –CF3 also
led to the addition to the geometry and free volume in the crosslinked system. The TPZF
microspheres did not have –CF3 in the side group, and thus there was a more flexible P-N
skeleton on the sphere surface. This was also confirmed by XPS measurement.

Table 1. Particle sizes of 6FPZF, 3FPZF and TPZF microspheres with varying molar ratios.

1:2 1:3 1:4 1:5 1:6 1:7

6FPZF 1.43 μm 1.53 μm 1.5 μm 1.54 μm 1.51 μm 1.42 μm
3FPZF 1.57 μm 2.03 μm 2.12 μm 2.02 μm 1.76 μm 1.74 μm
TPZF / non-uniform 1.97 μm non-uniform non-uniform non-uniform

X-ray photoelectron spectra of polyphosphazene microspheres were obtained and
are shown in Figure 8 and Table 2. The concentration of phosphorus atoms on the TPZF
sphere surface was 5.29%, higher than that on the 6FPZF sphere surface (2.86%). The
concentrations of fluorine atoms and phosphorus atoms on the 3FPZF sphere surface were
both higher than the others. This result is consistent with the formation mechanism and
chemical structure of the above microspheres. These results also have some impact on their
wetting behavior.

Table 2. Atomic concentrations of the polyphosphazene microsphere surfaces.

P% Cl% C% N% O% F%

6FPZF 2.86 1.82 64.92 2.7 20.48 7.22
3FPZF 5.97 4.7 63.65 5.38 11.61 8.7
TPZF 5.29 2.64 72.97 4.69 14.41 0

The wettability of the prepared coating surface was tested using the water contact
angle (CA). Figure 9 shows the shape of water droplets on the silicon wafer after dip coating
with polyphosphazene micro-nanospheres. It was found that the silicon wafers dip-coated
with the prepared 6FPZF, 3FPZF and TPZF micro-nanospheres have a water CA of 137◦,
114◦ and 95◦, respectively. This could be mainly attributed to the fluorine atom content on
the spheres’ surfaces. The surface of 3FPZF not only had a high fluoride content, but also
hydrophilic phosphorus and a nitrogen skeleton.
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Figure 7. SEM micrographs of the polymeric particles prepared by precipitation polymerization with
various molar ratios of HCCP to hydroxybenzene: (a1–f1) 6FPZF microspheres with molar ratios of
HCCP to 6FPH of 1:2 to 1:7; (a2–f2) 3FPZF microspheres with molar ratios of HCCP to 3FPH of 1:2 to
1:7; (a3–e3) TPZF microspheres with molar ratios of HCCP to TPH of 1:2 to 1:7.
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Figure 8. XPS spectra of the polyphosphazene microsphere surfaces.

Figure 9. Shape of a water droplet on a silicon wafer dip-coated with polyphosphazene micro-
nanospheres: (a) 6FPZF, (b) 3FPZF, (c) TPZF.

The thermal properties of polyphosphazene micro-nanospheres prepared by precip-
itation polymerization were characterized by means of thermogravimetric analysis, as
shown in Figure 10. The temperatures at a 5% weight loss (Td) of 6FPZF, 3FPZF and TPZF
were 366 ◦C, 339 ◦C and 244 ◦C, respectively, as demonstrated in the weight loss curves.
Obviously, the Tds of the polymers increased in the following order: TPZF, 3FPZF and
6FPZF. This is explained by the introduction of aromatic chains and strong C–F bonds. The
residues after the decomposition of 6FPZF, 3FPZF and TPZF in nitrogen at a temperature of
800 ◦C were 35.5%, 42.9% and 70.8% of the original weight, respectively. The reason for the
high residue rate of TPZF is the high content of phosphorus and nitrogen in the main chain
of phosphonitrile. This is also in line with the chemical structure and formation mechanism
of the above microspheres.
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Figure 10. TGA curves of polyphosphazene micro-nanospheres.

4. Conclusions

In conclusion, novel crosslinked polyphosphazene-aromatic ether organic–inorganic
hybrid microspheres with different structures were prepared by means of the precipitation
polymerization of a hexachlorocyclotriphosphazene (HCCP) monomer. The different forma-
tion mechanisms of polyphosphazene microspheres with different structures are caused by
the absorption mechanisms of different oligomers. The resulting as-synthesized polyphos-
phazene microspheres exhibited clean surfaces, and there is no discernable nanostructure
on the microsphere. These polyphosphazene micro-nanospheres exhibit outstanding ther-
mochemical stability. The wettability of spheres with different structures is caused by the
difference in the atomic composition on the surface of spheres. This result indicates that
the spheres might have potential applications as hydrophobic materials.
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Received: 8 April 2022

Accepted: 30 May 2022

Published: 31 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Surface Modification of γ-Al2O3 Nanoparticles Using Conductive
Polyaniline Doped by Dodecylbenzene Sulfonic Acid

Cheng-Ho Chen *, Ying-Chen Lin and Hung-Mao Lin

Department of Chemical and Materials Engineering, Southern Taiwan University of Science and Technology,
Tainan City 710, Taiwan; ma340101@stust.edu.tw (Y.-C.L.); hmlin@stust.edu.tw (H.-M.L.)
* Correspondence: chchen@stust.edu.tw; Tel.: +886-6-2430522

Abstract: In this study, electrically conductive PANDB/γ-Al2O3 core–shell nanocomposites were
synthesized by surface modification of γ-Al2O3 nanoparticles using polyaniline doped with dodecyl-
benzene sulfonic acid. The PANDB/γ-Al2O3 core–shell nanocomposites were synthesized by in situ
polymerization. Pure PANDB and the PANDB/γ-Al2O3 core–shell nanocomposites were character-
ized using Fourier transform infrared spectroscopy, ultraviolet–visible spectroscopy, transmission
electron microscopy, field emission scanning electron microscopy, and measurement of a four-point
probe. The conductivity of the PANDB/γ-Al2O3 core–shell nanocomposite was about 0.72 S/cm
when the weight ratio of aniline/γ-Al2O3 was 3/1. The results showed that the conductivity of the
PANDB/γ-Al2O3 core–shell nanocomposite decreased with increasing amounts of γ-Al2O3 nanopar-
ticles. The transmission electron microscopy results indicated that the γ-Al2O3 nanoparticles were
thoroughly coated with PANDB to form a core–shell structure. Transmission electron microscopy and
field emission scanning electron microscopy images of the conductive PANDB/γ-Al2O3 core–shell
nanocomposites also showed that the thickness of the PANDB layer decreased as the amount of
γ-Al2O3 was increased.

Keywords: polyaniline; dodecylbenzene sulfonic acid; γ-Al2O3; in situ polymerization; core–shell
nanocomposite

1. Introduction

Most polymers are insulators because they are made of covalent bonds without free-
moving electrons or ions. Inherently conductive polymers (ICPs) are a special class of syn-
thetic polymers with unique electro-optical characteristics. ICPs possess conjugated chains
with alternating single and double bonds [1]. Polyaniline (PANI) is an important member
of the intrinsically conductive polymer (ICP) family. Since PANI is easy to synthesize and
exhibits a wide range of conductivity, low operational voltage, unique electrochemical prop-
erties, and environmental stability, numerous researchers have studied it extensively [2–6]
and have used it in many applications, such as secondary batteries [7,8], biosensors [9,10],
corrosion protectors [11,12], antistatic packaging materials [13], and light-emitting diodes
(LEDs) [14].

The encapsulation of inorganic materials inside a PANI shell has become the most
popular and interesting aspect of nanocomposites in recent years. The combination of
inorganic components with electrically conductive PANI (emeraldine salt (ES)-type PANI)
has attracted considerable attention due to the novel physical and chemical properties
of the resulting nanocomposite and potential applications. It has great potential appli-
cations in the fields of medication delivery, biosensors, chemical assembly, materials
science, etc. These core–shell conductive nanocomposites can provide new synergis-
tic properties that cannot be obtained from individual materials alone. Many groups
have reported PANI/inorganic core–shell nanocomposites such as PANI/bagasse fiber
(BF) [15], PANI/Y2O3 [16], PANI/NiCo2O4 [17], PANI/T-ZnOw [18], PANI/TiO2 [19],
PANI/MnO2 [20], PANI/alumina [21–24], and PANI/clay [25,26].
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However, PANI has some processing disadvantages, such as low or no solubility in
most common organic solvents and poor processing properties [1]. Many researchers have
attempted to synthesize soluble conductive PANI doped with various dopants. The most
promising and attractive approach is to synthesize PANI doped with dodecylbenzene
sulfonic acid (DBSA) (PANDB) in aqueous solution [27] or emulsion polymerization [28].
In these synthetic methods, DBSA can act as both a surfactant and a dopant during the
synthesis. Since the molecular chain of DBSA has a lipophilic group (–C12H25), PANDB-
based materials are soluble in common organic solvents. Therefore, PANDB-based materials
can have more diverse applications.

Aluminum oxide (Al2O3) has good physical properties, such as thermal stability,
corrosion resistance, abrasion resistance, electrical insulation, and high mechanical strength.
Therefore, Al2O3 is the material most commonly applied in industrial applications. γ-Al2O3
is one of the metastable polymorphs of transition alumina, which has higher thermal
stability compared with other polymorphs of Al2O3.

To our knowledge, no studies have been reported on the preparation of conductive
PANDB/γ-Al2O3 core–shell nanocomposites via in situ polymerization of aniline (AN) in
the presence of DBSA. In this study, γ-Al2O3 nanoparticles are embedded by PANDB via in
situ polymerization to form conductive PANDB/γ-Al2O3 core–shell nanocomposites. Fur-
thermore, the influences of the weight ratio of AN/γ-Al2O3 on the electrical conductivity,
chemical structure, and morphology of the synthesized conductive PANDB/γ-Al2O3 core–
shell nanocomposites are systemically examined using a four-point probe, Fourier trans-
form infrared spectroscopy (FTIR), ultraviolet–visible spectroscopy (UV-Vis), transmission
electron microscopy (TEM), and field emission scanning electron microscopy (FE-SEM).

2. Experimental

2.1. Materials

Aniline (AN), dodecylbenzene sulfonic acid (DBSA), and ammonium persulfate (APS)
were purchased from Merck Co., Darmstadt, Germany. The γ-Al2O3 nanoparticles were
purchased from Degussa Co., Frankfurt, Germany. The diameter of an individual γ-Al2O3
nanoparticle is about 10~30 nm.

2.1.1. Synthesis of Pure PANDB

PANDB was directly synthesized by chemical oxidative polymerization according to
the modified procedure described by Cao et al. [29] and our previous study [30]. First, 8 g of
aniline was mixed with 23 g of DBSA and 400 mL of distilled water to form a uniform milky
white dispersion of aniline–DBSA complex in a 1000-milliliter four-neck flat-bottom reactor
at room temperature with appropriate stirring. Then, APS solution (20 g of APS dissolved
in 200 mL of distilled water) was slowly added to the reactor. The aniline:DBSA:APS molar
ratio was 1:0.8:1. After 2 h synthesis, the dark green PANDB dispersion was precipitated
by the addition of 600 mL of acetone. The reaction mixture was filtered and washed several
times with deionized water until the filtrate was colorless. Finally, the resulting precipitate
was collected and dried in an oven at 60 ◦C for 24 h.

2.1.2. Synthesis of Conductive PANDB/γ-Al2O3 Core–Shell Nanocomposites

Conductive PANDB/γ-Al2O3 core–shell nanocomposites were synthesized by in situ
chemical oxidative polymerization. Two grams of γ-Al2O3 nanoparticles were dispersed in
100 mL of an aqueous solution containing 1 g of aniline, and the resulting dispersion was
stirred at room temperature for 10 min. The weight ratio of AN/γ-Al2O3 was 3/1. Then,
50 mL of aqueous DBSA was added to the solution. After stirring for 10 min, 30 mL of
APS aqueous solution was added dropwise to the dispersion with constant stirring. The
molar ratio of aniline:DBSA:APS was 1:0.8:1. The resulting mixture was reacted at room
temperature for 2 h. Subsequently, the product was washed with deionized water until the
filtrate became colorless. Afterwards, the product was dried in a vacuum oven at 60 ◦C for
24 h. To determine the effect of the weight ratio of AN/γ-Al2O3 on the properties of the
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PANDB/γ-Al2O3 core–shell nanocomposites, products with different weight ratios were
also applied, namely 3/2, 3/3, 3/4, and 3/5.

2.2. Characterization
2.2.1. Electrical Conductivity Analysis

A sample of 0.1 g was weighed and then pressed at 3.0 × 105 psi for 2 min at room
temperature. Four-point probe measurement (model: LSR4-KHT200, KeithLink Technology
Co., Ltd., Taipei, Taiwan) was used to determine the electrical conductivity σ (S/cm) of the
sample at room temperature.

2.2.2. FTIR Analysis

The chemical structure of the samples was detected by Fourier transform infrared
spectroscopy (FTIR) (model Spectrum One; Perkin Elmer, Waltham, MA, USA) at 32 scans/s
in the wavenumber range of 4000–400 cm−1. The powdered sample was ground together
with potassium bromide (KBr) (approximately 1:99 by weight) to a fine powder, and the
homogeneous mixture was pressed into a pellet for analysis.

2.2.3. UV-Vis Analysis

The synthesized product was dispersed in absolute ethanol with ultrasonic stirring
for 1 h at room temperature. A UV-Vis spectrophotometer (UV-Vis; Shimadzu, model
UV-2401 PC, Kyoto, Japan) was used to measure the absorption of the sample solution in
the wavelength range of 300–900 nm.

2.2.4. TEM Examination

The synthesized PANDB and PANDB/γ-Al2O3 nanocomposite samples were diluted
and dispersed uniformly. They were then cast on carbon-coated copper grids to prepare
for transmission electron microscopy (TEM) (JEM-1230, JEOL, Ltd., Tokyo, Japan) analysis.
The microscope was operated at an accelerating voltage of 80 kV.

2.2.5. FE-SEM Examination

The samples were coated with a gold-palladium film. The surface morphology of the
samples was observed using a field emission scanning electron microscope (JSM 6700F
model; JEOL, Ltd., Tokyo, Japan).

3. Results and Discussion

Figure 1 clearly shows the color change of the polymerization solution at the weight
ratio of AN/γ-Al2O3 = 3/1 after a reaction time of 3, 27, and 30 min. The color of the
initial reaction solution was milky white. After adding the APS solution, the color of the
reaction solution remained unchanged for the first 15 min and then turned light blue, blue,
and finally turquoise within 15–27 min. This color change indicated the formation of the
pernigraniline oxidation state of PANI [31]. After 27 to 30 min, the reaction solution became
green to dark green quickly. This showed that the oxidation state of pernigraniline was
converted to the oxidation and reduction states of emeraldine of PANI. The color change
from green to dark green is due to the doping of DBSA onto the PANI backbone to form
conductive PANDB (ES type).

The color change during the reaction can be used as an indicator of the polymerization
rate of aniline. The experimental results show that the time required for color change in-
creased (i.e., the polymerization rate decreased) as the AN/γ-Al2O3 weight ratio decreased.
This observation was due to the fact that the probability of collision between AN and
initiator (that is, APS) molecules was decreased while the amount of γ-Al2O3 was increased
in the reaction solution. Therefore, the AN polymerization rate decreased as the weight of
γ-Al2O3 was increased.
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Figure 1. Color changes of the polymerization solution at the weight ratio of AN/γ-Al2O3 of 3/1
after (a) 3, (b) 27, and (c) 30 min reaction time.

Table 1 exhibits the electrical conductivities of pure γ-Al2O3, PANDB, and the PANDB/
γ-Al2O3 core–shell nanocomposites. Since γ-Al2O3 has good electrical insulation, its
electrical conductivity cannot be detected by four-point probe measurement. Meanwhile,
the electrical conductivity of pure PANDB was 0.82 S/cm according to the test results. The
results in Table 1 indicate that the electrical conductivity of the PANDB/γ-Al2O3 core–shell
nanocomposites decreased as the weight ratio of AN/γ-Al2O3 was decreased. When the
weight ratio of AN/γ-Al2O3 was 3/1, the electrical conductivity of the PANDB/γ-Al2O3
core–shell nanocomposite was about 0.72 S/cm. This result implies that PANDB could
be successfully coated onto the surface of γ-Al2O3 nanoparticles, and the conductivity of
γ-Al2O3 could be improved by forming electrically conductive PANDB/γ-Al2O3 core–shell
nanocomposites. When the weight ratio of AN/γ-Al2O3 was decreased from 3/1 to 3/5,
the conductivity of the PANDB/γ-Al2O3 core–shell nanocomposite decreased from 0.72 to
0.53 S/cm. This is due to the fact that the thickness of the conductive PANDB on γ-Al2O3
was relatively decreased with the increasing weight of γ-Al2O3.
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Table 1. Influence of the weight ratio of AN/γ-Al2O3 on the electrical conductivity of PANDB/γ-
Al2O3 core–shell nanocomposites.

Weight Ratio of
AN/γ-Al2O3

Conductivity of PANDB and
PANDB/γ-Al2O3 Nanocomposites (S/cm)

Pure γ-Al2O3 -
Pure PANDB 0.82

3/1 0.72
3/2 0.58
3/3 0.57
3/4 0.55
3/5 0.53

Figure 2 presents photographs of the γ-Al2O3 nanoparticles (Figure 2a) and the con-
ductive PANDB/γ-Al2O3 core–shell nanocomposite synthesized at the weight ratio of
AN/γ-Al2O3 = 3/1 through in situ polymerization (Figure 2b). The appearance of the
γ-Al2O3 nanoparticles was white, whereas the appearance of the conductive PANDB/γ-Al2O3
core–shell nanocomposite was dark green. This is because PANDB is an emeraldine
salt (ES) type with good electrical conductivity. Therefore, the color of the conductive
PANDB/γ-Al2O3 core–shell nanocomposite was dark green.

Figure 2. Photographs of (a) γ-Al2O3 nanoparticles and (b) conductive PANDB/γ-Al2O3 core–shell
nanocomposite synthesized via in situ polymerization (weight ratio of AN/γ-Al2O3 = 3/1).

Figure 3 shows the FTIR spectra of pure PANDB and the conductive PANDB/γ-Al2O3
core–shell nanocomposites synthesized at the weight ratios of AN/γ-Al2O3 = 3/2 and 3/5.
Peaks at about 2853 and 2953 cm−1 were observed due to the stretching vibration mode of
the -CH (-CH3 or -CH2-) for all samples. For pure PANDB (Figure 3a), the characteristic
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peaks at 1567 and 1491 cm−1 were due to the stretching vibrations of the N=Q=N and the
N-B-N ring, respectively. The characteristic peak at 1300 cm−1 was attributed to the C-N
stretching vibrations of the secondary amine in the main chain of PANDB. The peaks at
998–1040 cm−1 were due to the asymmetric and symmetric O=S=O stretching vibrations
of DBSA. Characteristic peaks at 1100–1200 cm−1 were due to the B-NH-Q bond or the
B-NH-B bond and the in-plane bending vibration of benzenoid or quinonoid C-H bonds
(where B represents benzenic-type rings and Q represents quinonic-type rings). As these
absorption peaks overlapped in the range of 1000 to 1200 cm−1, a broad peak was observed.
The peaks at 800–700 cm−1 were attributed to the characteristic feature of the B-NH-Q bond
or the B-NH-B bond and the out-of-plane bending vibration of benzenoid or quinonoid -CH
and –N–H bonds. These characteristic peaks are in good agreement with those reported
in the literature [32,33]. The bands in the range of 400~600 cm−1 were associated with
γ-Al2O3 nanoparticles. Note that there was no significant interaction between PANDB
molecules and γ-Al2O3 nanoparticles from the FTIR results. The good adhesion of PANDB
to γ-Al2O3 nanoparticles was assumed to be physicochemical in nature [21].

Figure 3. FTIR spectra of pure PANDB (a) and conductive PANDB/γ-Al2O3 core-shell nanocompos-
ites synthesized at the weight ratios of AN/γ-Al2O3 = (b) 3/2 and (c) 3/5.

Figure 4 shows the UV-Vis absorption spectra of pure PANDB and the PANDB/γ-Al2O3
core–shell nanocomposites. For pure PANDB, three characteristic absorption peaks can
be clearly observed in the UV-Vis spectrum at ~340, ~430, and ~830 nm (Figure 4a). The
absorption peak at ~340 nm was due to the π–π* transition of the benzenoid rings, while
the peaks at ~430 and ~830 nm were attributed to the polaron–π* transition and π–polaron
transition, respectively [34,35]. The analytical results show that the synthesized PANDB
was an emeraldine salt (ES) form. Three characteristic absorption peaks also appeared
in the spectrum of PANDB/γ-Al2O3 core–shell nanocomposites owing to the presence of
PANDB (Figure 4b–f). However, the absorption peak related to the π–polaron transition
was shifted to a lower wavelength (from 840 to 820 nm) by decreasing the weight ratio of
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AN/γ-Al2O3 from 3/1 to 3/5. This result was attributed to less PANDB being coated on
the surface of the γ-Al2O3 nanoparticles when the amount of γ-Al2O3 was increased. This
result is consistent with the decrease in conductivity.

Figure 4. UV-Vis spectra of (a) pure PANDB and conductive PANDB/γ-Al2O3 core–shell nanocom-
posites synthesized at the weight ratios of AN/γ-Al2O3 = (b) 3/1, (c) 3/2, (d) 3/3, (e) 3/4, and
(f) 3/5.

Figures 5 and 6 show the TEM and FE-SEM images of pure PANDB (Figures 5a and 6a),
γ-Al2O3 nanoparticles (Figures 5b and 6b), and the PANDB/γ-Al2O3 core–shell nanocom-
posites synthesized at the weight ratios of AN/γ-Al2O3 = 3/1 and 3/3 (Figure 5c,d and
Figure 6c,d). Figures 5a and 6a demonstrate that pure PANDB was aggregated by irreg-
ular particles and rod-like PANDB. Figure 5b shows an image of independent γ-Al2O3
nanoparticles and aggregates of γ-Al2O3 nanoparticles with irregular shapes due to the
high surface energy of the nanoparticles. Figures 5b and 6b show that the diameter of
individual γ-Al2O3 nanoparticles was about 10~30 nm and the diameter of the clusters of
γ-Al2O3 nanoparticles ranged from 30 to 100 nm. Comparing Figure 5c with Figure 5d
or Figure 6c with Figure 6d, the surface of the γ-Al2O3 nanoparticle was coated with less
PANDB as the amount of γ-Al2O3 nanoparticle was increased. Therefore, the electrical
conductivity of the PANDB/γ-Al2O3 core–shell nanocomposites decreased as the amount
of γ-Al2O3 nanoparticle was increased.

Based on the result of the TEM images, the synthesis of conductive PANDB/γ-Al2O3
core–shell nanocomposites via an in situ polymerization process is shown in Figure 7.
First, the TEM results indicated that the γ-Al2O3 nanoparticles were coated with an
anilinium–DBSA complex. Then, by adding APS for polymerization, conductive PANDB/
γ-Al2O3 core–shell nanocomposites could be obtained. Furthermore, the independent
γ-Al2O3 nanoparticles and the aggregates of γ-Al2O3 nanoparticles were simultaneously
coated by PANDB to form conductive PANDB/γ-Al2O3 core–shell nanocomposites.
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Figure 5. TEM images of (a) pure PANDB, (b) γ-Al2O3, and conductive PANDB/γ-Al2O3 core–shell
nanocomposites synthesized at weight ratios of AN/γ-Al2O3 = (c) 3/1 and (d) 3/3.

Figure 6. FE-SEM images of (a) pure PANDB, (b) γ-Al2O3, and conductive PANDB/γ-Al2O3 core–
shell nanocomposites synthesized at weight ratios of AN/γ-Al2O3 = (c) 3/1 and (d) 3/3.
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Figure 7. Synthesis process of conductive PANDB/γ-Al2O3 core–shell nanocomposites through in
situ polymerization.

4. Conclusions

In this study, an in situ polymerization method was used to prepare electrically
conductive PANDB/γ-Al2O3 core–shell nanocomposites. The core is γ-Al2O3, and the
shell is PANDB. The electrical conductivity of pure PANDB was 0.82 S/cm. The electrical
conductivity of the PANDB/γ-Al2O3 core–shell nanocomposite decreased with increasing
the amount of γ-Al2O3. When the weight ratio of AN/γ-Al2O3 was decreased from 3/1
to 3/5, the conductivity of the PANDB/γ-Al2O3 core–shell nanocomposite decreased
from 0.72 to 0.53 S/cm. Both the TEM and FE-SEM images showed that PANDB could
be successfully coated on the surface of γ-Al2O3 nanoparticles. Therefore, the electrical
conductivity of γ-Al2O3 could be improved by forming a conductive PANDB/γ-Al2O3
core–shell nanocomposite.
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Abstract: Starch-based biodegradable foams with a high starch content are developed using industrial
starch as the base material and supercritical CO2 as blowing or foaming agents. The superior
cushioning properties of these foams can lead to competitiveness in the market. Despite this, a weak
melting strength property of starch is not sufficient to hold the foaming agents within it. Due to the
rapid diffusion of foaming gas into the environment, it is difficult for starch to maintain pore structure
in starch foams. Therefore, producing starch foam by using supercritical CO2 foaming gas faces
severe challenges. To overcome this, we have synthesized thermoplastic starch (TPS) by dispersing
starch into water or glycerin. Consecutively, the TPS surface was modified by compatibilizer silane
A (SA) to improve the dispersion with poly(butylene adipate-co-terephthalate) (PBAT) to become
(TPS with SA)/PBAT composite foam. Furthermore, the foam-forming process was optimized by
varying the ratios of TPS and PBAT under different forming temperatures of 85 ◦C to 105 ◦C, and
two different pressures, 17 Mpa and 23 Mpa were studied in detail. The obtained results indicate
that the SA surface modification on TPS can influence the great compatibility with PBAT blended
foams (foam density: 0.16 g/cm3); whereas unmodified TPS and PBAT (foam density: 0.349 g/cm3)
exhibit high foam density, rigid foam structure, and poor tensile properties. In addition, we have
found that the 80% TPS/20% PBAT foam can be achieved with good flexible properties. Because of
this flexibility, lightweight and environment-friendly nature, we have the opportunity to resolve the
strong demands from the packing market.

Keywords: thermoplastic starch; silane; foam; carbon dioxide

1. Introduction

In the past few decades, many industries were developed to manufacture conventional
plastics for daily products and polymer-based energy and AI technologies. Particularly,
these included multifunctional movement and pressure sensors [1,2], optoelectronic de-
vices [3–5], and wearable electronic devices [6–8]. However, these plastic products required
several hundred years to fully decay into the soil [9]. Furthermore, their collection and
storage for recycling is an undesirable and time-consuming process [10]. A viable strategy
is to develop bio-based polymer materials as alternatives to these materials to minimize
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the use of non-biodegradable polymers [11–15]. Considering these, the key to biodegrad-
able polymer-based foams can be used in a wide range of applications, owing to their
biocompatibility [16,17], biodegradability, and renewability process [18].

Starch is an eco-friendly biopolymer, with low costs and is easily obtained, although
the processing is complicated and difficult to purify. Thermoplastic starch (TPS) can be
mixed with water or plasticizers to improve its processability. TPS has an opportunity to
be processed by extrusion, injection, or molding to make films, sheets, foams, etc.

There are many works associated with TPS, such as the study of starch-based films [19–28],
the production of innovative biodegradable products [29], the additives used to strengthen
TPS [30], water or azodicarbonamide used as foaming agents to develop starch-based
foams [18,26,31–38], and evaluating the performance of starch loose-fill foams and ex-
panded polystyrene [39]. Foam products are often used in packing goods, which can easily
become plastic garbage. Loose-fill foams made with biodegradable materials, such as TPS
or TPS mixed with other plastics, have received attention recently.

Starches with high amylose content are able to produce TPS foams [18,26,31,32,35,36,38].
Starch grafting by poly(methyl acrylate) [34], or grafting polystyrene [37] using water as a
foaming agent to make foams, has been studied. Due to the poor mechanical properties
of TPS, it is not suitable for producing foam materials, whereas TPS can be blended with
other materials to improve properties in order to make the composite foams. However,
TPS is a hydrophilic material, which is not suitable for hydrophobic polymeric resins.
Therefore, surface modification is necessary to enhance the compatibility between two
materials. In general, fatty acids are preferred for generating the peroxide or hydroperoxide
reactive species to attack the carbon linkages in the starch to blended with polystyrene
(PS), polyolefin, thermoplastic polyurethane (TPU), and polylactide (PLA) with free-radical
grafting of maleic anhydride mixed with TPS, etc., [40,41]. Maleated TPS with PBAT [42–45]
or TPS with maleated PBAT [46] are the materials for research.

PBAT is a soft and biodegradable co-polyester synthesized from fossil resources,
which is eco-friendly, easily processable, and has a high elongation at break in tensile
tests. PBAT can also be used for goods packaging applications, even though the price
is not affordable for daily usage. PBAT blended with TPS can lower the material price
to possibly manufacture acceptable products and vice versa, TPS mixed with PBAT can
improve TPS mechanical properties. In the aforementioned works regarding foaming, with
the emergence of various social and environmental concepts, water is the major foaming
agent for the TPS foaming process. Although it is difficult for TPS to be foamed under
supercritical CO2 as a foaming agent, we have addressed these disadvantages by optimizing
the ratio between PBAT and foaming agents by using surface modification techniques.

In this study, we used an inexpensive industrial starch with water and glycerol added
to become thermoplastic starch (thermoplastic starch, TPS), which was the main foaming
material. Further, combined with innovative chemical modification technology, the melt
strength was improved to solve the problem of the insufficient structural melt strength of
thermoplastic starch. By expanding the molecular chains of TPS/biodegradable polyester
composites and generating intermolecular entanglement with each other, the composites
have a certain elasticity and buffering properties, which can support the cell structure
during the cell growth process. It also has the advantages of energy saving and carbon
emission reduction because of its bio-plastic foam material, which can be decomposed and
recycled, thus solving the problem of white pollution caused by petrochemical plastics.
This starch-based material and processing technique can bring about a new generation of
materials that will inevitably develop eco-friendly applications.

2. Experimental Preparations

2.1. Materials and Procedure

There are three materials, i.e., tapioca starch/TPS (thermoplastic starch: from Roi
Et Group, Yannawa, Thailand), PBAT (Poly(butylene adipate-co-terephthalate) (Ecoflex:
from BASF, Lemförde, Germany), and Silane A 6040 (SA: from Ya-Hu-Chi industrial Co.,
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Zhubei, Taiwan) that were used in the study. SA has three methoxy groups and one
epoxy group; the molecular weight of SA is 0.236 kg/mole and the boiling point is 190 ◦C.
Starch was first mixed with water and glycerin to form TPS and then the TPS surface
was modified using SA for the feasible blending with PBAT. The blending ratios with
symbols are displayed in Table 1. The sheet of PBAT, TPS/PBAT, and (SA/TPS)/PBAT
blends were produced by a hot press at a temperature of 140 ◦C. The sheet area was
75 mm × 75 mm × 3 mm (thickness) and these sheets were used for foaming by CO2
under supercritical conditions. In the above, the mixing, preparation, and foaming of this
experiment were repeated five times to ensure a high degree of accuracy in the results, and
it has excellent reproducibility.

Table 1. The composite material composition ratio and symbols corresponding list.

Symbols Blends (by Weight)

[N-1] 50% TPS/50% PBAT
[N-2] 60% TPS/40% PBAT
[N-3] 70% TPS/30% PBAT
[S-0.5] 50% (TPS with 5PHR SA)/50% PBAT
[S-1] 50% (TPS with 10PHR SA)/50% PBAT
[S-2] 60% (TPS with 10PHR SA)/40% PBAT
[S-3] 70% (TPS with 10PHR SA)/30% PBAT
[S-4] 80% (TPS with 10PHR SA)/20% PBAT

2.2. Functional Group Chemical Modification TPS Experiment

The functional group chemical modification of the TPS experiment: First, the commer-
cially available starch raw materials, water, and appropriate glycerin were kneaded in a
mixing machine plastic spectrometer (Barbender MIX, Kulturstraße, Germany) to make the
starch uniformly thermally plasticized into TPS. Then, a functional group modifier-coupling
agent (SA) for TPS modification was added. The reaction temperature was 70~55 ◦C, and
the reaction time was 30~60 min. The pelletizer was modified and pelletized to produce
surface-modified SA/TPS blends.

2.3. The (SA/TPS)/PBAT Biodegradable Polyester Composite Mixing

The modified (SA/TPS) weight ratio of 50, 60, 70, and 80% was added with different
proportions of 50, 40, 30, and 20% biodegradable polyester (PBAT) and then kneaded by
the mixing machine plastic spectrometer. The SA/TPS and the biodegradable polyester
are uniformly mixed and dispersed into the composite. The mixing machine plastic spec-
trometer temperature is 90 ◦C to 145 ◦C, and the granulation screw speed is 50~100 rpm.
Similarly, a control sample of unmodified TPS was blended with PBAT.

2.4. The (SA/TPS)/PBAT Composite Foam Test Piece and Supercritical Foaming Experiment

Primarily, the (SA/TPS)/PBAT composite particles entered the hot press (DAKE,
Grand Haven, MI, USA), and were hot-pressed at a temperature of 140 ◦C to 165 ◦C, then,
a square test piece of 75 mm × 75 mm × 3 mm size was retrieved.

As the prepared composite square test piece was placed into the mold of supercritical
foaming equipment (200-ton capacity, Tainan City, Jing Day Machinery Industrial Co., Ltd.,
Taiwan) and obtained incompatible foams according to the different foaming parameter
settings, the manufactured parameters were as follows: The foaming temperature was
80~105 ◦C, the foaming pressure was 17 MPa and 23.8 MPa, and the time of CO2 impreg-
nation was for 60 min. This impregnation time can make the CO2 in the material reach a
saturated state.

2.5. The (SA/TPS)/PBAT Composite Foam Appearance and Internal Structure SEM Analysis

The foam samples after supercritical foaming were plated with gold on the cross-
sectional surface by vacuum evaporation, and then the structure of the foam cells, the size
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of the bubbles, and the dispersion of TPS in the composite were observed by scanning
electron microscopy (SEM, using a Hitachi TM4000 Plus, Hitachi High-Tech Fielding
Corporation, Nagano, Japan), and the WD parameters were 15.6 mm, the HV voltage was
at 5.0 kV.

2.6. Chemical Modification and Analysis of TPS Functional Group

At the interface of TPS and PBAT polymer substrate, adhesion is not good due to
the viscous surface of TPS and the lipophilic polymer base. For improving the adhesion
between TPS and PBAT polymer, surface treatment becomes essential. The addition of SA
coupling agents provides the required adhesion property for their conjunction and lowers
the interfacial shear strength of TPS to polymer substrates [47].

SA chain consists of the organic function and the alkoxy function at the terminals
which interact with PBAT polymer and TPS to become more hydrophilic and improve the
affinity with polymer [48].

X − (CH2)n − Si
(
OR′)

3, n = 0 ∼ 3 (1)

The OR′ is a hydrolyzable alkoxy group, and the X is an epoxy-functional group.
Silanes OR′ end form a hydrogen bond with the surface of TPS containing hydroxyl groups.
Moreover, the polymer treated with silane can improve wetting, and the organic functional
group X in the coupling agent reacts with the polymer to form an interpenetrating network.
Eventually, a formed network renders reinforcement between the TPS and the polymer inter-
faces. As shown in [49,50], the silyl group is first hydrolyzed and then condensed, forming
a bond of silanol during acid-base condensation. In addition, the hydroxyl groups on the
substrate surface of the TPS, and silanol form a polysiloxane structure. The melt strength of
the TPS structure did not prevent the foaming gas from escaping into the environment and
maintaining the structure of the pores. Therefore, using supercritical CO2 foam foaming
technology in the development of starch foaming materials is facing challenges.

In this study, we synthesized the reactive functional groups at the ends of the ther-
moplastic starch molecular chain to produce a three-dimensional structure, so that the
molecular chains can be entangled and intertwined with each other, and their viscoelastic
and plasticizing behaviors achieve the strength requirements of the foam material structure.
The process is shown in [49,50].

2.7. Supercritical Batch Foaming Process

Figure 1a schematically describes the processing system used for CO2 batch foaming
in the study. An upper and under part of a batch die is mounted on the upper and under
the platform of the press, respectively. A small tunnel in the batch die was connected
with a CO2 injection unit by a stainless steel tube. The press can provide heat to raise the
temperature of the batch die and force to seal foaming agent CO2 in the die. The inside
dimensions for the batch die are 250 mm in diameter and 13 mm in height. The foaming
procedure was as follows: (a.) PBAT with thermoplastic starch and silane were blended to
form a large sheet of 3 mm in thickness. Next, the large sheet was cut into several small
square samples of 25 mm in length and 3 mm in width thickness for foaming. (b.)The batch
die was heated to reach setting temperatures ranging from 80 ◦C to 105 ◦C first; then, five
square samples were placed in the under part of the die, and next, we sealed the upper and
under part of the dying by the force from the piston of the press. (c.) Foaming agent CO2
was injected into the batch die by using a CO2 injection unit through a stainless steel tube
until the setting pressure, which is 17 MPa or 23.8 MPa. (d.) The five square samples were
soaked with CO2 under a supercritical condition for an hour to allow the samples to reach
saturation conditions. (e.) The batch die was opened after an hour and the open rate of the
die was instant less than 1 s by lowering the piston of the press. (f.) The five foam samples
were taken out immediately from dying to prevent shrinkage from a high temperature.
(g.) The foam samples were cooled at room temperature to let foam samples be stable. (h.)
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The properties and structures of five foam samples at the same foaming conditions were
evaluated when foam samples were at room temperature after 24 h.

Figure 1. Schematic representation of foaming system and chemical modification for analysis of TPS
functional group. (a) The processing system is used for CO2 batch foaming. (b) FT-IR of TPS and
(SA/TPS). (c,d) NMR of TPS and (SA/TPS).

3. Results and Discussions

3.1. FT-IR Analysis of TPS and SA/TPS

Figure 1b shows the FT-IR spectra of the TPS polymer functional groups before and
after the surface modification. The main IR peaks at 3381 cm−1, 2922 cm−1, 1651 cm−1,
and 1401 cm−1 represent the O–H stretching, C–H and -CH2 asymmetric stretching, C=O
stretching, and -CH2-deformation, while the peak position at 1030 cm−1 of starch may
be caused by C–O–H stretching. The modified SA/TPS IR peaks are slightly shifted
to 3397 cm−1, 2924 cm−1, 1652 cm−1, 1401 cm−1, and 1033 cm−1, respectively, which
represented the SA interaction with the TPS functional groups. Especially, the peak position
is shifted from 1405 cm−1 to 1115 cm−1. The position of the corresponding peak of the SA
modifier was with relatively low frequency. The SA modifier and this frequency are close
to the corresponding starch where C–H is the -CH2- asymmetric expansion and C–O–C
expansion and contraction.

H NMR Analysis of TPS and SA/TPS

The TPS NMR analysis spectrum is shown in Figure 1c. The sample is dissolved
in DMSO-d6. Compared with literature data [48], there are small signals at 3.6 (H-6a,
H-6b, and H-5), 4.6 (H-2), 5.08 (H-4), and 5.41–5.52 (H-1 and H-3) ppm. This indicates the
resonance of starch. The small signals at 2.49 and 3.38 ppm are from the -OH (hydrogen
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bond and water) in DMSO and starch, respectively, and the resonances at 4.41 and 4.48 ppm
are from the terminal proton -CH2-OH group, respectively.

The (SA/TPS) NMR analysis spectrum is shown in Figure 1d, where (PEG/TPS) is
dissolved in DMSO-d6. This small signal is at 3.6 (H-6a, H-6b, and H-5), 4.6 (H-2), 5.08 (H-4),
and 5.41–5.52 (H-1 and H-3) ppm, representing starch resonance [48]. The peaks at 2.49 and
3.38 ppm come from DMSO and the -OH group, and -OH (hydrogen bond and water) in
starch. The resonances at 4.41 and 4.48 ppm come from the proton at the terminal functional
group of -CH2-OH, and the 3.49 ppm signal comes from the resonance of the SA modifier
proton at the -Si-OCH3 functional group.

3.2. The Composite Foam Density of TPS/PBAT
3.2.1. The Density of Foamed Material of PBAT

Figure 2 shows the density changes of PBAT foams impregnated with CO2 at different
foaming temperatures (80, 85, 90, 95, 100, and 105 ◦C) with two different foaming pressures
(17 MPa and 23.8 MPa). The obtained results show that the foam density of PBAT was
higher at a lower pressure than the high-pressure conditions. However, the pressure
changes in PBAT foaming processes were not brought to any noticeable density differences.
Consecutively, the temperature rises along with the above pressure condition and affects
the PBAT foam density proportionally; furthermore, the obtained foam density was moved
from 350 kg/m3 to 160 kg/m3.

Figure 2. Dependence of PBAT foam density on six foaming temperatures and two foaming pressures.

3.2.2. The Density of TPS/PBAT Composite Foam

Figure 3a represents the foam density of TPS/PBAT blends by impregnating CO2 at
the foaming pressure of 17 Mpa and foaming temperatures between 80 ◦C and 105 ◦C. The
three curves in Figure 3a indicate the trends of foam density for three blends, i.e., 70%
TPS/30% PBAT [N-3], 60% TPS/40% PBAT [N-2], and 50% TPS/50% PBAT [N-1]. The form
density of PBAT increases as the concentration of TPS increases in the TPS/PBAT composite.
In particular, the forming density of [N-3] reaches its maximum at the forming temperature
of 80 ◦C, which is approximately 1120 kg/m3. However, the increasing temperature was
not ideal for the foam-forming process. Because of the high temperature, the microcellular
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structure of the composite form starts to shrink, which leads to poor elongation properties.
It can be found that 50% of TSP shows a 20% elongation with the lowest foam density of
340 kg/m3. A low foam density of the three blends occurs around the foaming temperature
of 100 ◦C, however, the foam density rises again when foaming temperatures are higher
than 100 ◦C. TPS is a material that is not easy to foam, especially CO2 as a foaming gas,
which is mainly used as a filler for biological materials.

 

Figure 3. Dependence of TPS/PBAT and (TPS with SA)/PBAT composite foam density under six
foaming temperatures and different foaming pressures. (a,c,e) Variation of composite foam density at
17 MPa. (b,d,f) Variation of composite foam density at 23 MPa.

Figure 3b shows the density change of TPS/PBAT composite foam obtained by im-
pregnating CO2 with TPS/PBAT composite at a foaming temperature range of 80 ◦C to
105 ◦C and a foaming pressure of 23.8 MPa. In Figure 3b, curves are representing the foam
densities of the [N-1], [N-2], and [N-3] composites. From the obtained results, the maximum
foam density of the composites at 80 ◦C was reduced from 1120 to 700 kg/m3 because of
the high-pressure environment; when the foaming temperature is 80 ◦C, compared with
other foaming temperatures. Similarly, as the foaming temperature continues to rise, the
density of all foams will continue to decrease until the foaming temperature is 95 ◦C. If
the foaming temperature rises again, the density of the foams will also increase slowly.
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The bubble structure cannot be supported, causing shrinkage (as shown in Figure S1). It
was found that the lower foaming density of this foaming pressure of 23.8 Mpa for the
composite [N-1] is about 300 kg/m3, occurring at a foaming temperature of 95 ◦C, and the
same foaming temperature varies as the TPS content increases. The foam density of the
composite will also increase with the increasing TPS content. The TPS/PBAT composite
system is more difficult to foam, however, the increase in foaming pressure will help the
density of the composite foam to decrease. However, the bonding between TPS and PBAT
was very poor, especially since the 80% TPS/20% PBAT blend is difficult to foam.

3.2.3. The Density of (SA/TPS)/PBAT Composite Foam

Figure 3c shows the density change of the 50% (SA/TPS)/50% PBAT composite under
the foaming temperature range of 80◦C to 105◦C, and the foaming pressure of 17 MPa
impregnated with CO2. This experiment uses an SA modifier to modify the terminal
functional groups of TPS, to verify whether it can promote the interface between TPS and
PBAT to produce better compatibility. In Figure 3c, there were three curves representing
the foam density of unmodified composite [N-1]: 50% TPS containing modifier SA addition
and is 5 PHR (PHR: per hundred resin (TPS)) combined with 50% PBAT [S-0.5], and 50%
TPS containing 10 PHR SA in TPS combined with 50% PBAT, [S-1]. Among them, [N-1]
foam has the highest foam density, while [S-0.5] and [S-1] show a foaming temperature of
100 ◦C and have a lower foaming density of 180 kg/m3 and 160 kg/m3, respectively. It was
proved that the SA concentration in TPS significantly modifies and improves physiological
modification, such as tensile strength, elongation, and foam density. While the foaming
temperature is higher than 100 ◦C, the density of the three kinds of composite foams all
have an upward trend, however, the density of [N-1] foam is comparatively high, which
also confirms the internal structure of the foam strength as poor.

Figure 3c,d used three types of the same composite and the same foaming temperature
and impregnation gas, while Figure 3d used a higher foaming pressure of 23.8 MPa. The
density of the three kinds of foam is under the same foaming temperature range, and the
changing trend of the density of the composite foam is similar to Figure 3c. However,
under higher foaming pressures, the density of the three types of composite foams is
relatively low; the [N-1] compound and [S-0.5] compound have the same lower foaming.
The low density of 300 kg/m3 and 200 kg/m3 occurred at the foaming temperature of
95 ◦C, whereas [S-1] shows the lowest foam density of 150 kg/m3 at a foaming temperature
of 100 ◦C.

3.2.4. The Influence of Foaming Temperature on the Density of Composite Foams with
PBAT in Different Ratios (SA/TPS)

Figure 3 shows the foam density of SA (10 PHR) surface-modified TPS mixed with a
PBAT polymer composite blend. At fixed pressure 17 MPa, the foam density of various
mixing ratios of SA/TPS and PBAT was investigated under changing temperatures. Mixed
weight ratios of 50%, 60%, 70%, and 80% SA/TPS were blended with 50%, 40%, 30% and
20% PBAT, as the mixed composites named [S-1], [S-2], [S-3] and [S-4], respectively. It can
be found that the addition of 50% (SA/TPS) can obtain the lowest foam density of about
160 kg/m3 at a foaming temperature of 100 ◦C. When (SA/TPS) is added at 60%, 70%, and
80%, the lowest foam density appears at the foaming temperature of 105 ◦C, and the foam
density is 250 kg/m3, 420 kg/m3, and 580 kg/m3, respectively. We found that increasing
the concentration of the SA/TPS composite ratio in PBAT polymer was unfavorable to
the foam composites, whereas the relative stability of the composites is also better, and
therefore, increases the temperature of the lowest foaming density.

A similar procedure was followed in terms of the high pressure 23.8 MPa conditions,
where it renders the four composites foam density changes values. Figure 3f shows that the
ratio of (SA/TPS) in the composites is 50%, 60%, and 70%, and the lowest foam density is
about 180 kg/m3, 220 kg/m3, and 450 kg/m3. When the ratio of 80% (SA/TPS) is mixed,
the lower foam density occurs when the foaming temperature is 105 ◦C, and the foam
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density is 520 kg/m3. It can be found from the research, however, that the (SA/TPS) ratio
is 70% and 80% of the composites if the foaming temperature of this experiment is 100 ◦C.
There is no obvious change in the foam density at a higher foaming temperature. When the
foaming pressure is 17 MPa, the density of the two-component composites foam shows a
downward trend rather than an upward trend. This means that the more the proportion
of (SA/TPS) in the composites is, the higher the heat resistance of the composites and the
smaller the change in foam density. However, the density of the foam is relatively high,
which means that (SA/TPS) is similarly filled in the composites. It is of little help to the
foaming process of the composites.

3.3. Appearance and Internal Structure of TPS/PBAT Composites Foam
3.3.1. Appearance and Internal Microstructure of PBAT Foam

Figure 4 shows the change of the foam impregnated with CO2 at the foaming tempera-
ture of 95 ◦C and the foaming pressure (a) 17 MP and (b) 23.8 MPa.

 

Figure 4. The changes in the foam impregnated with CO2 at the foaming temperature of 95 ◦C
and the foaming pressure (a) 17 MP and (b) 23.8 MPa. (c) The SEM image of the PBAT foams was
magnified by 50 times and 1000 times, respectively, at a foaming temperature of 95 ◦C and a foaming
pressure of 17 MPa.

For the appearance of the samples after foaming for 1 h, and stored at room tempera-
ture for 24 h, we were found that at the foaming temperature of 95 ◦C, the softer PBAT was
found to be smooth and the foam surface was flat and elastic, however, the foam volume
becomes larger as the foaming pressure increases.

After supercritical foaming, the foams were obtained from foaming pressures of
17 MPa and 23.8 MPa, and the initial appearance of the foam is without cracks. After 24 h
of storage, the foam became deformed and smaller in volume, which caused the material
damage. The reason, however, might be due to the carbon dioxide gas in the foam being
released into the atmosphere faster than the air in the atmosphere penetrates into the
foam, resulting in negative pressure created inside the foam during the cooling process;
however, the foam structure cannot support this negative pressure, which causes the foam
to shrink. Moreover, thermal expansion and contraction are also the reason. There was
a small residual temperature inside the foam even after 2 h. Although, after more than
20 h of cooling, the temperature of the foam continues to decrease, causing the volume to
continue to shrink.

Figure 4c is a SEM image of the internal microstructure of the CO2 foam impregnated
with PBAT at a foaming temperature of 95 ◦C and a foaming pressure of 17 MPa. The
depicted figures of PBAT foams were magnified by 50 times and 1000 times, respectively,
and it was found that PBAT foam was achieved with uniformly distributed bubbles under
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this foaming condition. Most of the bubbles have a pentagonal or hexagonal cross-section
and each bubble has obvious bubble walls, which means that the foam has a closed-cell
structure. Since the internal bubbles of the foam have a complete structure, the surface is
smooth, and the average bubble diameter is about 25 μm.

3.3.2. The Appearance and Internal Structure of TPS/PBAT Composites Foam

The photographic images in Figure S2a render the internal structure of the unmodified
[N-1] composite after the CO2 foaming process at a temperature range of 80–105 ◦C and a
fixed pressure of 17 MPa. We observed that the composite foams expand slightly, however,
the surface properties remain smooth and hard due to their high foam density value at
the foaming temperature of 80 ◦C. As the foaming temperature rises, the composite foam
continues to expand. However, as the foaming temperature rises to 100 ◦C, the surface of
the foam becomes uneven shapes that are relatively softer; therefore, raising the foaming
temperature results in the lowest foam density. However, at the foaming temperature of
105 ◦C, the shape of the foam is completely distorted and rigid, the appearance of the foam
surface becomes more rough and uneven, the flexibility of the foam deteriorates, and the
volume is severely collapsed.

Figure S2b,c shows the photographic images of the unmodified composites [N-2] and
[N-3], respectively. It was found that at the low foam temperatures of 85 ◦C and 90 ◦C, the
composite foams only slightly expand, whereas the surface properties remained unchanged.
When the foaming temperature rises, the expansion of the [N-2] foam is slightly larger than
that of the [N-3] foam. The appearance of the two foams is distorted and deformed while
the foaming temperature rises to 100 ◦C and 105 ◦C. Among them, the [N-3] foam has no
flexibility, and the surface of the foam is rough, which is close to no foaming. Whereas,
performing the same process under 23.8 MPa pressure conditions, the [N-1] foam volume is
comparatively larger than at 17 MPa pressure conditions. Similarly, the surface of the [N-1]
foam becomes a more rough and uneven shape. The photographic image was included
in the supporting information (Figure S3a). The other two composites, [N-2] and [N-3],
also produced a similar trend, as seen in Figure S3b,c. Although, at this higher foaming
pressure, the softness of the foams was slightly better than the composites at the low
foaming pressure of 17 MPa. However, the overall softness of the foam is still very poor,
the surface is rough, and the density of the foam is still relatively high.

Figure 5a–c renders the cell structures of the [N-1], [N-2], and [N-3] foams made at the
foaming temperature of 95 ◦C and the fixed foaming pressure of 17 MPa. Many large cells
or pores and small TPS particles scattered in the foam were observed in Figure 5a. Large
cells, more than 100 μm, and small cells of less than 20 μm coexist in the foams; furthermore,
the cell wall is not intact and has tiny holes. Unreacted TPS particles can be seen clearly
and the boundary between the TPS particles and cells is also very distinct. Moreover, the
bubble size distribution of this foam is not uniform, where the diameter of the large bubbles
was 10 times bigger than the small bubbles. Using the higher magnification SEM image,
the bubble structure of the foam cannot show complete bubbles like the foam of PBAT
in Figure 4c can. The bubble structure of this foam is inconsistent and the bubble wall
is broken or merged with the neighboring bubbles, resulting in a large size pore volume.
This is called the open-cell structure of the bubbles. Furthermore, the bubbles of the PBAT
composites foam were affected by the undissolved TPS particles. Therefore, the degree of
open-cell structure of the foam was much higher than that of the PBAT foam.
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Figure 5. The SEM images of cell structure (a) [N-1], (b) [N-2], and (c) [N-3] at the foaming tempera-
ture of 95 ◦C and the foaming pressure of 17 MPa.

The cell structures for the [N-2] and [N-3] foams are shown in Figure 5b,c, respectively.
It is not surprising that the addition of untreated TPS into PBAT improves the foam
density. However, an increased concentration of TPS results in the undissolved particle
agglomeration in the PBAT composite, such as the [N-2] and [N-3] composites showing
50 μm and 10 μm large and small pore volumes, respectively. Meanwhile, there are fewer
incomplete bubbles in the foam were observed. Therefore, the obtained SEM image shows
the uneven surface with a high open-cell structure, which causes the hardness and rigidity
of the foams. It was figured that in the TPS/PBAT foam-forming process under supercritical
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CO2, the formed foam cells were particularly dependent on the PBAT rather than TPS. In
Figure 5, it is proved that in the [N-1], [N-2], and [N-3] composites formed by unmodified
TPS with PBAT, TPS seems to be used as a filler and has poor compatibility with PBAT. The
mechanical properties of the composite will also deteriorate.

3.4. Appearance and Internal Structure of (SA/TPS)/PBAT Composites Foam
3.4.1. The (SA/TPS)/PBAT Composite Foam Appearance and Internal Structure

To improve the interfacial diffusion between the TSP and PBAT polymers, a surface
grafting regent (SA) was introduced. Initially, two various fractions of SA were used to
modify the surface of 50% TPS, such as [S-0.5] and [S-1]. Figure S4’s photographic images
of [S-0.5], and [S-1] are shown. The composite foams were produced under the same
operating temperature and CO2 foaming gas was passed at a fixed pressure of 17 MPa. The
foam sample become softer and improved the elastic behavior. Among the series of foams,
foaming temperatures of 95 ◦C and 100 ◦C formed samples exhibiting a large pore volume
with the lowest foam density. However, we have noticed a slight surface roughness on
these foams. When the foaming temperature continuously rises to 105 ◦C, the structures’
appearance of foams for (a) [S-0.5] and (b) [S-1] are slightly deformed. However, when
compared to the unmodified TPS/PBAT foams, this SA-modified TPS/PBAT provides
better tensile strength and elongation properties.

At the same operational temperature, the foaming process was elevated to 23.8 MPa.
The obtained results reveal the uneven surface as per the temperature raise (Figure S5).
Furthermore, the large volume of foams occurred between a 90 ◦C to 100 ◦C temperature
range; however, this resulted in foams becoming soft with slight surface roughness. When
the foaming temperature is 105 ◦C, the volume of the foam tends to shrink. Thus, the
foaming pressure seems to tend to increase the volume of the composites foam at the
same foaming temperature, however, it is not conducive to high-temperature foaming at
105 ◦C. Figure S6a,b shows the cell structure of [S-0.5] and [S-1] composite foams at fixed
parameters of 95 ◦C and 17 MPa foaming temperature and pressure. The surface of the TPS
particles in the [S-0.5] foam (as shown in Figure S6a) is rougher than the surface of the TPS
particles in the [N-1] foam (as shown in Figure 5), such as the surface of the unmodified
TPS mixed foam. Although the TPS particles were modified with 5 PHR SA, the interface
between this particle and PBAT was not clear. The TPS particles are uniformly dispersed
inside the foam, however, the particle size is not uniform. The diameter of the TPS particles
presented is less than 25 μm or greater than about 200 μm. Although the 5 PHR SA can
increase the compatibility of TPS and PBAT, it limits the dispersion of TPS in PBAT. Most
of the bubbles have a closed-cell structure; therefore, the bubble wall between the bubbles
is obvious, and consecutively the bubble size distribution is relatively consistent. The
SEM image shows that the average bubble diameter is about 10 μm, which is also the
performance of good compatibility between TPS and PBAT.

The cell structure in Figure S6b shows that the boundary between TPS and PBAT
becomes fuzzier when compared with Figure S6a; especially with the distinct small (TPS
with SA) particles from PBAT being difficult, and the surface of the (TPS with SA) particles
is surrounded by many small cells that are less than 10 μm in diameter. Most of the cells in
Figure S6b’s foam are closed cells. The phenomenon can be explained by the compatibility
and miscibility in [S-1] having dramatically enhanced. However, large pores are also
observed in Figure S6b, which indicates that compatibility decreases between large (TPS
with SA) particles and PBAT. Therefore, the dispersion of (TPS with SA) in PBAT is also an
important factor.

3.4.2. The Appearance and Internal Structure of (SA/TPS)/PBAT Foams with Different
(SA/TPS) Ratios

Figure 6 shows the appearance of foams with different ratios (10 PHR SA/TPS) and
PBAT composite at three foaming temperatures (at 95 ◦C, 100 ◦C, and 105 ◦C) and a
foaming pressure of 23.8 MPa impregnated with CO2. After the surface-modified 10 PHR
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SA/TPS mixture was mixed with different ratios of PBAT to form the composite foams,
such as [S-2], [S-3], and [S-4], it was observed that the volume of the foam decreased as
the proportion of 10 PHR SA/TPS increased. This study was carried out at three foaming
temperatures. As the foaming temperature rises, the volume of the foam increases. The
volume expansion changes of [S-2] were the most obvious. However, for [S-4], the volume
of the foam only slightly increased. This phenomenon proves that, when the TPS content
reaches 80%, the interface between TPS and PBAT is still intact from the internal structure
of the foam. Therefore, it is further confirmed that the addition of a modifier provides
more compatibility between TPS and PBAT. When the proportion of TPS in the composite
material is higher, it is easier to disperse in the composite material. Because the more
reactive functional groups, PBAT and TPS are easier to connect with each other, the reaction
makes the compatibility better.

 

Figure 6. The appearance of foams with different ratios (SA/TPS) and PBAT composite (a) [S-1],
(b) [S-2], and (c) [S-3] at three foaming temperatures and a foaming pressure of 23.8 MPa impregnated
with CO2. (d) Comparing the foam appearance characteristics and flexural limitations of the [S-4]
before and after.

The SEM image shows that the TPS in the composite foams becomes a continuous
phase, the large pores become less, and more TPS particles with extended shapes are found,
which is proof of the better compatibility between the two. However, the unmodified
TPS (such as N-3) composite material with 70% TPS content exhibits poor mechanical
properties, whereas the SA-modified TPS foam has excellent flexibility after being folded
even at higher concentrations. The very different material properties before and after
foaming are illustrated.

Moreover, Figure S7 shows the appearance of the foam under the foaming temperature
of 105 ◦C and different foaming pressures of 17 and 23.8 MPa impregnated with CO2, as
shown in Figure S7a–c, for [S-2], [S-3], and [S-4], respectively. At the same foaming
temperature under 23.8 MPa, the three types of composites have a larger foam volume
than the foaming pressure of 17 MPa. However, the surface of the foam deteriorates and
large bubbles were generated. Whereas, the high proportion [S-4] foam provides a smaller
volume than flat surface foam; although [S-4] has the least amount of foaming volumes, and
the foam has flexural limitations, as shown in Figure 6d. The un-foamed composite board
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is easy to break, but the foamed board is not easy to break and has advantageous flexibility
after bending, which also illustrates the different material properties after foaming.

The surface morphology change of the [S-1], [S-2], [S-3], and [S-4] composites at a low
foaming pressure of 17 MPa with a fixed foaming temperature of 95 ◦C were depicted in
the SEM image (Figure 7). Figure 7a shows that the composites [S-1] and [S-2] foams have
similar internal structures with large pores, but the [S-1] foam contains smaller bubbles.
Although these two foam shows a closed-cell structure without particle agglomeration,
the bubble diameter of the [S-2] foam is about 15~20 μm. In addition, compared with the
unmodified [N-2] foam (as shown in Figure 5b), the existence of complete bubbles cannot
be seen.

 

Figure 7. The SEM images of cell structure at the foaming temperature of 95 ◦C and the foaming
pressure of 17 MPa. (a) [S-2], (b) [S-3], and (c) [S-4].
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Figure 7b shows that [S-3] has large pores inside the foam and tends to decrease.
Besides the large holes, the bubble size is still uniform. However, the shape of the bubble is
slightly deformed, and it is no longer the pentagonal or hexagonal shape of normal foam.
The bubbles are mostly closed-cell structures, and the interface with PBAT remains intact
without gaps, which can be judged as good compatibility. Because of the high fraction of
surface-modified SA/TPS, the foam expanded with more bubbles, and the foam bubble
diameter is about 15–20 μm, even though the un-foamed areas were also found.

When combining the SA/TPS with PBAT, the functional group of SA forms a cross-
link with PBAT and reduces the pore size, whereas the unmodified TPS with PBAT foam
exhibits large pores with a broken cell structure.

Many (SA/TPS) large particles are not spherical (instead, it is a special shape, as
shown in Figure 7b). Because of the compatibility of TPS with PBAT after modification; it
appears to be one phase by SEM. However, surface unmodified TPS is incompatible with
PBAT and obtained SEM images appeared with two phases. Many (SA/TPS) large particles
are not spherical and are typically incompatible.

Figure 7c shows that the surface of [S-4] foaming still occurs in the composite; here,
the size of the bubbles inside the foam is more delicate, and compared with the other foams,
it has fewer larger pores. However, the shape of the bubbles is deformed and the bubbles
are mostly closed-cell structures, and the bubble diameter is about 10~15 μm. The [S-4]
composites solution shows a complete dispersity of SA/TPS due to the high SA content.
As the (SA/TPS) material has more reactive functional groups, it is easier for PBAT and
(SA/TPS) to contact each other to cause a reaction and better compatibility. Figure 7c shows
more (SA/TPS) particles of special shape and fewer large pores in the foam, which is proof
that PBAT and (SA/TPS) have better compatibility.

3.5. Mechanical Properties of the TPS/PBAT and the (SA/TPS)/PBAT Composites Foam

Table 2 show the ultimate tensile strength and elongation break and foam density for
the unmodified foams [N-1], [N-2], and [N-3] and the surface-modified foams [S-1], [S-2],
[S-3], and [S-4], respectively. These various composite foams are produced at the foaming
temperature of 95 ◦C and the foaming pressure of 17 MPa. The unmodified TPS/PBAT
composites have approximately 4% of the ultimate tensile strength and elongation at the
break for these three TPS/PBAT foams and become much shorter. However, the surface-
modified foams show increased ultimate tensile strength, such as the [S-1], [S-2], and [S-3]
blended foams as being about 4 times, 2.5 times, and 2 times larger than that of the [N-1],
[N-2], and [N-3] blended foams, respectively, although, the elongation at break becomes
decreased. The foam density of the (TPS with SA)/PBAT blend has the same trend as
that of the TPS/PBAT blend. In general, the ultimate tensile strength of the (TPS with
SA)/PBAT blends is basically better than that of the TPS/PBAT blends; however, the two
types of blends generally have a similar elongation at break (shown in Table 3).

Table 2. The mechanical properties of the (SA/TPS)/PBAT composites foam.

[N-1] (F) [N-2] (F) [N-3] (F) [S-1] (F)
[S-2]
(F)

[S-3]
(F)

[S-4]
(F)

Tensile
strength

(kPa)

226
±35

392
±44

539
±48

883
±45 1030 ± 52 1157 ± 40 1236 ± 55

Elongation
(%) 20 ± 3 9 ± 1 2 ± 1 37 ± 3 22 ± 2 13 ± 2 10 ± 1

Foam density
(kg/m3) 349 ± 2 540 ± 1 897 ± 1 187 ± 3 287 ± 2 515 ± 2 663 ± 1
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Table 3. The mechanical properties of the TPS/PBAT composites.

[N-1] [N-2] [N-3] [S-1] [S-2] [S-3] [S-4]

Tensile strength
(Breaking point)

(kPa)
226 ± 35 392 ± 44 539 ± 48 883 ± 45 1030 ± 52 1157 ± 40 1236 ± 55

Elongation
(%) 20 ± 3 9 ± 1 2 ± 1 37 ± 3 22 ± 2 13 ± 2 10 ± 1

4. Conclusions

This research has successfully developed a highly flexible and compatible starch-based
foam using supercritical carbon dioxide. This research completely covers the foam-forming
optimization steps, including various foaming temperatures under two different pressures.
Furthermore, blending ratios of the surface-modified (SA/TPS) and unmodified (TPS)
starch were optimized with the PBAT foam. The results show that with the addition of
surface-modified SA/TPS starch to PBAT, the composite foam turns into a soft altered foam
density with improved elongation strength and tensile properties for flexible application.
We also observed that the unmodified (TPS/PBAT) composite is not suitable for the foam
to form due to its poor interface formation with PBAT. However, when compared to the
internal microstructure, the SA/TPS/PBAT composite foam shows a uniform bubble with
an average diameter of 25 μm and a closed-cell structure. Therefore, (TPS with SA)/PBAT
blended foams exhibit lower foam density and better tensile properties than those of
TPS/PBAT blended foams. In addition, this research can be applied to thermoplastic starch
biodegradable foaming materials, combined with supercritical foaming green process
technology, to develop starch composite foaming materials. This foam-forming processing
technique could be used in electronics packaging materials and has medical equipment
application potential in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14101952/s1, Figure S1: The SEM images of cell structure
at the foaming temperature of 95 ◦C and the foaming pressure of 23.8 MPa, Figure S2. Dependence
of TPS/PBAT foam appearance on six foaming temperatures and the foaming pressure of 17 MPa,
Figure S3. Dependence of TPS/PBAT foam appearance, Figure S4. Dependence of (TPS with SA)/
PBAT foam appearance, Figure S5. Dependence of TPS/PBAT foam appearance on six foaming
temperatures and the foaming pressure of 23.8 MPa, Figure S6. The SEM images of cell structure,
Figure S7. The appearance change of the foam under the different foaming pressure of 17 and
23.8 MPa.
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Abstract: The development of antimicrobial polymers is a priority for engineers fighting microbial
resistant strains. Silver ions and silver nanoparticles can assist in enhancing the antimicrobial
properties of microcapsules that release such substances in time which prolongs the efficiency of
antimicrobial effects. Therefore, this study aimed to functionalize different polymer surfaces with
antimicrobial core/shell microcapsules. Microcapsules were made of sodium alginate in shell and
filled with antimicrobial silver in their core prior to application on the surface of polymer materials
by dip-coating methodology. Characterization of polymers after functionalization was performed by
several spectroscopic and microscopic techniques. After the characterization of polymers before and
after the functionalization, the release of the active substances was monitored in time. The obtained
test results can help with the calculation on the minimal concentration of antimicrobial silver that is
encapsulated to achieve the desired amounts of release over time.

Keywords: microcapsules; dip coating; encapsulation; spectroscopy; microscopy; antibacterial silver

1. Introduction

Microorganism strains that are resistant to a wide range of antibiotic-based penicillin
drugs are known as the members of the “super-bugs” group. Conventional drugs that are
often used cannot harm them, so they (e.g., methicillin, dicloxacillin, nafcillin or oxacillin)
are not efficient against special strains of Staphylococcus aureus. The problems with antimi-
crobial resistance become even more important during the COVID-19 pandemic, since more
people were hospitalized and suffered from compromised immune systems. The size of
the nanoparticles in the antimicrobial coatings is much smaller than the size of the bacteria
which is crucial for effective penetration through the cell wall and causes undesirable effects
on microorganisms [1,2].

Silver is a powerful antimicrobial reagent [3–6]. During polymer surface modifica-
tion, different techniques are used for characterization [7–13]. The most frequently used
methods are different varieties of spectroscopic techniques [14–18]. In addition, liquid or
ion chromatography helps with efficient sample preparation and the analysis of particular
metal ions [19–23]. However, for complex samples such as encapsulated nanoparticles, the
combination of different methodologies is needed.

Although the process of microencapsulation technology originates from the 1940s,
during the last 10 years, encapsulated products have been extensively used in many indus-
tries, such as the agricultural, food, cosmetic and textile industries. In medical applications
in particular, microencapsulated materials are showing an increase in the market since they
can offer the prolonged release of the active compounds [3]. The encapsulation process is a
technique in which the small particles are surrounded by the desired coating, resulting in a
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typical diameter of around 2 to 2000 μm. The average thickness of the walls is 0.5–150 μm
and the core can contain 20 to 95% of the total weight. The choice of the methodological
encapsulation technique depends on the desired purpose of the microcapsules.

There are many advantages of microencapsulation, and the most prominent are: the
protection of the inner active species, controlled release, practical handling and targeted de-
livery. There are different varieties of encapsulation procedures, such are physical processes
(air suspension coating, coextrusion with submerged or stationary nozzle, rotating disk
atomization, spray drying or spray cooling), but also a variety of chemical encapsulation
processes (matrix polymerization, liposome technology, simple or complex coacervation,
solvent extraction, evaporation of solvents and others. Encapsulation by coacervation is a
technique that involves production of core–shell microcapsules by using the interaction of
oppositely charged polyelectrolytes in aqueous form. It is characterized by high payload
and high encapsulation efficiency (higher than 99%), relatively low costs, and ability to
use ambient room temperature and pressures [24]. Coacervation is a process in which an
electrostatic interaction between two aqueous media occurs. There are many different types
of hydrophilic polymers such as sodium alginate, gelatin, and chitosan that are usually
used for the creation of polymeric micro-or nano-capsules [25].

Coacervation includes phase-separation for creation of two separated liquid phases.
The first of them consists of a polymer-rich phase (coacervate) and the second one of
polymer-depleted phase (equilibrium solution). Therefore, the process of coacervation can
be used for both polar and non-polar species. In the case of more complex coacervation
systems, an active ingredient can be encapsulated by the combination of two species, such
as gelatin and gum arabic or sodium alginate and chitosan [26]. Chitosan is insoluble in
alkaline pH medium, but it precipitates in contact with an alkaline solution. During this
reaction, the particles are produced by adding the chitosan into an alkali solution using
a compressed air nozzle. Lastly, the separation of encapsulated particles is achieved by
filtration [27].

Coacervation is one of the oldest and most widely used techniques of microencapsula-
tion. Based on the process, it can be divided into simple coacervation (using colloidal gelatin
or chitosan, and complex coacervation in which the polymeric solution is prepared from
two oppositely charged colloids, such as gelatin with gum arabic or chitosan (Table 1) [28].

Table 1. Shell and core materials used in simple and complex coacervation for textile applications.

Simple Coacervation

Polymer Coacervation Agent Active Substance

Chitosan NaOH Antimicrobial silver, essential oil
Chitosan Sodium dodecyl sulphate Antimicrobial silver, linseed oil
Chitosan Sodium tripolyphosphate Antimicrobial silver, honey, vitamins

Complex coacervation
A Polymer B Polymer Active substance
Gum arabic Gelatin Antimicrobial silver ions
Gum arabic Chitosan Antimicrobial silver, oils, perfumes, dyes

Chitosan Gelatin Antibacterial silver, essential oils

After creating antimicrobial microcapsules filled with silver active substances, such
microcapsules need to be fixed at the surface of the polymer materials [28–31]. Dip-coating
immersion is a process that is ideally fitted for such purpose since in it the substrate is
immersed in a liquid and then extracted at a certain speed at a controlled temperature and
atmospheric conditions. Antimicrobial components are present in the liquid form [32–34].
Recent focus is on the application of gold or silver nanoparticles [35–37] and for the char-
acterization of such materials particular methodology and combination of spectroscopic
and microscopic techniques is needed [38–40]. The process has three stages, which include
immersion of the substrate, the forming of a wet layer and drying of the coating by solvent
evaporation. Immersion is very slow, allowing the coating to be oriented into a more
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favorable, denser structure. Evaporation of the solvent can cause destabilization if it is not
performed under favorable conditions. During this process the cross-linking occurs, in
which the coating becomes stiffer and the resulting gel is glued by heat, while the coagula-
tion temperature itself depends on the composition [41–43]. Many different parameters
influencing the outcome and the thickness of the film during immersion exist; these are
the viscosity of salts, surface tension, and pressure. By optimizing these parameters, the
efficient adhesion of microcapsules is fixed to the surface of the polymer. Moreover, the
antimicrobial effects are enhanced with silver nanoparticles [44–46]. Colloidal nanoparti-
cles have many benefits [47–50], and their characterization is achieved with sophisticated
methodology [51,52].

The antimicrobial core of microcapsules contains silver. Interesting work from Pandey
et al. [6] has shown that the method of stabilization of silver nanoparticles strongly influ-
ences antimicrobial properties. In their research, the silver nanoparticles (AgNPs) were
even more toxic to bacteria than to other microorganisms like fungi [6]. Thus, the stabiliza-
tion of silver nanoparticles has broad antibacterial applications [7–11]. Encapsulated active
species need to be glued to the surface of the polymers, and this is achieved by dip-coating
methodology which uses the sol–gel mechanism of binding microcapsules to the textile
carrier [53–56].

The sol-gel is one of the oldest procedures used on thin films. It results in a uniform
coating that is very suitable for antimicrobial protection [57]. Due to their properties, mi-
crocapsules can be used in various branches of industry [58]. It is therefore not surprising
that several studies are being conducted aimed at developing formulations intended for
healthcare, especially as an integral part of textiles [59,60]. This work was focused on the
functionalization of polymer surfaces by microcapsules filled with antimicrobial silver. The
novelty and significance of this work included functionalization of the polymer surface
not directly with nanoparticles, as is conventionally performed, but with shell/core micro-
capsules filled with antimicrobial silver compounds that enable release of antimicrobial
silver in time and by this enhances the efficiency of the antimicrobial properties of the
functionalized polymer. More precisely, this work is in optimization of the microencapsula-
tion process through two steps of simple and complex coacervation for further effective
functionalization of polymers by dip-coating methodology.

The main hypotheses of our work are the following: (i) antimicrobial microcapsules
can be prepared with antimicrobial silver in different sizes and chemical compositions;
(ii) the microcapsules can be easily applied on the surface of the polymers by dip-coating
methodology; and (iii) novel materials with microcapsules release Ag in time, so they can
be used as medical materials.

2. Materials and Methods

2.1. Materials and Instrumentation

In this investigation, the following reagents of highest purity were used: the dithi-
zone, 1,5-diphenylthiocarbazone (C13H12N4S) manufactured by Merck (Darmstadt, Ger-
many), Ethanol 96% (C2H5OH) manufactured by Gram-Mol (Zagreb, Croatia), silver nitrate
(AgNO3) manufactured by Gram-Mol (Croatia), zinc sulfate 7-hydrate (ZnSO4 × 7H2O)
manufacturer Gram-Mol (Zagreb, Croatia), 3-glycidyloxypropyltrimethoxysilane (GLYMO,
98%) manufactured by Aldrich Chemicals, sodium alginate (C6H9NaO7) manufacturer
Sigma-Aldrich for testing.

Buchi Encapsulator B-390 manufacturer Buchi Labortechnik AG (Flawil, Switzerland)
was used for encapsulation. Heidolph Unimax 1010, manufactured by Heidolph Instruments
(Schwabach, Germany), was used to mix the aqueous medium with the microcapsules. A
two-beam UV/VIS Lambda 20 spectrometer manufactured by Perkin Elmer (Waltham, MA,
USA) was used to perform spectroscopic analysis. During the measurements, 10 mm quartz
cuvettes manufactured by Perkin Elmer (Waltham, MA, USA) were used.

The samples after microcapsulation were tested using high-resolution optical mi-
croscopy (Tescan Vega company, Brno, Czech Republic) and afterwards a scanning elec-
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tronic microscope “TESCAN VEGA TS5136LS” with an EDS detector. A microphotograph
obtained from SEM microphotograph of encapsulated antimicrobial silver, as well as EXD
analysis of the samples core and shell parts, are presented in the Results section.

2.2. Microencapsulation of Antimicrobial Silver

In this work, the encapsulation of the silver-filled microcapsule samples was per-
formed by simple coacervation, within the sodium alginate samples that contained zinc
sulfate 7-hydrate in its outer shell. Microcapsulation is a process that involves the sep-
aration of a macromolecular solution into two immiscible liquid phases: the first is a
denser coacervate phase and the second one is a diluted equilibrium solution. Four basic
steps are carried out under stirring and are presented in Figure 1 including: (1) disper-
sion of the active substance into a solution of a surface-active colloid; (2) precipitation
of the colloid onto the dispersed droplets; (3) addition of a second colloid to induce the
polymer–polymer complex coacervation; and (4) stabilization by adding a cross-linking
agent chitosan (Figure 1) [28].

(A) 

 
(B) 

Figure 1. (A) Steps in encapsulation by coacervation prior the functionalization, (B) encapsulation
apparature Buchi Encapsulator B-390 manufacturer Buchi Labortechnik AG (Flawil, Switzerland)
(A—500 mL bottle with encapsulating agent; B—magnetic vibrator; C—heater; nozzle at the bottom;
D—solidifying agent).

In this work, the encapsulation of the silver-filled microcapsule samples was per-
formed by reaction in which polymer anions react with polyvalent cations, whereupon
an outer shell is formed. The process is most commonly done with the aid of external
ionotropic method who’s steps are presented in Figure 1, including: (1) polymer droplets
containing an active ingredient are immersed in a homogenous solution containing the
crosslinker; (2) crosslinker interacts with the polymer; (3) formation of the outer shell [28].
Encapsulation was performed under the following conditions: pressure 530 mbar, ampli-
tude 5, frequency 2000 Hz and heating 50 ◦C. During the encapsulation, the occurring
droplets of the solution were falling into the zinc sulfate 7-hydrate solution. After com-
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pletion of encapsulation, the resulting microcapsules were stirred for 60 min, filtered and
washed with distilled water. The resulting microcapsules had a core filled with silver ions,
and a shell composed of sodium alginate and zinc sulfate 7-hydrate. The encapsulation
procedure was performed using a Buchi Encapsulator B-390. To perform the encapsulation,
it was first necessary to prepare a solution of sodium alginate with a concentration of 1.5%,
and a solution of zinc sulfate 7-hydrate with a concentration of 1M. A 1.5% sodium alginate
solution was prepared by dissolving 7.50 g of sodium alginate in a 500 mL volumetric flask
with distilled water.

Zinc sulphate 7-hydrate, on the other hand, was prepared by weighing 143.77 g of
zinc sulphate 7-hydrate into a 500 mL volumetric flask, then adding water to the mark after
which the contents of the volumetric flask had to be shaken well. After the sodium alginate
was dissolved, a solution of sodium alginate and AgNO3 was prepared. For this purpose,
AgNO3 weighing 0.0332 g was dissolved in a solution of sodium alginate with a volume
of 100 mL, with stirring on a magnetic stirrer. The dissolution process was performed for
30 min. After dissolution, the solution had to be filtered using vacuum filtration. Prior to
the encapsulation procedure, 100 mL of zinc sulfate 7-hydrate solution was poured into a
600 mL beaker. Zinc sulfate 7-hydrate served as a solidifying agent in the encapsulation
process. In a 500 mL bottle, 100 mL of the filtered solution was poured, which, thanks to
nitrogen pressure, passed through a silicone tube all the way to a 20 μm diameter nozzle.
When passing all the way to the nozzle, a silicone tube passes by a heater that heats the
solution, thus preventing the solution from clotting in the nozzle. At the same time, a
magnetic vibrator was used to ensure the formation of as many microcapsules as possible.
The encapsulator with the indicated parts is shown in Figure 1.

During encapsulation, droplets of the solution fall into the solidification solution,
i.e., zinc sulfate 7-hydrate solution. After completion of encapsulation, the resulting
microcapsules were stirred for 60 min to ensure solidification. After solidification, the
microcapsules were filtered and washed with distilled water. The resulting microcapsules
had a core composed of AgNO3, and a shell with zinc sulfate 7-hydrate. The microcapsules
were purple, but staining caused by the presence of AgNO3 occurred.

After 30 min, the spheres were filtered, rinsed and stored in a cool and dark place
prior to the characterization. Part of the microcapsules was dispersed in chitosan solution
(0.5% CS in 1.0% CH3COOH) under constant stirring (magnetic stirrer). The contact time
between microspheres and chitosan solution was about 30 min to give chitosan time to
form a layer around the microspheres and formation of microcapsules. Microcapsules
were filtered, rinsed and stored in a cool and dark place prior to the characterization. A
number of the microcapsules were allowed to air-dry at room temperature to reach their
equilibrium moisture content.

2.3. Monitoring of the Release of Silver Ions

The active substance is released from the microcapsule by diffusion, rupture or disso-
lution of the coating. In this case the active substance, Ag+ cations, is released by diffusion.
To perform diffusion, it was first necessary to weigh, into a 100 mL beaker, 1 ± 0.0001 g of
microcapsules. Random sampling was used to select microcapsules. After the weighing,
20 mL of distilled water was added via a pipette. A total of 23 aqueous solutions prepared
in this way were used for testing. Afterwards, the solutions were shaken. The Unimax
1010 (manufacturer Heidolph instruments, Schwabach Germany) instrument was used
for shaking. The shaking conditions were: default shaking speed 4 (the instrument has
10 possible speeds); shaking time 60 min; no heating. After 60 min, the solutions were
filtered to separate the microcapsules, as microcapsules can disrupt spectrometric analysis.

2.4. UV-VIS Characterization

To monitor the course of the analysis, and to determine the concentration of Ag+ cation, it
is necessary to make a calibration diagram, i.e., the calibration curve. To perform quantitative
and qualitative analysis, a two-beam UV/VIS Lambda 20 spectrometer was used. The test
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was performed in the UV and visible range, i.e., in the wavelength range 190 to 900 nm. Since
the test was performed in the UV range, cuvettes made of quartz were used.

Before the test, the dithizone solution had to be diluted 1:9 with distilled water in a
10 mL volumetric flask. At the same time, the microcapsules contain zinc sulfate 7-hydrate,
so it is possible that Zn interferes with the determination of silver. In order to reduce
interference, i.e., to better detect the signal from the Ag+ cation, the standard addition
method was used. The standard addition method involves adding a standard solution
of known concentration to a volumetric flask containing the test solution. In order to
perform the UV-VIS spectroscopical investigation of colorless silver solution, first it was
necessary to create a colored complex with dithizone (diphenylthicocarbazone), Sodium
diethyldithiocarbamate, 4-(2-Pyridylazo) resorcinol monosodium salt, and Methyl N-[α-
(8-hydroxy-7-quinolyl) benzyl] anthranilate. Dithizone, a complex compound that can be
dissolved in carbon tetrachloride, chloroform, and 96% ethanol, was used for testing [61].
To avoid the use of toxic chemicals such as carbon tetrachloride and chloroform [62,63],
0.07% dithizone solution was used for testing purposes, which had to be filtered before use
to remove residual dithizone residues. In the analysis, it is important to keep in mind that
dithizone itself is not selective and reacts with all metals present in the test solution [63].
Before performing the analysis, it was necessary to make a calibration diagram. For the
purpose of making the calibration diagram, a titron of AgNO3 with a concentration of
0.1 M was used as a standard solution. The calibration diagram was made in the following
concentrations of standard solution c1 = 4.444 × 10−3 M; c2 = 8.888 × 10−3 M; c3 = 0.0178 M;
c4 = 0.0222 M; c5 = 0.0444 M. Standard solutions were added with dithizone to 25 mL
volumetric flasks in a 1:1 volume ratio, achieving an excellent correlation of the calculated
absorbances.

2.5. Chromatographic Characterization

The TLC method was developed for the analysis of metal ions that can be extracted
from the microcapsules. During preliminary experiments, more than 30 stationary phases
were investigated with different mobile phases. Hydrochloric acid and water were added
to create optimal solvent mixtures. The chromatographic method used contained ACN,
HCl, and H2O in 60.00:19.17:20.83 v/v%, respectively.

2.6. Dip Coating of Polymers with Antimicrobial Microcapsules

The dip-coating process was performed in a following manner: firstly the sol was
stirred magnetically to obtain optimal molar ratio of GLYMO to water, based on our previ-
ous experience to retain textile character (hand value, softness, etc.) [42,47,55]. Important
parameters for the sol–gel properties (precursor, types of catalysts and solvent, molar
ratio of precursor to solvent, pH value, and temperature) were also based on physical and
chemical character of the chosen precursor GLYMO and catalyst, HCl.

Secondly, the solution of distilled water and ethanol was thoroughly mixed, since volatile
substances can be removed from sol by evaporation before or during condensation. Then,
GLYMO was added and the process was carried out under continuous magnetic stirring until
a homogeneous solution was obtained. Thirdly, the samples were cut as to be in 5 × 5 cm2

in size in order to go through the dip-coating process on a custom-made apparatus with the
predetermined drawing speed of 1 mm/s. Lastly, such modified samples were left to gel
at room temperature for 24 h, and were then dried at 100 ◦C for 1 h. For the antimicrobial
treatment effects, silver ions originating from silver nitrate were added to the sol carefully and
in small amounts, under higher mixing speed. The process was carried out under continuous
magnetic stirring until a homogeneous solution was obtained.

The detailed description of the surface modification by using the sol-gel procedure
was optimized in our previous work [47] where we introduced the technology of poly-
mer functionalization by 3-glycidyloxypropyltrimethoxy-silane (GLYMO, Sigma Aldrich,
Darmstadt, Germany, Europe). Nanoparticles in microcapsules were left to gel at room
temperature and then heated at 100 ◦C for 60 min. Such modified products were charac-
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terized by different instrumental techniques, including thin layer chromatography (TLC),
scanning electron microscopy with an EDX detector (SEM-EDX, Tescan Vega, Brno, Czech
Republic), and FTIR-ATR (Perkin Elmer, Waltham, MA, USA) spectroscopy [47]. In this
work, the results of modification by microcapsules filled with silver compounds will be
shown. There are many crucial factors that influence the efficiency of the functionalization
process: the speed of immersion, concentration and related viscosity of solutions, the sur-
face tension, and the sample dimensions [43]. Dip coating was applied on both woven and
nonwoven polymers. The important working parameter was the molar ratio of GLYMO to
water, which was chosen based on the experimental results obtained. We observed that
1:1.5 is the stoichiometric ratio for total condensation of the alkoxide groups and 1:3 is
the stoichiometric ratio for total hydrolysis of the alkoxide groups. The optimal molar
ration was chosen from the obtained resulting surface: for example, the goal to sustain the
homogenous distribution of antibacterial silver on the coating, smooth touch, optimal shine
and the most flexible surface coating that resists force without cracking, was associated
with optimized system parameters.

The last working parameter that influenced the dip-coating process was the composi-
tion of the sample. It was determined in accordance with the standard norm procedure
ISO 1833.22. The sample was composed of cellulose fibers. Mass per unit was determined
in accordance with the ISO 2286-2 and found to be 186.7 g m2. No preparatory process on
the textile substrate before dip-coating was performed (scouring, bleaching, or others).

2.7. FTIR Spectroscopical Characterization

FTIR characterization of polymers functionalized with antimicrobial microcapsules,
was done by Fourier transform infrared spectrometer (Spectrum 100 FTIR, Perkin Elmer,
Waltham, MA, USA), which applies KBr and Attenuated Total Reflectance (ATR) techniques.
The spectra of samples were recorded in a frequency range from 400 to 4000 cm−1 in
diffuse reflectance mode, at a resolution of 4 cm−1. This instrument with this particular
configuration enables the recording of spectra of the sample solid-state.

3. Results and Discussion

The results of this investigation are a step forward in finding the solutions against
powerful resistant microorganisms. Microencapsulation is a fascinating technique that
enables slow release of antimicrobial agents, can be applied on different materials without
affecting the existing polymer, and has a valid shelf life. The focus of this investigation was
on antibacterial silver ion that was the core compound of all prepared microcapsules. This
material was chosen since it is known for its strong antimicrobial effects against a wide
range of Gram-positive and Gram-negative bacteria, including antibiotic-resistant strains.
Encapsulation methods enhance the applications of antimicrobial silver. The availability
of microcapsules to slowly release silver has enabled potential storage, stabilization, and
application in many different products. In this work, microcapsules were prepared as an-
timicrobial materials for medical applications (for example, on bandages, wound materials,
sheets in hospitals, and others. The antimicrobial silver was chosen due to the reported
literature references, and based on our testing. We reported the results of the antimicrobial
investigation of the silver nanoparticles in our previous investigations [42,47], in which we
determined the antimicrobial activity on S. aureus model microorganisms.

3.1. Characterization of Microcapsules with Antimicrobial Silver

Figure 2 shows the microcapsules prepared by simple coacervation process, filled with
silver ions in the core, and the alginate shell with zinc sulfate 7 hydrate in the shell.

189



Polymers 2022, 14, 1961

 

Figure 2. Microphotograph of prepared microcapsules filled with silver ion of 450 μm in diameter,
prior functionalization of polymers recorded by optical microscopy with high resolution.

Some microcapsules were also encapsulated by additional adding of chitosan, during
complete coacervation process. No other physical, chemical or morphological property of
the antimicrobial silver filling of the microcapsules was varied during their production.
Particularly, the focus was not to change any step of modification and functionalization on
the polymer surface. To conclude, there was no difference among the final filling product
of microcapsules.

After recording microphotographs of microcapsules after encapsulation using high-
resolution optical microscopy, a scanning electron microscope was used in order to deter-
mine the dimensions of pores and shells of particular microcapsules after their lyophilisa-
tion. The combination of both techniques has been widely used for the characterization of
microcapsules. The SEM results are presented in Figure 3A. As can be seen from this Figure,
the average diameter of microcapsules was in the range of 140 to 285 μm in diameter. When
comparing those results to the results presented in Figure 2, it can be concluded that the
reduction in size of microcapsules after their lyophilization was in range of 37% to 69%.
The most important result is the proof that there were no cracks on microcapsules after
the lyophilization process. This points to the conclusion that the lyophilization process
was adequate, not causing any damage to the shell of microcapsules. Similar results were
obtained and discussed by Glaucia et al., 2013 [56], who discussed that these characteristics
are important to ensure greater protection and retention of the encapsulated material.
In their research the encapsulated sucralose by double emulsion followed by complex
coacervation was cross-linked by solid bridges.

The results followed to conclusion that such solid bridges can be attributed to the
lyophilization process, which was responsible for clustering of the microcapsules. [56].
Moreover, their results are in agreement to ours in which it was shown that the average
particle size was not influenced by varying the shell material. However, Glaucia et al.
observed that the concentration of encapsulating agent has influence on the average particle
size [56]. In contrast, He et al. [57] did not use lyophilization but spray drying of the
microcapsules prior to the SEM investigation.

Their results showed that the particle sizes of spray-dried microcapsules were dis-
tributed in much broader range, between 1 and 100 μm, while the most of them were
distributed around 10–30 μm [57]. As can be seen from Figure 3A, in which the results of
our research obtained by SEM are shown, the determined size of microcapsules was in
range of 150 to 400 nm, while the size of the pores among them microcapsules was in range
of 50 to 100 nm.
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A 

 

B 

Figure 3. SEM microphotograph of prepared microcapsules filled with silver ions: (A) determination of
dimensions of the liophilizated microcapsules and (B) calculated dimensions of the pores on their surface.
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The results of SEM-EDX presented in Figure 4 show that the microcapsules contain zinc
and silver. In order to investigate the release of silver from the core of the microcapsules,
further investigation by chromatographical screening and quantitative UV-VIS spectroscopy
was performed.

  

A B 

Figure 4. SEM-EDX chemical characterization: (A) the surface of the sample that was used for character-
ization; (B) SEM-EDX spectra showing the Ag in core and Zn in shell of antimicrobial microcapsules.

3.2. The Results of Chromatographic Prescreening

Silver from microcapsules were qualitatively identified by using thin-layer chromatog-
raphy. The chromatographic investigation enables monitoring of silver among other metals,
due to its distinguished RF value. In the chromatographic system that has ACN: HCl: H2O in
60.00: 19.17: 20.83 v/v%, respectively, silver was detected by different indicators (Table 2).

Table 2. Thin-layer chromatography results of detected silver after using different visualization reagents;
development by ACN: HCl:H2O in 60.00:19.17:20.83 v/v%, on cellulosic precoated plates 20 × 20 cm.

Detection of Silver through Its RF Value and Characteristical Colors of Spots

Without Indicator Dimethylglioxime Quercetin Alizarin Red S

+ + + +
Zn can be detected as pink spot

3.3. The Results of UV-VIS Characterization

The UV-VIS characterization was performed in a range of 400 to 600 nm. Figure 5A
presents the UV-VIS curves obtained during investigation, and Figure 5B the calibration
curve calculated based on the results. In order to make the calibration curve, five AgNO3
solutions of known concentrations were used. All samples were prepared in the same
manner: firstly 1 mL of dithizone was added to five 25 mL volumetric flasks with AgNO3
solutions. Secondly, the same volume of dithizone as AgNO3 solutions was added to the
samples. All absorption values were recorded at a maximal wavelength of 512 nm. The
values of the recorded absorptions are shown in Figure 5A,B.
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Figure 5. (A) UV-VIS curves obtained during measurements (black—silver from microcapsules;
blue—standard reference solution with silver ions; and orange—mixture of silver from microcapsules
and standard solution, spike solution); (B) calibration diagram of silver ion obtained by UV-VIS
spectrometry; and (C) graphic representation of the silver release over 25 h from microcapsules
(blue—450 μm microcapsules without chitosan, red—120 μm microcapsules without chitosan, green
120 μm microcapsules with chitosan). As can be seen in details, the release starts in the first 4 h and
then it reaches a meta-stabile phase.
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Before the analysis of the release of silver from antimicrobial microcapsules, the sam-
ples had to be determined. The calibration curve presented in Figure 5B was used for
the determination of release of the silver (Figure 5C). During the diffusion in an aqueous
medium, Ag+ cations “exit” from the microcapsule into the medium itself. The diffusion
procedure itself is shown in Figure 5C, together with the obtained spectral curves. Quanti-
tative analysis of silver in microcapsules of different diameters (120 or 450 μm) showed
that samples contained between 100 and 350 μg/g of silver, respectively. Those amounts
are valid for protective medical materials.

3.4. The Results of Functionalization of Woven and Non-Woven Polymers by Microcapsules

Table 3 presents the microphotograph of the samples after dip-coating functionaliza-
tion recorded under the optical microscopy with specified chemical composition (woven
and non-woven cotton and viscose polymers).

Table 3. Microphotograph of the samples after dip-coating functionalization (woven and non-woven
cotton and viscose polymers).
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3.5. The Results of Spectroscopical and Microscopical Characterization

For the spectroscopic characterization of the samples, the Fourier-transform infrared
spectrometry (Spectrum 100 FTIR, Perkin Elmer, Waltham, Massachusetts) was used, and
the result is shown in Figure 6. The newly obtained microcapsules were then impreg-
nated by dip-coating process on 100% viscose nonwoven fabric, and woven viscose or
viscose/cellulose polymers. As can be seen from Figure 6, the dip coating process can be
monitored through the formation of particular functional groups that are present after the
formation in a sol-gel process.

 

Figure 6. Fourier-transform infrared spectra of the samples before and after the modification: red line—
FTIR-Attenuated Total Reflectance (ATR) spectra of cotton woven polymer sample before modification
with GLYMO precursor; blue line—FTIR ATR spectra of cellulose sample after modification with
organic GLYMO precursor; black line—FTIR ATR spectra of cellulose sample modified with GLYMO
precursor and silver. Two blue circles define area of the epoxy groups determined around ~905 and
911 cm−1, and the area around 1100 cm−1 is linked to Si–O groups.

ATR-FTIR is a spectroscopic methodology that allows analysis of the microcapsules
without complicated sample preparation which can significantly increase the speed of
analysis and the number of sample throughput. In determination of the shell thickness of
antimicrobial microcapsules, the ATR-FTIR technique has a capability to penetrate in the
micrometer range. Therefore, it is generally used to provide information on the functional
groups, characterizing the microcapsules’ shell properties.

Microcapsules were prepared in this research as a career of antimicrobial agents,
particularly antimicrobial silver. In our previous research we have investigated the effects of
different metal and metal-oxide nanoparticles, and our results have shown that small metal
silver nanoparticles have very strong antimicrobial effects, not only against conventional
Gram positive and Gram negative bacteria, but also against fungi. In addition, their
application on the surface of polymers that were used in this research have resulted in
activity against drug resistant methyl resistant staphylococcus aureus MRSA and methyl
sensitive staphylococcus aureus MSSA strains.

In this work, the antibacterial effect of our antimicrobial polymer coated with micro-
capsules was based on previous research on antimicrobial effects of silver that started after
6h of exposure [42,47]. Therefore, the concentrations used for the research were chosen
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based on the parameters of the maximal antimicrobial efficiency of silver. The application
of antimicrobial silver as potential material for bandages and open wounds was the main
focus of this work (Table 1).

The potential strong efficiency of the newly formed materials is a result of function-
alization that is shown in figures and tables, but particularly, at the FTIR-ATR spectra
of samples after modification. Therefore, the antibacterial microcapsules were efficiently
applied to the polymer surface and were filled with antimicrobial silver.

3.6. The Results of Antimicrobial Testing

The results of this investigation have shown that such surfaces might possess an antimi-
crobial effect due to the presence of silver particles, but this is a matter for future studies.

In our previous papers [42,47] we have reported that silver is a potential strong antimi-
crobial reagent. Its efficiency is enhanced when it is present in a form of nanoparticles. Such
samples in size of 10 nm showed even potential antimicrobial investigation of metal and metal
oxide nanoparticles on model microorganism Staphylococcus aureus ATCC 29213 by agar-well
diffusion assay and reported zone of inhibition was 10 mm for 20 ppm of silver.

In their work, Özyildiz and co-workers [53] sought to develop antimicrobial textiles by
using encapsulated ozonated red pepper seed oil in a wrapper made of gelatin and Arabic
rubber. Our results correlate with the literature data [53], where the authors concluded
that the processed textile materials show good antimicrobial properties against the bacteria
Staphylococcus aureus, Candida albicans, and Escherichia coli [53]. In order to have enough data
on comparison of microcapsules made by two different approaches—simple and complex
coacervation—much more investigation needs to be performed, and this will be the focus of
our further research. We have reported the results of our previous work, although there are
many different sources that specify different antimicrobial activity based on the chemical
and physical characteristics of particular nanoparticles. As is emphasized in this work,
much more data should be collected in future work in order to clearly specify that new
material is antimicrobial efficient, but for work focused on the preparation and fixation of
newly prepared microcapsules on woven and non-woven materials.

In contrast to our research, Ramya and Maheshwari [54] applied microcapsules with
a piper betel leaf extracts encapsulated inside the microcapsules. Unlike Özyildiz et al.,
they used fabrics composed of 50:50% (W/W) of cotton and bamboo blend fibers. At the
same time, they used the method of exhaustion to apply microcapsules to textile material.
Moreover, for the encapsulation purposes, the authors used spray encapsulation in which
calcium chloride was sprayed on the drops of extract and sodium alginate. The authors
stated that their result was a textile material with antimicrobial properties effective against
bacterial species that are often found on foot wounds: Staphylococcus, Bacillus, Klebsiella,
Pseudomonas, and Proteus. For this purpose, the antimicrobial testing was performed on
materials containing piper betel extract, and on materials containing microcapsules with the
encapsulated extract. Materials treated with microcapsules showed better results, especially
after washing [54].

The antibacterial activity and mechanism of silver on S. aureus strain ATCC 6538P
were investigated by Li and coauthors [44]. Their results have shown that the minimal
bactericidal concentration (MBC) is 20 μg/mL. Those results can be compared to the results
of other researchers; such is the paper by Mirzajani and his coworkers [45]. In this paper
the Mirzajani et al. showed that 4 μg/mL of silver completely inhibits bacterial growth.
This interaction was confirmed by Grigoreva et al. [46]. Shevtsova et al. [58] incorporated
antimicrobial silver nanoparticles inside temperature-responsive hybrid nanomaterials
based on modified halloysite nanotubes, an approach that offers many significant improve-
ments to the application of antimicrobial materials. Moreover, Raczkowska et al. [59]
presented results of “smart” antibacterial surfaces based on silver nanoparticles (AgNPs)
embedded in temperature-responsive poly(di(ethylene glycol)methyl ether methacrylate)—
(POEGMA188) as well as poly(4-vinylpyridine)—(P4VP) coatings attached to a glass surface.
They managed to provoke a temperature-switched killing of the bacteria against Escherichia
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coli ATCC 25922 and Staphylococcus aureus ATCC 25923 [59]. Konnova et al. reported a
simple procedure for fabrication of 50 nm silver nanoparticles and application of these
nanoparticles against yeast or bacteria. They have applied cationic polymer-stabilized
nanoparticles that were electrostatically adhered to microbial cells. By such forms, they
were producing an even monolayer on the cell walls that resulted in fast delivery of silver
nanoparticles into C. elegans micro worms. The fabrication of “cyborg” biological cells
that contain surfaces functionalized with nanomaterials is today a fascinating new area in
cell-surface engineering that is promising for many new applications. Therefore, it can be
concluded that the results of our research correspond to the relevant and recent literature
data. Moreover, we have shown that silver is one of the most prominent candidates for
application on antibacterial medical materials produced by encapsulation.

4. Conclusions

Due to the growing resistance of harmful bacteria to conventional drugs, it is necessary
to develop new solutions and new formulations intended to suppress their growth on
medical textile materials. Encapsulation was proposed in this research as a fascinating
technique that enables effective new ways of partial release of antimicrobial agents. We
produced microcapsules of 120 and 450 μm from sodium alginate and zinc sulfate 7-hydrate,
filled with silver, and characterized them by different microscopic and spectrometric
methodologies. Afterwards the microcapsules were efficiently bonded to the surface
of woven and nonwoven polymers (made of viscose and cellulose), for preparation of
antimicrobial materials. Lastly, the release of active antimicrobial silver from microcapsules
was monitored over 25 h in an aqueous medium in order to predict the antimicrobial
potential of microcapsules, as potential filler for medical materials such are bandages and
wound dressings. By this, it can be concluded that the main hypothesis of this work were
proven: (i) antimicrobial microcapsules were efficiently prepared with antimicrobial silver
in different sizes (120 and 450 μm) and chemical compositions (with and without chitosan)
(ii) the microcapsules were efficiently applied on the surface of the polymers by dip-coating
methodology; and (iii) novel materials with microcapsules released Ag in time so this is
the proof that such items can be used as medical materials. Finally, based on the obtained
results, the antimicrobial efficiency can be predicted to inhibit the growth of certain strains
of microorganisms on open wounds.
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Characterization, and Their Antibacterial Activity. J. Phys. Chem. B 2006, 110, 16248–16253. [CrossRef] [PubMed]

50. Ansari, M.; Khan, H.; Khan, A.; Sultan, A.; Azam, A. Characterization of clinical strains of MSSA, MRSA and MRSE isolated from
skin and soft tissue infections and the antibacterial activity of ZnO nanoparticles. World, J. Microb. Biotechnol. 2012, 28, 1605–1613.
[CrossRef] [PubMed]
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Abstract: The resistance of kaolin aggregates to shearing in water clarification and recovery operations
is a critical input in designing thickener feed wells. A recently formulated but already available
criterion is used to determine the shear strength of flocculated kaolin aggregates. The flocculant is
a high molecular weight anionic polyelectrolyte. The resistance of the aggregates is evaluated as a
function of flocculation time, flocculant dosage, and water quality. The determination is based on
a standardized experimental method. First, the time evolution of the average size of kaolin flocs is
measured when aggregates are exposed to incremental shear rates from a predetermined base value.
Then, the results are fitted to a pseudo-first-order model that allows deriving a characteristic value of
the shear rate of rupture associated with the upper limit of the strength of the aggregates. In seawater,
at a given dose of flocculant, the strength of the aggregates increases with time up to a maximum;
however, at longer times, the resistance decreases until it settles at a stable value corresponding to
stable aggregates in size and structure. A higher flocculant dosage leads to stronger aggregates due
to more bridges between particles and polymers, leading to a more intricate and resistant particle
network. In industrial water with very low salt content, the resistance of the kaolin aggregates
is higher than in seawater for the same dose of flocculant. The salt weakens the resistance of the
aggregates and works against the efficiency of the flocculant. The study should be of practical interest
to concentration plants that use seawater in their operations.

Keywords: kaolin flocculation; aggregate resistance; salinity; flocculation kinetic; shear rate

1. Introduction

The separation of solids from liquids in a thickener is driven by gravity leading to a
dense slurry containing most solids under a zone of clarified liquid. The dense slurry is
swept into the thickener discharge by rotating rakes from where it is transported to tailings
deposits. The clarified liquid is the thickener overflow that is recirculated to the process.
The liquid is generally water, which is recovered by thickening through sedimentation
applied to product and tailings streams. When the particle sizes are small, <80 μm, the
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gravitational effects are negligible, and the sedimentation is poor. Thus, the application
of water-soluble polymers is key to the formation of massive aggregates that accelerate
the rate of sedimentation. The most widely used reagents to destabilize tailings particles
and aggregates are high molecular weight anionic polyacrylamides (A-PAM) due to high
sedimentation rates that are achieved at relatively low doses and costs [1,2].

Flocculation performance is susceptible to shear applied in the thickener feedwell.
A low shear rate limits the dispersion and contact between particles and flocculant chains.
Therefore, the flocs formed do not reach an adequate settlement. At the same time, an ex-
cessive shear causes the detachment of the polymer chains from the particles and breakage
of particle–flocculant–particle bonds, impacting the size and structure of the aggregates.
Heath et al. [3] used a population balance (PB) model to describe the aggregation/breakage
kinetics in calcite flocculation in turbulent pipe flow, demonstrating that the aggregates de-
crease in size once a maximum size is reached due to fragmentation by shear and polymer
degradation, both irreversible events.

Their size and structure characterize aggregates through properties such as size distri-
bution, strength, and fractal dimension. These properties directly impact tailings manage-
ment indicators such as the water recovery rate, the quality of the recovered water, and
the rheological properties of the thickened slurries. The relationship between the mass
m in a sphere of radius R of a self-similar fractal aggregate obeys m ∝ RDf , with Df the
fractal dimension [4]. In a space of d Euclidean dimensions Df ≤ d, and if d = 3 then
1 ≤ Df ≤ 3. The largest values of Df correspond to dense and resistant spherical flocs,
whereas the smallest ones correspond to ultra-light and brittle rod-like aggregates. The
prefactor represents the structure of the aggregate; however, it is not generally considered
even though it is needed in conjunction with Df to determine the mass of an aggregate
from its size.

The fractal dimension of aggregates can be estimated using image analysis and light
scattering techniques and hindered sedimentation models [5–7]. Image analysis is the
oldest and most popular technique despite the immense data processing load involved
and the resolution that may be insufficient for compact fractals [6]. Light scattering is the
most appropriate technique if the flocs are small, optically translucent, and diluted. The
technique has been used successfully in colloidal systems [8–11] but not in aggregates with
high clay content. Estimates of Df from hindered sedimentation data require the average
size of the aggregates, which may be non-trivial if the slurry is strongly sheared before
sedimentation because then the model can yield fractal dimensions that decrease with
agitation [12]. The question is whether the aggregates are effectively no longer self-similar
or the size definition should be adjusted for highly-sheared aggregates. The advantage of
this last methodology is that it provides structural properties of aggregates under conditions
that mimic flocculation in the feedwell of industrial thickeners.

Deng and Davè [13] analyzed the effect of impact velocity and surface energies on the
structure of spherical particle agglomerates using the discrete element method (DEM). The
authors found a significant reduction in the fractal dimension with increasing shear, stating
that they grow irregularly when the aggregates are produced with a greater mixing intensity.
Additionally, they consider that aggressive hydrodynamics deteriorates the structure of the
aggregates, which promotes the reduction of the fractal dimension. Finally, Leiva et al. [12]
analyzed the impact of flocculation time and shear on the structural characteristics of
HPAM-flocculated clay tailings aggregates in seawater. The authors found that the more an
aggregate is exposed to hydrodynamic disturbances, the more significant the deterioration
of its structure, which is reflected in lower fractal dimension values.

The structural properties of the flocs are determined by the characteristics of the
mineral, mineralogy, and size distribution; characteristics of the flocculant, structure,
molecular weight, charge density and dosage; conditions of the environment, salinity, and
pH; and shear rate during mixing [14–16]. Although various studies relate the control
variables in the feedwell of a thickener with the properties of the aggregates and the
flocculation performance [17–20], few do so when the medium is seawater. Using molecular
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dynamics, Quezada et al. [21] studied the impact of salinity on the conformation of an
anionic polyelectrolyte on quartz surfaces. These authors demonstrated that increasing
the salinity improves the adsorption of polyelectrolytes on quartz surfaces. However, at
the same time, it reduces the radius of gyration of the polyelectrolyte, limiting the size
of the aggregation achieved. Jeldres et al. [22] carried out flocculation and sedimentation
experiments on suspensions of quartz and kaolinite mixtures, finding a direct relationship
between flocs microscopic properties, fractal dimension, and some macroscopic observables
such as sedimentation speed and yield stress of the sediment. Flocs with a larger fractal
dimension settled at higher speeds, implying an increase in the yield stress of the sediment.
This last parameter presented an exponential growth with the fractal dimension for all the
shear conditions studied. The authors explain this behavior because all three parameters
are dependent on both the size and structure of the aggregate.

Floc resistance is directly related to the number and strength of interparticle bonds [23,24];
it is considered a key parameter in solid/liquid separation since it determines the degree of
floc breakage. A floc breaks if the applied stress is greater than the force that holds the particles
together. Operationally, this is important since the small particles of a fragmented floc have
a lower sedimentation rate. However, a high floc resistance could increase the sediment’s
rheological properties, which implies a higher energy consumption for its transport to the
tailings deposit. Therefore, the degree of resistance must remain in a range that guarantees
industrially acceptable rates of sedimentation and magnitudes of rheological properties.

Recently, Jeldres et al. [25] proposed a simple criterion to quantitatively estimate
the strength of aggregates subjected to increasing mechanical shear disturbances. The
monotonic relationship between the shear rate increments (ΔG) and the final size of the
aggregates is used for a more quantitative estimate of the resistance of the target aggregates
since a pseudo-first-order model can describe this relationship. The main result is a
parameter that does not depend on the hydrodynamic conditions chosen to establish
the disturbances unlike models available in the literature, which, although they work
adequately within the experimental conditions carried out for their validation, are not
necessarily extrapolated and comparable in different systems. The methodology was used
to evaluate the impact of salinity on the resistance of clay aggregates. The results show that
floc breakage is achieved with considerably lower agitation increments as the salinity of
the system increases.

In this work, the resistance of kaolin flocs is related to its structural properties charac-
terized by the fractal dimension. The kaolin suspension is flocculated with a high molecular
weight anionic polyelectrolyte. The objective is to compare the strength of the aggregates
and their fractal dimension both in seawater and in industrial water with low ionic charge.
Additionally, the effect of the flocculation time is studied, being one of the variables handled
in the thickeners’ feedwell. Kaolinite is a typical clay in tailings of copper mining operations.
The particles have a colloidal size and platelet shape that represent major challenges in
thickening. The challenges relate to a decrease in sedimentation rate [26,27] and an increase
in rheological parameters [28,29], which are closely related to the mechanical resistance of
the suspension aggregate structure. The study is of practical interest to the copper industry,
especially for seawater plants in their operations. The demand for seawater has been
increasing in recent years [30–32] as a result of the search for alternatives to face the scarcity
of water resources due to climate change.

2. Materials and Methods

2.1. Materials

Seawater from Bahía San Jorge in Antofagasta (Chile) was filtered at 1 μm using a UV
filter system to remove all bacterial activity. The conductivity was 50.4 mS/cm. The ionic
composition and the methods used are specified in Table 1. Industrial water was prepared
with 0.01 M analytical grade NaCl from Merck (Santiago, Chile).
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Table 1. Ionic concentration of seawater and methods of analysis.

Ion Concentration (g/L) Method

Na+ 10.9 Atomic absorption spectrometry
Mg2+ 1.38 Atomic absorption spectrometry
Ca2+ 0.4 Atomic absorption spectrometry
K+ 0.39 Atomic absorption spectrometry
Cl− 19.6 Argentometric method
HCO3− 0.15 Acid–base volumetry

Ward’s Science kaolin particles were used. Its composition was determined by XRD
analysis on a Bruker X-ray diffractometer, D8 Advance (Bruker, Billerica, MA, USA), using
the 2020 ICDD (International Center for Diffraction Data) Powder Diffraction File database.
The spectra showed that kaolin is mainly composed of halite and kaolinite (>10%) and some
SiO2 (1–10%) (Figure 1). Volume-weighted particle size distribution (PSD) was obtained
using a Microtrac S3500 laser diffraction analyzer (Verder Scientific, Newtown, PA, USA)
and published in Jeldres et al. [25]. The data showed that 10% of the kaolin particles were
smaller than 1.8 μm.

Figure 1. XRD of kaolin particles.

The flocculant used was commercial polyacrylamide SNF704, an anionic acrylate
copolymer supplied by SNF-Chile with 98% purity. NaOH was used to reach pH 8.

2.2. Aggregate Characterization

The flocculation of kaolin particles was carried out in a cylindrical container with a
diameter of 100 mm and a capacity of 1 L. An 80 mm diameter turbine impeller, attached to
the end of a vertical shaft (4 mm diameter), was used to keep the particles suspended. The
impeller base was located 20 mm above the bottom of the vessel.

The minerals were mixed with water (seawater and industrial water with 0.01 M
NaCl) to give a total mass of 270 g. The mixture was stirred at 600 rpm (G = 1400 s−1

approximately) for 30 min at pH 8 to keep the particles dispersed before flocculation.
Stirring was then reduced to 200 rpm (G = 273 s−1). After 1 min, the flocculant was added
in doses of 8 to 89 g/t. The evolution of the average size of flocs was analyzed for 6 min.
The strength of the aggregates was evaluated by increasing the mixing intensity. For
this, the flocculation tests were repeated at the standard agitation of 200 rpm, but after a
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determined flocculation time, which was considered to be in the range of 30–120 s, the
mixing intensity was increased to promote shear fragmentation. Independent tests were
performed by applying shear rate increments from the initial G = 273 s−1 (0 to 1516 s−1).

The Focused Beam Reflectance Measurement (FBRM) system (Particle Track E25,
Mettler Toledo, OH, USA) was used to measure the aggregate size evolution. The system
consists of a processing unit with a 19 mm diameter probe tip positioned vertically in
the flocculation vessel 10 mm above the stirrer and 20 mm off the axis of rotation. The
technology is based on the backscattering of light using a laser beam rotating at 2 m/s and
projected onto the sample suspension through a sapphire window (14 mm in diameter) at
the end of the probe. The chord length, which correlates with the actual size of the particles,
is obtained by multiplying the light backscatter time of each particle by the scanning
speed. The instrument’s software allows recording data processing into histograms of
counts corresponding to chord lengths in selected channel sizes ranging from 1 μm to
1 mm as quickly as every 2 s. In this case, the chord length distributions (CLDs) represent
100 channels over the entire range, but the histograms are presented as line plots for easy
comparison. The equipment offers two types of distributions, the unweighted CLD that
provides enhanced resolution to fine particle changes and the squared-weighted CLD that
provides enhanced resolution to coarse particle changes. The former is useful in studies of
primary nucleation, particle growth, and aggregation, and the latter is useful in studies of
breakage, attrition, secondary nucleation, and particle dissolution. The average size of the
aggregates was obtained considering the squared-weighted chord distribution, which has
been documented to be more similar to the distribution obtained with laser diffraction.

2.3. Shear Rate

The mean shear rate required by the aggregation and breakage of flocs was calculated from:

G =

(
ερsus

μsus

)1/2
(1)

where μsus is the viscosity (4 mPas), ρsus is the pulp density, and ε is the average energy
dissipation rate:

ε =
NpN3D5

V
(2)

Np is the impeller power number (0.6 in our case for a plane disk with gentle agita-
tion [2]), N is the rotation speed, D and V are, respectively, the diameter of the impeller
and the working volume of the impeller vessel. The density of the suspension ρsus was
calculated from:

ρsus =

(
w
ρs

+
1 − w

ρw

)−1
(3)

where w is the mass fraction of solids in suspension, and ρs and ρw are the density of solid
and water, respectively. The parameters are indicated in Table 2.

Table 2. Data to calculate the mean shear rate.

Parameter Value Unit of Measurement

usus 0.004 kg/(m·s)

Np 0.6

D 0.08 m

W 0.04

ρs 2600 kg/m3

ρw 1000 kg/m3

V 0.25 L
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2.4. Sedimentation Tests

The setting rate was determined by interrupting the flocculation tests at specific preset
times, 10, 60, 90, and 120 s. The resulting suspensions were gently poured into 300 cm3

cylinders (35 mm internal diameter). Then, each cylinder with its content was slowly
inverted three times (each cylinder inversion took ~4 s) and then placed on a flat surface to
determine the sedimentation rate classically (the change in the liquid–solid interface was
recorded over 10 min).

2.5. Fractal Dimension

The fractal dimension Df of the aggregates was calculated from the model of
Heath et al. [3], for the hindered settlement rate as a function of aggregate size, as

Uh =

d2
aggg(ρs − ρl)

(
dagg

dp

)Df −3

18μ

(
1 − ϕs

(
dagg

dp

)3−Df
)4.65

(4)

where Uh is the hindered settling rate in m/s, dp is the average size of primitive particles,
dagg is the average size of aggregates after some flocculation time, in this work both dp
and dagg are approximated by the squared-weighted mean chord length, ρs and ρl are,
respectively, the densities of solid and liquid phases, g is the acceleration of gravity, μ is the
fluid viscosity, ϕs is the solid fraction, and Df is the mass fractal dimension. Many of these
parameters remain constant across experiments, for example, ρs, ρl, μ, ϕs, and dp. While the
hindered sedimentation rate was experimentally determined after flocculation as described
above. Df was calculated from Equation (4) using the standard method of least squares.

3. Results

3.1. Aggregation with Flocculant

Figure 2 shows the flocculation kinetics of clay suspensions in seawater (high salt) at
polyacrylamide doses of 13, 34, and 89 g/t and industrial water (low salt) at 89 g/t at a shear
rate of G = 273 s−1. Once the flocculant is added, the growth of the aggregates is practically
instantaneous, and it only takes a few seconds to reach a maximum size. Subsequently,
shear fragmentation causes a continuous reduction in the size of the aggregates until
reaching a stable size. The average size of aggregates shows an increasing trend with the
doses studied; for example, at 13 g/t in seawater, a size peak of 115 μm is reached, while at
89 g/t the peak is at 300 μm. A saline system can favor or harm flocculation. The final result
depends on the competition of two mechanisms propitiated by the presence of cations, that
is, (i) better flocculant adsorption via cationic bridges and (ii) electrostatic shielding of the
active sites in the flocculant, leading to polymer curling. The results in Figure 2 show better
flocculation in industrial water than in seawater, indicating that the high concentration of
cations in seawater causes a significant increase in polymer curling, limiting its ability to
form hydrogen bonds and thus its effectiveness as a flocculant. Figure 3 shows unweighted
and squared-weighted chord length distributions (CLD) for the kaolin suspension at 4 wt%,
using seawater at polyacrylamide doses of 13, 34, and 89 g/t and industrial water at 89 g/t.
The chosen mixing time is 55 s, just before applying an increase in shear rate.

In seawater and as the flocculant dose increases, the squared weighted distribution
shows that the particles form larger and larger aggregates due to a combined process of
growth (which does not change the number of particles) and agglomeration (which reduces
the number of particles). The size peak with 13 g/t of flocculant occurs at 100 μm with a
count of just over 40 s−1, while with 89 g/t the peak occurs at 200 μm with a frequency of
just over 160 s−1. The unweighted distribution is illustrative of the particle growth process
when the flocculant dose increases. At any of the flocculant doses tested, the distribution is
markedly bimodal. At 13 g/t of flocculant, the distribution shows similar size frequencies
of fine and coarse particles, centered, respectively, at 4 and 40 μm. The flocculant captures
only a few fines at this low dosage to form larger aggregates. At the highest rate of 34 g/t,
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the flocculant can capture many fines (about 4 μm) to form aggregates of just over 100 μm.
Then, the frequency of fine particles drops dramatically to just under 300 s−1. The frequency
of coarse agglomerates also decreases to about 300 s−1. The coarse ones consume fines,
and the more they consume, the lower their number. At the highest dose tested of 89 g/t,
the effectiveness of the flocculant is very high because it captures practically all the fines,
whose frequency decreases to less than 50 s−1, forming a few agglomerates that reach a
peak size of 110 μm although with the lowest frequency, just over 200 s−1. The coiling effect
of the polymer chains at high salt in seawater ceases to be a limiting factor for flocculation
when the flocculant dose is high enough.

t

μ
l c

Figure 2. Evolution of the average size of aggregates of kaolin particles (chord length) before and
after the addition of flocculant in different doses in seawater (SW) and industrial water (IW).
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Figure 3. Unweighted (a) and squared-weighted (b) size distribution of kaolin suspensions with
different doses of flocculant in SW and IW after three minutes of flocculation at 200 rpm immediately
before increasing shear rate.

In industrial water with very low salt content and at the highest flocculant dosage
of 89 g/t, the unweighted and square weighted distributions show little difference from
the distributions in seawater. The flocculant forms fewer aggregates in industrial water,
although larger than in seawater. The aggregate frequency in industrial water is only
150 s−1 (vs. 250 s−1 in seawater) with a peak size of 115 μm (vs. 110 μm in seawater). This
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result reveals that the polymer coiling effect in industrial water is less than in seawater. This
effect on flocculation may be more dominant than the salt bridges that are more frequent
in seawater.

3.2. Settling Rate

The sedimentation rate in seawater increases rapidly as the flocculant dose increases
from 13 g/t to 89 g/t. Remarkable is that at low doses, 13 and 34 g/t, the rate does not
change significantly and remains relatively constant as a function of mixing time. However,
at 89 g/t the rate is more than double at low doses. This result is consistent with the
flocculation kinetics shown in Figure 2. At higher doses, larger flocs are obtained, and
therefore the population of fines is reduced (Figure 3), thus increasing the sedimentation
rate. At the high flocculant dose of 89 g/t, the sedimentation rate shows a non-monotonic
behavior as a function of the mixing time. At 30 s, a smooth but distinguishable maximum
is observed, then the rate decreases with mixing time.

The sedimentation rate in industrial water is notoriously higher than in seawater, as
shown in Figure 4 at 89 g/t of flocculant in both cases. This result is also consistent with
the flocculation kinetics in Figure 2, which show aggregates with larger average sizes in
industrial water. The particle size distributions in Figure 4 show that coarser aggregates
are larger in industrial water than in seawater. In industrial water, the sedimentation rate
shows a more pronounced maximum at 30 s.

t
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h

Figure 4. Sedimentation rate of kaolin suspensions with different doses of flocculant in SW and IW at
a shear rate of 200 rpm.

3.3. Fractal Dimension

The aggregation of particles in the presence of flocculant occurs through hydrogen
bonds and salt bridges if the medium is saline, leading to highly irregular porous structures
that cannot be described by impermeable sphere models [33,34]. There is consensus that
the structure of flocculated aggregates follows a scale-invariant growth that generates
fractal structures [35]. The fractal dimension directly relates to macroscopic observables of
industrial interest such as rheological and settling [22].

Figure 5 shows the behavior of the fractal dimension of kaolin aggregates as a function
of the flocculation time at different doses of flocculant in seawater and in industrial water
at the same shear rate. The fractal dimension of kaolin aggregates is not very sensitive to
flocculation time; only at low doses of flocculant in seawater is a small decrease associated
with a slight restructuring of the aggregates observed. This result is different in aggregates
that come from mineral mixtures. For example, the fractal dimension of kaolin and quartz
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aggregates decreases with flocculation time, according to Leiva et al. [12]. At low flocculant
doses in seawater, the flocs that form are small according to the flocculation kinetics
(Figure 2) and the size distribution (Figure 3). Now according to their low fractal dimension
(between 1.5 and 2), it is inferred that they are very fragile structures. This result is expected
since the flocculant molecules are scarce, and therefore the probability of formation of
bridges of any type is low. On the contrary, at high doses of flocculant in seawater, the flocs
are large, and, in addition, according to their high fractal dimension (between 2 and 2.5),
they have a resistant structure. This result is also expected because the greater the number
of flocculant molecules, the greater the probability of forming interparticle bridges.

t

D
f

Figure 5. Fractal dimension of kaolin suspensions with different doses of flocculant in SW and IW at
a shear rate of 200 rpm.

3.4. Resistance of Aggregates

The strength of the aggregates is obtained from the temporal evolution of the average
size of the flocs when they face changes in the intensity of mixing, following the methodol-
ogy recently proposed by Jeldres et al. [25]. Here we analyze the impact of flocculation time,
flocculant dose, and type of water on the resistance of kaolin aggregates (4% by weight)
flocculated with polyacrylamide.

Figure 6 shows the change in flocculation kinetics when the system is subjected to
increased agitation intensity. The responses are described by fitting the experimental data
to Equation (5):

y(t) = y0 − A
(

1 − e−bt
)

(5)

where y(t) is the average size of the aggregates as a function of time, y0 is the average
size of the aggregates just before the increment in agitation, b is the decay constant of the
aggregate size, and A represents the amplitude of the size reduction of the aggregates, as
shown in Equation (6).

A = y0 − y∞ (6)

where y∞ corresponds to the size reached after applying a specific increase in shear rate
during an infinite time.
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Figure 6. Evolution of the average size of aggregates of kaolin in suspensions with different doses
of flocculant in SW and IW at a shear rate of 200 rpm (black dots) and after several increments
of shear rate (color dots). The curves with increased shear show three stages, pre-flocculation
(primary particles remain free), flocculation (particle size first increases sharply by aggregation and
then decreases smoothly with time), and disaggregation (particle size decreases abruptly as shear
is increased). (a–c) correspond to 13, 34, and 89 g/t of flocculant in seawater, respectively, while
(d) corresponds to 89 g/t of flocculant in industrial water.

The maximum aggregate rupture at an infinite time for each increment in shear rate
(ΔG) is estimated from Equation (7).

Rmax = 100 × A/(y0 − d0) (7)

where Rmax is the maximum aggregate rupture percent and d0 is the average size of the
primary particles. The Rmax values calculated for aggregates at different conditions can be
represented by Equation (8), which allows estimating the degree of rupture as a function of
the agitation increments (ΔG). The results are shown in Figure 7.

Rmax = Rmax,0 + U
(

1 − e−B·ΔG
)

(8)

where Rmax,0 is the maximum aggregate rupture percent when there is no disturbance of
agitation (constant mean shear rate of 273 s−1), U is the difference between the maximum
aggregate rupture at an infinite shear rate (ΔG → ∞) and the rupture degree at the base
agitation of 273 s−1 (ΔG = 0), and B is the constant of flocs rupture due to the increase in
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agitation, whose inverse is considered a characteristic shear rate for the disintegration that
should be useful as an indicator of the resistance of aggregates.

Mean shear rate [s-1], G
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Figure 7. Percentage of maximum rupture (at an infinite time) of aggregates of kaolin in solutions
with different doses of flocculant in SW and IW for each increase in agitation from the base of
G = 273 s−1 (200 rpm).

After fitting the data to Equation (4), the restriction indicated in Equation (9) is added,
which corresponds to the system response when the mixing intensity is very high (ΔG → ∞).
In this case, a total rupture of the aggregate is considered, giving rise to a suspension of
dispersed primary particles.

Rmax,0 + U = 100% (9)

The value of R = 1/B required to obtain Rmax − Rmax,0 = 63.2% defines the character-
istic shear rate or aggregate resistance. The higher the characteristic shear rate, the greater
the resistance of the aggregates. In a recent work [25], we show that this simple criterion
offers advantages over current methods of estimating the strength of aggregates under
increased shearing. We use it to analyze the strength of kaolin aggregates in pulps with
different salinities. The strength of aggregates is their opposition to disintegration when
shear is increased. The more resistant the aggregate, the lower the fragmentation. The
practical impacts are varied, for example, in the design of thickener feedwells in clarification
and water recovery operations.

Figure 8 shows the impact of flocculation time (prior to application of increased agita-
tion) on the strength of kaolin aggregates in seawater at a particular dosage of flocculant.
The minimum resistance R for the system and conditions studied is obtained after 30 s
of mixing and reaches R = 276 s−1. The resistance increases steadily up to 90 s of mixing,
reaching a maximum value of R = 424 s−1. After this maximum, a longer mixing time
leads to a decrease in aggregate strength, R = 400 s−1. The smaller structures that are
obtained with extended mixing are less prone to breakage and in the case studied here,
they dominate the behavior above 100 s of flocculation, a condition in which the aggregates
present stable size and structure.
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R

Figure 8. Effect of flocculation time on the resistance of kaolin aggregates (R) flocculated in SW with
89 g/t of flocculant.

Figure 9 shows the impact of the flocculant dosage on the strength of kaolin aggregates
in seawater after a flocculation time of 60 s. With 8 g/t of flocculant, a minimum resistance
R of 203 s−1 is obtained, which increases monotonically with the dose until it reaches a
value slightly higher than R = 400 s−1 with 55 g/t of flocculant, and tends to settle after
R = 445 s−1 with 89 g/t of flocculant. The flocculant dose is a critical aspect in the formation
of the aggregates since it determines the number of polymer molecules available in the
suspension to join the particles. Therefore, for a fixed surface area, an increase in polymer
molecules is expected to generate a greater number of particle–flocculant bonds or a more
intricate particle network. This explains the increasing aggregate strength in Figure 9 with
flocculant dosages increasing from 8 to 55 g/t. At higher doses, 89 g/t, the resistance does
not change significantly despite having a greater number of polymer molecules. In this
case, it should be considered that the large aggregates are more prone to breakdown, which
limits the value of the resistance.

R

Figure 9. Effect of the flocculant dose on the resistance of kaolin aggregates (R) flocculated in SW
after 60 s flocculation time.
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Finally, the resistance of flocs in two types of water, industrial water (low salt load)
and seawater (high salt load), is compared, considering two doses of flocculant and 60 s
of flocculation time. The results are summarized in Figure 10. At any of the flocculant
doses tested, the aggregates are more resistant in industrial water than in saltwater. At
21 g/t of flocculant, the resistance is R = 350 s−1 in industrial water and only R = 276 s−1

in seawater. At 89 g/t of flocculant, the resistance is R = 552 s−1 in industrial water and
only R = 446 s−1 in seawater. Furthermore, the increase of flocculant dose in the same type
of water leads to a greater resistance of the aggregates in industrial water than in seawater.
When the dose increases from 21 to 89 g/t in industrial water, the resistance increases in
202 s−1, while in seawater, it increases only in 170 s−1. These results of the effect of salinity
on the strength of kaolin aggregates were anticipated by Jeldres et al. recently [25]. The
resistance of kaolin aggregates in freshwater without salt reaches a characteristic shear of
R = 530 s−1, while in saltwater 0.1 M NaCl, the resistance reaches a modest R = 320 s−1.
These authors observed that an increase in salinity generates aggregates that are more
prone to fragmentation due to several factors. For example, changes in the aggregation
modes of the primary particles, coiling of the flocculant chains due to a reduced repulsion
between anionic functional groups, and changes in the particle–flocculant interactions due
to a prevalence of the train configuration in the adsorption mode of the flocculant.

R

Figure 10. Effect of water type on the resistance of kaolin aggregates (R) flocculated at two doses of
flocculant after 60 s flocculation time.

The resistance response of kaolin aggregates to different salinities was somewhat
greater in the study by Jeldres et al. [25], whose experiments were carried out at pH 5.5.
In contrast, in the present study, the experiments were carried out at pH 8, at which
the kaolin particles are mostly anionic. At pH 5.5, in the work of Jeldres et al., kaolin
particles in freshwater form aggregates by electrostatic attraction between cationic edges
and anionic faces (giving rise to the well-known house-of-cards structure). However, if
the ion concentration increases, the electrostatic shielding of the mineral surface reduces
the number of edge–face bonds, and face–face type organizations prevail, which are more
fragile, and also the efficiency of the flocculant is critically reduced by coiling. A pH of
8 does not favor edge–face bonds that provide resistance to the kaolin aggregates, and
thus their resistance is somewhat lower than at pH 5.5. In the presence of seawater and at
a pH of 8, on the one hand, salt bridges are activated that contribute to the resistance of
the aggregates, and on the other, the flocculant chains are deactivated due to coiling; the
resistance of the aggregates is the net effect of these two factors.
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4. Conclusions

The time evolution of the average size of the kaolin flocs measured when the particle
suspension is subjected to incremental shear rates from a predetermined base value, reveals
a shear rupture rate characteristic of these aggregates and their formulation. We associate
this shear rate with the upper strength limit of the structure of these aggregates. In this way,
the effect of flocculation time, flocculant dose, and water quality on the shear strength of
kaolin aggregates are studied. The kaolin aggregates are flocculated with a high molecular
weight anionic polyelectrolyte at a pH of about 8. In seawater, at a given dose of flocculant,
the strength of the aggregates increases with time up to a maximum value; however, at
longer times, the resistance decreases until settling at a stable value corresponding to stable
aggregates in size and structure. A higher flocculant dosage leads to stronger aggregates
due to more particle–polymer bridges, leading to a more resistant particle network. In
industrial water with low salt content, the resistance of the kaolin aggregates is higher than
in seawater at the same dose of flocculant. Thus, the salt content weakens the resistance of
the aggregates and works against the efficiency of the flocculant, corroborating previous
studies. The kaolin aggregate rupture strength criterion used in this work is simple, obeys
standardized tests that are relatively easy to replicate in the laboratory, and is useful for
decision making in the design and operation of water thickeners and clarifiers.
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Abstract: The relationship between processing conditions, structure and morphology are key issues
to understanding the final properties of materials. For instance, in the case of polymers to be
used as scaffolds in tissue engineering, wound dressings and membranes, morphology tuning is
essential to control mechanical and wettability behaviors. In this work, the relationship between
the processing conditions of the solution blow spinning process (SBS) used to prepare nonwoven
mats of polyethylene oxide (PEO), and the structure and morphology of the resulting materials are
studied systematically, to account for the thermal and mechanical behaviors and dissolution in water.
After finding the optimal SBS processing conditions (air pressure, feed rate, working distance and
polymer concentration), the effect of the solvent composition has been considered. The structure and
morphology of the blow spun fibers are studied as well as their thermal, mechanical behaviors and
dissolution in water. We demonstrate that the morphology of the fibers (size and porosity) changes
with the solvent composition, which is reflected in different thermal and mechanical responses and in
the dissolution rates of the materials in water.

Keywords: solution blow spinning; polyethylene oxide; morphology; materials characterization;
polymer dissolution

1. Introduction

Polyethylene oxide, PEO, is a biocompatible, water-soluble polymer used extensively
for the release of active agents upon its dissolution in an aqueous environment [1–3].
The dissolution rate mainly depends on the molar mass of the polymer but also on its
crystallinity and morphology, factors that condition the surface accessible to the solvent in
the dissolution process. In turn, these depend on the processing method used to produce
the material. This is the case of polymeric fibers, whose size, shape, and entanglement
degree can be controlled to produce different release profiles. Polymeric fibers are lately
receiving much interest for their applications as scaffolds in tissue engineering [4,5], wound
dressings [6] and membrane design [7]. Among the different methods to prepare fibrous
materials in the form of films or mats, electrospinning, ES, and solution blow spinning, SBS,
are the most frequently used. Fiber diameters ranging from a few microns to tens of nanome-
ters can be produced with both methods, depending on the processing conditions [8,9].
In the case of ES, the polymeric solution is injected through a nozzle containing a capillary.
The drop that forms at the tip of the capillary is then drawn by the action of an electrical
potential between the nozzle and a substrate (collector) [10–12] and transforms into dry
fibers as the solvent quickly evaporates. In SBS, the drop formed at the tip of the capillary
is drawn by the action of a pressurized gas that passes through a concentric nozzle [13–15]
and favors the evaporation and orientation of fibers towards the collector, usually a rotating
cylinder. Although ES is more widespread, the interest in SBS over the last few years has
considerably increased, due to its simplicity of handling, no need for the application of large
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electric fields and in-situ application. On the other hand, there is another technique named
forcespinning that has great interest in preparing polymer nanofibers [16,17], however, like
ES, it does not seem feasible when the material is expected to be dispensed on specific sites,
such as for instance a wound to be treated. Up to now, it can be considered that there are
very few articles published on the preparation of polymeric materials from SBS compared
to those published where the materials are prepared by ES. For this reason, taking into
account the potentiality of SBS to prepare materials for multiple applications, even more
work should be conducted, since there are still many aspects to improve, for instance,
control of final morphology, less loss of material, among others.

Preparation of fibrous materials by SBS requires a careful choice of the processing
conditions. The parameters that can affect the final morphology [18–20] can be grouped as
shown in Table 1.

Table 1. Parameters that affect final morphology of SBS polymer systems.

Parameters Associated to the Solution Parameters Associated to the Processing Environment Conditions

Polymer concentration Working distance, WD (distance from the tip of the
capillary to the collector) Temperature

Type of solvent and composition Injection or feeding rate, FR (velocity at which the
polymer solution is injected) Humidity

Viscosity Gas pressure, Ap
Surface tension Rotational speed of the collector, RSC

Diameter of the capillary
Capillary protrusion from the nozzle exit

Polymer concentration Working distance, WD (distance from the tip of the
capillary to the collector) Temperature

The fine adjustment of these parameters can lead to different morphologies [21–23] and,
consequently, to different mechanical, thermal and wettability properties. In fact, several
works about the use of SBS are simply focused on the study of the influence of processing
conditions, represented by the parameters shown in Table 1, on the final morphology of the
materials prepared [12]. In addition, if active agents, such as therapeutic molecules, such as
antimicrobials or anti-inflammatories are incorporated in the fiber structure, with the aim
of providing multifunctionality to the material, they must be compatible with the polymer
and soluble in the solvent mixture.

Although there are several very interesting biocompatible and biodegradable bioma-
terials, including BSA, chitosan, etc. [24,25]. PEO is a very simple and low-cost polymer
to start exploring how SBS processing conditions affect final morphology. PEO is a linear
hydrophilic polymer that is synthesized from ethylene oxide. It is easy to produce, water
soluble, non-toxic, or sensitive to pH or physiological fluids. After contact with water,
the PEO is hydrated and swollen, resulting in a layer of hydrogel that regulates the sub-
sequent inlet of water and the corresponding dissolution of the active agents that may be
inside the polymer. These special properties of hydration and swelling of the PEO make it
a remarkably interesting candidate in the pharmaceutical industry for the manufacture of
drug release systems [26].

Optimization of SBS processing conditions is thus of great importance in order to
achieve the desired properties, which constitutes the objective of the present work, focused
on the preparation of fibrous PEO-based mats. The influence of the processing conditions
on the morphology and the thermal and mechanical response has been evaluated in terms
of the ability of the polymer to be dissolved in water, an essential aspect for the design of
PEO mats as a controlled drug delivery system. In this study, the influence of the solvent
used to prepare the PEO solutions to be blow spun was considered. To change the solvent
properties, a simple variation on the composition in a mixture of acetone and chloroform
was chosen in this work.
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2. Materials and Methods

2.1. Materials

Powder PEO (Mv = 100,000, CAS: 25322-68-3, density = 1.13 g/mL) was provided
by Sigma-Aldrich (Sant Louis, MO, USA). Solutions of the polymer were prepared in
a mixture of acetone, Ac ≥ 99.9% purity (CAS: 67-64-1, M = 58.08 g/mol, bp = 56 ◦C,
density = 0.791 g/mL) and chloroform, Chl ≥ 99% purity (CAS: 67-66-3, M = 119.38 g/mol,
bp = 61 ◦C, density = 1.48 g/mL). Both solvents were supplied by Sigma-Aldrich (Sant Louis,
MO, USA).

2.2. Preparation of Materials

According to previous studies [27,28] preliminary working conditions for the SBS
process were set (capillary diameter 0.6 mm, working distance, WD = 15 cm; injection rate,
Fr = 0.5 mL/min; air pressure, Ap = 2 bar; rotational speed of the collector, RSC = 200 rpm;
volume of injected solution 10 mL). The process was carried out at 23 ◦C and 40% relative
humidity. For a given composition of the solvent mixture, PEO concentrations were 6,
8, 10, 12 and 14% wt/v. For a selected concentration of PEO, the solvent compositions
considered were 4:6, 5:5, 6:4, 7:3, 8:2, 9:1 and 10:0 v/v in Chl:Ac, in such a way that the final
materials obtained were named as PEO-46, PEO-55, PEO-64, PEO-73; PEO-82 and PEO-100,
respectively. PEO concentrations lower than 6% led to very thin mats with no fibrous
morphology. Likewise, polymer concentrations higher than 14%, and acetone proportion
higher than 40% were not considered either due to poor polymer solubility.

2.3. Characterization Methods

Viscosity measurements were performed using a Haake iQ viscometer. The sample
was placed between two circular plates at constant temperature (25 ◦C), and subjected to
an oscillatory shear force, in the frequency range 100–900 s−1, with an acquisition time of
30 s per measurement (100 points).

The structure of the materials was investigated by attenuated total reflectance Fourier
transform infrared spectroscopy, ATR-FTIR, and X-ray diffraction, XRD. A Shimadzu
IRAffinity-1S Spectrometer, equipped with a Golden Gate ATR accessory (diamond win-
dow) was used to collect the IR spectra (32 scans per interferogram), in the wavelength
range 600–4000 cm−1. XRD patterns were recorded with an X-ray Powder Diffractometer
Bruker ECO D8 Advance (Bruker, Karslruhe, Germany) with a Bragg-Brentano configu-
ration and a Lynxeye XE-T coupled detector, using the Cu-Ka1, λ = 1.5418 Å. Blow spun
samples were placed on an amorphous glass holder and the diffractograms were recorded
from 5◦ and 35◦ in 2θ at 2 s per step with 0.02◦ of step size.

The thermal behavior of the materials was studied by differential scanning calorimetry,
DSC, using a Mettler Toledo 822e calorimeter under N2 atmosphere, applying the following
thermal cycles: (i) dynamic heating from 30 to 90 ◦C at 10 ◦C/min (materials prepared by
SBS) and (ii) dynamic cooling from 90 to 30 ◦C at 10 ◦C/min (materials after erasing their
processing and thermal histories).

Temperatures of melting, Tm, and crystallization, Tc, were obtained from the endother-
mic and exothermic peaks in the heating and cooling scans, respectively. Fusion, ΔHm,
and crystallization, ΔHc, enthalpies were determined from the areas under the endothermic
and exothermic peaks, respectively. The crystalline fraction was calculated for the samples
produced by SBS before and after erasing their processing and thermal histories, χm and χc,
using Equations (1) and (2), respectively:

χm =
ΔHm

ΔH∞
(1)

χc =
ΔHc

ΔH∞
(2)

where ΔH∞ = 197 J/g [29–31] is the melting enthalpy of 100% crystalline PEO.
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The morphology of the SBS materials was studied by field emission scanning electron
microscopy (FESEM) using a TENEO-FEI microscope. The signal from the secondary elec-
trons in the ETD detector was used to generate the FSEM images, applying an acceleration
voltage of 5 kV. Samples were carbon-coated to avoid charge accumulation using a Leica
EM ACE200 low-vacuum coater. Images were acquired using different tilt angles in order
to perform a more complete morphological analysis, which was carried out with ImageJ
V.1.52a (National Institute of Mental Health, Bethesda, MD, USA).

The specimens of the blow spun materials were detached from the collector con-
sidering its direction of rotation (the longest side of the specimen was parallel to the
rotation direction). The length and width of the specimens were measured with a caliper
(±0.01 mm accuracy), and the thickness with a Digimatic micrometer (Mitutoyo Corpora-
tion, Barcelona, Spain), ±1 μm accuracy. At least six specimens per sample were considered,
and the dimensions were the average of five measurements.

The mechanical behavior of the materials was studied using a universal testing ma-
chine Microtest TPF-1D at a crosshead speed of 1 mm/min and a load cell of 5 kp. Hard
rubber pieces were located on the inner side of the clamps to avoid the specimen sliding
during the tests. Six well-dimensioned specimens per material were tested. From the analy-
sis of the resulting stress-strain curves, the following parameters were obtained as averaged
values: Young’s modulus, E, from the slope of the stress-strain curve; the tensile stress, σr,
representing the maximum stress value at which the specimen breaks, determined as the
point at which the maximum stress is reduced by 5% [32]; the yield stress, σy, determined
as the stress at which plastic deformation starts (stress-strain plot gives up being linear) [32];
and maximum elongation at failure.

For monitoring the dissolution process of the materials, an optical method was pro-
posed, consisting in recording a video (Optika Microscope 4083.13 camera, exposure time
of 39 milliseconds) from the output signal of an optical microscope (Olympus SZ-CTV with
a light source Olympus Highlight 2100 and an SZ-40 objective with 40× magnification).
The quantification of the fraction of dissolved material was carried out from the loss of
transparency of the films by image analysis using video-image file converter software,
Prism (V.7.14). A MatLab (R2018b) script was used to transform the raw frames images
from the video to 8-bit greyscale and then to black and white, using an intensity threshold
of 0.7 for each pixel (1 if the intensity is higher than 0.7, and 0 otherwise). The fraction of
pixels with an intensity equal to 1 is taken as the fraction of specimen dissolved, which is
then plotted versus time.

3. Results and Discussion

Processability by SBS is highly dependent on the viscosity of the solution [33,34]. High
viscosities can produce nozzle obstruction or overpressure, while low viscous solutions,
mainly associated with low polymer concentrations, usually lead to poor yields of material
collected. Additionally, when using solvents of relatively high boiling point, the remaining
solvent can be found in the blow-spun material, which favors spreading on the collector
and formation of films instead of fibers. Therefore, a preliminary viscosity study using
different empirical and semi empirical methods has been carried out in order to optimize
the solvent composition for a given PEO concentration.

Viscosity as a function of the polymer concentration for different solvent mixtures
is plotted in Figure 1. Different color bars correspond to each composition used (volume
ratio) of solvent mixture Chl:Ac. The Huggins-Martins method [35,36] provided in all
cases the best fits. Regardless of the solvent composition, there is a general trend where
viscosity increases with the concentration of PEO and as expected, the higher the proportion
of chloroform the higher the viscosity at a particular concentration of PEO, given the
higher viscosity of chloroform (0.542 cP at 25 ◦C versus 0.316 cP for acetone at 25 ◦C).
At concentrations above 10%, the SBS process became unstable due to overpressure in the
nozzle, causing heterogeneous solution ejection. Therefore, the polymer concentration
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was set at 10% wt in all the SBS experiments since it was the highest concentration that
produced a stable jet of solution.

Figure 1. Viscosity of the PEO solutions as a function of concentration and composition of the
solvent mixture.

The structure of the prepared materials was tested by FTIR-ATR and XRD. The infrared
spectra of the blow spun materials are shown in Figure 2. The characteristic peaks of the
solvents used (acetone and chloroform) are not observed in the spectra, for example, the
absorption band due to the C-Cl stretching in chloroform at 665 cm−1 or the C=O stretching
band in acetone at 1710 cm−1, which reinforces the idea of the complete evaporation of the
solvent during the SBS process.

Figure 2. ATR-FTIR spectra of the blow spun PEO-based obtained from 10% wt solutions at different
compositions Chl:Ac.
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The band assignation of the PEO was conducted by Yosihara et al. [37]. The methylene
C-H stretching appears in the range of 2675 cm−1 to 3010 cm−1. The bands at 1146 cm−1,
1095 cm−1 and 1060 cm−1 are assigned to a triplet stretching of ether group –C–O–C–
[38–41] and can be used to study structural variations in the PEO since they depend on the
chain conformation of semi-crystalline PEO [38–41]. To this effect, the spectra have been
normalized to the absorption at 845 cm−1, since that band is usually the least affected by
changes in the structure, according to I. Pucic et al. [38]. Although the most intense signal
is the one at 1095 cm−1, the others follow a different order, since the peak at 1146 cm−1

is more intense than the one centered at 1060 cm−1 [38]. On the other hand, the presence
of a double peak at 1359 cm−1 and 1340 cm−1 is clear evidence of crystalline PEO [41].
In general, a slight decrease of the relative intensities of the peaks at 1359 cm−1, 1146 cm−1,
1060 cm−1 and 960 cm−1, would indicate a lower crystallinity degree with the content in
chloroform [41].

Figure 3 shows the baseline corrected and normalized XRD diffractograms of the
SBS materials. Characteristics peaks of crystalline PEO [42,43] can be observed at 19.3◦,
corresponding to the reflections due to the planes (120), and at 23.5◦, associated with the
planes (112) [23,44–47]. There are no significant differences among the diffraction patterns
but a slight shift to low angles of the peak for the (120) planes and a small variation of the
peak half-bandwidths and crystallinity degrees with the proportion of chloroform.

θ

Figure 3. X-ray diffractograms of the blow spun PEO-based obtained from 10% wt solutions at
different compositions Chl:Ac.

The crystallinity can be estimated semiquantitatively from the amorphous and crys-
talline contributions of the XRD pattern, deduced from deconvolution by Gaussian func-
tions of the reflections. The fraction of crystalline polymer can be calculated by:

XXRD =
∑i Ai

AT
(3)

where Ai represents the area of the deconvoluted peak i and AT is the total area of the
diffractogram. Additional parameters can be extracted from the diffractograms. The full
width at half maximum, FWHM, of the diffraction peaks, is related to the size of the
crystallites, D (Equation (4)), as well as the micro-strain, ε (Equation (5)), due to the
presence of defects or the processing conditions.

D =
kλ

βscos θ
(4)

ε =
βs

4 tanθ
(5)
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where k is a dimensionless shape factor whose value is near to 1; λ is the X-ray wavelength;
βs is the FWHM in radians after subtracting the instrumental line broadening (considered
negligible with respect to FWHM of a peak in a polymer) and θ is the Bragg angle in radians.

The results of these calculations are shown in Table 2. It can be seen how, as the
proportion of chloroform increases, the fraction of the crystalline phase slightly decreases.
Besides, although among the solvent mixtures there is not a clear correlation between
viscosity and D or ε, when pure chloroform is used to dissolve the polymer, the lowest
micro-strain and highest crystallite size and crystallinity fraction are obtained. This result
can be ascribed to the higher viscosity of the polymer solution. It is reasonable to think that
higher viscosity makes it more difficult to drag the solution and the subsequent polymer
chain preorientation. This would imply fewer constrictions for the polymer to crystallize
leading to a more relaxed crystalline structure, with larger crystallite sizes and a higher
degree of crystallinity.

Table 2. Estimated crystalline fraction, crystallite size and micro-strain generated for all
materials studied.

PEO-46 PEO-55 PEO-64 PEO-73 PEO-82 PEO-91 PEO-100

XXDR 0.56 0.63 0.74 0.70 0.65 0.70 0.76
D (nm) 34.4 35.2 34.0 33.5 34.0 34.5 35.8
ε × 103 6.74 6.58 6.81 6.93 6.83 6.72 6.50

The thermal behavior of the SBS materials was studied by differential scanning
calorimetry, DSC (Figure 4). In the case of the as-received commercial sample, a sin-
gle homogeneous endothermic peak at 68.9 ◦C is observed, corresponding to the melting
point of PEO reported by other authors [48] and by the supplier. On the other hand, highly
heterogeneous endothermic transitions are observed for the blow spun polymer, occurring
in a wider range of temperatures and even showing distinct overlapped peaks. This pecu-
liar melting behavior of PEO could be ascribed to an instantaneous fractionation process
according to the molar mass. Yan Kuo et al. showed that melting and crystallization points
of PEO are highly dependent on its molar mass [49]. In the SBS process, solvent evaporation
enriches the vapor phase in the most volatile component (acetone, in this case). Since PEO
is less soluble in this solvent, higher proportions of acetone will induce the precipitation
of polymer, which begins with the longer PEO chains. In other words, as the evaporation
proceeds, fibers will form from polymers of different molar masses, from highest to lowest,
in a sort of “time of flight” phase separation, which, leads to a heterogeneous thermal
behavior, as detected in our DSC experiments. In general, when SBS PEO samples are
prepared from chloroform proportions higher than 70%, a narrower endothermic transition
is observed, although it is highly heterogeneous (one peak and two shoulders). These
results suggest that the SBS process causes a very heterogeneous crystallization (crystallites
and spherulites of different sizes and densities) that strongly depends on the nature of the
solvent, tending to be more homogeneous the higher the proportion of chloroform in the
mixture is. According to this reasoning, when the proportion of chloroform is high enough,
all fractions of PEO can remain together, since chloroform is a better solvent of PEO than
acetone, leading to a more homogeneous molar mass distribution in the fibers.

Crystallinity degrees, χm and χc, obtained from DSC thermograms are collected in
Table 3. As can be seen, there are no big differences between the materials prepared with
values of crystallinity degree in the range 66–71%, coincident with the range of crystallinities
obtained by the XRD results (Table 1), however, no correlations with SBS conditions can
be extracted.
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Figure 4. DSC thermograms of blow spun PEO at different compositions Chl:Ac. First heating scan
(left) and subsequent cooling scan (right).

Table 3. Data obtained from DSC curves corresponding to: (a) melting transition and (b) crystalliza-
tion process.

(a)
PEO

46
PEO

55
PEO

64
PEO

73
PEO

82
PEO

91
PEO
100

PEO
Com

Tm (◦C) 61.9 61.1 61.2 59.0 63.6 55.4 63.1 62.1
ΔHm (J/g) 131.6 130.3 126.0 122.4 137.8 145.5 143.1 131.1
χm (%) 66.8 66.1 64.0 62.2 69.9 73.8 72.6 66.5

(b)
PEO

46
PEO

55
PEO

64
PEO

73
PEO

82
PEO

91
PEO
100

PEO
Com

Tc (◦C) 41.1 46.6 43.1 44.7 43.8 44.9 43.7 43.1
ΔHc (J/g) 121.1 126.5 117.8 129.3 123.4 133.4 130.8 88.0
χc (%) 61.5 64.2 59.8 65.6 62.7 67.7 66.4 44.6

It is worth mentioning that, after erasing the processing and thermal history of the
samples, one would expect very similar DSC thermograms in the cooling scan, and yet
the DSC profiles strongly depend on the conditions of sample preparation. This only
can be explained if the thermal treatment chosen to erase the processing history is not as
effective as it should to completely disrupt the solid-state structure with complete diffusion
of macromolecules, in order to perfectly mix the different molar masses fractions. In other
words, although the interactions that maintain macromolecules in an ordered structure are
overcome, the complete macromolecular flow was not achieved, keeping in some way a
patterned seed for subsequent crystallization. It is clear, therefore, that to fully erase the
thermal and processing history, higher temperatures or longer times would be necessary.

The materials morphology was studied by FSEM using the signal from secondary
electrons, SE. Figure 5 shows images at different magnifications (500×; 4000× and 8000×)
of the blow spun solutions at different solvent compositions.
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Figure 5. FESEM images of the blow spun fibers at different magnifications. Columns (left to right)
represent the magnification, 500×, 4000× and 8000×. Rows (top to bottom) correspond to PEO-46,
PEO-55, PEO-64, PEO-73, PEO-82, PEO-91AND PEO-100.
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A highly homogeneous fibrous morphology can be visualized in all cases, with little
presence of material accumulation in the typical form of bead-on-a-string shape or as
heterogeneous corpuscles. By using different tilt angles of observation, morphological
differences were not observed (Figure S1). In terms of heterogeneity, regions with different
relative densities and entanglements of fibers exist, regardless of the solvent composition.
The results of the fibers diameter analysis (Figures S2–S8) are shown in Table 4 (average
diameter, <D>; and standard deviation, σ). It can be observed that the mean diameters do
not depend on either the tilt angle of observation or the sample type. Likewise, the width
and shape of the distributions are also very similar (Figures S2–S8).

Table 4. Morphological parameters of the blow spun fibers extracted from the SEM images analysis.

Sample Tilt Angle (◦) <D> (nm) Mean Diameter (nm) σ (nm)

PEO-46

−5 308

302

240
0 311 259
5 302 205
10 287 187

PEO-55

−5 346

301

302
0 232 268
5 316 232
10 309 193

PEO-64

−5 293

294

237
0 307 259
5 289 253
10 285 235

PEO-73

−5 290

304

180
0 315 239
5 324 227
10 329 246

PEO-82

−5 363

339

290
0 346 280
5 295 145
10 351 187

PEO-91

−5 280

294

225
0 306 212
5 274 201
10 315 238

PEO-100

−5 247

288

169
0 323 238
5 319 299

10 264 187

The porosity of the materials is a key parameter regarding the potential applications
of the material. Two procedures have been used to estimate the porosity:

(a) Image analysis. Permits obtaining the mean pore area, the number of pores and air
area (Table 5). The results can be extrapolated to a 3D network of fibers assuming a
homogeneous porosity throughout the sample.

AAir = mean pore area × number of pores (6)

Porosity (%) =
AAir

Aimage
100 (7)
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Table 5. Mean pore area estimated from image analysis.

PEO-46 PEO-55 PEO-64 PEO-73 PEO-82 PEO-91 PEO-100

Mean Pore Area (μm) 0.88 1.28 0.78 0.96 1.21 0.97 0.87

(b) Gravimetry. The void space or volume of air, VAir, can be determined by weighing,
using a correction parameter (K) as the ratio between the apparent density (weight
of the specimen, m, divided by its volume, Vspecimen), ρA, and the density of the bulk
material, ρR [50,51]:

VAir =
m
(

1 − K2
)

ρA
(8)

Porosity (%) =
VAir

Vespecimen
100 (9)

The porosity values, given in percentage of air, are shown in Table 6. As expected,
image analysis yields lower values of porosity since a projection in a plane or 2D images is
considered. However, the important thing is that both methods do not show any particular
trend with respect to the solvent composition used to blow spun the PEO.

Table 6. Estimated porosities deduced from image analysis and gravimetry.

PEO-46 PEO-55 PEO-64 PEO-73 PEO-82 PEO-91 PEO-100

Porosity (%)
Image

Analysis 39 31 37 38 38 38 36

Gravimetry 62 61 61 68 73 63 64

Another important morphological feature that may influence the performance of the
material is the preferential orientation of the fibers. This calculation was carried out on the
SEM images by using the OrientationJ plugin in ImageJ software, the results were plotted
as number distribution (fraction of fiber segments) as a function of the orientation angle,
ϕ (Figure 6). In these plots, the number of peaks in the distribution gives information about
the number of preferential orientations for the fibers, while the homogeneity of a particular
orientation is deduced from the peak width. As can be seen, all the samples present a wide
monomodal distribution, indicating no preferential orientation of the fibers.

The mechanical behavior of the materials was studied by tensile tests. Since these
materials are highly porous, it is convenient to estimate the parameters that correspond to
the bulk material, in addition to those that can be extracted directly from the tensile curves.
In the first case, all factors affecting the mechanical behavior must be considered (fiber size,
preferential orientation, porosity and crystallinity) but, in the second, consideration of fiber
size and porosity would not make any sense.

The mathematical treatment applied to evaluate the porosity contribution from the
tensile tests data has been described elsewhere [50]. In Figure 7, values of Young’s modulus
are plotted as a function of the solvent composition, with and without porosity correction.
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Figure 6. Normalized orientation distributions of blow spun PEO fibers at different composi-
tions Chl:Ac.
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Figure 7. Young’s modulus of the blow spun PEO mats, with and without porosity correction.

As expected, there is a clear difference between the moduli obtained for the as-prepared
samples (red values) and after removing the contribution of the porosity (black values),
being in this case around 60% higher, and close to the reported Young’s modulus for
PEO [42–55]. On the other hand, Young’s moduli increase when the proportion of chloro-
form in the solvent is used for SBS regardless of the porosity. Other mechanical parameters
were also extracted from the stress-strain plots, maximum stress, σmax (Figure S9), stress
at failure, σf (Figure S10), and yield strength, σy (Figure S11). All of them show similar
tendencies, pointing out that mechanical parameters referring to the material strength
increase as the proportion of chloroform in the solvent used for SBS increases. These results
indicate that variations of structure and/or morphology are affecting mechanical behavior.
As shown above, the porosity is practically constant. Likewise, negligible variations in
crystallinity as well as in the preferential orientation of the constituent fibers are observed.
However, a parameter that may account for the observed mechanical behavior is the ob-
served heterogeneity of the distributions of molar masses of PEO. When the proportion of
chloroform increases, a higher homogeneity in the molar mass distribution is expected and,
a more homogeneous distribution of molar masses must improve the transmission of loads
because of more effective intermolecular interactions.

Regarding the elastic and plastic behavior, they have been studied from the relative
areas obtained from the initial strain value and the yield strain value, AE, and from the
yield strain and the rupture strain, AP, respectively (Figure 8). As can be seen, the higher
the chloroform content in the solvent used for SBS, the higher the plastic behavior of the
material. This result is typical of semi-crystalline thermoplastic polymers, in which a wider
plastic region is found when the interactions between macromolecules are stronger.

The dissolution process of the PEO blow spun materials in water was monitored by
optical microscopy. Square specimens were placed between two glass slides and the sample
was visualized in an optical microscope (Figure 9) [56,57]. Then, 0.25 mL of deionized
water was added in between the glass slides, reaching the specimen by capillarity action.
The evolution of the material was then recorded as a function of time using a video camera.
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Figure 8. Elastic-plastic behavior of the different PEO-based materials before (circles) and after
(squares) considering porosity.

Figure 9. Set up for the dissolution tests.

As the dissolution occurs, light reflected due to the opaque solid reduces progressively
as the medium becomes transparent. The quantitative monitoring of the process was
performed by image analysis from video frames taken at different times (details of the data
analysis in Section 2), as shown in Figures 10 and 11.

The fraction of specimen dissolved has been plotted as a function of time in Figure 11.
All the dissolution plots show a sigmoidal profile: after an induction time, the dissolu-
tion process begins, until the curve levels off, marking the finalization of the dissolution.
Under our experimental conditions, the sample is fully dissolved in less than 20 s. Depend-
ing on the sample type, the slope of the intermediate region of the plot differs. The PEO
dissolution observed in this work is faster than in studies reported [58], since the materials
here produced are nonwoven fibrous mats and highly porous. This wide contact surface
makes the interaction with the solvent more effective and consequently the dissolution.
Following the same reasoning, one would expect higher dissolution rates the thinner the
fibers are (and the lower the density of fibers or the higher the porosity). As can be seen
in Table 5, the average diameter is similar for all the blow spun material, but with certain
differences in terms of porosity parameters (Tables 5 and 6). For instance, all the samples
present similar porosities except PEO-55, which has a slightly lower value. On the other
hand, PEO-55 and PEO-82 show a smaller number of pores with a higher mean pore
area (Table 5), with these the samples showing different dissolution patterns and a slower
dissolution rate.
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Figure 10. Image analysis to monitor dissolution process of the PEO-based specimens.

Figure 11. Dissolution profiles of blow spun PEO mats at different solvent compositions Chl:Ac.
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4. Conclusions

The solution blow spinning method, SBS, was used to prepare PEO-based materials in
the form of nonwoven mats constituted by submicrometric fibers. By changing the solvent
composition used to dissolve the polymer (mixture of acetone and chloroform), different
thermal, mechanical and dissolution behaviors of the material were found. From the study
of the thermal and mechanical behavior, it is concluded that the composition of the solvent
conditions, the evaporation rate, and therefore, the way the solid PEO fibers are formed,
in an instantaneous or “time of flight” fractionation of the polymer, is according to the
different molar masses. A higher proportion of chloroform favors the homogeneity of the
molar mass distribution, which is reflected in better-defined thermal transitions in DSC and
higher mechanical strength since the specific interactions occurring between the polymer
chains are favored. Finally, the dissolution process of the mats is mainly conditioned by
the global morphology of the fibrous material, higher porosity, and small fiber diameter
leading to a faster dissolution rate in water, as a consequence of the increased polymer
surface available to the solvent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14071299/s1. Figure S1. SEM images of the different
PEO developed materials with a 4000× magnification at different tilts. Columns (from left to right)
represent the different tilt angles: −5, 0, 5 and 10 degrees; whereas rows (from top to button) represent
the different materials: PEO-46, PEO-55, PEO-64, PEO-73, PEO-82, PEO-91AND PEO-100. Figure S2.
Fiber size distributions of PEO-46 as a function of the tilt. Figure S3. Fiber size distributions of PEO-55
as a function of the tilt. Figure S4. Fiber size distributions of PEO-64 as a function of the tilt. Figure S5.
Fiber size distributions of PEO-73 as a function of the tilt. Figure S6. Fiber size distributions of PEO-82
as a function of the tilt. Figure S7. Fiber size distributions of PEO-91 as a function of the tilt. Figure S8.
Fiber size distributions of PEO-100 as a function of the tilt. Figure S9. Maximum stress as a function
of PEO based material. Figure S10. Stress at failure as a function of PEO based material. Figure S11.
Yield stress as a function of PEO based material.
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Abstract: The mechanical properties of thermoplastic materials depend on temperature and strain
rate. This study examined the development of a procedure to predict tensile moduli at different strain
rates and temperatures, using experimental data from three-point-bending dynamic mechanical
analysis (DMA). The method integrated different classical concepts of rheology to establish a closed
formulation that will allow researchers save an important amount of time. Furthermore, it implied a
significant decrease in the number of tests when compared to the commonly used procedure with
a universal testing machine (UTM). The method was validated by means of a prediction of tensile
moduli of polyamide PA66 in the linear elastic range, over a temperature range that included the
glass-transition temperature. The method was applicable to thermo-rheologically simple materials
under the hypotheses of isotropy, homogeneity, small deformations, and linear viscoelasticity. This
method could be applicable to other thermoplastic materials, although it must be tested using these
other materials to determine to what extent it can be applied reliably.

Keywords: polymer characterization; mechanical properties; viscoelasticity; DMA

1. Introduction

There are a variety of engineering applications involving viscoelastic properties of
materials, ranging from the more classic structural applications [1,2], through nanocompos-
ites and biopolymers [3], to biomechanical models [4,5] and biomedical engineering [6,7].
There is also a variety of mathematical models to fit the performance of materials that
have viscoelastic behavior [8,9]. In spite of this variety of models, such as quasilinear mod-
els [10,11], fractional models [12,13], and other nonlinear models [14,15], linear models in
the form of a Prony series are the simplest and therefore the most widely used in industrial
practice [8,16]. In order to create mathematical models that allow for good calculations,
the identification of the parameters of viscoelastic material models is a permanent issue
in engineering research [17,18]. The limits of an accurate identification imply limitations
to the applications in many engineering fields [5,7,19]. This task is more difficult, since
these models must take into account the variation in the behavior of materials at different
frequencies and temperatures [2,6,20]. Although dynamic mechanical analysis (DMA) is
a well-established option for obtaining material-response data over a broad spectrum of
frequencies and temperatures [21], new methods are currently being tested and developed
to identify the material parameters: for applications at the micro- and nanoscale by atomic
force microscopy [22–24] or optical tweezer [25]; for biological materials (challenging be-
cause of their intrinsic softness and labile nature) [26]; and for noncontact methods such as
magnetic mechanical testing for biomaterials [27] or ultrasonic DMA for nondestructive
inspection [28]. On the other hand, a number of studies have examined simpler methods
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to be able to estimate the properties of materials, reducing the experimental cost and
complexity [18,29,30].

The use of a universal testing machine (UTM) to characterize a material is widespread.
In industry, it is common to have the tensile modulus at room temperature and at a low
strain rate (given by the supplier), but data on other temperatures and strain rates are of
interest as well. However, using a UTM to determine viscoelastic properties requires, in
general, a large number of tests. So, it takes a long time for a complete characterization.
Therefore, the progress and challenge of this field is to estimate a large amount of informa-
tion in a shorter time, by using only dynamic mechanical analysis (DMA) [18,21]. After the
experimentation with DMA, if the information is treated through a series of mathematical
models, it is possible to obtain the same information as in the use of a UTM, without the
necessity of using this device. This procedure allows researchers to save time and money.

To avoid the time-consuming experimentation in UTM tests, the present article deals
with experimental data from DMA tests to obtain tensile moduli of thermoplastic materials.
Three-point-bending DMA experimental data were measured at certain values of amplitude,
frequency, and temperature. With these input data, a mathematical model was created and
its parameters were found, in order to predict the tensile moduli in the linear elastic zone
for a range of temperatures and strain rates.

Consequently, the objective of this work was to predict the tensile modulus of polyamide
PA66 as a function of temperature and strain rate from three-point-bending DMA data
without using a UTM. The validation of the results was carried out by comparing them
with experimental data.

Three hypotheses to be validated were assumed:

1. The relationships between the flexural modulus and frequency, and also between
tensile modulus and strain rate, follow a logarithmic tendency;

2. There is an equivalence between the strain rate of a tensile test and the frequency and
amplitude of the sinusoidal strain from the flexural tests;

3. There is a factor that permits a relationship between the tensile modulus and flexural
modulus. This factor is not dependent on strain rate nor on temperature.

From these assumptions, the mathematical model was established. Then, it was
applied to a polyamide as an example. At the end of the work, the hypotheses will be
verified when contrasted with the experimentation.

The procedure began with the DMA experimental data (storage and loss moduli)
over input parameters (amplitude, frequency, and temperature). Once these data were
measured, with the use of the proposed mathematical model, tensile moduli were estimated
at different temperatures and frequencies. Finally, these estimated values were compared
to tensile tests in order to validate the material model.

2. Materials and Methods

The diagram in Figure 1 shows the concept of the present work. Starting from DMA
data: on one hand, when comparing the flexural modulus (EF) for different temperatures
and frequencies, it was possible to state the factors for interconverting between tempera-
tures and frequencies (aT); on the other hand, a relationship between frequency and strain
rate was determined (

.
ε( f )). As a result, the flexural modulus was calculated as a function

of the temperature and strain rate. Assuming that the tensile modulus of the material
was known from the literature, just for a single reference temperature and strain rate, the
flexural modulus could then be calculated in the same reference conditions. This allowed
us to state the relationship (MR) between the tensile and flexural moduli (third hypothesis
of this work). As a result, a model could be built to predict the tensile modulus for every
temperature and strain rate (in a certain range). Finally, it was possible to define a loop
check (tensile loop) by using data from the UTM to validate the model.
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Figure 1. Diagram of the “tensile loop”.

2.1. Mathematical Material Model

In order to state the mathematical model of a viscoelastic material, two different types
of models were checked in the literature:

• Models depending on the strain rate: in which the mechanical property under study
was defined as a function of the strain rate;

• Models depending on the temperature: in which the mechanical property under study
was defined as a function of temperature.

2.1.1. Strain Rate Dependence

In polymers and composites, the modulus and the strength increase with an increase
in the strain rate [16,31]. The relationship between these mechanical properties (modulus or
strength) follow a logarithmic relationship as a function of the strain rate (first hypothesis
of this work). One of the most well-known models that describes mechanical properties as
a function of strain rate is the Johnson–Cook model [32,33].

The Johnson–Cook model is a mechanical model that was developed to describe the
plastic behavior that a material suffers under impact conditions. The behavior of materials
subjected to high strains, high temperatures, and high strain rates is reproduced. This
model is defined using parameters measured in experimental procedures at different strain
rates and temperatures. The yield stress is defined as [32]:

σ =
(

σ0 + JC1· εp
JC2

)
·
(

1 + JC3· ln
.
ε
∗
p

)
·
(

1 − TH
JC4

)
(1)

where σ is the stress, σ0 the yield stress at the reference temperature and at a low strain
rate; εp the effective plastic strain;

.
ε
∗
p the effective plastic strain rate, normalized with the

reference strain rate
.

ε0 = 1 s−1; JCi (i = 1 . . . 4) are four coefficients of the Johnson–Cook
model; and TH is a dimensionless coefficient. This last coefficient is defined as [32,33]:

TH =
T − Tref

Tm − Tref
(2)
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where T is the temperature, Tref is the reference temperature (the ambient temperature, for
instance), and Tm is the melting temperature of the material.

Although the Johnson–Cook model is related to the development of plastic strain,
and the analysis of this work was related to thermoplastic materials within the linear
viscoelastic region, this model was considered important in this study due to the logarithmic
relationship between the modulus or strength and the strain rate.

Relying on this model, the present work proposed the first hypothesis mentioned
above: the flexural modulus (or the tensile one) has, in general, a relationship with the
strain rate that can be expressed by means of a logarithmic relationship of the form:

EF
( .
ε
)
= EF

( .
εref

)
+ SEF· ln

.
ε (3)

where
.
ε is the strain rate, EF

( .
ε
)

is the flexural modulus of the material for a strain rate
.
ε,

and the reference strain rate
.
εref = 1 mm/min. SEF is the slope of the linearized expression,

and can be calculated by fitting a line to the experimental data.
As will be seen below, a completely analogous expression was proposed for the tensile

modulus.
The units for strain rate will always be mm/min in this work, in order to compare the

different strain rates measured in tensile tests with the UTM results. This input parameter
(strain rate) for these tests is given in mm/min as well.

2.1.2. Temperature Dependence

It is well known that in polymers and composites, the modulus decreases with an
increase in temperature [16,34]. The relationships between mechanical properties as a
function of temperature have been widely studied. Several constitutive properties (such
as relaxation modulus or creep compliance) depend on temperature and time. The time–
temperature superposition principle, as found in the literature [16,35,36], states that there
is a certain equivalence between a variation in temperature and the time scale in which
the processes of relaxation, creep, or deformation take place. For example, relaxation time
varies in a certain (inverse) proportion with temperature. This means that the curves of
a certain constitutive property with respect to time (or frequency) obtained at a higher
temperature can be superimposed on those obtained at a lower temperature by applying
a suitable change of scale to the time axis. Since the temporal (or frequency) scales used
in this type of experiment are logarithmic, the change in time scale corresponds to a shift
in the (logarithmic) time axis. The materials in which this principle of time–temperature
superposition applies are called thermo-rheologically simple. In the present study, in order
to deal with the influence of the temperature, a shift factor was used, aT. The shift factor
could be calculated with a shifting procedure.

Knowing how this shift factor affects the temperature is of great interest. The shift
factor is defined as [16]:

aT =
tT

tTref

(4)

where aT is the shift factor, tT is the time to reach a certain value in a mechanical property
(relaxation modulus or creep compliance) at temperature T, and tTref is the time to reach a
certain value in a mechanical property at reference temperature Tref. This factor accounts
for the time–temperature superposition of the relaxation modulus (or creep compliance),
so that t units of time at temperature T are equivalent to t/aT units at temperature Tref.

The shift factor also applies to constitutive functions expressed in the frequency
domain. For the complex modulus G∗ = G′ + j·G′′ , it leads to [16]:

G∗( f , T) = G∗(aT · f , Tref) (5)

Various empirical equations have been proposed to determine the temperature-dependent
behavior of the shift. The Williams–Landel–Ferry (WLF) equation is useful when the ma-
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terial has a temperature above the glass transition Tg, as well as in the Tg region. This
equation uses the following expression [16,34]:

log aT =
−C1(T − Tref)

C2 + (T − Tref)
(6)

where Tref is the reference temperature, and C1 and C2 the coefficients of the WLF equation.
The values of the constants initially were thought to be universal constants, taking values
of 17.44 and 51.6, respectively, when Tref was considered Tg. Today, they are instead
considered as parameters to curve-fit in each case [16].

When the temperature is below Tg, the relationship between the shift factor and
temperature is given by the Arrhenius equation [37], which is defined using the follow-
ing expression:

log aT =
Ea

2.303· R
·
(

1
T
− 1

Tref

)
(7)

where Ea is the activation energy, T is the (absolute) temperature, and R the thermody-
namic constant.

When working at different temperatures with WLF or Arrhenius shift functions, the
number of temperatures to be analyzed in order to achieve a reliable adjustment of the
shift factor over temperature depends on how much time the experiment lasts. In most
cases, 4 or 5 temperatures can be enough [38]. The coefficients for the equations were found
through the least-squares error method, after the equations were linearized [39].

In order to determine the shift coefficient of a material, this work began with the
curves of the storage and loss moduli over a range of frequencies, provided by DMA tests
at different temperatures. The curves given by these tests were shifted horizontally until
they overlapped (at least in a certain range). The values of these shifts were then adjusted
to the WLF or Arrhenius models.

However, according to what was previously exposed, two considerations were taken
into account:

(a) In order to calculate the coefficients of shift functions, it was necessary to con-
sider the change in behavior of the material when the glass-transition temperature was
exceeded. Thus, either one temperature range or two temperature subranges needed to be
used, depending on the case. The WLF equation presented a discontinuity when the test
temperature was a certain temperature below Tref: when Tref − T = C2. However, it was
useful above Tref.

The method of finding the coefficients of the equation was through linearization of
Equation (6), resulting in:

1
log aT︸ ︷︷ ︸

y

= −C2

C1
· 1
T − Tref︸ ︷︷ ︸

x

− 1
C1

(8)

On the other hand, the Arrhenius equation presented the energy activation, the factor
of which was nonsense in temperatures above Tg. However, it could be used for the
subrange T ≤ Tg. In this case, to find the coefficients, the linearization of (7) showed
the form:

log aT︸ ︷︷ ︸
y

=
Ea

2.303·R · 1
T︸︷︷︸
x

− Ea

2.303·R · 1
Tref

(9)

(b) In the case in which there were two subranges, Tref was required to be the same for
every subrange in order to work within the entire temperature range indistinctly. In this
way, the continuity of the values of the shift coefficient was preserved: the last temperature
for the first subrange coincided with the first temperature for the second subrange; thus,
the shift factor also had to coincide. Otherwise, there would be a discontinuity in the shift
factor over temperature.
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2.2. Moduli Ratio

The DMA tests carried out in this study were of a three-point-bending nature. They
allowed us to determine the flexural modulus of the material. However, the goal of this
work was to state the tensile modulus of the material. Therefore, it was necessary to
establish a relationship between both modules. This relationship constituted the third
hypothesis of this work. The proposed relationship was a simple proportion that remained
constant for the considered range of temperatures and deformation rates. Hence, the
moduli ratio (MR) was defined as the ratio of tensile modulus ET to flexural modulus EF:

MR =
ET
EF

(10)

By definition, this moduli ratio was valid for tensile and flexural moduli at the same
temperature and at the same strain rate.

This ratio was considered to be independent of the temperature and strain rate (third
hypothesis of this work). It meant that this parameter was assumed to be constant in the
ranges of temperature and strain rate under study. With this assumption, at the end, a
comparison between flexural values and experimental tensile data was always necessary.
If the differences were enough low, the assumption of the existence of this constant value
along the ranges of the variables under study could be considered correct.

Moreover, if the moduli ratio is applied to (3), one finds:

ET
( .
ε
)
= ET

( .
εref

)
+ MR·SEF︸ ︷︷ ︸

SET

· ln
.
ε (11)

So, a logarithmic line related the tensile modulus to the strain rate, and the slope of
such line was that of the flexural times the moduli ratio.

2.3. Mathematical Model for Tensile Loop Validation

By combining the ideas outlined in the previous sections, a mathematical model for the
tensile module could be constructed. That mathematical expression allowed us to calculate
the tensile modulus as a function of the temperature and strain rate. This expression
had two parts. One part represented the variation of tensile modulus as a function of
temperature, and the other part as a function of the strain rate. The combination of both
parts was the resultant tensile modulus:

ET
(
T,

.
ε
)
= MR·EF

(
T,

.
εref

)︸ ︷︷ ︸
ET(T,

.
εref)

+ MR·SEF· ln
.
ε (12)

The tensile modulus at a given temperature can be found from the tensile modulus at
a reference temperature. Therefore, the tensile modulus presents a logarithmic adjustment
as a function of the strain rate, in which the independent term is the tensile modulus at a
reference temperature.

For the mathematical model of a tensile loop, the tensile modulus can be determined
as a function of temperature and strain rate, as shown in (12).

2.4. Material for Experiments

The experimental work was carried out with polyamide PA66 with no glass fiber. It
was a lubricated and stabilized polyamide 66. It was a nylon resin with good mechanical
properties, good high temperature performance, and chemical resistance. It is used in
demanding applications such as in electrical and electronic devices, the automotive industry,
furniture and domestic appliances, sporting goods, and packaging applications. The
material used in this work was delivered by DuPontTM under the tradename ZYTEL®

103HSL NC010.
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3. Experimental Application of the Method

The purpose of the method was to be able to predict the tensile modulus of a thermo-
plastic material (PA66) as a function of the strain rate and temperature from DMA data.

In order to apply this method, a series of steps were followed:

1. DMA experiments (sweeps);
2. Determination of the shift factor;
3. Moduli ratio;
4. Material model: temperature- and strain-rate-dependent;
5. Validation.

3.1. DMA Experiments

Several amplitude, temperature, and frequency sweeps were carried out by DMA [21].
The experiments were three-point-bending tests, carried out under the ASTM D5023-07
standard. With these sweeps, storage and loss moduli were measured over these three
mentioned variables.

3.1.1. Amplitude Sweep

The amplitude sweep was the first experimental test with DMA. This test was per-
formed at 30 ◦C and at 1 Hz. The measured storage modulus G′(= EF) for PA66 is presented
in Figure 2.

Figure 2. Storage modulus–amplitude plot for PA66.

For PA66, the amplitude to perform subsequent tests was 30 μm. This amplitude,
considering the data in Figure 2, was located within the linear viscoelastic range.

The plot in Figure 3 was only to observe if the tendency between the flexural modulus
and strain rate was the expected one (a logarithmic tendency). Since the strain in the DMA
tests was sinusoidal, the average strain rate was taken as the length traveled in a complete
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oscillation divided by a period; i.e. four times the amplitude times the frequency (second
hypothesis in this work):

.
ε = 4·A· f (13)

Figure 3. Flexural modulus–strain rate plot of amplitude sweep for PA66.

As can be seen in Figure 3, the logarithmic tendency was confirmed between the
flexural modulus and the strain rate for this material (first hypothesis of this work).

3.1.2. Temperature Sweep

The temperature sweep was the second experimental test with DMA. This test was
performed at 30 μm of amplitude and 1 Hz of frequency. The loss modulus for PA66 in
these conditions is presented in Figure 4.

Figure 4. Loss modulus–temperature plot for PA66.
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This second test was mostly used to observe if there was a maximum for the loss
modulus at a specific temperature in the given conditions of amplitude and frequency.

According to the data in Figure 4, for the material under study, there was a maximum
of the loss modulus at approximately 50 ◦C. This indicated that the subrange change,
explained in Section 2.1.2, had to be considered at this temperature.

3.1.3. Frequency Sweep

The frequency sweep was the third and last experimental test with DMA. This test
was performed at 30 μm of amplitude at different temperatures, from 30 to 100 ◦C, with an
increment of 10 ◦C between the sweeps.

Frequency sweeps for the storage modulus and loss modulus for PA66 are presented
in Figures 5 and 6, respectively. Three repetitions of each test were performed, and we took
the average of these results.

Figure 5. Storage modulus–frequency plot for PA66.

Figure 6. Loss modulus–frequency plot for PA66.
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At first, the maximum of the loss modulus for 1 Hz of frequency was seen, as expected,
at a temperature close to 50 ◦C; that is, the temperature at which the maximum of the loss
modulus was found during the temperature sweep. When examining Figure 6, it can be
seen that the maximum was reached between 40 and 50 ◦C for a lower frequency.

Once these frequency sweeps were performed, the experimental part of the method
was finished.

The next step was to plot the flexural (or storage) modulus over the strain rate at the
different temperatures tested. In this way, it was possible to find, for every temperature,
the parameter SEF, as well as the flexural modulus at a reference strain rate of 1 mm/min.

For PA66, the plot of the flexural modulus over the strain rate for every temperature is
shown in Figure 7.

Figure 7. Flexural modulus–strain rate plot of the frequency sweep for PA66. Dotted lines are the
mean-square-error fitting lines.

A logarithmic Equation (3) for every temperature was adjusted with a high coefficient
of determination R2. The resulting slope of the equation was the parameter SEF in (3).
These results are shown in Table 1.

Table 1. Slope and independent terms of the logarithmic adjustment between flexural modulus and
strain rate for PA66.

T (◦C) SEF (MPa)
EF (MPa)

1 mm/min
R2

30 65.0 2211 0.981
40 70.1 2029 0.992
50 88.7 1624 0.999
60 83.8 1203 0.997
70 63.6 957 0.992
80 48.0 799 0.982
90 33.7 690 0.974

100 21.6 632 0.963

At first, the maximum of the loss modulus for 1 Hz of frequency was found, as
expected, at a temperature close to 50 ◦C; that is, the temperature at which the maximum
of the loss modulus was found at the temperature sweep. When examining Figure 6, it can
be seen that the maximum was found between 40 and 50 ◦C for a lower frequency.
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Moreover, the logarithmic tendency was confirmed again between the flexural modu-
lus and the strain rate for this material (first hypothesis of this work).

3.2. Determination of the Shift Factor

In the frequency sweep of the DMA tests, every curve was determined at one specific
temperature (Figures 5 and 6). According the hypotheses, these curves could be horizontally
shifted until they were superposed. This frequency–temperature superposition procedure
was carried out by minimizing the squares-error between every couple of curves. The
procedure resulted in just one curve with a larger frequency range.

As explained in Section 2.1.2, two cases were possible:

(a) If there was a maximum of the loss modulus over the frequency, two temperature
subranges were necessary. On one hand, there was a first subrange that ranged
from the minimum temperature to the temperature at which the maximum is found,
adjusted with the Arrhenius equation. On the other hand, a second subrange that
ranged from this last temperature to the maximum temperature, adjusted with the
WLF equation.

(b) If there was no maximum of the loss modulus, just one range was applied, from the
minimum to the maximum temperature. The choice of the shift function depended
on the curve shape: if the loss modulus increased with temperature (a maximum
was expected at a higher temperature), the Arrhenius equation was recommended;
conversely, if the loss modulus decreased when the temperature increased, the WLF
equation was recommended.

For PA66, two temperature subranges were defined: a first subrange from 30 to 50 ◦C,
and a second one from 50 to 100 ◦C. The first subrange was adjusted with the Arrhenius
Equation (7), and the second one with the WLF Equation (6). The frequency–temperature
superposition returned the value of the shift coefficient aT for each temperature, defined as
the relationship between frequencies:

aT =
fT

fTref

(14)

where fT and fTref are the corresponding frequencies of the curves Tref. In the present case,
Tref was assumed to be 30 ◦C. For this reason, the shift factor at this specific temperature
was 1. For the upper range, the shared value at 50 ◦C ensured the continuity of the
shift coefficient.

The determination of the values of the shift coefficient was carried out by means of an
algorithm of minimization of an objective function. A shift coefficient value was applied
to the abscissae of each curve, calculated using the Arrhenius (from 30 to 50 ◦C) and WLF
(from 50 ◦C) equations with the parameters undetermined. The objective function was
calculated as the sum of squared errors between the junction points of the curve sections.
This objective function was minimized, varying the parameters of the Arrhenius and WLF
equations, using a nonlinear generalized reduced gradient algorithm. The Arrhenius
Equation (7) gave:

log aT =
7388.73

T
− 24.39 (15)

where T is absolute temperature (K). In addition, the linearization of the WLF Equation (6) gave:

log aT =
−1

0.17 + 9.91
T−Tref

(16)

Figure 8 shows the results of these formulas.
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Figure 8. Shift factor versus temperature: a slight change can be seen in the glass-transition zone.

By applying the shift factor, the frequency range was extended. When applying this
shift factor to the values of the frequencies at the different temperatures T, new shifted
frequencies were obtained for Tref = 30 ◦C (5): f30 = aT · fT . Since the values of the shift
coefficient were less than one, the points obtained at T > Tref were shifted to the left (toward
lower frequencies). By joining the curves thus displaced, the master curve could be drawn
at Tref (Figure 9).

Figure 9. Master curve for the storage modulus (a) and loss modulus (b).

3.3. Moduli Ratio

To calculate the moduli ratio, it was necessary to know the tensile modulus at least at
one temperature. In this case, there were published data of tensile tests of PA66 at 23 ◦C [40].
The tensile modulus was calculated according to ISO 527-1/-2:

ET =
σ0.0025 − σ0.0005

0.0025 − 0.0005
(17)

The experimental value was ET(23 °C, 1mm/min) = 2780 MPa for a strain rate of
1 mm/min.

Due to the fact that the tensile modulus was known only at a given temperature (23 ◦C),
the flexural modulus had to be shifted at 23 ◦C using the shift factor. As explained in
Section 2.1.2, the shift factor had an influence on temperature and time or frequency due to
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the time–temperature superposition or frequency–temperature superposition, respectively.
So, using the shift factor, a value of a mechanical property, such as the tensile modulus,
measured at Tref, could be predicted at a different temperatures T.

Therefore, an extrapolation to 23 ◦C through mathematical formula (15) had to be
applied in order to find this value. The extrapolation was considered acceptable, because
shift functions were found in the temperature range of 30 to 100 ◦C. This extrapolation
gave us a theoretically calculated (or “synthetic”) value of EF(23 °C, 1mm/min).

From an experimental value (at 30 ◦C and a 30 μm amplitude in a range of frequencies),
the model could find a “synthetic” value (for 23 ◦C and 1.00 mm/min of strain rate). This
was performed using the following procedure:

a. The known flexural modulus at 30 ◦C was the independent term (corresponding to
1 mm/min) of the adjustment of this modulus as a function of the strain rate (Table 1):
EF(30 °C, 1mm/min) = 2211 MPa;

b. The frequency that corresponded to
.
εref = 1 mm/min was calculated by applying

(13): this gave fref = 0.139 Hz;
c. The shift factor at 23 ◦C (a23) was calculated (15) and then applied in (14) to calculate

the corresponding frequency at that temperature: f = a23· fref = 3.624·0.139 =
0.504 Hz;

d. The flexural modulus EF(23 °C) could be calculated on the logarithmic expression
at f = a23· fref : this was formula (3) taking the parameters of Tref = 30 °C, but
shifting the strain rate to that corresponding to the shifted frequency; that is,

.
ε =

4·0.030·0.504·60 = 3.625 mm/min.

Then:

EF(23 °C, 1mm/min) = EF(30 °C, 1mm/min) + SEF· ln(3.625) (18)

AccordingtoTable1, SEF = 65.0. Thisresultedina“synthetic”valueof EF(23 °C, 1mm/min) =
2295 MPa.

Table 2 gives a summary of this procedure.

Table 2. Flexural and tensile moduli at 23 ◦C for PA66.

T (◦C) A (mm)
.
ε (mm/min) f (Hz) EF (MPa) ET (MPa)

30 0.03 1.000 0.139 2211 -
30 0.03 3.625 0.504 2295 -
23 0.03 1.000 0.139 2295 2780

Finally, the moduli ratio was calculated as:

MR =
ET(23 °C, 1 mm/min)
EF(23 °C, 1 mm/min)

= 1.211 (19)

As a reminder, the units for strain rate are in mm/min in this work in order to compare
the results with those found in tensile tests with a UTM, in which the strain rate was entered
in mm/min, as well.

3.4. Material Model: Temperature and Strain-Rate Dependence

In order to calculate the tensile modulus at every temperature, once the flexural
modulus at every temperature and at 1 mm/min was measured, the tensile moduli at every
temperature could be calculated by multiplying by moduli ratio:

ET(T, 1 mm/min) = MR·EF(T, 1 mm/min) (20)

The first step was the calculation of the flexural modulus at one specific temperature
for the reference strain ratio EF

(
T,

.
εref

)
. In our case,

.
εref = 1mm/min. This could be
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calculated through linear interpolation from experimental data of the storage modulus.
However, in order to construct the general model from the DMA tests, we calculated the
slope of the logarithmic adjustment of the flexural modulus as a function of the strain rate
(SEF) at a reference temperature (in our case, at 30 ◦C).

Starting from this value, the flexural modulus (at
.
εref) for any other temperature could

be calculated using the shift coefficient, as was done in the previous section.

EF
(
T,

.
εref

)
= EF

(
Tref , aT · .

εref
)
= EF

(
Tref,

.
εref

)
+ SEF(Tref)· ln

(
aT · .

εref
)

(21)

The tensile modulus at the reference conditions could be automatically calculated:

ET
(
T,

.
εref

)
= MR·EF

(
Tref, aT · .

εref
)

(22)

Then, from (21) and (22), the general model (12) could be written for the material
under study:

ET
(
T,

.
ε
)
= MR·[EF

(
Tref.

.
εref

)
+ SEF(Tref)· ln

(
aT · .

εref
)]

+ MR·SEF(T)· ln
.
ε (23)

In the studied example, for PA66 at 23 ◦C, EF(30 °C, 1 mm/min) was found to be
2211 MPa, aT = 3.625, MR = 1.211, and SEF(30 °C) = 65.0. So, the model found:

ET
(
23°C,

.
ε
)
= 1.211·[2211 + 65· ln(3.625·1) + SEF(T)· ln

( .
ε
)]

(24)

with
.
ε in mm/min. The value of the SE slope had to be obtained from the experimental

curves (Table 1), taking the value of the closest temperature or interpolating. In the present
case, we took SEF(23 °C) ≈ SEF(30 °C) = 65.0, and a more specific expression could
be written:

ET
(
23 °C,

.
ε
)
= 2780 + 78.7· ln

.
ε (25)

4. Validation

Some validations were conducted to close the loop. In order to do this, several values
of the tensile modulus at different temperatures and strain rates, calculated using the
presented method, were compared to experimental ones from the UTM tests.

4.1. Influence of Temperature

Once MR was known, the tensile modulus could be calculated at every temperature
(for

.
ε = 1 mm/min) from the experimental data (Figure 7). The resulting plot of the tensile

modulus over temperature for the material under study is shown in Figure 10.

Figure 10. Tensile modulus vs. temperature plot for PA66, taking T = 30 ◦C as a reference.
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As expected, the slope of the curve was higher if there was a subrange change; in other
words, if there was a maximum of the loss modulus over the temperature. Moreover, in the
same way as occurred for the storage/flexural moduli, the tensile modulus was lower at
higher temperatures.

4.2. Validation by Temperature Dependence

In order to verify the values of the tensile modulus as a function of temperature,
published stress–strain curves [40] at different temperatures for the same ZYTEL® 103HSL
material from DuPontTM were compared to the prediction of the DMA results.

Taking the resulting values at 1 mm/min of the logarithmic fitting of the DMA results
(Table 1) and applying the moduli ratio (1.211), this work assumed that it was possible to
predict the tensile modulus. The resulting values were compared to the experimental ones
for 40, 60, and 90 ◦C, as shown in Table 3.

Table 3. Tensile modulus: experimental and predicted by the moduli ratio.

T (◦C) ET (MPa) Experimental EF (T,1 mm/min) Experimental (MPa) ET = MR·EF (MPa) Error (%)

23 2780 2295 2780 0.00
40 2538 2029 2457 3.19
60 1450 1203 1457 0.48
90 846 690 836 1.18

As defined in the experimentation in DMA, the temperature range under study was
from 30 to 100 ◦C. For this reason, the last temperature published, 120 ◦C, could not be
compared, as it was out of range in our study.

The three hypotheses of this work were applied here: the logarithmic tendency of
the moduli related to frequency, the equivalence between the flexural and tensile moduli
(constant moduli ratio), and the equivalence between the frequency and strain rate. The
error introduced by those assumptions remained under 5% for PA66.

In addition, these results were compared with those of the study by Mhanna et al. [2]
of a PET–FRP laminate material. The decrease in the modulus in the elastic zone in both
studies were of the same order.

4.3. Validation by Strain Rate Influence

Stress–strain curves at different strain rates for PA66 also were determined with a
UTM at different strain rates, in order to verify the values given by the model of the tensile
modulus (22, 23). Three repetitions were conducted for each strain rate. The resulting
values of the tensile modulus are shown in Table 4.

Table 4. Tensile modulus by tensile test in UTM compared to “synthetic” tensile modulus of PA66 for
different strain rates at 23 ◦C.

UTM Tests Model

Strain Rate (mm/min)
ET (MPa)

SD ET (MPa) ET (MPa) Error (%)
1 2 3

1.000 2732 2795 2813 42 2780 2780 0.00
3.466 2777 2800 2871 49 2816 2878 2.20

12.011 2812 2885 2958 73 2885 2976 3.15
41.628 2838 3012 3036 108 2962 3073 3.75
144.270 3013 3072 3095 43 3060 3171 3.63
499.000 3045 3081 3222 93 3116 3269 4.91

The “synthesized” values of the tensile modulus were calculated by the model (25).
Once we performed the experiment and the calculations, it was possible to compare both
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values for the different strain rates tested. For the PA66, the mathematical model for the
tensile loop as a function of the strain rate also was well fitted: errors remained within the
5% range, as shown in Table 4.

5. Conclusions

As stated in the objectives of this work, the developed method, with the use of the
mathematical model proposed in this paper, predicted tensile moduli of thermoplastic
materials as a function of the temperature and strain rate from DMA data without using
a UTM.

The use of the described development involved an important saving of time, as well as
a significant decrease in the number of tests, when compared to the procedure with a UTM.

In order to verify the tensile moduli, a “tensile loop” was developed, and the following
conclusions were drawn:

• The parameter defined as the moduli ratio presented a constant relationship between
the tensile modulus and flexural modulus, with good results;

• Following the sinusoidal tendency of flexural tests, the equation between the strain
rate, frequency, and amplitude was confirmed;

• There was a logarithmic tendency between the flexural modulus and frequency, as
well as between the tensile modulus and strain rate;

• The divergence of the experimental results given by the tensile tests and the predicted
values using this model as a function of these two variables was small (<5%) for PA66.

The method was applicable under the hypotheses of isotropy, homogeneity, small
deformations, and linear viscoelasticity. Therefore, the estimated values could be used
for a linear elastic behavior. This excluded the mechanical behavior under high stress or
strain. In principle, this method could be applicable to other thermoplastic materials, under
the stated hypotheses, as long as they are thermo-rheologically simple materials; that is,
wherever the principle of time–temperature superposition is valid. Naturally, this should
be validated in each case.

Furthermore, the model was limited to the working range of the variables under study
(strain rate and temperature).

Special attention must be paid to the glass-transition temperature. For the correct
application of the model, it is necessary to determine this reference temperature. Significant
variations occurred in the experimentation near this temperature. In the same way, the
equation that related the shift factor with the temperature also was different below or
above this temperature. Therefore, it is important to conduct an accurate experimental
study around the glass-transition temperature, since important changes in the structural
behavior of the material were observed experimentally, and there was a significant drop
in the moduli. If that drop cannot be determined accurately, the model cannot be fed well
enough to correctly estimate the tensile moduli.

Finally, the method presented here, verified for a polyamide 66, must be tested with
other thermoplastic materials to determine to what extent it can be applied reliably. In
addition, a future work will expand the range of the variables (temperature and strain rate)
in order to determine the limits of the method’s applicability.
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Abstract: In this article, the flame retardant poly(aminopropyl/phenyl)silsesquioxane (PA) was
incorporated into thiol-ene (TE), to obtain a flame-retardant thiol-ene (FRTE) composite. The cone
calorimeter (CONE) measurement results showed that, compared with neat TE, the peak of heat
release rate (PHRR) and total heat release (THR) of FRTE have decreased by almost 23.7% and
14.5%, respectively. Thermogravimetric analysis (TGA) results further confirmed that the flame
retardant PA could induce the initial thermal degradation of TE, and increased the amounts of
residual char. Moreover, the activation energies of FRTE were calculated through the Kissinger
and Flynn–Wall–Ozawa methods. Compared with the neat TE, the activation energies of FRTE
were raised by the addition of PA. It indicated that the flame retardant PA promoted cross-linking
reactions of TE, to form a compact char layer and retarded further the thermal degradation of the
polymer matrix.

Keywords: flame retardancy; poly(aminopropyl/phenyl)silsesquioxane; thiol-ene; kinetics; activation
energy

1. Introduction

UV-photopolymerization is a simple and efficient way of generating cross-linked net-
works. Due to the advantages of solvent-free, environment-friendly, all active ingredients,
and rapid curing under UV irradiation, UV-curing film has strong potential application in
the field of coatings. A wide variety of monomers (including multifunctional acrylate and
methacrylate monomers) have been found to undergo rapid photopolymerization under
UV light, with the right amount of photoinitiator [1–3]. However, there are still many
problems in the above monomer systems, such as the fact that it is unstable in oxygen,
has uneven crosslinking, large internal stress in polymerization, is easy to cause volume
shrinkage, and so on [4–8].

Thiol-ene (TE) photopolymerization is a novel photopolymerization, based on click
chemistry, which is different from the step-growth reaction mechanism of an acrylate-based
photopolymerization system. It has the characteristics of uniform cross-linking network, gel
point delay, low volume shrinkage and low stress, which overcome the defects of previous
conventional photopolymerization systems. In addition, the rate of the thiol-ene addition
reaction is very fast, which is almost equal to the photopolymerization of acrylate under
inert conditions. Conventional radical addition polymerization is difficult to carry out in
the presence of oxygen, but the thiol-ene reaction is different from this. It can occur in the
presence of oxygen and will not be affected. [9–13]. However, the thiol-ene polymer, like
most organic polymers, is deficient in flame retardancy. Therefore, adding some additional
substances into thiol-ene is necessary to reduce its flammability [14,15].

Halogen flame retardance, the earliest used flame retardant, is an important kind of
organic flame retardant at present. With low price and additional excellent stability and
compatibility, it has become one of the most used flame retardants in the world [16,17].
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However, the halogen gas released from the combustion of halogen containing polymers
will generate corrosive, harmful gas (hydrogen halide), when combined with water vapor,
causing corrosion to some equipment and buildings. Halogen flame retardants will release
strong carcinogens, such as dioxin and benzofuran, after combustion, affecting normal
human metabolism and seriously damaging the environment [18–20].

The use of halogen-free flame retardants has become the development trend of polymer
flame retardants. As a high-efficiency, smokeless, low-toxicity and pollution-free flame
retardant, the phosphate flame retardant has attracted the interest of many researchers. At
present, remarkable achievements have been made in synthesis and application. However,
most phosphate flame retardants also have some disadvantages, such as high volatility,
poor heat resistance, poor compatibility, and dripping during combustion. Inorganic flame
retardants mainly include hydroxide (aluminum hydroxide, magnesium hydroxide), red
phosphorus, tin series and borate (zinc borate) [21–24]. Inorganic flame retardants not only
have a flame retardant effect, but also have a smoke suppression effect, and can inhibit the
formation of hydrogen chloride. Inorganic flame retardants are widely used because they
are non-toxic and non-corrosive. Today, with the increasing requirements of environmental
protection, inorganic flame retardants show strong competitiveness and development
potential. The disadvantage is that inorganic flame retardants generally have relatively
large addition and low flame-retardant efficiency, which seriously damage other properties
of the polymer matrix. As reported in the literature, polysiloxane has been demonstrated
as an effective and ‘environment friendly’ flame retardant, for various polymers. Silicon,
due to its low surface energy, migrates easily to the surface of the polymer matrix during
combustion. Thus, the thermal degradation of the polymer can be effectively prevented,
by forming a protective layer with excellent heat resistance [25–28]. However, as far as
we know, no one has studied the effect of polysiloxane to enhance the fire behavior and
thermal property of the thiol-ene system.

Thus, in this paper, poly(aminopropyl/phenyl)silsesquioxane (PA) was incorporated
into thiol-ene to enhance the flame retardancy of the composites. We chose PA because the
phenyl groups, in their structure, have excellent char-forming properties. Additionally, the
amino group forms nitrogen during combustion, which also has a flame-retardant effect.
Then, the fire behavior and thermal degradation behavior of siliconized-modified thiol-
ene were investigated by cone calorimeter measurement and thermogravimetric analysis
(TGA), respectively.

2. Materials and Methods

2.1. Materials

Trimethylolpropane tris(3-mercaptopropionate) (3T) was supplied by Bruno Bock
Chemische Fabrik GmbH & Co. (Marschacht, Germany). Tetramethylammonium hydrox-
ide (TMAOH) and phenyltriethoxysilane (PTES) were supplied by Alfa Aesar Chemical
Reagent Co. Ltd. (Tewksbury, MA, USA). Sigma-Aldrich Reagent Co. Ltd. (St. Louis,
MO, USA) supplied 2,2-Dimethoxy-2-phenylacetophenone (DMPA), pentaerythritol allyl
ether (TAE), (3-aminopropyl)triethoxysilane (APS) and ethyl alcohol (EtOH) were all used
as received.

2.2. Synthesis of Poly(aminopropyl/phenyl)silsesquioxane (PA)

As shown in Figure 1, the synthesis of PA was based on previous publications and the
specific method was as follows [29,30]: EtOH (75 mL), distilled water (25 mL) and TMAOH
(1 mL) were added into a 250 mL flask. Then, PTES and APS at different molar ratios were
mixed in the above solution, accounting for 10 wt% of the total. Stirring was stopped after
8 h and left overnight. The supernatant was removed and the precipitate condensate was
collected. It was then pumped and filtered with EtOH/distilled water (3/1 by volume)
and washed with anhydrous EtOH. The product was dried in vacuum for 20 h at room
temperature to obtain PA.
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Figure 1. Synthesis of PA.

2.3. Preparation of TE Composites

For the composite preparation, 1 wt% DMPA was first dissolved in 3T and ultrasound
was performed for 30 min. Then, equal amounts of TAE with 3T and PA (5 wt% of the
total amount) were added to the mixture and stirred evenly. The mixture was further
mixed with an ultrasonic device and the bubbles were removed (30 min). TE/PA (FRTE)
composites were prepared by UV curing after pouring the mixture onto the glass substrate.
For comparison, TE was prepared under the same technological conditions.

2.4. Characterization and Measurement

Cone calorimeter measurement was carried out using an FTT Conical Calorimeter
(Fire Testing Technology Ltd., East Grinstead, West Sussex, UK) according to ASTM E1354.
The heat flux was 50 kW/m2 and the specimen size was 100 × 100 × 3 mm3. All specimens
were measured in three groups and then averaged. Thermogravimetric analysis (TGA)
was performed on the Q5000 TA Thermogravimetric Analyzer (TA Instrument Corp.,
New Castle, DE, USA). In a nitrogen atmosphere, about 10 mg of the sample was heated
from 50 ◦C to 600 ◦C at 10 ◦C/min heating rate.

2.5. Thermal Degradation Theory

When studying the thermal transformation kinetics of solid chemical reactions, it is
generally based on the following reaction rate [31,32]:

r =
da
dt

= k f (a) (1)

where, r is the degradation rate, a is the conversion degree, t is the time, k is the rate constant,
f(a) is the reaction model. It is generally assumed that k obeys the Arrhenius equation:

k = A exp(−E/RT) (2)

where, A is the pre-exponential factor, E is the activation energy, R is the universal gas
constant and T is the temperature.

The influence relationship between degradation rate and temperature and sample
weight change can be expressed as:

da
dt

= A f (a) exp(−E/RT) (3)

Equation (3) can also be used in its integral form. Under isothermal conditions, the
integral form is:

ln t = E/RT − ln[A/g(x)] (4)
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For non-isothermal degradation, Equation (3) becomes:

da
dT

= (A/β) f (a) exp(−E/RT) (5)

where, β is the heating rate (β = dT
dt ), g(x) is the mechanism integrated forms (g(x) =

a∫
0

da
f (a) ).

(1) Kissinger method [33]

The equation of the Kissinger method can be expressed as follows:

ln(
β

T2
max

) = ln(
AR
E

)− E
RTmax

(6)

where, Tmax is the temperature of the peak rate.
The temperature of peak rate is determined by the DTG curves at different heating

rates. Then draw with 1/Tmax as the abscissa and ln(β/T2
max) as the ordinate and fitting

a straight line. The activation energy can be calculated from the slope of the line by the
Kissinger equation.

(2) Flynn–Wall–Ozawa method [34,35]

The equation of the Flynn–Wall–Ozawa method is as follows:

lg(β) = lgAE/g(a)R − 2.315 − 0.457
E

RT
(7)

As can be seen from the above equation, variable lg(β) is linearly proportional to
variable 1/T. The activation energy for any particular degree of degradation can be
obtained by calculating the slope of the lg(β) − 1/T plots.

3. Results and Discussion

3.1. Flame Retardancy

There are many traditional fire hazard testing methods, but most of them use small
instruments to test the performance, which is far from the actual situation when a fire
occurs. The cone calorimeter is mainly based on the principle of oxygen consumption for
testing. It provides a way to measure multiple different parameters in the same experiment.
It has been shown that the cone calorimeter test results have a very good correlation with
the parameters obtained from large-scale fire tests. Thus, it can be used to predict the
burning behavior of materials in real fires [36]. The cone calorimeter of TE composites is
presented in Figure 2. It could be obtained that the peak of heat release rate (PHRR) for the
neat TE reached 2152.4 kW/m2, which presented a very sharp heat release rate (HRR) curve
and the combustion was complete after 321 s. Compared with neat TE, the incorporation
of 5 wt% PA led to a strong reduction in PHRR, which reached a value of 1642.8 kW/m2

and the PHRR was reduced by nearly 23.7%. The reduction in HRR was accompanied by a
prolongation of burning time (from 321 to 409 s). Moreover, it was clear that the total heat
release (THR) evidently decreased (from 188.0 to 160.7 MJ/m2) for the FRTE composite,
compared with the neat TE matrix.

The Flame Retardancy Index (FRI) was always used to evaluate the flame retardancy
of resin systems [37,38]. The calculation equation of FRI is as follows:

FRI =

[
THR ×

(
PHRR

TTI

)]
TE[

THR ×
(

PHRR
TTI

)]
FRTE

(8)

As shown in Table 1, the FRI value of PA was 2.31 after calculating the relevant
parameters, which exhibited “good” flame retardancy performance.
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Table 1. The parameters obtained from the cone calorimeter measurement.

Sample
PHRR

(kW/m2)
THR

(MJ/m2)
TTI (s) FRI Flame Retardancy Performance

TE 2152.4 188.0 102.5 - -
FRTE 1642.8 160.7 154.5 2.31 good

 
(a) (b) 

Figure 2. HRR (a) and THR (b) curves of TE composites.

The morphology of the char residue in the cone calorimeter after combustion is
presented in Figure 3. It can be seen that the neat TE was fully burned and there was
practically no residue (Figure 3a). In contrast, the amount of FRTE residue was large and
the color was light yellow (Figure 3b). It was particularly important that the residue formed
a compact and continual char layer. This obviously helps prevent the passage of heat
and combustible substances in the fire and, finally, the flame retardancy of the polymer
was raised.

  
(a) (b) 

Figure 3. Residual char images of TE (a) and FRTE (b) after CONE measurement.

3.2. Thermal Stability

The TGA/DTG curves for the degradation of the TE composites, at a heating ramp
rate of 10 ◦C/min in nitrogen, are presented in Figure 4, and the data are listed in Table 2.
It revealed that the onset degradation temperature (T5wt%) of FRTE was much lower than
that of neat TE. The T5wt% for TE was 345.7 ◦C, but 327.3 ◦C for the FRTE, indicating that
the onset degradation temperature of TE tended to decrease with the incorporation of PA.
The major degradation in the FRTE occurred between 300–500 ◦C, which was similar to
that of TE.
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Figure 4. Thermal stability of TE composites.

Table 2. TGA data of TE composites.

Sample
Temperature (◦C) Peak Rate

(wt%/◦C)
Residue Char

(wt%)T5wt% Tmax

TE 345.7 385.9 1.95 1.33
FRTE 327.3 387.8 1.76 4.60

The char residues of the FRTE at 600 ◦C were higher than that of TE, and the amount
of solid residue shifted from 1.33 wt% (for TE) to 4.60 wt% (for FRTE) of the initial weight.
The phenyl groups in the structure had excellent char-forming properties and aminopropyl
groups could promote the crosslinking reactions during the thermal degradation process.
In addition to that, nitrogen could be formed from the amino group during combustion,
which also has a flame-retardant effect. This result further confirmed that the branched
silicone with aminopropyl and phenyl could induce the formation of the char layer, which
might play an important role for the flame retardancy of the FRTE composite [39,40].

3.3. Thermal Degradation Kinetics

The TGA and DTG curves of the TE composites, at the heating rates of 5, 10, 20
and 40 ◦C/min, are shown in Figures 5 and 6. The curves revealed the different profiles,
depending on heating rate, and two weight-loss stages occurred during degradation,
which was consistent with the literature report [41]. The first major degradation in the
TE composites emerged in a temperature range of 300–450 ◦C, whereas the second stage
degradation was observed above 450 ◦C. The temperature of the peak rate (Tmax) of the
TE composites increased progressively as the heating rate increased. Generally, with the
increase in heating rate, the time required for the sample to reach a certain temperature is
shortened. Therefore, it could be seen from Figure 5 that, when the heating rate gradually
increased from 5 ◦C/min to 40 ◦C/min, the TGA curve of the sample also moved to a
higher temperature.

Figure 7 presents the Kissinger plots of ln(β/T2
max) versus 1000/Tmax for TE compos-

ites. The kinetic parameters of the first stage in thermal degradation, calculated by the
Kissinger method, are summarized and compared in Table 3.
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(a) (b) 

Figure 5. TGA curves of TE (a) and FRTE (b) composites.

 
(a) (b) 

Figure 6. DTG curves of TE (a) and FRTE (b) composites.

Figure 7. The curves of ln( β
T2

max
) vs. 1

Tmax
of TE and FRTE.
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Table 3. Kinetic data using the Kissinger method.

Sample
Temperature (◦C)

E (kJ/mol) lnA (1/min)
5 ◦C/min 10 ◦C/min 20 ◦C/min 40 ◦C/min

TE 367.5 385.9 407.5 433.4 107.4 11.4
FRTE 372.3 387.8 408.0 433.5 116.7 13.1

The kinetic parameters of TE changed with the incorporation of PA. For FRTE, the
values of activation energy and lnA were 116.7 kJ/mol and 13.1/min, respectively, which
were significantly higher than those of neat TE. In general, the incorporation of flame-
retardant PA enhanced the thermal stability of TE [42].

The Flynn–Wall–Ozawa method is another kinetics analysis method and was used
in this study. Compared with the Kissinger method, the Flynn–Wall–Ozawa method can
analyze the change in activation energy of a flame retardant system in the whole thermal
degradation process, through simple TGA data processing, and can, therefore, obtain more
comprehensive and complete kinetic data.

Based on the data in Figure 4, and the equation of a = w0−wt
w0−w∞

(w0 is the initial weight
of the sample, wt is the sample weight at any temperature t, w∞ is the final sample weight),
the conversion degree as a function of temperature, relative to the decomposition of the TE
and FRTE systems, can be calculated, as exhibited in Figure 8.

 
(a) (b) 

Figure 8. Conversion of TE (a) and FRTE (b) as a function of temperature.

The activation energies of the thermal degradation for the TE composites could be
calculated through Equation (7). The conversion values were 0.02, 0.05, 0.10, 0.20, 0.30, 0.40,
0.50, 0.60, 0.70, 0.80, 0.90, 0.95 and 0.98.

For the fitting straight lines, obtained in Figure 9, their R2 values were both higher
than 99%. This means that the Flynn–Wall–Ozawa method was suitable for this research
system. Moreover, the fitting lines, corresponding to TE and FRTE, were relatively parallel,
which indicated that the research system should correspond to a single reaction mechanism.
The activation energy curves are presented in Figure 10.

As seen, the same tendency as for the results from the Flynn–Wall–Ozawa method was
obtained. A decrease in the activation energy, with the increasing conversion in the initial
degradation stage (2~10%), was found. The activation energy of FRTE at 5% conversion
was around 116.0 kJ/mol, whereas that of neat TE was 117.8 kJ/mol. It was reported that
the earlier thermal degradation of polymer always occurred, due to the degradation of
polysiloxane at a lower temperature [43]. Then, the activation energies of neat TE and
FRTE both increased with increasing conversion. With the increase in activation energy, the
thermal stability of the polymer was improved, and the degradation became difficult, which
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indicated that the flame retardancy of the polymer was improved. However, for FRTE, the
incorporation of PA led to activation energy greater than that of neat TE (α ≥ 10%). From
these values, mean values of 124.4 kJ/mol and 129.1 kJ/mol were found for neat TE and
FRTE, respectively, which was in best agreement with those obtained using the Kissinger
method [44]. The above results indicated that the Si-C3H6NH2 bond and Si-Ph bond of
flame retardant PA may form some silyl radicals or siloxane derivatives, which could react
with TE or the evolved products of TE. Thus, the cross-linking reactions were promoted to
form a compact char layer in the FRTE composite and further pyrolysis during the thermal
degradation process was retarded.

 
(a) (b) 

Figure 9. The curves of lg(β) vs. 1000/T of TE (a) and FRTE (b).

Figure 10. Activation energy curves by Flynn–Wall–Ozawa method.

4. Conclusions

A flame-retardant composite FRTE has been successfully prepared by the incorporation
of poly(aminopropyl/phenyl)silsesquioxane into a thiol-ene matrix. The results of the
cone calorimeter and TGA measurements showed that, compared with neat TE, the flame
retardancy and thermal stability of FRTE were improved. Specifically, the PHRR and
THR of FRTE were reduced by almost 23.7% and 14.5%, and the amounts of residual char
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were increased. Furthermore, the results from both the Kissinger and Flynn–Wall–Ozawa
methods showed that the activation energies of FRTE were enhanced by the incorporation
of PA, which indicated that the branched silicone with aminopropyl and phenyl promoted
cross-linking reactions of TE, to form a compact char layer, and retarded further pyrolysis
during the thermal degradation process of the polymer matrix.
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Received: 24 January 2022

Accepted: 7 March 2022

Published: 10 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Biopackaging Potential Alternatives: Bioplastic Composites of
Polyhydroxyalkanoates and Vegetal Fibers

Natalia Gómez-Gast 1, Ma Del Rocío López Cuellar 2, Berenice Vergara-Porras 1 and Horacio Vieyra 3,*

1 Tecnologico de Monterrey, Escuela de Ingeniería y Ciencias, Carretera Lago de Guadalupe 3.5, Colonia
Margarita Maza de Juárez, Atizapán de Zaragoza 52926, Mexico; a00354363@tec.mx (N.G.-G.);
vergarabp@gmail.com (B.V.-P.)

2 Cuerpo Académico de Biotecnología Agroalimentaria (CABA), Institute of Food and Agricultural
Sciences (ICAp), Autonomous University of Hidalgo State (UAEH), Av. Universidad Km. 1, Ex-Hda. De
Aquetzalpa AP 32, Tulancingo de Bravo 43600, Mexico; marocio_lopez@uaeh.edu.mx

3 Tecnologico de Monterrey, Escuela de Ingeniería y Ciencias, Eduardo Monroy Cardenas 2000, San Antonio
Buenavista, Toluca de Lerdo 50110, Mexico

* Correspondence: h.vieyra@tec.mx

Abstract: Initiatives to reduce plastic waste are currently under development worldwide. As a part
of it, the European Union and private and public organizations in several countries are designing
and implementing regulations for single-use plastics. For example, by 2030, plastic packaging and
food containers must be reusable or recyclable. In another approach, researchers are developing
biopolymers using biodegradable thermoplastics, such as polyhydroxyalkanoates (PHAs), to replace
fossil derivatives. However, their production capacity, high production costs, and poor mechanical
properties hinder the usability of these biopolymers. To overcome these limitations, biomaterials
reinforced with natural fibers are acquiring more relevance as the world of bioplastics production
is increasing. This review presents an overview of PHA–vegetal fiber composites, the effects of
the fiber type, and the production method’s impact on the mechanical, thermal, barrier properties,
and biodegradability, all relevant for biopackaging. To acknowledge the behaviors and trends of
the biomaterials reinforcement field, we searched for granted patents focusing on bio-packaging
applications and gained insight into current industry developments and contributions.

Keywords: polyhydroxyalkanoates; fibers; mechanical properties; biodegradability; packaging; patents

1. Introduction

In 2020, the European Parliament approved a strategy for a circular economy in
plastics. Some of the main challenges are increasing plastic reuse and recycling rates,
achieving a competitive and efficient economy in the use of resources, and undertaking
the effort to reduce marine litter [1,2]. The Commission proposal urged to ensure that
by 2030 all plastic packaging placed in the European Union (EU) market will be reusable
and recyclable in a cost-effective manner, improving the design and collection process and
reducing single-use plastic, restricting the use of oxo-degradable products, and defining
rules for labeling compostable and biodegradable plastics. It also suggested a list of single-
use plastic items to be banned or restricted, such as food and drink containers, drink cups,
cutlery, plates, stirrers, bottles, beakers, lids, lightweight plastic carrier bags, and oxo-
degradable plastics, among others [3,4]. Oxo-degradable or oxo-biodegradable polymers
are mainly petroleum-based products combined with additives to promote fragmentation.
Their macromolecular chains split into small chains when these polymers come into contact
with heat, oxygen, or light through either biotic or abiotic mechanisms. Examples include
low-density polyethylene and polypropylene films combined with metal oxides (Fe2O3,
CuxO, and ZnO) [5–7].
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Several international organizations such as the Nations Convention on the Law of
Seas (UNCLOS) and the International Maritime Organization (IMO) have contributed
strategies for preventing, reducing, and controlling pollution from land-based sources,
waste from vessels, pollution from the exploitation process, and marine plastic litter from
ships [8,9]. At the same time, some countries are leading initiatives to reduce plastic waste.
More than 100 governments affirmed their disposition to launch negotiations for a new
global plastics agreement in recent years, and almost 127 countries approved legislation to
regulate plastic bags and stimulate circular plastic economies. Germany has been named
“the champion recycling country” for achieving a 67% recycling rate of household solid
waste in 2017, followed by Austria and South Korea with 53%. In addition, China, Malaysia,
Vietnam, Thailand, Indonesia, South Korea, Taiwan, India, and Turkey banned plastic
waste importation [10–13].

Another factor that increases the urgency of finding solutions to reduce plastic waste
is the Chinese prohibition of plastic waste importation. China used to import a large
percentage of the global plastic waste for a manually recyclable process. In 2016, China
imported approximately 8 million tons of waste from developed countries, and now those
governments must recycle their waste or export it to other Asian countries [14,15]. In this
context, bioplastics such as polyhydroxyalkanoates (PHAs) have emerged as part of the
solution to plastic waste.

Biopackaging, in eco-conscious packaging, is any biodegradable packaging conceived
for sustainability. It involves natural and synthetic biodegradable polymers, called biopoly-
mers, that can include by-products of the agro-industry, such as fibers and inorganic or
bioactive compounds, to be more respectful to the environment. These materials wrap
or contain products temporarily for handling, transport, and storage [16–18]. Because
biodegradability and biocompatibility are remarkable properties of polyhydroxyalkanoates
(PHAs), these polymers are more suited for biopackaging than are synthetic plastics [19].

PHAs are linear and thermoplastic polymers. They can be produced by plants and
bacteria such as Delftia acidovorans, Pseudomonas mosselii, P. oleovorans, P. putida, Halomonas
sp., and Escherichia coli LS5218 when subjected to stress by lack of nutrients such as nitrogen,
phosphorus, and others [20–22]. These bacteria store carbon in PHAs granules as an
energy reserve [23,24]. PHAs are composed of hydroxyalkanoate monomers susceptible to
other bacteria and fungi degradation. For example, microorganisms such as Paucimonas
lemoignei release depolymerases to degrade the PHA into water-soluble monomers and
oligomers [23,25,26]. For example, a PHA bottle can take less than three and a half years to
degrade in a marine environment, a short time compared to that required for fossil-derived
plastics [25], and a high degradation rate of PHA is achievable in soil (109 days) depending
on the soil composition, bacterial population, and crystallinity degree of PHA [27,28].

There are bioplastics made with PHAs already on the market, but despite low-cost
applications granted by recently developed extruders and molding machines, the produc-
tion capacity of PHAs is lower than the current consumption of plastic [29,30]. According
to Our World in Data, a project of the Global Change Data Lab, a non-profit organization
based in the United Kingdom (Charity Number 1186433), in 2015, approximately 11% of
PHA production was used for packaging, although other reports believe it to be 40% [31,32].
While the global capacity for bioplastics production in 2019 was 2.11 million tons, barely
0.57% of the total production of plastics, only 25 thousand tons were PHA (around 1% of
total production). The European Bioplastics and Nova-Institute forecasted that by 2024,
bioplastic production will be approximately 2.43 million tons, and PHA production will
triple the current production [33,34], which is a significant growth but still lower than the
current demand for plastics.

The high production cost of PHAs is another drawback to replacing conventional
plastics. This cost comes from the complex production process that includes several steps
such as selection of the raw material, bioreaction, separation and drying of the biomass,
PHA extraction, and processing [35,36]. The raw material accounts for more than 50% of
the production cost [37], whereas the price of PHA can be approximately 300 times the
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price of a polymer such as polypropylene. Thus, research has focused on selecting cheap
raw materials and developing new strategies for PHA production. One of the alternatives
to overcome this economic and technical barrier is the elaboration of composites with
natural fibers. The vegetal fibers used as fillers are essential in reducing cost, increasing
biodegradability, and tailoring mechanical and thermal properties. However, using natural
fibers with PHA has limitations, such as low interfacial adhesion to the biopolymer matrix,
poor matrix dispersion, and hydrophilic characteristics [38–41].

Some alternatives implemented to surpass the technical disadvantages include making
composites with two or more fibers that complement each other, different fiber pretreat-
ments, and compatibilizers [42].

This review aimed to analyze the composites made with PHAs and natural fibers as a
realistic alternative for biopackaging.

2. PHA–Vegetal Fiber Composites

Biomaterials reinforced with natural fibers are acquiring more relevance as the world
of bioplastics production is increasing. The keywords biodegradable, PHAs, fibers, natural,
and vegetables were searched in the ISI Web of Knowledge and Scopus, resulting in
87 articles. Below, we discuss the main characteristics required for biocomposites meant for
bio-packaging and the impact of the fiber and the preparation method on the composite
properties.

2.1. Polyhydroxyalkanoate and Fiber Composites

Natural fibers are mainly composed of cellulose, hemicellulose, and lignin, which have
different physical and chemical properties [43,44]. Different natural fibers have been used
to reinforce PHAs, but their inclusion also presents some issues. For example, cellulose
provides the strength of the fiber but has poor compatibility with hydrophobic polymers
such as PHA [45,46]. Hemicellulose is amorphous and hydrophilic due to hydroxyl and
acetyl groups; therefore, its mechanical properties are poor, and it retains moisture [47,48].
The lining is aromatic and amorphous but less hydrophilic than other components [46,47].
These characteristics cause low interfacial adhesion between fiber and matrix and the
generation of polar groups, which generate poor dispersion in the matrix [49,50]. Thus,
different pretreatments have been used to reduce the polarity and water absorption of
fibers to improve the affinity between the fillers and the matrix and enhance the efficient
stress transfer from matrix to fibers. Some examples of the primary pretreatments found in
the literature, and the main changes observed in the fibers after the treatment are shown in
Table 1.

With pretreatments of chopping or grinding, fibers are cut by mechanical methods and
sieving, or micronized, to obtain smaller particle sizes to improve fiber–matrix adhesion
and promote crystallization [51]. Grinding methods include cutting milling, impact milling,
or ball milling [52]. Enzymatic pretreatment immerses the fibers in a pectinase, laccase, or
cellulase solution to modify the fillers’ surfaces and remove impurities [53]. In grafting,
powder cellulose fibers undergo an esterification process and are subsequently dried. These
fibers are further treated to increase their hydrophobicity [54]. In mechanical–hydrothermal
pretreatment, fibers are immersed in warm water for surface modification and bacterial
degradation [55,56]. Mechanical–chemical pretreatment consists of grinding the vegetal
fillers followed by an alkali or solvent treatment to remove impurities and to improve the
fiber–matrix adhesion [57]. Lastly, an argon plasma jet induces new functional groups
on the cellulose surface in the plasma pretreatment, allowing the fibers to ultrasonicate
and lyophilize [58]. Additional reports on pretreatment of the fiber with waxes suggest
performance improvements without hindering the biodegradability of the composite. For
instance, in a blend of PHBV, wheat, ATBC, and calcium carbonate, the pretreatment of the
fiber with bio-based waxes improves the mechanical performance of the blend in terms of
impact resistance, and in a composite of PHBV–potato–ATBC–calcium carbonate, the wax
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pretreatment of the fiber enhances the fiber–matrix adhesion and the mechanical properties
of the composite [59,60].

Table 1. Examples of fiber pretreatments used for biodegradable composite production.

Pretreatment Natural Fiber Additive Treatment Effect Reference

Chopped
grinding

Wood F The fibers were too short to hinder the
brittle fracture. [51]

Basalt F The fiber–matrix adhesion improved. [51]
Rice husk Irregular fibers in morphology or size [42]

Posidonia oceanica Small size; Poor fiber–matrix
interaction [52]

Cotton
Uniform fiber dispersion due to a
grafting process of the polymer

matrix.
[53]

Enzymatic Bamboo Pectinase, cellulase,
laccase

Rough surface. Decreased fiber
polarity. Better compatibility. Slight

increase in tensile and impact strength
of composites. Delay in the thermal

decomposition of composites.
Increased melting peak and

crystallization rate. Lower water
absorption.

[44]

Grafted Cellulose Palmitoyl chloride
Increased hydrophobicity. Better fiber
distribution in the matrix. Improved

elongation of fibers.
[45]

Mechanical/Hydrothermal Ceiba Immerse in water for
bacterial degradation * [47]

Piassava *

Hemicellulose and lignin partially
removed. Increased smooth surface
area. Decreased average diameter.

Better composites thermal stability.

[54]

Mechanical/Hydrothermal
Microcrystalline

cellulose *

Size and shape changed to
nanocrystals and nanofibrils. CNC

contributed to high and perfect PLLA
crystal formation. Composites with

CNC have better elongation than
composites with MCC.

[55]

Mechanical–chemical Luffa Alkaline treatment
(NaOH)

Hemicelluloses and lignin partially
removed. Reduced diameter.

Improved adhesion.
[56]

Olive husk Acetone–ethanol,
NaOH

Hemicellulose and lignin eliminated.
Smooth surface. Improved interfacial

adhesion.
[57]

Wheat straw Alkaline treatment
(NaOH)

Non-cellulosic components removed.
Straight and smooth surface. Better

fiber–matrix interface. Improved
tensile strength.

[58]

Vine shoots Acetone
Reduction of lignin and resveratrol

content. Improved biodegradability of
the fiber.

[59]

Seagrass
Acetic acid to wash,

and alkaline
treatment (NaOH)

Wax, hemicellulose, lignin, and
calcium carbonate impurities

removed. More reactive −OH groups
in the fiber surface promoted better

fiber–matrix interaction.

[60]

Rice husk Alkaline treatment
(NaOH)

Wax, hemicellulose, and lignin
removed. Increased crystallinity. [60]
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Table 1. Cont.

Pretreatment Natural Fiber Additive Treatment Effect Reference

Almond shell Alkaline treatment
(NaOH)

Wax, hemicellulose, and lignin
removed. Increased crystallinity. [60]

Radiata pine Sigmacote, hexane,
heptane * [61]

Coconut Oregan essential oil
Fiber length decreased with increasing

screw speed. Antibacterial activity
(bacteriostatic effect against S. aureus).

[48]

Microcrystalline
cellulose

The size was reduced to nano
dimensions, and the shape changed to

spherical and fibril.
[55]

Kenaf

Alkaline treatment
(NaOH) and silane

(triethoxysilyl
propylamine)

Improved interfacial fiber–matrix
bond but not improved mechanical

properties.
[33]

Palm brunches (Efb)

Alkaline treatment
(NaOH) and silane

(triethoxysilyl
propylamine)

Improved interfacial bond between
fibers and matrix but not improved

mechanical properties.
[33]

Plasma
Microcrystalline

cellulose

Surface modification for a better
matrix–fiber interface. Decreased

thermal stability.
[49]

* Information not provided. Basalt F: basalt fiber; CNC: nanocrystalline cellulose; Efb: empty-fruit palm brunches;
MCC: microcrystalline cellulose; NaOH: sodium hydroxide; PLLA: polylactic acid; Wood F: wood fiber.

2.2. Mechanical Properties of PHA–Vegetal Fiber Composites

In general, the composite polymers use less than 30 wt% of reinforcements, probably
due to the difficulty in achieving a homogeneous dispersion of the vegetable fibers, and
melt flow index also decreases, which hinders composites’ processability. Young’s modulus,
tensile strength, and elongation at break are the most commonly reported mechanical
properties, typically measured using the ASTM D638 Standard Test Method for Tensile
Properties of Plastics. In addition, ASTM D790 for Flexural Test of Plastics, ASTM D256 2018
Standard Test Methods for Determining the Impact Resistance of Plastic Izod Pendulum,
and ISO 527 Determination of Tensile Properties in Plastic Films are used. After analyzing
the literature and organizing the information according to the matrix materials and fibers
used as reinforcement in composites, we plotted the reported data, regardless of the
preparation method, to acknowledge behaviors and trends of the biomaterial reinforcement
using Tableau (Salesforce company) for visual analysis (Figures 1–3).
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Figure 1. Young modulus of different PHA–fiber composites. (a) PHB and PHB/PBAT blends.
(b) PHBV and its blends with PBAT and TPU. The colors refer to the fiber type (fillers), and the shapes
refer to polymer types (matrix).
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Figure 2. Tensile strength. (a) PHB and PHB/PBAT blends. (b) PHBV and its blends with PBAT and
TPU. The colors refer to the fiber type (fillers), and the shapes refer to polymer types (matrix).
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Figure 3. Elongation at break of PHA–fiber composites. (a) PHB and its blends with PBAT, PHBV,
PLA, and TBC. (b) PHBV and its blends with ENR, PBAT, and TPU. The colors refer to the fiber type
(fillers), and the shapes refer to polymer types (matrix).

2.2.1. Young’s Modulus

The addition of fillers to the polymeric matrix enhances its resistance to stretching
or deformation, a property related to the Young’s modulus, independently of the poor
filler matrix adhesion (Figure 1). Fibers modify the Young’s modulus, measured in the
elastic zone of the material’s stress–strain curve, and the inclusions act as nucleating
agents to promote crystallization [55,61]. The Young’s modulus values of some traditional
plastics range between 67 and 3100 MPa, and the Young’s modulus of the composites
studied in this review exhibited a wide range between 10 and 24,000 MPa [36,62,63]. The
fiber type, fiber content, and pretreatment determine the mechanical properties. PHB
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(polyhydroxybutyrate) and PHBV (polyhydroxybutyrate-co-valerate) fiber composites,
PHB/fiber (80/20 wt%) with almond fiber, and rice husk range between 2200 and 2500 MPa.
Blends of PHBV bamboo, miscanthus, flax, or wood (70/30 wt%) had Young’s modulus
values between 3000 and 5000 MPa. This same range of Young’s modulus values is
observed using 50 wt% of radiata fiber or 10 wt% of coconut or cellulose. Nevertheless,
incorporating plasticizers into the PHAs matrix reduces Young’s modulus. In a composite
of PHBV/TPU(thermoplastic polyurethane)–cellulose, where three different additives
were used, the compatibilization between fiber and matrix enhanced and incremented
the viscosity of the films, but Young’s modulus decreased compared with the PHBV
controls [64,65].

Fiber length impacts the crystal structure. For example, in PLA–PHB–cellulose compos-
ites, nanofibers promote crystal size reduction, perfect crystal formation, and homogeneous
dispersion, resulting in a stiffer composite [66]. In another example, the addition of short
coconut fibers (542–1100 μm) improves crystallinity; however, when fiber content increases,
some aggregates are formed in the matrix due to poor dispersion of fibers, which can
generate microfractures in the composites [67,68]. In a blend of PHB/PBAT(polybutylene
adipate-co-terephthalate)–babassu, PHB and PBAT mutually inhibited crystallization, and
the resulting composite was amorphous. At room temperature, the increase in PBAT con-
tent reduced Young’s modulus compared with PHB film, but when samples were tested
at −40 ◦C, the polymer chain movement was restricted, and the Young’s modulus of the
blend increased [69].

The method of obtaining the composites also improves the mechanical properties, pro-
viding alternatives to tailoring the elastic modulus of the matrix. Higher Young’s modulus
values are obtained when preparing the composite by stacking, casting, extrusion, and
injection. For example, the Young’s modulus of a composite of PHBV–wood (85/15 wt%)
elaborated by extrusion–injection increased from 4500 MPa (neat PHBV) to 5667 MPa. In
a composite with kenaf/Efb, the number of layers and the stiffness of the external layer
contribute to increasing the Young’s modulus. Moreover, a PHBV–flax (70/30 wt%) com-
posite made by stacking reached 16.69 GPa, representing a 320% increase compared to the
PHBV matrix due to fibers’ properties (flax Young’s modulus is 60–80 GPa). PHA–flax
(70/30 wt%), also made by stacking, reached a Young’s modulus of 10.27 GPa, probably due
to a reduction of 2% in the porosity. However, when other polymers such as polybutylene
adipate co-terephthalate (PBAT) or epoxidized natural rubber (ENR) were added to the
matrix, the Young’s modulus of the composites was reduced by 15% [48,70]. Although the
method of obtaining the composites modifies their mechanical properties, the selection of
the method depends on the intended usage of the produced material. For example, casting
is ideal for laboratory testing, extrusion is ideal for profile generation, and injection for
end products such as containers. The most common methods of composite preparation are
listed in Table 2.

Table 2. Common methods to produce biodegradable composites.

Process Matrix Fiber Additive Applications Reference

Casting PHB Luffa * Packaging [71]
PHBV Ceiba * Fresh fruit packaging [56]

PLLA, PHB MCC Tributyl citrate Food packaging [72]

P34HB Cotton Benzoyl peroxide and
maleic anhydride. Paper-based packing [73]

Compression PHB Seagrass, almond
shell, rice husk Food packaging [74]

PHB Microcrystalline
cellulose * Biomedical and engineering

uses [58]
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Table 2. Cont.

Process Matrix Fiber Additive Applications Reference

PHBV Radiata pine Polymethylene
diphenyl diisocyanate * [75]

PHB Coconut, sisal Glycerol Small tubes and plastic bags for
planting [76]

Extrusion–
compression

PHB Wheat straw * Biomedical and food packaging,
biodegradable polymer [77]

PHBV Bamboo, luffa * * [78]

PHBV Rice husk TGIC, DCP Food packaging [51]
PHBV Coconut Food packaging [57]

Extrusion–
injection

PHBV Bamboo * * [53]

PHBV Olive husk * Environmentally-friendly
material [79]

PHBV Radiata pine * Improved mechanical
properties of PHBV composites [80]

PHBV Wood/basalt * Long-life material products [81]

PHBV Cellulose * Biocomposites with tailored
properties [54]

PHB Piassaba * * [66]
PHBV Posidonia oceanica * Bio-container for plants [82]

PHBV, TPU Cellulose
Hexamethylene

diisocyanate, joncryl,
TGIC.

* [64]

PHB, PBAT Babassu * Several applications [69]
PHBV Posidonia oceanica ATBC Seawater applications. [83]

Extrusion–
injection

PHBV Miscanthus DCP * [65]

Injection PHBV Nanocellulose,
walnut, eggshell, tuff * Packaging for airline cosmetics

food [84]

Micro-
compounding

PHBV Vine shoots Biodegradable materials [85]

Stacking–
compression

PHA, PLA,
PBS, PP Flax *

Adjustable mechanical
properties for industrial

products
[86]

PHBV, PBAT,
ENR Flax Epoxy sizing * [70]

PHB, PLA Cotton * Building, furniture, or
automotive products [87]

PHB Efb, kenaf bast fiber Triethyl citrate Replacement of wood products [42]

Processing conditions such as temperature, time, speed, or pressure were different for each report. * Infor-
mation not provided. ATBC: acetyl tributyl citrate; DCP: dicumyl peroxide; Efb: empty-fruit palm brunches;
ENR: epoxidized natural rubber; GMA: glycidyl methacrylate; MCC: microcrystalline cellulose; P34HB: poly-
3-hydroxybutyrate-co-4-hydroxybutyrate; PBAT: polybutylene adipate-co-terephthalate; PBS: polybutylene suc-
cinate; PHA: polyhydroxyalkanoate; PHB or P3HB: poly(3-hydroxybutyrate); PHBV: polyhydroxyburytrate
co-valerate); PLA: polylactic acid; PLLA: poly-L-lactide; PP: polypropylene; TGIC: triglycidyl isocyanurate; TPU:
thermoplastic polyurethane.

2.2.2. Tensile Strength

Tensile strength (UTS) is the maximum point in the stress–strain curve that materials
reach without fracture when a load is applied. In composites, the average UTS values
range between 20 and 30 MPa, very close or below the UTS of the matrix, mainly due to
poor adhesion (Figure 2). The PHBV/ENR–flax (65/35 wt%) composite made by staking
achieved the highest UTS value, 188 MPa; PHA–flax reported an 82 MPa, despite the
differences in the stiffness of the matrix [70,77]. Fibers properties modulate mechanical
behavior. Composite’s UTS depends on many factors such as fiber properties, size, weight,
percent of content, processing temperature, and fiber–matrix adhesion [49,88,89].
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As depicted in Figure 2, the amount of fiber affects the UTS. Some studies report a
better performance when adding 1–10 wt% fiber, but the UTS tends to decrease when the
content is higher, probably due to the formation of agglomerates [56]. In general, poor
compatibility is more evident when filler weight is 30% because fibers act as stress concen-
trators, and the composites turn into a brittle material, and UTS decreases [80]. Hence, good
interfacial adhesion and uniform fiber dispersion are required to improve UTS. Composites
can withstand more significant stress before breaking when fibers efficiently transfer stress,
which requires pretreatment before the compounding process [79]. Pretreatments aim
to enhance fiber–matrix adhesion. For example, the grafting process of PHA and maleic
anhydride (MA) used to reduce the hydrophilicity of composites had a positive effect on
mechanical properties [73]. In addition, in a PHBV–bamboo composite, the enzymatic
treatment leads to better fiber bonding and a UTS increase of 4% [53]. Likewise, plasma
treatment in PHB–cellulose (98–2 wt%) increases the UTS by 15% [58].

The fiber size also affects the UTS. For example, in a PHBV–coconut fiber composite
made by extrusion–compression molding, high long fiber content hinders chain-folding
and the formation of the crystals, but high short fiber content leads to a nucleating effect,
which results in a lower UTS for the blend [57]. Thus, fiber length is critical for the efficiency
of the reinforcement. In a composite of PHB–sisal fibers, long fibers increase the blend’s
moisture content, affecting the interfacial interaction, which causes a reduction in the UTS
from 22.3 to 11.9 and 18.2 MPa [76]. When fiber size appears not to affect the UTS, it is
probably due to variability, which masks the fiber type and size effect [90].

2.2.3. Elongation at Break

Elongation at break is a differential between the initial longitude and the final longitude
of a specimen after the breakage test, generally expressed as a percentage. The elongation
at break is poor in fragile materials due to large spherulites generating processing gaps,
and the addition of vegetal fillers to a matrix impacts the net’s elongation. Figure 3 shows
the relationship between fiber percentage and elongation at break. The elongation at break
is lower than 7% in most composites. Contrary to Young’s modulus, fiber addition leads
to a reduction in elongation at break. The PHA–chestnut (90/10 wt%) composite made
by compression molding has an elongation at break of 580%, the highest value reported
(not depicted in Figure 3). In this composite, grafting with glycidyl methacrylate (GMA)
contributed to more uniformly dispersed fibers, better wetting, and improved interfacial
adhesion due to the similar hydrophilicity of the phases [91].

Typically, fibers compromise the elongation at break. Long fibers promote the forma-
tion of large crystals and, therefore, a more fragile material, whereas the crystals formed are
smaller when short fibers are used [72]. In addition, fiber orientation may cause stiffness
and reduce the flexibility of biopolymer nets [77]. However, incorporating plasticizers
into the blends promotes fiber–matrix bonding. For instance, in the PHBV/TPU–cellulose
blend produced by extrusion–injection, incorporating 1 phr of hexamethylene diisocyanate
(HMDI) enhances the interfacial adhesion and improves the composite elongation by
150% [64]. The addition of ATBC increased the elongation at break to 6.4%, triple that of
PHBV film [52]. Nonetheless, in some cases, the fiber content’s effect exceeds the plasti-
cizer’s effect, as in the composite PHBV–posidonia (70/30 wt%), where the ATBC could
not compensate the fiber’s stiff effect [83]. In a composite made by lamination, the joncryl
additive partially fills the gap between fiber and matrix but does not affect crystallization
or elongation at break [87].

2.3. Thermal Properties of PHA–Fiber Composites

Two main techniques determine transition temperatures to characterize polymers. In
differential scanning calorimetry (DSC), the specimens are subjected to two heating cycles.
The first heating process has the objective to erase the thermal history of the polymer matrix
and remove moisture because water acts as a plasticizer and modifies the properties of the
polymers, and the second cycle identifies melting and crystallinity temperature, and, in
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some cases, the generation of crystals of different sizes [92,93]. Thermogravimetric analysis
(TGA) measures the mass variation when the temperature changes [94,95].

Figure 4 shows the relationship between fiber percentage and melting and degradation
temperatures. Fiber addition does not significantly modify the material’s melting tempera-
ture, as seen in the compounds PHB–pissaba, PHB–rice husk, and PHBV–cellulose. This
behavior is desirable since inexpensive vegetable fillers can be used in composites to reduce
the cost without significantly affecting processability. Thermal stability is critical for packag-
ing applications because some containers are exposed to high or low temperatures during
shipping and storage. A biocomposite must endure heating or cooling processes [96–98].

 

Figure 4. Thermal behavior of PHA–fiber composites. The colors refer to the fiber type (fillers), and
the shapes refer to polymer types (matrix). Tm = temperature of melting.

The TGA shows that the degradation of composites PHA-vegetal fibers occurs in
two main steps: first, the initial fiber and PHA degradation by hydrolysis, and second,
the lining and residue degradation at 350 ◦C or more [99,100]. The addition of fibers
also implies the addition of impurities, and the initial temperature of degradation (Tdeg)
decreases; also, some interaction between fibers and PHBV matrix results in lower Tdeg of
composites [101]. Fiber addition also causes differential melting temperatures in the first
heating (Tm1) and the second cycle (Tm2) due to perfect crystal formation because more
giant and more ordered crystals need more energy to melt again [51,84]. This behavior has
been reported for PHB–flax, PHBV/ENR–flax, or PHBV–miscanthus composites (Figure 4).
The degradation temperature of the composites decreases when using more significant
amounts of the filler and additional treatments to reinforce, which implies less thermal
stability.

Some treatments improve the thermal stability of composites due to the removal of
pectin, cellulose, and other substances of the filler [78]; when fiber improves the interaction
with the matrix, the thermal degradation is retarded [54]. Likewise, reactive agents impact
the thermal behavior of composites. For example, DCP (>0.1 phr), the additive in a blend
of PHBV–miscanthus (70–30 wt%). reduces the temperature of melting (Tm) of the blend
by reducing crystallinity [65]. In some cases, additives mask the nucleating effect of the
vegetable fiber in the polymeric matrix. In addition, plasticizers, typically used for internal
lubrication, increase mobility and decrease the temperature of glass transition (Tg) [72].
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The loss of the plasticizer usually appears in the first part of a TGA curve. This behavior is
typical in PHB composites with glycerol and triethyl citrate (TEC), among others [76].

2.4. Barrier Properties of PHA–Fiber Composites

The barrier properties are essential for packaging materials, especially in food and
shelf applications [102,103]. If a composite absorbs water or oils or has a high gas and
vapor permeability, it is unsuitable for preserving the organoleptic properties of the package
content [104]. The addition of vegetal fibers to a polymer matrix increases the porosity
and the number of polar groups that result in absorbing water. Moreover, poor interfacial
adhesion creates zones that efficiently uptake water [85,105]. The moisture reduces the
mechanical properties of the blend and increases biodegradation because the water migrates
to the amorphous zones and leads to polymer chain scission. Pretreatment of the vegetable
fibers would reduce moisture absorption. Pretreatments such as esterification, use of NaOH,
or enzymatic reduction achieve better dispersion and adhesion of the filler into the matrix,
reducing the hygroscopicity [78,106].

Noteworthily, the water vapor transmission (WVP) of PHA films is similar to
polyethyleneterephtalate (PET) films [104], but it increases with the addition of vege-
tal fibers because of the crystallinity changes generated by the fillers [107]. The WVP of
a composite, as a measure of water vapor uptake, depends on fiber amount, crystallinity
decrement, and changes in the molecular weight of the matrix [54]. The type of fiber and
its hygroscopicity also affects the water vapor permeability [74]. For example, adding low
amounts of fiber (2%) in a PHB–cellulose composite improves the crystallinity, reducing
the diffusion process.

2.5. Biodegradability

A biodegradable polymer undergoes biodegradation, a chemical process during which
microorganisms that are available in the environment decompose materials into natural
substances such as water, carbon dioxide, and methane [108]. As per the ASTM D6400
definition, compostable plastics must demonstrate proper disintegration during the com-
posting, an adequate level of inherent biodegradation, and no adverse impacts to support
plant growth [109]. Most materials are biodegradable, but their biodegradation process
might take hundreds of years [110]. Therefore, one of the objectives of biodegradable plastic
developers is to achieve this process within an appropriate life span according to the use of
the material and its subsequent disposal.

There are different methods to measure a polymer’s biodegradability. The test selec-
tion depends on the organization (ASTM, EPA, ODEC, ISO), external conditions (aerobic,
anaerobic, UV exposure), the environment (soil, marine water, compost), or their purpose
(biodeterioration, assimilation, biofragmentation) [111,112]. Among the most common tests
used to monitor biodegradation are weight loss, abiotic degradation, CO2 measurement,
macromolecular weight loss, oxygen consumption rate, and anaerobic digestion (biogas
production–weight loss) in compliance with ISO 15814:1999, ISO 17556 (2019), ASTM G160–
12, and ASTM D6691 standards [113–117]. CO2 measurements with a respirometric test
also help identify the material’s shelf life according to ASTM D5988-96. These standards
require that the material biodegrades in a certain period and leaves no toxic residue in the
soil. Exposure to the environment (i.e., temperature, moisture, microbial population, pH,
oxygen content) affects the biodegradation of a polymer; thus, a material that degrades
by microbial activity under industrial composting conditions may not degrade in other
conditions [118].

Reinforcement with vegetal fibers is expected to improve the biodegradability of
the already biodegradable PHAs. Instead, biodegradation depends on soil composition,
fiber amount and pretreatment, material stiffness, and processing [85]. For instance, the
PHBV–shoot vine composite biodegradation rate is 83%. The content of lignin and polyphe-
nols makes biodegradation difficult, but pretreatment of the fibers raises the composite’s
biodegradation to 97%. In a different example, PHB degradation ranged from 60 to 98%,
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depending on the method. PHB showed 64.3% degradation in 6 months using microbial
fermentation in soil tests [119]. In a quasi-steady state, co-digestion of synthetic munic-
ipal primary sludge (SMWS) and PHB, after 45 days, exhibited approximately 80–98%
conversion of PHB to biomethane [120]. In soil, P(3HB) specimens had been 60% de-
graded in 21 days, but they continued to degrade to 93% by day 35 [121]. For comparison,
blending PHB with wood fiber yields conflicting results. The biodegradation of [P(3HB-
co-3HHx)]/Kenaf during 48 days in mineral medium-soil reached 13%, whereas, in an
aqueous-nutrient medium, it barely reached 2.4% [113]. Biodegradation of a composite of
P(3HB-co-4HB)/wood under laboratory composting for 21 days could not be detected, but
in an aqueous medium, it was 0.35% in two months. However, biodegradation was 35%
per year in soil [114,116].

Additives also impact biodegradability. TPU (18–21 wt%) added to a PHBV–cellulose
composite reduced the disintegration of the blend because the TPU covered the filler and
interfered with the microorganism’s access. When using HMDI, the degradation rate
increased because the plasticizer blocked the effect of the TPU on the fibers [74]. Likewise,
bio-based plastics with additives tested in soil media for 660 days did not show significant
biodegradation. Instead, the PHA film reported 70% mineralization, very similar to the
cellulose control film measured under the same conditions [122]. In a PHBV–posidonia
composite, using ATBC as a plasticizer increases the polymer chain mobility and accelerates
the disintegration of the blend [83]. This research measured the specimen’s degradation in
marine mesocosms and found degradation in warm seawater conditions. The specimens
used in the test maintained their tensile properties by ten months, suggesting possible
applications in marine ítems.

Disposal in landfills raises additional concerns for biodegradable plastics. A food
packaging study observed that packaging made with biodegradable materials releases
methane, more harmful than CO2 [123]. Thus, alternate bioremediation strategies are
needed, such as using methanotrophic microorganisms to reduce methane emissions in
landfills or using the methane for energy generation [124–126] to take full advantage of
biopackaging waste biodegradation.

2.6. Theoretical Modeling to Evaluate Performance and Applications of Polymer–Vegetal
Fiber Composites

Although blending with fibers improves the polymers’ mechanical properties, the
extent of the fiber contribution is unknown. Theoretical modeling has helped infer the
performance and modifications expected for these composites. PHA/hemp and PHA/jute
(30 wt%) modeling showed damage on the matrix due to the different physical properties
of the fillers. In this study, hemp was the best filler and achieved a better interface that
supports higher mechanical loads [127]. A PHBV/oak wood flour composite was modeled
using a modified Fickian diffusion law and the Halping-Tsai and Nicolas and Nicodemo
model to predict composite properties, such as moisture absorption, stiffness, and strength.
Despite the improved mechanical properties of the composite, the blend is susceptible to
deterioration by the hygrothermal behavior of the fiber [128].

Further modeling and experimental testing are essential to make better predictions.
A 3D model of PHBV–wheat straw designed to predict water vapor permeability using
the finite element method (FEM) to the 3D structures permitted a better prediction of
water vapor permeability dynamics of the composite [129]. Numerical homogenization
and representative volume elements (RVEs) are used to model composites’ effective elastic,
thermal, and thermoelastic properties. This methodology allows for the preservation of
fiber–matrix interactions and the predicted effective properties of blends, which can be
further validated with experimental data [130].
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3. PHAs Composite Applications in Packaging: Contributions of the Industry

Researchers have arduously worked on designing and preparing biocomposites, and
one of the leading applications proposed for PHA–vegetal fiber composites is bio-packaging.
Nevertheless, not all of the composites have possible industrial applicability. To determine
the extent of industrial applicability of PHA–vegetal fiber composites, we searched for
patents in the Lens database and Web of Science. After eliminating medical, veterinary,
processing methods, machines, or equipment, we found 141 patents. The patents we found
belong to the subgroup C08L6731, according to the Cooperative Patent Classification (CPC)
system, comprising compositions of polyesters obtained by reactions that form a carboxylic
ester bond in the main chain of polyester-amides, the subgroup CO8L2666, comprising
polymers characterized by an additional compound in the mixture, and the subgroup
Y10T428, comprising stock materials or miscellaneous.

The patents’ owners are developing materials to adjust to the new normativity de-
manding reduction of the environmental impact. The inventions are summarized in Table 3.
The patents offer materials with a wide range of applications, and biodegradability is
paramount in these composites. Most patents related to food packaging acknowledge that
PHAs are safe for food and contribute to preserving their organoleptic properties. Some
materials can preserve and protect against contamination with bacteria and fungi [131],
and others keep the product’s aroma, flavor, and texture [132]. Most of the products are
designed to serve as films for molding or coating. Others are ideal for stacking, where
different layers complement each other. PHAs are brittle and stiff, but a layer of PLA, PLC,
or PBS and a plasticizer reinforce the processability of the blend.

The relevance of biocomposites, particularly PHA–vegetal fiber composites, in many
applications has attracted the industry’s attention, mainly because fillers also reduce
composite costs. Independently of their business sector, important companies invest in
developing blends with PHAs. Some chemical companies such as DuPont, BASF, Cargill-
Dow Polymers, Union Carbide, Bayer, Monsanto, Mitsui, and Eastman Chemical developed
and currently sell biodegradable products. Among them are blends of PLA, PET, or PBAT,
additives to enhance PLA properties, or even products ideal for blending with fibers such
as ECOFLEX/ECOVIO and EASTAR BIO aliphatic–aromatic polymers, BAK (a polyester
amide_, and BIOMAX for modified PET and PLA [133,134].
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4. Conclusions

Research on biodegradable polymers and vegetal inclusions has grown significantly
in the last ten tears. Furthermore, the increasing patents of materials using PHAs highlight
these biocomposites’ roles in replacing fossil-derived plastics. This review identified
different alternatives to tailoring composite properties. It is possible to use vegetal fibers to
enhance Young’s modulus, but that generates poor elongation at break and less thermal
stability. Plasticizers enhance the composite elongation, but the degradation rate tends to
decrease. Therefore, it is imperative to define objectives and applications before selecting the
methodology to produce the blends. Designing a material that meets usage requirements
without sacrificing quality standards is essential to compete with conventional plastics.

Most of the publications reviewed above claim that their new composite is ideal for
bio-packaging, but the usability of the material is rarely evaluated. Usability tests should
be implemented in the industrial environment to evaluate the interactions of the polymers
with different food types and conditions. In addition, it would be interesting to incorporate
antimicrobial compounds that prolong the product’s life. Researchers have a worthy
challenge in designing biopolymers and compounds suitable for packaging applications
and exploring other possible uses such as tissue regeneration, plant growth, and automotive
applications. Prospects also include designing and manufacturing materials composed of
PHA and local agricultural by-products, characterizing them, and evaluating the possibility
of using them in food packaging, potentializing at the same time the local circular economy.
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Abstract: We present a systematic review of nanostructured organic materials, including synthesis
methods, functionalization, and applications. First, we report the chemical and physical procedures
used for preparing the polymer/carbon nanotube composites described in the literature over the last
decade. We compare the properties of different polymer-based prototypes of organic nanocomposites
functionalized with carbon nanotubes. Theoretical and experimental vibrational investigations
provide evidence of the molecular structure describing the interaction between both components,
showing that the allowed amount of carbon nanotubes and their dispersion states differ across
polymers. Moreover, the nature of the solvent used in the preparation has a significant impact on the
dispersion process. The integration of these materials in photovoltaic applications is discussed, where
the impact of nanoparticles is evidenced through the correlation between experimental analyses and
theoretical approaches based on density functional theory. Alterations in optical properties, evaluated
from the absorption and luminescence process, are coherent with the solar spectrum, and a good
distribution of donor/acceptor interpenetration was observed. In all cases, it was demonstrated that
the performance improvement is physically related to the charge transfer from the organic matrix to
the nanoparticles.

Keywords: PVK; hexylthiophene; PANI; nanocomposite; photovoltaic cells; DFT

1. Introduction

Scientific communities are continuously exploring innovative properties of π-conjugated
conducting polymers, used as active layers in various organic electronic devices [1–4].
Hence, diverse molecular engineering procedures have been reported, such as doping
conjugated polymers with conductive elements to ameliorate their conductivities [5,6].
Compared to inorganic semiconductors, these materials offer good flexibility and easier
processing, leading to easier modulation of electronic, optical, and mechanical proper-
ties [7–13]. Handicaps related to fragility and a lower operating lifetime can be overcome
by adding a small amount of carbon nanotubes (CNTs) [14,15]. Recently, Subramanyam
et al. demonstrated that the addition of CNTs helps achieve an increase in lifetime by 67%
in an open atmosphere [16]. According to Francis et al., CNTs also improve charge transport
and provide good thermal stability, allowing π-conjugated conducting polymers to be good
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candidates for electrical, thermal, sensing, and actuating applications [17]. If CNTs are well
dispersed and the exciton diffusion length is sufficient, the configuration leads to charge
and energy transfer in the organic matrix [18–20]. This transfer is a major parameter for
good photovoltaic conversion. Hence, the separation process of electron–hole pairs should
dominate if the diffusion length is sufficiently higher than the mean distances between
nanoparticles. The resulting interpenetrating (bulk P–N hetero-nanojunctions) network
results in a good overlap between the optical absorption (OA) spectral region and the
solar spectrum [21]. Indeed, the decrease in the optical gap involves additional absorption
features in the visible spectrum and leads to a higher charge separation and good collection
efficiencies [22–25]. Hybrid materials, including inexpensive flexible polymers and their
nanostructures, represent the next generation of photovoltaic solar cells [26]. Continuous
progress in and improvement of fabrication methods is a major focus of research [27].
The aim is to ensure a uniform distribution and arrangement of nanoparticles in the poly-
mer matrix. The performance of organic photovoltaic solar cells is comparable to that of
monocrystalline silicon, where PCE reaches 24% [16].

CNTs exist in a bundled form in the solid state. The dispersion process requires
mechanical or vibrational energy higher than van der Waals cohesive forces [28]. The direct
mixing methods are based on mechanical agitation or vibrational forces using homogenizers
with different velocities [29,30]. CNTs with better homogeneity and alignment can be
achieved by applying to the nanocomposite an ultrasound wave and centrifugal forces
of appropriate power for an appropriate amount of time [31,32]. Chemical or physical
functionalization, through covalent or noncovalent bonding between CNTs and diverse
active molecules, has also been reported [33,34]. For chemical functionalization of the
CNT surface (Scheme 1a,b), the bonding can be via defect groups or by side wall bonding,
as well as by other special reactive groups, such as lithium alkyl nitrenes and fluorine
radicals [35–37]. These chemical modifications facilitate the grafting of other functional
groups and give rise to covalent bonding with the polymers/molecules [38]. However,
noncovalent functionalization can be hexahedral (Scheme 1c,d) or endohedral [39].

Scheme 1. Interaction between CNTs and functional molecules covalently (a,b) and noncovalently (c,d) [39].

For a polymer moiety, the polymerization process can be carried out after chemical
functionalization, where first the monomers are linked to the tube and then the polymeriza-
tion takes place [40,41]. If the direct mixing of polymers or in situ polymerized fragments
with CNTs results in noncovalent linking, the process is called physical functionalization
(Scheme 2) [42–46].
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Scheme 2. Interaction between polypyrrole and multiwalled CNTs.

The dispersion process of nanoparticles is often of short duration. These nanoparticles
have the tendency to agglomerate on the surface. To separate aggregates, the obtained solu-
tion should be exposed to ultrasonic baths and centrifuge forces with controlled frequencies
and power [47]. In this work, we present various methods used over the last two decades
for nanocomposite elaboration for a specific class of polymeric materials and their impact
on the amelioration of photovoltaic properties. The study is restricted to polymer materials
containing nitrogen in the aliphatic or cyclic sequences, such as poly(N-vinyl-carbazole)
(PVK), poly(3-hexylthiophene (P3HT), and polyaniline (PANI). We report the results of
our investigations in the last decade of the different polymeric nanostructures based on
a large variety of polymers. As indicated for nanostructured materials, photoexcitations
are followed by the establishment of charge transfer. The electronic structure modification,
including the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) levels, localized states, their energies, and the corresponding
skin depth, should be evaluated in order to reduce injection barriers. Density functional
theory (DFT) calculations are additional alternatives applied to a justified model structure
to support experimental characterizations and physical interpretations [48–53]. Proper-
ties of organic materials that are experimentally inaccessible are in general described by
DFT-based quantum calculations [50,53,54].

2. Organic Nanocomposite Synthesis and Characterization

2.1. CNT Treatment and Dispersion

CNTs (single-walled or multiwalled forms) need some treatment before functionaliza-
tion with organic materials. Purification can be ensured either chemically, using a selec-
tive oxidation processor, or physically, based on filtration and/or centrifugation [55–58].
Metallic and semiconducting nanotubes can be separated by gradient-of-density ultracen-
trifugation techniques. The difference in their diameters is also exploited in the separation
process [59,60]. Selective interaction with a conducting polymer is an alternative procedure
that is efficient for separation in an acidic medium [61].

Good dispersion (homogeneous distribution) of CNTs in the polymer matrix is a
major step that influences their properties [62]. CNTs largely exist in the bundled form
due to strong van der Waals cohesive forces. It is difficult to achieve the isolated form,
and the functionalization process leads to aggregate formation (Figure 1). Concerning the
composite preparation, purified single-walled carbon nanotubes (SWCNTs) are dispersed
in the same solvent with a polymer for an appropriate amount of time. The transitory
dispersed phase of SWCNTs is immediately added in the desired amount to the polymer
solution. Then, the sonication process and centrifuge forces are applied.
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Figure 1. Structure of the bundled CNT (a); a zoom-in photo of the aggregates (b).

2.2. Materials and Methods

Composite solutions were deposited at room temperature with nearly uniform thick-
ness on silica substrates for OA measurements. However, glass slides were used for FTIR
and photoluminescence (PL) measurements. All substrates were already cleaned with
deionized water and ethanol in an ultrasonic bath. All samples thus obtained were intro-
duced into a Pyrex tube and heated under vacuum at a moderate temperature based on
the thermal stability of the resulting material. Infrared absorption measurements were
recorded with a resolution of 2 cm−1. The OA spectra were recorded in the absorption
mode with the wavelength varying from 200 to 2000 nm. For the PL experiment, depending
on the material emission spectral range, different excitation wavelengths were used (280,
325, and 540 nm). Ultrafast time-resolved PL measurements were carried out with the
regenerative amplified femtosecond laser system. The time-resolved emission spectra were
spatiotemporally detected with a high-dynamic-range Hamamatsu C7700 streak camera
with a temporal resolution <20 ps. The PL intensity and decay times were simulated with
two coupled exponential decays. The TEM images were observed after adding liquid
nitrogen to the Cu grid and then were taken at temperatures varying from 100 to 104 K.
Theoretical data were procured from quantum calculations based on density functional
theory (DFT). The modeling structure was fully optimized using the most popular Becke’s
three-parameter hybrid functional, B3 [63], with the basis set 6-31G(d). Calculations ap-
plying to the proposed modeling structures were carried out with nonlocal correlation
of Lee–Yang–Parr (LYP), abbreviated as the B3LYP method. Theoretical OA spectra were
calculated using the time-dependent density functional theory (TD-DFT) method with the
6-31G(d) basis.

2.3. Alignment and Orientation of CNTs

CNT orientation can be accomplished in solution during or after the polymer synthesis
process. Chemical vapor deposition synthesis of SWCNTs results in a massive growth of
superdense and vertically aligned nanotubes with enhanced catalytic activity of catalysts
(Figure 2) [64]. CNTs can also be aligned under a magnetic or an electric field during the
growth step, but some dynamic structural changes can occur due to the complexity of the
process [65–68].
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Figure 2. TEM pictures illustrating CNT orientation observed in (a) the lateral direction and (b) the
longitudinal direction [69].

After CNT dispersion, the application of external electrical or magnetic perturbations
allows the orientation of CNTs in the preferred direction [70–75]. This network formation
results in three steps: the orientation of nanotubes, interaction, and network establishment
(Scheme 3). Due to dipolar interaction, the aligned CNT configuration leads to tail-to-tail
or head-to-head connections.

 
Scheme 3. Network formation: (a) orientation, (b) interaction between oriented CNTs, and (c) the
resultant network [76].

In both cases, the oriented CNTs permit the reinforcing of optical and electronic
transport properties in the preferred direction. This process helps enhance the performances
of the electronic and optical devices. Moreover, annealing at moderate temperatures leads
to a good repartition of CNTs into the organic polymeric matrix, which results in higher
photovoltaic performances [77–79].

3. Applications of Organic Nanocomposites for Photovoltaic Cells

Organic solar cells represent new alternatives to those based on inorganic semi-
conductors [16]. Organic materials are characterized by flexibility, lightness, low cost,
and easy processing. However, their intrinsic charge carrier mobility is lower (at max
10−1 cm2 V−1 s−1) compared to that of their homolog inorganic semiconductors, where
it can reach 900 cm2 V−1 s−1 for a single silicon crystal. Otherwise, handicaps related
to lower mobility and fragility can be partially resolved when adding CNTs or phenyl
C61 butyric acid methyl ester (PCBM) because carbon structures exhibit better mobility
and rigidity than silicon [80]. Therefore, adding a small quantity of CNTs (single-walled
or multiwalled forms) may improve the mechanical properties and lead to a good com-
patibility with the solar spectrum (UV–visible range). If, additionally, there is coherence
between diffusion length (~20 nm) and the distances between CNTs, the separation process
of electron–hole pairs will be improved. In fact, when adding CNTs, the entire network will
be regular nano-P–N junctions, which represent photogeneration sites in all points. The
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charges transferred from the organic matrix to CNTs may be simultaneously collected and
carried by CNTs. In the literature, the open-circuit current for some elaborate photovoltaic
devices is in the range of a few tens of milliamperes per square centimeter [81–84]. This
nanometric configuration is different from the conventional inorganic P–N photovoltaic
cell. Indeed, for an inorganic device, a single junction separates the P and N regions, while
in the nanometric interpenetrating network, junctions are distributed in the entire bulk,
giving rise to more photoexcitations, leading to higher efficiency.

For organic photovoltaic conversion, efficiency started with values lower than 1%.
However, the conversion efficiency was considerably improved beginning from the year
2000, reaching 2.5% and then 3.6% when PCBM was inserted in the organic matrix [85,86].
The relatively high conversion efficiency is obtained with a double heterostructure of
fullerene (C60) and copper phthalocyanine [87]. In 2011, a new record of 5% was attained
using hybrid CNT/polymer materials and then ameliorated to reach 12% [10]. Compared
to a silicon monocrystal, the power conversion efficiency (PCE) remains lower, but the easy
processing and low cost make the material attractive [10]. The actual records were achieved
by Cui et al. in 2020 and Subramanyam et al. in 2021, reaching, respectively, 17% and 24%,
comparable to the PCE of porous and crystalline silicon [16,88].

4. Nanocomposites of Oligo-N-vinyl-carbazole/Single- and Multiwalled CNTs

Infrared, Raman, OA, and PL spectroscopies were used to describe the interaction
between OVK and SWCNTs in polar and apolar solvents. The effect of the solvents’
polarities on the dispersion process, i.e., repartition of SWCNTs on the organic matrix and
its relationship with optical and vibrational properties, is reported. The observed changes
in characteristics and their interpretations are discussed according to the literature [89–92].
Experimental results are correlated to those theoretically obtained from DFT; the functional
and the method are described elsewhere [63,93–95].

4.1. Vibrational Properties

OVK/SWCNT composites were prepared at various concentrations in different sol-
vents, such as chloroform and chlorobenzene, and were annealed to ameliorate the dis-
persion process [21,96]. FTIR spectra depicted in Figure 3 reveal that the most relevant
vibrational modes of native OVK and SWCNTs are found in the composite spectrum. More-
over, in both cases, adding SWCNTs leads to some significant changes. Some bands with a
relatively higher intensity ascribed to OVK vinyl groups disappear, which is strictly related
to the linking between SWCNTs and OVK. This grafting is spontaneously established in
the case of chloroform. However, when dispersing in chlorobenzene, certain spectra can be
recorded after annealing treatment at 393 K (as in the case of nanocomposite dispersed in
chloroform). Indeed, a better modification of the spectrum is clearly seen after annealing,
and both spectra (a) and (c) present higher similarity. In both cases, the spectra reveal the
appearance of a new feature at 1297 cm−1 that indicates the covalent interaction between
organic OVK matrix and CNTs, as described for electrosynthesized PVK/SWCNTs [97].

Raman analyses (Figure 3(2)) reveal the presence of SWCNT bands, but those of OVK
are severely attenuated. Radial and tangential modes depend on the used solvents and
thermal treatment, which reflect the dispersion state of CNTs in the organic matrix (decrease
in the band attributed to the bundled form at 181 cm−1).
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Figure 3. (1) Infrared spectra of the OVK/SWCNT composite dispersed in a chloroform solvent
(a) and a chlorobenzene solvent (b) not annealed and (c) annealed at 333 K. (2) Raman radial and
tangential modes: (a) SWCNTs; OVK/SWCNT in chloroform in the not-annealed (b) and annealed
(c) states; OVK/SWCNT in chlorobenzene in the not-annealed (d) and annealed (e) states.

Both radial mode bands at 161 and 181 cm−1 are associated, respectively, with isolated
and bundled SWCNTs [98,99]. The mean diameter of the tube can be evaluated from the
empirical relation and varies from 1.34 to 1.38 nm [96,100]. The shift in radial mode toward
higher wavenumbers has been interpreted as a consequence of inserting organic molecules
into bundled SWCNTs. The disappearance of radial mode (bundled CNTs) in the case of the
chlorobenzene solvent leads to the conclusion that the polar solvent leads to more dispersed
nanotubes. The change from 2D to 3D symmetry is illustrated by the tangential mode
narrowing and the decrease in intensity for the mode at 1571 cm−1 [101]. The spectrum
of annealed states reveals shifting and band intensity modifications, promoting a better
functionalization process.

4.2. Changes in Optical Properties

The most relevant information on the excitation and de-excitation process can be
described by the complementarity of OA and PL measurements (Figure 4).

Figure 4. Changes in OA (1) and PL (2) spectra. Before SWCNT addition (a) and after SWCNT
addition in chloroform (b) and in chlorobenzene (c).

Absorption spectra are affected by adding SWCNTs. For both solvents (chloroform
and chlorobenzene), we see a redshift and a new band apparition, implying an interaction

297



Polymers 2022, 14, 1093

between both components. When chloroform is the solvent, in the spectral region of 400
to 2000 nm, there is a gradual decrease in the absorbance, similar to the case of other
polymers when functionalized with SWCNTs [21,102]. Bands that appear in this spectral
region (λ > 400 nm) correspond to the optical transitions for semiconducting SWCNTs. In
chlorobenzene, the hypsochromic shift of the blue-side transition implies a decrease in
the oligomer chain length and/or a decrease in the interchain interaction due to the good
dispersion of SWCNTs in the organic matrix [81].

Chlorobenzene as a solvent quenches PL intensity after SWCNT insertion more ef-
ficiently (Figure 4(2)). This result is in good agreement with Raman results supporting
good SWCNT dispersion. Indeed, photoexcitations are followed by a separation process
rather than a recombination, because of which the observed PL is quenched [89,103,104].
We think that the photoexcitation produced in the OVK matrix can reach SWCNTs where
the dissociation process is more preponderant rather than the recombination process. After
annealing, the quenching effect becomes more pronounced and a new feature emission is
created at around 499 nm (2.48 eV) when chloroform is the solvent (Figure 5(1)). As at a
lower temperature (T = 87 K) and for both annealed samples (with and without SWCNTs),
this weak emission band appears only in the case of the composite. It is, therefore, the
consequence of the insertion of SWCNTs (Figure 5(2)).
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Figure 5. (1) Stationary PL spectra of (a) OVK and of nanocomposite in chloroform (b) not annealed
and (c) annealed at 333 K and in chlorobenzene (d) not annealed and (e) annealed at 333 K. (2) PL
spectra at T = 87 K of both annealed samples (a) OVK and with the OVK/SWCNT composite (b).

4.3. Interaction between SWCNTs and an Organic Matrix

The correlation of experimental and theoretical results evidences the covalent function-
alization process between SWCNTs and oligo-N-vinyl carbazole [21]. The process does not
require any thermal treatment when the dispersion is in chloroform as the solvent. The most
affected chemical environments are vinylidene groups because, we assume, grafting occurs
between these groups and the side wall (Scheme 4), similar to the case of PVK/MWCNT
and for PVK/C60 composites [98,101]. However, after annealing, the similarity of both
spectra supports the same grafting process.
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Scheme 4. Grafting mechanism of OVK and CNTs.

The proposed grafting mechanism, confirmed in our previous work, is consolidated
by theoretical vibrational frequencies obtained either for OVK or for OVK/SWCNT com-
posites [21]. First, experimental results are reproduced to confirm the modeling structures
of primary materials. Then, the most probable grafting sites with higher reactivity are
supported by force constant calculations in both neutral and oxidized states. In the result-
ing model structure of the nanocomposite, therefore, OVK is grafted on the side walls via
vinylidene groups (Figure 6(1)).

Figure 6. (1) Nanocomposite modeling structure used for DFT calculation and (2) change in the
electronic structure from OVK (a) to the nanocomposite (b). H: HOMO; L: LUMO; Exp: experimental.

Based on the above modeling structure, DFT has also been calculated with the
B3LYP/3-21G* method to carry out changes in the electronic structure. All the theo-
retical changes are depicted in Figure 6(2), which are in good accordance with experimental
absorption transitions.
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4.4. Structural Properties in Relationship with Transient Photoluminescence

Transmission electron microscope analyses were carried out to have an idea about the
SWCNT distribution and arrangement (Figure 7) [18].

Figure 7. TEM pictures of OVK/SWCNT composites dispersed in chloroform (a,b) and in chloroben-
zene (c,d) [18].

When chloroform is the solvent, bundled and isolated SWCNTs are detected, but with
a lower concentration for the isolated form, supporting a good SWCNT dispersion process.
Figure 7c shows a good uniformity and orientation of SWCNTs having an interdistance of
nearly 10 nm, probably due to the thermal treatment. In chlorobenzene (Figure 7d), this
distance varies from 3 to 20 nm and the structure contains bundled SWCNTs connected by
individual ones. In fact, these structural differences can influence the dynamical properties
of the excited states.

Results of PL decay (obtained by pumping at 330 and probing at 390 nm) show a
decrease in lifetimes and imply exciton diffusion to the SWCNTs [18,105,106] (Table 1).

Table 1. Decay parameters of OVK/SWCNT nanocomposites [18].

Samples P1 (%) P2 (%) τ1 (ns) τ2 (ns) A1 A2 τm (ns)

OVK 18.8 81.10 0.983 6.223 8.911 6.042 5.23
OVK/SWCNTs in chloroform 32.73 67.26 0.753 6.996 15.575 3.445 4.95

OVK/SWCNTs in chlorobenzene 32.98 67.01 0.662 3.848 13.747 4.804 2.796

The existence of two populations weighing P1 and P2, having lifetimes of τ1 and
τ2, and having a mean lifetime τm has been interpreted to be because of shorter and
longer segments, respectively. A similar decay evolution was reported in the case of other
polymers functionalized with various nanoparticles [107,108], supporting a charge transfer
between the organic matrix and SWCNTs [105,109]. Lifetimes evaluated from Figure 8(1)
are shorter than those of PVK, which is coherent with the fact that faster decay is a signature
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of shorter segments [110,111]. The photoexcitations that occur in the organic matrix will
diffuse and be transferred into the SWCNTs, and the electron–hole pairs will be separated
due to the internal electric field created by hetero-nanojunctions [81,83]. The obtained
decay times are coherent with PL cartography (Figure 8(2)), in which we show a more
intense luminescence when chlorobenzene is the solvent. Indeed, a faster lifetime results in
the condensation of excitations in the radiative pathways.

 

Figure 8. (1) PL decay OVK (a), OVK/SWCNTs in chloroform (b), and OVK/SWCNTs in chloroben-
zene (c) (—: experimental; ( . . . .): theoretical). (2) PL cartography of OVK/SWCNTs in chloroform
(a) and in chlorobenzene (b).

5. Properties of PVK-3HT/SWCNT Nanocomposites

To reach a better dispersion process with a higher CNT concentration and to obtain
good optical properties, another matrix containing PVK was synthetized [29,112]. Hexylth-
iophene, known by a large optical spectrum, was bridged with PVK, where the resulting
matrix is called PVK-3HT. PVK-3HT/SWCNT nanocomposites were studied by FTIR and
Raman spectroscopy, where the SWCNT weight concentration varied from 0% to 60%. It
was shown that in all cases, SWCNTs are bundled and isolated. However, the D-band and
the G-band, situated at 1250 and 1595 cm−1, respectively, are nearly the same in all cases,
similarly to the case of purified nanotubes.
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5.1. Vibrational Study

On adding SWCNTs to PVK-3HT, there is no apparent change in the band positions
and shapes of both compounds. However, the band intensities change and the appearance
of new vibrational features at 1049 and 1384 cm−1 (Figure 9(2)) lead to the conclusion that
there is an interaction between both components.
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Figure 9. (1) Raman spectra of PVK-HT/SWCNTs at different CNT weight concentrations (0%, 3.75%,
7.5%, 15%, 30%, and 60%). (2) FTIR spectra of PVK-HT (a), SWCNTs (b), and PVK-HT/SWCNT
composite (60%) (c).

5.2. Optical Properties Changes

UV–visible absorption analyses (Figure 10(1)) demonstrate that PVK-HT absorbs in
the large spectral domain. The absorbance shape observed in the spectral domain ranging
from 240 to 300 nm is the signature of the grafting of bicarbazole units as a part of the
resulting copolymer [113]. The extension of the absorbance in the visible range indicates
extended conjugated fragments of P3HT in the obtained copolymer [113,114]. On adding
SWCNTs, no apparent change is observed for λ < 400. However, the band near 430 nm
decreases and blue-shifts, which agrees well with the hypothesis of the diminution of
interchain interaction and/or the decrease in the π-conjugation length [115].

The continuous PL quenching (Figure 10(2)) shows that the addition of CNTs has a
direct impact on the excited-state dynamics of the prepared composite (exciting at 400 nm
using a seep range of 1 ns) [111]. As in the case of the OVK/SWCNT composite, we think
that the exciton diffusion length becomes progressively higher than the distance between
neighboring nanotubes. In this case, the separation process is the most dominant behavior
that can occur.

These results are in full accordance with the progressive decrease in emitted energy
intensity as a function of time from 0 to 1 ns obtained in 3D maps (Figure 11).
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Figure 10. (1) OA and (2) PL spectra in chloroform solvent of pristine PVK-HeT (a) and those of PVK-
HeT/SWCNT composites at various SWCNT weight concentrations: (b) 1.87%, (c) 3.75%, (d) 7.5%,
(e) 15%, (f) 30%, and (g) 60%.

Figure 11. Contour plot of transient PL for PVK-HTs functionalized with different SWCNT concen-
trations: (a) 0%, (b) 1.87%, (c) 7.5%, (d) 15%, (e) 30%, and (f) 60%.

Time-resolved PL spectra are presented in Figure 12. A progressively faster decay
time is obtained when increasing the SWCNT weight concentration, as in the case of the
PPV/SWCNT composite [111]. This behavior confirms that SWCNTs play a role in charge
separation after exciton diffusion. Indeed, a shorter lifetime is an indicator of the decrease
in the distance traveled by the exciton. The increase in the SWCNT concentration will,
therefore, progressively reduce these distances. If these distances become lower than the
intrinsic diffusion length, charge transfer from the organic matrix to CNTs can occur. This
transfer leads to a separation of electron–hole pairs rather than their recombination, because
of which there is a progressive quenching of stationary PL.
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Figure 12. Time-resolved PL decays of PVK-HTs functionalized with SWCNTs at different concentra-
tions: (a) 0%, (b) x = 1.87%, (c) 3.75%, (d) 7.5%, (e) 15%, (f) 30%, and (g) 60%.

6. PANI/SWCNT Nanocomposites

Following the same procedure, PANI, known by a number of oxidation degrees, is
also functionalized with CNTs. The starting material, the emeraldine base (PANIEB purity
99.99%; macromolecular mass Mn > 15,000), is first doped with sulfonic acid and then
functionalized with SWCNTs in the dimethylformamide (DMF) solvent [116]. The sulfonic
acid doping procedure used in this case is described by MacDiarmid et al. [117].

6.1. Vibrational Study

The normalized FTIR spectra of Figure 13(1), when referring to the already published
vibrational studies, reveal that concentrations lower than 2.10% cannot significantly in-
duce apparent changes [118,119]. Starting from 2.1%, the linking of both components is
evidenced by the appearance of new features at 1064, 1255, 1409, and 1438 cm−1. Then,
the apparent shift of both modes at 1124 and 619 cm−1, the disappearance of the band at
1022 cm−1, and the enhancement of bands in the range of 1350–1700 cm−1 reflect the new
molecular arrangement induced by covalent bonding [120,121].

The weak band located at 1022 cm−1 ascribed to the C–H deformation disappears, and
a new band appears at 1062 cm−1. The bands situated in the range from 1350 to 1700 cm−1

show a better intensity increase, supporting the increase in aromaticity in the resulting
compound. Two other new bands appear, one at 1409 cm−1 and one at 1438 cm−1, and
confirm covalent binding between both components via a C–N link [121].

A theoretical calculation including bond length, atomic charge, and spin density lead
to the conclusion that nitrogen atoms are the most probable grafting sites, as in the case
of similar woks [19,119]. In Figure 13(2), we illustrate the model structure that has been
used for DFT calculation. Noncovalent bonding can also be present as a consequence of the
strong van der Walls forces that inhibit the homogeneous dispersion process [122,123].
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Figure 13. (1) FTIR spectra of PANI/SWCNT nanocomposites with various SWCNT concentrations:
(a) 0%, (b) 0.71%, (c) 1.16%, (d) 2.10%, and (e) 5.00%. (2) Model structure of the nanocomposite used
for DFT calculation [19].

6.2. Optical Property Changes

The modeling structure proposed above has been supported by theoretical calculation
of OA spectra (Figure 14). The same transitions are found either experimentally or theoret-
ically, for which it is noted that there is a diminution of band gap after either doping or
adding SWCNTs. The energy gap of PANI in its neutral state is 3.75 eV; it decreases when
doped and reaches 2.63 eV. A new band appears at −535 nm on adding SWCNTs, and the
gap is 1.7 eV. This new band corresponds to the charge transfer where electron–hole pairs
appear in the organic matrix, and then it is transferred to the SWCNTs by the diffusion
process, leading to enhanced photovoltaic performances [18,96,124].

Figure 14. OA spectra of PANI in various states: (1) experimental and (2) theoretical; (a) neutral,
(b) doped, and (c) the nanocomposite.

6.3. Electronic Study

The study on SWCNT concentration leads to the conclusion that localized states are
created in the band gap with the energy of 1.62 eV and with the band width of almost
80 meV (Urbach energy) [121]. This donor–acceptor charge transfer is more elucidated by
contour plots of molecular orbitals (MOs), shown in Figure 15(1) [125]. HOMO and LUMO
state densities are, respectively, localized on donor and acceptor moieties [126].
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Figure 15. (1) HOMO and LUMO orbitals: doped PANI (a) and nanocomposite (b). (2) Effect of chain
length on the HOMO–LUMO energy levels of PANI in pristine and doped states.

The ability of the resulting material to improve photovoltaic conversion is checked
from its electronic structure (Figure 15(2)). Indeed, HOMO–LUMO energy levels are
calculated from the optimization of model structures of pristine and doped states for
different chain lengths [127].

The HOMO–LUMO energy levels for an infinite chain length can, therefore, be ev-
idenced following Aleman et al. [127], where the theoretical energy gaps are 3.58 and
2.31 eV, respectively, for neutral and doped states. Other parameters can be evaluated,
such as the PCE and the open-circuit voltage (VOC). From the individual theoretical elec-
tronic structures (donor and acceptor), PCE can be evaluated using the Scharber diagram.
Otherwise, the VOC can be calculated according to Equation (1) based on the HOMO and
LUMO energy levels of, respectively, donor and acceptor materials [128–131]:

VOC(V) =
1
e

∣∣∣E(HOMO)donor(eV)
∣∣∣− ∣∣∣E(LUMO)acceptor(eV)

∣∣∣− 0.3 (V) (1)

The choice of metal electrode is strictly based on the values of HOMO and LUMO en-
ergy levels for doped PANI and CNTs. It is found that Al and ITO are the most appropriate
for the device architecture (Figure 16(1)). Using Equation (1), the Voc is estimated at nearly
1.25 V, and using the Scharber diagram, PCE is estimated at 4–5% (Figure 16(2)). This is in
good accordance with our previous PL results showing both the quenching effect and the
total absence of luminescence in the visible region [116].

6.4. Effect of Annealing Treatment on the PANI–SWCNT Composite

Vibrational and optical behaviors of the hybrid material after annealing were analyzed
in a previous study [132]. Interpretation of changes in FTIR spectra has shown the grafting
and self-cross-linking of PANI moieties [133,134]. More details of the molecular structure
are evidenced by the splitting of the band at 1126 cm−1 after annealing (Figure 17(1)).
These chemical environments could not be the consequence of CNT insertion (the same
line shape appears with and without CNTs). These additional bands are typically coherent
with self-cross-linking (Figure 17(2)), such as benzene ring para- and ortho-link, to nitrogen
atoms [132].
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Figure 16. (1) Electrode choice for the photovoltaic device. (2) Estimation of PCE from the Scharber
diagram [19].

Figure 17. (1) Splitting of the FTIR band at 1126 cm−1 under annealing: pure PANI (a), annealed
PANI (b), not-annealed composite (c), and annealed composite (d). (2) Structure of the nanocomposite
obtained after annealing at 393 K.

After annealing at 393 K, new absorption bands are created at λmax = 570 nm and
at λmax = 792 nm, respectively, for doped and functionalized states [132]. These new
optical features support the presence of a quinoidal ring and agree well with the self-
cross-linking process [135,136]. The direct and indirect band gaps are evaluated from
absorbance coefficient data using the Tauc method [137,138]. The direct and indirect energy
gaps (Eg) are calculated from the linear dependence of the plot of (αhν)1/n versus energy
(Figure 18) [139–141].
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Figure 18. Evaluation of direct (1) and indirect (2) band gap for doped PANI in the not-annealed (a)
and annealed (b) states and those of the doped PANI/SWCNT composite in the not-annealed (c) and
annealed (d) states. The inset of (a) shows the threshold energy of localized states created by doping.
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As previously reported, both direct and indirect transition processes dominate opti-
cal transitions since direct and indirect energy gaps are nearly similar and the variation
(ΔE = (EDir − EInd)/EInd) is in the range from 4% to 8% [138]. The value of the transition
probability index n has been also calculated to evaluate the weight of optical transition
mode (values vary from 0.82 to 1.24).

The skin depth variation as a function of incident photon energy is one of the most
relevant parameters reflecting the importance of adding CNTs (Figure 19).

ν

Figure 19. Skin depths of doped PANI: not annealed (a) and annealed (b); skin depths of doped PANI
functionalized with CNTs: not annealed (c) and annealed (d).

When SWCNTs are added, the skin depth decreases; it decreases further after anneal-
ing, indicating the reduction in the transparency volume. This result demonstrates that
the addition of CNTs leads to a better interfacial strength, as proved in a previous thermal
study [142]. At a higher photon energy, the two picks of skin depth are the signature of
plasma frequency, resulting from overlapping between the frequency of electron oscillation
and the incident electromagnetic radiation (the wave is stagnant).

The variation in the extinction coefficient versus energy is another indicator of the
change in optical properties after the addition of CNTs in both annealed and not-annealed
states (Figure 20).

ν

Figure 20. Extinction coefficients of doped PANI: not annealed (a) and annealed (b). Extinction
coefficients of doped PANI functionalized with CNTs: not annealed (c) and annealed (d).
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On the red side of the spectra, annealing improves the extinction coefficient. For
the doped state of PANI, thermal treatment leads to a change in the oxidation degree
and localized states can overlap with the LUMO level. The extinction coefficient may be
improved as a consequence of the new energetic configuration. For the nanocomposite,
a net amelioration in the spectral range from 600 to 850 nm is observed after annealing.
Indeed, good SWCNT dispersion leads to a covalent bonding, as previously reported [46]. If
the overlapping between diffusion length and nanoparticles repartition is satisfied, charge
transfer from the doped matrix to CNTs can be established. From Tauc formalism, the
calculation of band width of the corresponding localized states (EU) demonstrates the
decrease in the latter when annealing, probably due to the already discussed self-cross-
linking effects [133,134,143]. Figure 21 represents all changes in the electronic structure
after annealing and adding CNTs.

Figure 21. Change in optical parameters under doping and annealing.

For the nanocomposite, the EU (localized state band width) is nearly 85 meV and
390 eV for not-annealed and annealed states, respectively, involving a charge transfer
from the organic matrix (self-cross-linked) to CNTs, as previously reported [21]. The
large value after annealing is the consequence of well-dispersed nanoparticles, involving
good compatibility between the diffusion length and CNT repartition. A microscopic
study mentions that bundled CNTs before annealing became relatively dispersed and
homogeneously distributed, with the repartition size varying from 3 to 8 nm [132]. At
the molecular scale, annealing leads to partially dispersed and oriented SWCNTs in cross-
linked PANI. Electron–hole pairs, which constitute the exciton pairs, are born in the PANI
matrix and then migrate by diffusion [20,144]. From the Scharber diagram, the resulting
electronic structure presents a band gap suitable for a relatively higher conversion efficiency
and is qualified by good compatibility with the solar spectrum [145].

7. Conclusions

A study of the structural, optical, and electronic properties of diverse polymers contain-
ing nitrogen atoms was performed. Some parameters are fundamental to achieving better
dispersion of CNTs in the organic matrix, namely the choice of the solvent and thermal
treatment. Short oligo-N-vinylcarbazole can be spontaneously functionalized with SWC-
NTs when chloroform is the medium. However, moderate thermal treatment is needed
when chlorobenzene is the medium. Though the complete isolation of SWNTs can be
achieved, chlorobenzene is more efficient in the SWCNT dispersion process. Correlation of
experimental and theoretical study (DFT) in both cases demonstrates that there is a grafting
of vinylidene groups to the nanotube side wall. For PVK-P3HT, a good dispersion state is
obtained even at a higher SWCNT concentration, reaching 60% of CNTs, and the grafting is
limited to the hexylthiophene sequences. The conservation of the hexylthiophene molecular
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structure leads to excellent properties for photovoltaic conversion, such as compatibility
with the solar spectrum and the effectiveness of the dynamics of the excited states.

PANI itself is an insulating material, because of which its functionalization with CNTs
was preceded by acid doping. Without thermal treatment, PANI is linked to SWCNTs
via nitrogen atoms, leading to some structural and optical changes. A decrease in the
optical gap of 2.28 eV gives rise to good compatibility with the solar spectrum. Moreover,
donor–acceptor charge transfer creates a localized state within the band gap, with an onset
energy of 1.62 eV. The modeling of a prototype bulk hetero-nanojunction photovoltaic
device gives a typical open-circuit voltage of 1.25 V and a PCE of 4~5%. Annealing induces
the self-cross-linking of PANI in its doped state and the dispersion of CNTs in the organic
matrix. Otherwise, thermal treatment influences the electronic structure, leading to a band
gap of 2.20 eV and localized states having a bandwidth of 390 meV. Moreover, it was
found that skin depth and extinction coefficient variations are closely related to a molecular
arrangement induced by annealing, namely self-cross-linking. As a consequence of the
number of oxidation degrees of PANI, the corresponding interpenetrating network (doped
PANI/CNTs) exhibits excellent compatibility with the solar spectrum and shows good
coherence with the diffusion length, making it a good candidate for the active layer in
organic photovoltaic devices.

As a consequence of the above-mentioned structural changes, adding CNTs to the
polymer matrix leads to a broader absorption spectrum, PL quenching, and a shorter
excited lifetime. In fact, these optical criteria are coherent with charge transfer from the
organic matrix to the CNTs due to the interpenetrating P–N nanojunctions.
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Abstract: Today, nanomedicine seeks to develop new polymer composites to overcome current
problems in diagnosing and treating common diseases, especially cancer. To achieve this goal,
research on polymer composites has expanded so that, in recent years, interdisciplinary collaborations
between scientists have been expanding day by day. The synthesis and applications of bioactive
GQD-based polymer composites have been investigated in medicine and biomedicine. Bioactive
GQD-based polymer composites have a special role as drug delivery carriers. Bioactive GQDs are
one of the newcomers to the list of carbon-based nanomaterials. In addition, the antibacterial and
anti-diabetic potentials of bioactive GQDs are already known. Due to their highly specific surface
properties, π-π aggregation, and hydrophobic interactions, bioactive GQD-based polymer composites
have a high drug loading capacity, and, in case of proper correction, can be used as an excellent option
for the release of anticancer drugs, gene carriers, biosensors, bioimaging, antibacterial applications,
cell culture, and tissue engineering. In this paper, we summarize recent advances in using bioactive
GQD-based polymer composites in drug delivery, gene delivery, thermal therapy, thermodynamic
therapy, bioimaging, tissue engineering, bioactive GQD synthesis, and GQD green resuscitation, in
addition to examining GQD-based polymer composites.

Keywords: polymer composites; graphene quantum dots; bioactive; biomedical; synthesis

1. Introduction

Bioactive materials play an increasingly important role in the biomaterials industry and
have wide applications in nanomedicine, drug delivery systems, and biosensors. Among the
medical applications of bioactive substances are the continuous development and current
status of bioactive substances in medicine [1]. The term graphene was first introduced in
1986 and was created by combining the word graphite with a suffix (n) referring to polycyclic
aromatic hydrocarbons. In various fields of science and technology, graphene has changed its
status from an unknown substance to a bright star. This is due to the exceptional properties of
graphene, including high current density, ballistic transport, chemical inertness, high thermal
conductivity, optical permeability, and excellent hydrophobicity at the nanometer scale [2,3].
The first use of functionalized graphene oxide polyethylene glycol as a nan carrier of

317



Polymers 2022, 14, 617

anticancer drug release was reported in Liu et al. [4]. Sanchez et al. investigated the biological
properties of graphene nanomaterials and their toxicity, containing their proper interaction
with biomolecules, cells, and tissues based on the number of layers and the dimensions
of chemical functionalization [5]. Quantum dots are mineral semiconductor nanocrystals
with a diameter of 1 to 10 nanometers that emit light after excitation and typically consist
of 100 to 10,000 atoms. Their small size makes them unique compared to macrocrystalline
materials [6]. In many branches of science, GDs with unique properties have been used.
The use of these GDs in pharmaceutical and medical technology is also evolving [7,8].
The remarkable features of quantum dots that have made them a probe for targeted drug
delivery and therapeutic fields are their rich surface area and optical properties.

The cells or tissues in question are targeted by QDs, combined with ligands. Recently,
the use of QDs for in vivo applications has become more prominent with advances in
the production of biocompatible QDs [9]. QDs can also lead to good solubility in vari-
ous solvents, such as aqueous buffers, when in the form of a semiconductor core with a
coating (as a shell) and a cap [10]. Luminescent nanocrystals, known as QDs, are used
for carriers or probes in medical applications due to their rich surface chemistry, such as
in drug delivery [11–14], imaging, and treatments [15]. Graphene quantum dots (GQDs)
are graphene-based nanomaterials [16]. In other words, GQDs that are the product of the
chemical oxidation process of carbonaceous materials can be considered extremely small
derivatives of graphene oxide which contain a significant number of oxygenated functional
groups, such as hydroxyl and carboxyl [17,18]. The attention of many researchers has been
drawn to GQDs due to their excellent properties, such as low toxicity, good water solubility,
electrical conductivity, biocompatibility, stable photoluminescence, and surface to volume
ratio, and also to the application of GQDs in bioimmography, sensors, tissue engineering,
photocatalysis, and energy conversion [19]. Photoluminescence is one of the main properties
of GQDs that sometimes explain the diversity of their biomedical applications. However,
the photoluminescence mechanisms of GQDs are not well known because their structure is
complex and their surface functionalities are still unknown. Therefore, achieving optimal
optical properties that affect biomedical applications is challenging.

So far, no mechanism has comprehensively explained the photoluminescence phe-
nomenon of GQDs, limiting the regulation of their optical properties. However, several
mechanisms have been proposed, including the quantum confinement effect, the emission
of surface states, molecular fluorophores, the molecular diffusion of polycyclic aromatic
hydrocarbons, self-trapped exciton emissions, the surface dipole emission center, the aggre-
gate emission center, the multiple dissolution center, the relaxation of slowed solvent center,
and a solvatochromic shift. Each mechanism only partially explains the photoluminescence
phenomenon of GQDs. It has been suggested that bioactive compounds can specifically
improve photoluminescence. The polymerization of GQD structures can also increase the
biological effects of GQDs.

GQDs are typically reported to be between 3 and 20 nanometers in size, with the
largest reported size being 60 nanometers. Structurally, a GQD is crystalline and has one
or more layers of graphene [20,21]. GQDs can interact with biomolecules, so they can be
used for drug and gene delivery by making appropriate surface changes [22]. For example,
Huang et al. designed GQD nanocarriers that were able to simultaneously use specific drug
delivery, imaging, and chemotherapy for cancer [23]. Apul et al. reported the synthesis of
GQDs using citric acid and dicyandiamide as the starting material at 180 ◦C for 180 min.
The synthesized GQDs showed a quantum efficiency of 36.5% and high optical stability [24].
In other studies, GQD synthesis was reported as a bottom-up method based on the degree
of carbonization of citric acid [25].

The term composite (multiplayer or composite material) refers to a material that consists
of two phases, a matrix, and a reinforcement, and the second phase is used at a maximum of
0%. A matrix composition with fibers (or reinforcing material) below 0% is referred to as a
composite. Polymers in which fillers (in the size range from 1 to 100 nm) are homogeneously
reinforced are called polymer nanocomposites (PNCs). In these nanomaterials, fillers are
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specified in at least one dimension less than 100 nm (<100 nm). Based on the number of
dimensions that are outside the nanometer range, nanofillers can be classified into three
categories: (1) Spherical (zero-dimensional), (2) layered (one-dimensional), and (3) fibrous
and tubular (two-dimensional) [26–31].

There is a better interaction between the polymer matrix and the filler in polymer
nanocomposites than conventional composites. The uniform distribution of nanoparticles
in the polymer matrix increases the contact surface made up of the matrix and nanoparticles
and improves its mechanical, thermal, and obstruction properties. The smaller the size
of the nanoparticles, the more difficult it is to distribute them in the polymer matrix
because the nanoparticles are very unstable and have a high tendency to aggregate or
clump. The clumping of the nanoparticles is a weakness of the polymer matrix. Mineral
nanoparticles with petite particle sizes make minimal changes, as in the case of polymeric
materials. If properly designed and formulated, they can improve the polymer’s thermal
and mechanical barriers and its flammability properties [32]. Surface charge density, doping
status, the degree of surface oxidation, or inks with polymers are among the properties
of GQDs that can cause different interactive behaviors with biomolecules and which are
dramatically different in additional others [33]. The elastomer matrix is combined with filler
properties such as nanoparticles or graphene by flexible and durable polymer composites.
The potential application of graphene sheets [34–36] as fillers is possible due to their
outstanding optical, electrical, and mechanical properties in the context of synthesizing
new nanocomposites based on polymers [37–40].

One of the most important aspects of polymer composites when it comes to obtaining
lightweight materials with superior performance is the excellent mechanical and electri-
cal properties that graphene imparts to polymer matrices. The outstanding properties
that GQD-polymer composites possess with the introduction of only small amounts of
nanofillers into the polymer matrix are still being considered [41–43]. Thus, research groups
have made significant efforts to prepare GQD-polymer composites and study their prop-
erties [44–50]. Information on GQD-polymer composites, including the small size of GQD
particles, their atomic rough surfaces, and the dispersibility in polymers have been obtained
through simultaneous studies of their mechanical properties and thermal conductivity [51].
Graphene-bound biomacromolecules can improve the bioactivity and biocompatibility of
advanced GQD-based biocomposites and nanoplatforms [52,53]. QD-based polymer com-
posites on graphene base surfaces can provide significant biocompatibility and bioactivity,
with many potential biomedical and medical applications [54–57]. Recently, graphene and
bioactive GQD based polymer composites have been widely used in medicine for drug
delivery, cancer treatment, tissue engineering, phototherapy, and stem cell and biosensor
separation [58,59].

This study aimed to present advances in bioactive graphene quantum dot-based
polymer composites, focusing on advances in bioactive GQD-based synthesis methods and
highlighting future work areas in this field. These methods are based on techniques that rely
on top-down or bottom-up processes: bioactive GQD synthesis, GQD green reduction, and
GQD-based polymer composites. Finally, the applications of bioactive GQD-based polymer
composites, including drug delivery, gene delivery, heat treatment, thermodynamic therapy,
bioimaging, and tissue engineering, are discussed. The contents of this review are shown
in Figure 1.
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Figure 1. The applications of bioactive GQD-based polymer composites in biomedicine.

2. Bioactivation

Bioactive compound is a term commonly used to refer to secondary metabolites pro-
duced by organisms which are often not necessary for the growth and survival of organisms
and, unlike the primary metabolites and vital macromolecules, are not the basis of the
primary processes of the organism and do not play an important role. In general, secondary
metabolites in bacteria result from specific conditions, such as limited food sources, and
are produced during the idiophase period of the organism’s life. Most of these compounds
support the organism in specific environmental conditions (such as competition in the
ecosystem). Zahner has proposed the most convincing theory for producing secondary
metabolites, which he refers to as secondary metabolite evolutionary compounds. If a
metabolite does not affect any stage in the differentiation of an organism (morphogenesis,
movement, regulation) and is produced for specific purposes in organisms, it is called a
secondary metabolite. Many of these compounds have an antifeedant function in certain
organisms, sex absorbers, antibiotic agents [60,61].

The first report on the production of biologically active substances from marine bacteria
was made by Zobell and Rosenfeld in the context of antibiotic production. Since then,
several reports have been received in this regard. When it comes to biological compounds,
16,000 have been isolated from marine microorganisms, including antibacterial, antiviral,
and antitumor compounds [62,63].

2.1. Polymers Containing Bioactivation

The stabilization of bioactive compounds to produce the functional properties of
polymers has developed extensively over the past decade. This method is used in pack-
ing industries of foodstuffs and pharmaceuticals. Various bioactive compounds can be
used in the stabilization process, such as proteins, peptides, antimicrobial compounds, but
most are enzymes which stabilize the surface of polymers. The first step is to stabilize,
design, or select a suitable polymer. The mechanical properties considered include elasticity,
strength, transparency, and degradability. Stabilization operations can be performed on
the surface or inside the polymer. Therefore, the polymer surface must be ready to accept
biomolecules. Creating the ability to obtain and bind bioactive compounds in polymers
is referred to a special operation called producing functional properties [64,65]. The sta-
bilization of biomolecules and bioactive compounds in polymers is performed using the
following methods: (1) Physical absorption, (2) entrapment, (3) covalent immobilisation,
and (4) affinity immobilisation [66].

2.2. Methods of Bioactivation
2.2.1. Bioactive Carbon Sources

For biomedical applications such as MSC-based therapy, the development of bioactive
materials is desirable when it comes to integrating efficient differentiation and traceable
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properties in a biocompatible manner. A new type of one-step hydrothermal method makes
bioactive carbon dots (CD) [67]. Recently, a bottom-up synthetic strategy has been used
to design and fabricate multifunctional CDs with the complex introduction of bioactive
precursors, including small molecules, nucleic acids, and proteins [68,69]. Compared to
traditional citric acid-based CDs, these bioactive CDs can expand their applications against
cancer and pathogens and have different pharmacological activities [70–72]. In both in vitro
and in vivo studies, bioactive CDs have shown improved anti-cancer performance when
compared with small free molecules [73]. Therefore, dual-function precursors have not yet
been developed to obtain bioactive CDs.

2.2.2. Biomass-Waste Derived GQD

When it comes to the scalable production of GQDs, biomass has been used as a source
of green, natural, cheap, sustainable, and renewable carbon. Since biomass is abundant
and inexpensive, and there is no published paper on the total cost of GQD materials, it
is therefore expected that the price of biomass-derived precursors (waste) is much lower
than other precursors (graphite, carbon fiber, CNTs, citric acid, glucose). GQD production
with a product yield comparable to expensive graphene-based precursors is possible using
different types of biomass, such as plant leaves, grass, rice husk, coffee grounds, and
charcoal [74–78]. The quantum efficiency of GQDs derived from biomass is superior to
graphene derivatives. According to reports, green production is possible through plant
leaves, and GQD production is also done without inactivators, reducing agents, oxidants,
or organic solvents [75].

2.2.3. Biologically Active Agents

Bioactive compounds and diagnostic probes, known as biologically active agents, ef-
fectively load drug delivery systems based on enzyme-responsive polymers via covalent
or physical encapsulation. The isolation of enzyme-responsive polymers for subsequent
therapeutic or diagnostic activities is performed by target enzymes to expose or activate
biologically active agents. To achieve drug release/activation and physicochemical alter-
nation, enzyme-responsive drug delivery systems can be designed to take advantage of
high enzymatic properties [79]. The separation of bioactive agents after enzyme-induced
cleavage is one of the direct release/activation methods, which leads to the explosive release
of therapeutic cargoes or the activation of extinguished/protected functional agents [80–82].

2.3. Roles of Bioactivation

Metabolic activation or bioactivation is a relatively inactive organic compound pro-
duced by reactive electrophilic intermediates, including free radicals. Bioactivation plays
a significant role in hepatotoxicity, dermal ADRs, blood dyscrasias, and drug-induced
toxicities [83,84]. The formation of stable/inactive or reactive metabolites is accomplished
by the drug’s metabolism, enabling them to interact with cellular structures and functions,
which indicates the role of bioactivation in drug-induced hepatotoxicity. Hepatotoxicity
is induced by the reaction of electrophilic metabolites with nucleophilic sites in macro-
molecules either through the metabolic bioactivation of drugs in the formation of covalent
compounds or through oxidative damage caused by ROS production [85].

2.4. Design of Bioactivation

Electrophiles have attracted the most attention concerning bioactivation in drug design
because they are easier to trap and their chemistry is rationalized [86]. Thus, ambiguity in
understanding subsequent covalent bonding can be linked with toxicities [87]. In contrast,
the initiation of downstream cellular events associated with oxidative stress is better un-
derstood through the formation of free radicals. Most of the structural features associated
with bioactivation during drug design are related to active aromatic systems (usually aniline
derivatives). Assessing the risks involved in developing compounds with structural alerts
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and the placing bioactivation data during drug discovery are critical issues in the context of
bioactivation and drug design [88].

2.5. Method of Bioactive GQD Synthesis

The synthesis method plays a significant role in the properties and application of
bioactive GQDs. Therefore, the production of bioactive GQDs must be adjusted during and
after their production [68]. Chemical, physical, and electrochemical techniques, including
various methods, have been used to generate bioactive GQDs [89]. Bioactive GQDs are
synthesized top-down and bottom-up (Figure 2). The different methods for synthesizing
bioactive GQDs used in biomedicine are listed in Table 1. In the top-down synthesis method,
carbon mass decomposition in nanoparticles takes place via chemical and physical pro-
cesses such as acid oxide, electrochemistry, and hydrothermal processes [90–92]. Using a
variety of organic compounds under carbonization conditions, GQDs are prepared in a
bottom-up method [93]. Among the advantages of bottom-up synthesis are the regulation
of physical properties, the use of various organic compounds as raw materials, and the
structural properties of GQDs. Processes including stepwise solution chemistry, microwaves,
hydrothermal processes, ultrasonic chemistry, acid oxidation, and electrochemistry make up
the various physical and chemical methods used to prepare GQDs [94–96]. The restriction
of access to the mass production of bioactive GQDs using this method is due to the high
cost spent on raw materials in the method. Recently, due to the simplicity, cost-effectiveness,
and one-step synthesis route method of the hydrothermal method, this method has been
considered [25]. The hydrothermal method [97–99], microwave method [100–102], electro-
chemical oxidation method [103–105], the ultrasonic method [103,106], and biosynthesis
methods [107,108] are among the methods used for bioactive GQDs synthesis based on
top-down and bottom-up processes.

Figure 2. The top-down and bottom-up methods for the synthesis of bioactive GQDs.
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Table 1. Different methods for synthesizing bioactive GQDs are used in biomedical applications.

Synthesis Methods Application Size Ref.

Bottom-Up Method

GQD-RhB-silka Diagnosis 3–20 nm [109]
mango leaf extract—mGQDs NIR-responsive fluorescence bioimaging 2–8 nm [110]

PEGylated GQD Fluorescence imaging of tumors 2.75 nm [111]
GQD-PEI Gene transfection 3–4 nm [112]

GQDs Drug delivery and bioimaging ∼12 nm [113]
MSN-SS-CD-DOX Targeted and controlled drugs 2.7 nm [114]

Top-Down Method

GQD Diagnosis 5 nm [115]
durian extract—GQDs Bioimaging 2–6 nm [116]

NP-GQD Cysteine detection 10–30 nm [117]
GQD-PEG-AG Radiotherapy 3–4 nm [118]
lignin—GQDs Bioimaging 2–6 nm [119]

2.5.1. Hydrothermal Method

A fast and straightforward way to prepare bioactive GQDs is the hydrothermal method.
The hydrothermal method is a one-step method in which the organic precursor is heated in
a Teflon tube to reach high temperatures and pressures. As a result of high temperatures
under high pressure, the bonds between carbon materials are broken to form bioactive
GQDs. The electrical-optical properties of the particles can be adjusted by using different
precursors and through temperature optimization. Therefore, the hydrothermal method
is low-cost and non-toxic (Figure 3. Hydrothermal methods also produce particles with
a diameter of 10 nm, more prominent than other dot production methods, such as the
electrochemical method [120–125]. Lianget al. easily obtained highly fluorescent quantum
dots from gelatin by using hydrothermal method [126]. Liu and colleagues developed a
simple, green, and inexpensive way to prepare fluorescent quantum dots using hydrother-
mal processing and a type of radish. They investigated the application of prepared carbon
quantum dots in cell imaging and the detection of iron ions [127]. Hong Miao et al. pre-
sented a green method for synthesizing carbon quantum dots with a high quantum yield
of about 14% from tomato paste and investigated the use of synthesized quantum dots in
determining the type of antigen [128].

 

Figure 3. Synthesis of photoluminescence GQDs by using hydrothermal method from material A.
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2.5.2. Microwave Method

The synthesis of nanoparticles via microwave-facilitated methods has many advantages
compared to other methods. Compared to the hydrothermal method, this method has the
advantage of its higher speed and lower synthesis temperature. Some of the benefits of
microwave facilitated reactions are: (1) Deficient level of impurities in the products, (2) a
very high product efficiency, (3) the easy control of temperature and pressure, (4) the easy
control of product properties (such as size), (5) the environmental friendliness of the method,
(6) the very high security of the method, (7) its reproducibility, and (8) selective heating
(i.e., the reduction of energy costs) [129–131]. Ayele et al. have proposed a green method for
the mass production of CdSe quantum dots by using microwaves [132]. An easy, light, and
fast method for the synthesis of nitrogen-doped GQDs using microwave prepared cedar
tree root without surface modification has been proposed by Shawing Sheng et al. [133].
The resulting quantum dots were used to identify Hg2 + ions selectively. Synthesized
GQDs can also be used as multicolor fluorescents in bioimaging. The purification of dialysis
membranes for 7 h and the preparation of GQDs via microwave irradiation for 10 min
using raw materials such as aspartic acid (Asp), NH4HCO3, and solvent (DI water) were
investigated by Zhang et al. The results showed that the prepared GQDs had a strong blue
fluorescence and a QY of 14% (Figure 4) [134].

Figure 4. The purification of GQDs using microwave irradiation.

2.5.3. Electrochemical Oxidation Methods

Electrochemical methods make it possible to adjust nanostructures by controlling
the current–voltage ratio. For example, applying a regulated voltage to a bulk of carbon
precursors leads to the electrochemical corrosion reactions of carbon reactants and the
production of carbon nanostructures. This method does not require high temperatures; it
can be done quickly on a large scale with aqueous or non-aqueous solvents. This method
is one of the fastest ways of producing graphene sheets (Figure 5) [103–105,135,136]. For
example, Paulo et al. prepared GQDs using electrochemical and corrosion methods [137].
Wong et al. proposed a bottom-up approach for synthesizing nitrogen-doped GQDs using
the electrochemical process. This method is green and simple and is suitable for large-scale
synthesis with an interest rate of more than 95%. The quantum gain of the particles is 0.71.
Also, the toxicity of quantum dots synthesized by this method is low [138].

324



Polymers 2022, 14, 617

 
Figure 5. The synthesis method of electrochemical oxidation.

2.5.4. Ultrasonic Method

In recent years, many methods for making photoactive materials for use in solar
cells and photocatalysts have been proposed. However, the benefits of preparing these
materials in unusual ways are exciting from the point of view of green chemistry. The idea
of producing highly efficient photocatalysts through the use of ultrasound is fascinating
and essential in terms of science and technology and has excellent potential for producing
photocatalysts in the near future. Ultrasonic synthesis is a promising method that allows
for control over size, morphology, nanostructure, and catalytic properties. Compared to
conventional energy sources, the supersonic method provides abnormal reaction conditions
in the liquid phase due to the phenomenon of cavitation (very high temperatures and
pressures for brief periods in liquids) [139–141]. Zhu et al. synthesized high-quantum
GQDs from only graphene oxide and potassium permanganate in a one-step method
using ultrasonic irradiation and used them as a test for the detection of alkaline phosphate
(ALP) [142]. Oza et al. prepared GQD quickly and greenly using the precursor chemical
acoustic method and a lemon [143]. The resulting quantum dots were purified using the
sucrose gradient density centrifugation method, which separated the water-soluble, single-
spray, photoluminescent, highly stable optical, and chemical quantum dots. Furthermore,
quantum dots synthesized in this way are not toxic and can be used as optical imaging
tools. The formation of tens of thousands of small bubbles in the liquid and the loss of
carbon–carbon bonds are generated by mechanical force and eventually results in GQD
cutting, an issue which is affected by ultrasound waves (Figure 6).

 

Figure 6. The ultrasonic synthesis method.
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2.5.5. Biosynthesis Method

The biosynthesis method is performed in mild conditions, and the bioactive GQDs
synthesized using this method have inherent biocompatibility and bio-stability without
the need for encapsulation operations. Therefore, these methods provide a green way
to prepare biocompatible, bioactive GQDs. As with chemical processes, biosynthesized
quantum dot emissions can be controlled by their size, the instantaneous excitation of
bioactive GQDs of different sizes by a single light source, and by a broad spectrum window
that can be adjusted by the constructive component [107,108,144,145].

2.6. Green Reduction of GQD

Advances in nanoscience and nanotechnology have led to versatile applications and
the discovery of different new nanomaterials, the properties of which depend on their
shape and size. QD is known as one of the nanomaterials that has been introduced due to
its variation in bandwidth size. Since there are numerous challenges involved in disposing
and recycling of QDs, it can be said that they are very dangerous to process, specifically
ordinary QDs such as PbS and CdSe [146]. Bioactive GQDs, an example of organic quantum
dots, are not as limited as conventional QDs. Bioactive GQDs, known as nanomaterials,
have advantages such as adjustable diffusion, excellent biocompatibility, resistance to light
bleaching, the abundance of raw materials in nature, and low toxicity and costs [147].
Among their potential applications are their use as light-emitting diode materials [148],
detection probes [149], and optical bioimaging probes. An effective way to regulate the
electrical and optical properties of GQDs is to dope GQDs with heteroatoms (such as B, N, S,
and F) [100]. In GQDs, the presence of N can be effective for the homogeneous distribution
of metal nanoparticles. Nevertheless, N-GQDs, in addition to being generated in situ for
catalytic proposals, can support metal nanoparticles such as Pd (0). N-GQDs were expected
to be an adequate support for Pd (0) in the catalytic reduction of nitro compounds due to
the efficient activity of graphene as a support in the green reduction reaction [150].

3. GQD Based Polymer Composite

In graphene-based polymer composites, the superior properties of graphene compared
to polymers are reflected. Compared to neat polymer, graphene-based polymer composites
show gas barrier, electrical, superior mechanical, flame retardant, and thermal proper-
ties [41,42,151–154]. Graphene nanofibers are used as a two-dimensional model to arrange
polymers, increasing the polymers’ solubility [155]. Although carbon nanotubes (CNTs) ex-
hibit mechanical properties comparable to graphene, graphene is a better nanofiller in certain
respects, such as in terms of thermal and electrical conductivity [156–161]. Interfacial bond-
ing between graphene layers and the polymer matrix and the distribution of graphene layers
in the polymer matrix affect nanocomposites’ physicochemical properties. Pure graphene
does not have good compatibility with organic polymers and does not form homogeneous
composites. Since the use of graphene oxide (GO) sheets as nanofillers has attracted much at-
tention in the context of polymer nanocomposites, it can be said that in contrast to graphene,
GO is preferable to organic polymers [162–165]. Graphene oxide is an insulating material, so
it cannot synthesize conductive nanocomposites without further resuscitation. In polymer,
graphene, and solvent, factors such as polarity, molecular weight, hydrophobicity, and
reactive groups play an essential role in when it comes to preparation methods [166]. For ad-
vanced hybrid nanomaterials and applications, polymer dots have been designed and used,
specifically necessary and unique quantum dots. Therefore, polymer dots can be obtained by
using conjugated and non-conjugated polymers [167,168]. Both QD polymer encapsulation,
without changing the native surface ligand layer [169], and ligand exchange, used to replace
the main hydrophobic ligands on the GQD surface with polymer molecules [170], are meth-
ods of making GQD-polymer nanocomposites. Biological imaging, fluorescence imaging,
and bioassay from GQD-based nanocomposites are used [171–173]. The foundation of poten-
tially new and innovative GQD composites [174–177] has been established through previous
research on graphene-reinforced composites [178–180] and GQD synthesis [20,181–183].
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One of the newest forms of graphene is GQDs. Electronic devices [166,184], energy stor-
age [185,186], fuel cells [187], and biomedical applications [188,189] are among the wide
range of applications of GQDs-polymer nanocomposites.

4. Polymerization

Polymerization is a chemical reaction in which small and simple molecules, or monomers,
bond together to form a large molecule with a molecular mass several times that of the
original molecule [190–192]. Bulk, emulsion, suspension, and surface polymerization are
polymerization methods used to prepare microparticles. One or more monomers are heated
in a bulk polymerization technique to induce polymerization in the presence of a catalyst.
During the polymerization process, the drug may form. Also, monomers can be prepared or
fragmented to convert the obtained polymer into a microsphere [193]. The polymerization
process occurs at lower temperatures, and the polymerization of suspension is similar to
bulk polymerization [194].

4.1. Methods for Polymerization
4.1.1. Suspension Polymerization

To obtain a hybrid of stable QDs of polymer particles, considering the confinement
of QDs during a polymerization reaction, one of the investigated methods is the poly-
merization of suspension [195–197]. Hexadecylamine CdSe QDs were synthesized by
O’Brien et al. The surface polymerizable QDs were then obtained via ligand exchange.
As a result, the QDs were encapsulated in the synthesized polymer particles [198]. The
inclusion of QDs in the polymer particles during the polymerization process of suspension
results in reasonable control with respect to the position of the quantum dots or their final
fluorescence properties.

4.1.2. Emulsion Polymerization

The enclosure of QDs in colloidal polymer particles is achieved through emulsion
polymerization [199–201]. The coverage of CdSe quantum dots with tridactyl phosphine
oxide and their dispersion in toluene were investigated by Yang and Zhan. The results
show good control over the confinement of quantum dots in polymer particles to prevent
the accumulation of nanocrystals and fluorescence microscope images [202]. It is not easy
to completely enclose QDs in polymer particles using emulsion polymerization unless
polymerization starts from the surface of QDs after their surface has been modified to
combine polymerizable groups [197].

4.1.3. Mini-Emulsion Polymerization

Mini-emulsion polymerization is one of the simplest and most common methods
for encapsulating QDs in hydrophobic sub-micron polymer particles. A polymerization
monomer produces an aqueous dispersion of nanoparticles where the surface of the coated
QDs is compatible [203–207]. The creation of polymer nanoparticles containing QDs is
achieved through the polymerization of a dispersion nanodroplet. The monomer system,
the type of initiator, the surfactant concentration, and the surface modification of the mineral
nanoparticles are among the factors on which the successful encapsulation of the mineral
nanoparticles in the polymer particles by mini-emulsion polymerization depends [208].

4.2. Physical Blending

The physical blending approach makes it easy to prepare GQD/polymer nanocom-
posite materials. Some physical blending methods include mixing tiny amounts of GQD
with a polymer matrix, blending the solution, and processing the melt. Hydrogen bonding,
electrostatic interactions, or π-π interactions between polymers and GQDs are among the
non-covalent interactions that lead to nanocomposite formation. When water molecules
stick together, an “electrostatic” bond is formed between an oxygen atom from one molecule
(which has a negatively charged particle) and a hydrogen atom from another molecule
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(which has a positively charged particle), and this is a hydrogen bond. The distribution of
attractive driving force interactions when using this method to prepare GQD/polymer com-
posites led to the creation of suitable quality nanocomposites with good GQDs [209–214].

Infusion of GQD into Polymer

Injecting a bandgap through modifications that introduce quantum confinement and
edge effects makes graphene nanoparticles such as GQDs and graphene nanoribbons [215].
A subset of graphene-based nanomaterials consisting of several graphene layers stacked
on top of each other are called GQDs [216]. Glucose [216], carbon fibers [217], carbon
nanotubes (CNTs) [218], graphite [219], and coal are among the various materials used in
the synthesis of GQDs. Gobi et al. investigated the injection of graphene quantum dots
to create stronger, harder, and brighter polymer composites. When comparing polymer
resins with and without GQD, uniform loading with weight percentages of up to 10%, an
18% change in the maximum tensile strain, and a 2.6-fold increase in toughness, etc., are
the results of GQD injection into an epoxy polymer matrix, reflecting the excellent optical
properties of the composite formulation [182].

4.3. Chemical Grafting

Esterification [220], etherification epoxidation [221], methacrylation/acrylation [222],
and acylation are among the abundant functional groups on the GQD surface that allow for
chemical modifications to form covalent bonds with polymers due to the covalent bonds
between polymer chains and GQDs. The chemical grafting of GQDs to the polymer matrix
is superior to the physical blending approach in terms of promoting mechanical strength
and maintaining properties over time [223–227].

4.4. In-Situ Growth

Since the secondary intermolecular interaction between GQDs and the polymer matrix
is relatively weak and unstable, it can be said that the physical blending method is a
practical approach that is used to fabricate GQD/polymer nanocomposites. In many
cases, chemical grafting methods use organic reagents, and solvents are toxic due to
their shortcomings in terms of complex reaction processes and multiple preparation steps.
The physical blending method can also anchor GQDs firmly to the polymer matrix due
to the formation of covalent bonds. The ensuring of a better bond strength is possible
via the in-situ growth of GQDs in the polymer matrix because it is an easy and green
process. Also, the bond between GQD and polymer includes both chemical and physical
interactions. An in-situ growth strategy can be obtained by applying one-pot thermal
treatment containing hydrothermal, pyrolysis, or low temperature heating on a mixture
containing GQD precursors and polymer solution [228–232].

5. Biomedical Applications

5.1. Drug Delivery

Bioactive GQD based polymer composites can bind to various biological materials
through π-π and electrostatic interactions, so the loading of most drugs can be done quickly.
On the other hand, bioactive GQD based polymer composites have good membrane per-
meability and biocompatibility, which can improve the drug efficiency of the loaded drug
and increase effectiveness in the face of drug-resistant cells [233,234]. Table 2 shows the
application of bioactive GQDs in the field of drug delivery. Extensive research has been
done on using bioactive GQD based polymer composites for in vivo drug delivery. Absorp-
tion by the reticuloendothelial system and renal clearance is reduced due to the average
size of bioactive GQDs. The efficiency of bioactive GQDs can also be attributed to their
high delivery, which increases blood circulation time [235]. Sam et al. reported the high
anticancer activity of GQDs containing curcumin in both in vivo and laboratory conditions.
They combined three types of curcumin-graphene composites, including GOs, DGOs, and
GQDs, to form the hydrophobic cancer drug curcumin. Interactions between curcumin and
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the oxygen-containing functional groups DGOs, GOs, and GQDs, played a crucial role in the
loading capacity of curcumin. Since the number of oxygen-containing functional groups on
the surface of the graphene derivatives was pH-dependent, the effective drug loading and
release behavior was pH-dependent. According to the results, the prepared GQD-curcumin
composites contained the highest amounts of curcumin (40,800 mg/g). They had the best
anti-cancer activity compared to other composites containing the same dose of curcumin.
There is no fluorescence in the case of curcumin and its GQD composite. It was only after the
release of curcumin from the composites of GQDs that the GQDs provided the remaining
fluorescence signal. As a result, GQDs simultaneously act as probes for tumor imaging
along with drug release [236]. Silica-coated bipolar quantum dots were investigated by
Akbarzadeh et al. They reported that the synthesis of intelligent nano-aptamer was targeted
by QDs coated with porous meso silica with a bimodal imaging capacity. Their results
showed that the targeted hybrid system that was prepared based on their in-vivo test has
MR capability and fluorescent imaging [237]. Iannazzoa et al. examined the use of graphene
QDs in cancer treatment and drug delivery. Based on the results, the prepared GQDs have
a remarkable ability to deliver the drug to cancer cells and are biocompatible. Similarly, it
is possible to combine targeted ligand drugs in nanomaterials via a multifaceted combina-
tion. As a result, conventional chemotherapy, toxicity and side efficacy were minimized
(Figure 7) [238].

Table 2. The application of bioactive GQDs in the field of drug delivery.

Composite Application Ref.

1 GQD/DOX In vitro: A549 cells [239]
2 SiRNA/GQD/DOX Therapy of A549 cancer cells [240]
3 GQD/DOX In vitro: HeLa, A549, and HEK293A cells [241]
4 CMC/GQDDOX Therapy of K562Leukemia cells [242]
5 GQD/DOX In vivo: BALB/c mice [234]
6 GQD/CDDP Breast cancer cells [243]

5.2. Gene Delivery

Gene therapy is one of the new and promising ways to treat various diseases caused
by genetic disorders such as cystic tissue corruption, Parkinson’s disease, and cancer [244].
Figure 8 shows the treatment of cancer cells with gene therapy based on bioactive GQDs.
Gene therapy for treating a wide range of disease conditions such as rare hereditary and
single-gene disorders has also attracted much attention. For this purpose, nucleic acids
must be delivered to human target cells and expressed. Gene therapy offers a new treatment
method by offering DNA or RNA instead of chemotherapy drugs to inhibit cell pathways
and induce tumor cell death. This treatment method can also remove a malfunctioning
gene, replace the mutated gene, or offer new gene products to fight the disease [245–247].
Successful gene therapy requires a gene carrier that can protect DNA from nucleoside
degradation and, in addition, facilitate high-yield DNA cell uptake [248]. The primary
challenge facing the development of gene therapy is the lack of safe and highly efficient
carriers [249]. Among the effective non-toxic carriers in gene therapy are none-viral gene
delivery systems. Such systems ensure that nucleic acid payloads to cytosols and cell nuclei
bypass biological barriers. Viral vectors are one of the factors influencing gene delivery
due to their natural ability to invade and deliver genetic material. It is also possible to keep
them safe for clinical use by blocking the immunogenicity of viral vectors [250].

Bioactive GQD-based polymer composites demonstrate the characteristics of an effec-
tive gene carrier. Therefore, many efforts have been made to develop bioactive GQD-based
polymer composites as non-viral vectors in gene therapy. The development of bioactive
GQD-based gene nanocarriers is possible by forming a set of bioactive GQD-based polymer
composites, plasmid DNA (pDNA), and chimeric peptides. Observing the cellular uptake
of GQD-peptide-pDNA complexes is possible concerning PL bioactive GQD-based polymer
composites through a confocal microscope [251]. Based on previous studies, the use of
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bioactive GQD-based polymer composites as transmission vectors can lead to more efficient
in-vitro and in-vivo gene therapy applications. The application of bioactive GQD-based
polymer composite on other non-viral vectors seems to be less common than using bioactive
GQD-based polymer composites as drug delivery agents. Due to the sp2 hybridized struc-
ture and π-stacking in bioactive GQDs-based polymer composite systems, the possibility of
drug loading in bioactive GQD-based polymer composite systems is higher than in other
nanoparticle-based drug delivery systems [252–256].

 

Figure 7. Treatment of cancer cells with drug delivery method based on bioactive GQDs.
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Figure 8. Treatment of cancer cells with gene therapy based on bioactive GQDs.

5.3. Photothermal Therapy (PTT)

The therapeutic window refers to the aromatic structure that provides graphene with
strong light absorption in the NIR region (700–900 nm) [257,258]. The main treatments
of cancer are radiology and chemotherapy, which have significant side effects. Recently,
PTT has been considered due to its high efficiency in destroying malignant tumors as well
as the minor amount of damage it inflicts on adjacent healthy tissues (Figure 9) [259]. In
the photothermal therapy method, electromagnetic wave radiation (with wavelengths in
the infrared region) and absorbent nanoparticles at these wavelengths, which have a high
efficiency of light to heat, are used. Thus, by converting light energy into heat and increasing
the temperature to between 42–46 ◦C, cell membranes and proteins are destroyed, leading
to the death of cancer cells [260,261]. Many nanoparticles are identified as external agents
after entering the body due to their hydrophobicity and cause poisoning by accumulating
in one part of the body. Therefore, the surface of nanoparticles is coated with ligands to
increase biocompatibility and reduce toxicity [262]. Nanoparticles used in cancer treatment
via PTT include gold nanoparticles, carbon nanotubes, and graphene. The efficiency of light
production to heat in graphene and its biocompatibility are both higher when compared to
gold nanoparticles and carbon nanotubes.
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Figure 9. Tumor treatment with the PTT method based on bioactive GQDs.

On the other hand, due to the increased ability of graphene, the use of these nanopar-
ticles has received much attention when it comes to cancer drugs and the simultaneous
treatments of PTT and drug delivery. By placing graphene on the curved surface of the
nanoparticle, the interaction of light with graphene increases, increasing the efficiency of
PTT [263]. The features of this therapeutic method are non-invasive radiation, penetration
into the skin, and its harmlessness. In recent years, graphene-based PTT nano-hybrids
have been discovered to inhibit tumors in vivo. After intravenous injection, GO complexes
begin to accumulate in the solid tumor severely and passively, due to the effect of EPR.
The effective death of cancer cells occurs when GO complexes produce enormous heat
after irradiation. Recently, PTT in vivo using GO and GO-complexes was reported to
remove 100% of tumors [264]. The successful treatment of cancer cells was demonstrated
by using nitrogen and boron dual doped bioactive GQD-based PTT in the near-infrared II
region [265]. The effectiveness of such treatment is achieved by merging a drug in bioactive
GQD-based polymer composites with PTT. The bioactive GQDs-gated hollow mesoporous
carbon nanoplatform loaded with doxorubicin achieves this effect simultaneously with
the controlled release of near-infrared drug delivery [266]. This combination of PTT and
PDT is exciting. Thus, a multifunctional bioactive GQD is formed to treat cancer when it
produces 808 nm ROS laser radiation and heats up simultaneously [267].

5.4. Photodynamic Therapy (PDT)

PDT activates a light-sensing compound by using visible light to generate samples of
cytotoxic oxygen and free radicals that selectively destroy rapidly growing cells [268]. PDT
is widely used to treat acne, psoriasis, and cancer using a light source and a light-sensitizing
agent. Light sensitizing factors such as semiconductor quantum dots have received much
attention in the context of PDT. The killing of target cells occurs via a PDT mechanism
involving ROS production and oxidative stress. ROS production in cancer cells and tumors
is mediated by a light-sensitizing agent such as a bioactive GQD-based polymer composite
(Figure 10). The factors that make bioactive GQD-based polymer composites a good light
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sensitizing agent include stability in various pHs and light, their biological corrosion
resistance, and their biocompatibility. To achieve PDT and the simultaneous imaging of
cancer cells, bioactive GQD-based polymer composites can be used. The prevention of
photobleaching and the production of a high quantum efficiency from a single oxygen
molecule are among the benefits of bioactive GQD-based polymer composites. In PDT,
bioactive GQD-based polymer composites are more practical than any other factor. The
induction of cancer cell apoptosis and autophagy is performed by bioactive GQD-based
polymer composites through oxidative stress.

Figure 10. Tumor destruction using the photodynamic method based on bioactive GQDs.

Studies have shown that cancer treatment using bioactive GQD-based polymer com-
posites is more effective than photodynamic therapy using HeLa cells [269–272]. Chemother-
apy and photodynamic therapy guarantee a synergistic effect in the treatment of cancer.
With GQDs, the targeted PDT of mitochondria is also performed [273]. Reports on the PDT
of two photons were performed using a Bengal rose light sensitizer with nitrogen-doped
GQDs [274]. A synergistic effect on tumor cell apoptosis was demonstrated simultaneously
with drug delivery and light irradiation by silver nanoparticles of PEGylated GQDs loaded
with doxorubicin (DOX) [275].

5.5. Bioimaging Application

Bioimaging is a method used in both clinical and research settings. Using different
parts of the electromagnetic spectrum means that the bio-distribution of therapies sepa-
rately and accurately and the observation of biological processes such as targeted delivery
provides cellular uptake [22,234,276]. The application of QDs in cell imaging is multicol-
ored and sensitive due to a significant increase in their synthesis, surface composition, and
chemistry [277]. The extensive application of bioactive GQD-based polymer composite in
biological imaging are stimulated by broad absorption with narrow emission spectra, strong
quantum confinement, and relatively high quantum efficiencies with high molar extinction
coefficients [278–280]. Bioactive GQD-based polymer composites are promising candidates
for imaging deeper tissue samples because they have the property of emitting near-infrared
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reflection [281]. Since the detection of metastasis and the recurrence of cancer, and the early
detection of tumors by sensitive imaging, are possible, it can be said that the role of imaging
in the diagnosis of cancer is of particular importance. Figure 11 illustrates the diagnosis of
cancer using bioimaging based on bioactive GQDs. As required with other nanoparticle
platforms, the intrinsic PLs of GQDs allow them to be used as optical probes in fluorescence
imaging without the further combination of fluorescent dyes. Recently, the capabilities of
bioactive GQD-based polymer composites in MR imaging and NIR fluorescence imaging
have led to the development of bioactive GQD-based polymer composite in bioimaging.
Among the unique features of bioactive GQD-based polymer composite, we can mention
their ideal imaging probes, with applications in different bioimaging methods, and their
excellent biocompatibility [256]. In Sheng et al., the doping of quantum dots with nitrogen
(N-GQDs) was performed using a hydrothermal process. In this study, raw materials such
as citric acid, PVP K90, and glutamate were used, and the quantum efficiency was 64.2%.
The results showed that a new fluorescence probe of nitrogen-doped GQDs could be used
to detect chromium (VI) and mark MCF-7 cells [282].

 

Figure 11. Diagnosis of cancer using bioimaging based on bioactive GQD.

5.6. Tissue Engineering

Tissue engineering is a method in which cells are taken from a patient, and after
culturing and increasing their number, they are accepted in a scaffold. Appropriate chemical,
biological, mechanical, and electrical stimuli are applied, and new tissue is formed in a
short time [283]. The main components of tissue engineering are the cell, the scaffold, and
the growth factor [284]. More recently, bioactive GQDs have been tested for stem cell-
based tissue engineering and reconstructive medical applications. Many efforts have been
made to differentiate stem cells into different cells by performing other techniques [285].
Encouraging specific stem cell differentiation under certain conditions is possible using
bioactive GQD-based polymer composites. The important role of bioactive GQDs in bone
differentiation was investigated by Qiu et al. [286]. The critical role of bioactive GQDs in
damaged bone formation in tissue engineering is shown in Figure 12. Specifically, bioactive
GQDs were found to stimulate the primary activation of ontogenesis. In medicine, bioactive
GQD-based polymer composites are considered valuable in terms of regeneration because
these particles have excellent mechanical properties, differentiation powers, and low toxicity.
In addition, they can increase the abundance of calcium [16]. In tissue engineering, the
improvement of the mechanical properties of scaffolds in which orthopedic implants can be
placed is performed by bioactive GQDs, which act as reinforcing agents [287]. In addition to
bone, bioactive GQDs are used for nerve and cartilage tissues [16].
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Figure 12. The important role of bioactive GQDs in damaged bone formation in tissue engineering.

6. Cytotoxicity and Biocompatibility

The size and shape of GQDs, the doping of non-metallic ions, and the modification
of graphene surfaces and edges by photoluminescence (PL), one of the most prominent
properties of graphene, are all easily adjustable [288,289]. A Large surface area, easy surface
modification, high photostability, low cytotoxicity, and excellent biocompatibility, besides
adjustable PL, are all features of GQDs [290,291]. Compared to conventional semiconductor
QDs and other carbon-based luminescent nanomaterials, photoluminescent GQDs are more
durable. GQDs are used in biomedical applications due to their adjustable PL, excellent
biocompatibility, low cytotoxicity, high biocompatibility, and ease of functionalization,
and, as imaging and labeling luminescent agents, are attractive in the context of tracking
molecular targets in living cells or organs [292].

7. Conclusions and Perspective

In the last few decades, bioactive GQDs have attracted much attention due to their
properties and applications in various environmental and health fields. There are problems
that need to be addressed in the context of their practical biological applications, such the
preparation of bioactive GQDs, their size, reproducibility, and low quantum efficiency. The
size of bioactive GQDs is responsible for their fluorescence properties. The low toxicity of
bioactive GQDs also makes them suitable for use in many in vivo applications. Therefore,
it is possible to expand their potential applications in various fields by overcoming the
problem of their low quantum efficiency by preparing bioactive GQD nanocomposites with
surface factorization and band gap engineering. In this study, bioactive GQDs were intro-
duced, and their synthesis methods were explained. The various biomedical applications
of bioactive GQDs, such as bioimaging (in vivo and in vitro), drug delivery, gene delivery,
photothermal therapy, photodynamic therapy, and tissue engineering, were discussed. The
effortless combination of many drugs and ligands is provided through the large surface and
functional groups of bioactive GQDs. Taking advantage of this, bioactive GQDs can be used
as a nanocarrier for targeted drug delivery. Also, the photoluminescence of bioactive GQDs
is used to develop bioimaging techniques to identify various biomolecules that offer a wide
range of new strategies for disease diagnosis. They can be used to image cancer cells and
to track drug delivery to cells and tissues. Bioactive GQDs present low levels of toxicity in
the human body while having adjustable optical properties and fluorescence propagation
in the NIR region of the light spectrum. Researchers aim to develop bioactive GQDs for
biomedical applications and face a key challenge in the form of achieving high-quality
products. The small-scale production of bioactive GQDs with large size distributions is
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possible through existing synthesis methods. Therefore, it is necessary to find new methods
to achieve high performance and easy purification methods that do not require the removal
of raw materials. Recent research advances in polymer composites based on bioactive
GQDs focusing on their synthesis and biomedical applications, including bioimaging
(in vivo and in vitro), drug delivery, gene delivery, light therapy, photodynamic therapy,
and tissue engineering, were summarized in this review. Finally, we conclude that there
is a promising future for further developing GQD-based polymer composites for many
unresolved therapeutic barriers.
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Abstract: The strong demand for plastic and polymeric materials continues to grow year after year,
making these industries critical to address sustainability. By functioning as a filler in either a synthetic
or natural starch matrix, nanoclay enables significant reductions in the impact of nonbiodegradable
materials. The effect of treated nanoclay (NC) loading on the mechanical and morphological prop-
erties (EP) of epoxy is investigated in this research. The NC-EP nanocomposites were prepared via
casting. The investigation begins with adding NC at concentrations of 1, 2, and 3 weight percent, fol-
lowed by the effect of acid treatment on the same nanocomposites. The evaluation is focused on four
mechanical tensile strength parameters: Young’s modulus, maximum load, and % elongation. The
addition of NC improved the mechanical properties of the four components by 27.2%, 33.38%, 46.98%,
and 43.58%, respectively. The acid treatment improved 35.9%, 42.8%, 51.1%, and 83.5%, respectively.
These improvements were attributed to NC’s ability to alter the structural morphology as assessed by
field emission scanning electron microscopy (FESEM), a tool for analysing the microstructure. FESEM
images were used to visualise the interaction between the NC and EP nanocomposites. The dynamic
mechanical properties of the hybrid nanocomposites were investigated using storage modulus, loss
modulus, and tan(delta). The results have shown that the viscoelastic properties improved as the
fraction of NC increased. The overall findings suggest that these nanocomposites could be used in
various industrial and biomedical applications.

Keywords: nanoclay; nanocomposites; mechanical properties; impact properties; hardness

1. Introduction

The nanoclay (NC) nanocomposites are filler-based materials designed to provide
superior mechanical performance at a cheap cost; nevertheless, this results in the NC-EP
nanocomposites being brittle, resulting in a loss of mechanical strength [1–3]. Numerous
investigations have demonstrated that NC nanocomposites have an extremely high tensile
strength and Young’s modulus [4–6]. Clays are divided chemically and morphologically
into several classes, including smectite, chlorite, kaolinite, and halloysite [7]. Another
advantage of clay is that it is widely available and inexpensive and has a low environmental
impact. Clay minerals are increasingly being employed as natural nanomaterials [8], since
they have no adverse effect on the environment. The clay’s widespread use is due to the
octahedral (Al or Mg) or tetrahedral layers [9].

As a result, NC nanocomposites have found widespread applications in a range of
aerospace and mechanical applications [10,11]. NC composites are frequently employed
in applications that need a variety of mechanical properties along with desirable char-
acteristics and physical traits such as lightweight [12–14]. NC is utilised as a filler in
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polymer composite systems, such as nanoclay–epoxy (NC-EP) systems [15], to enhance
the mechanical properties of the parent polymer [16–18]. Pinto et al. [19–23] studied the
mechanical characteristics of EP-based nanocomposites after dispersing nanoclay using
sonication [19–23] and surfactants. NC-EP systems can fabricate solid and lightweight ma-
terials with a variety of advantageous features [24,25]. The effect of NC on microhardness,
Young’s modulus, and impact strength was examined in an elastic EP matrix by adding
3 wt.% of NC [26]. However, the approach they provided for producing the solution combi-
nation was ineffective in terms of distributing the NC evenly across the EP substrate. This
inefficient distribution was investigated, and it was determined that the mixing process
formed a substantial micrometre-sized conglomerate. As a result, the chemical nanoscale
compatibility between the polymer matrix and the nanofiller was established, and homoge-
nous nanofiller dispersion was inside the polymer matrix. This achievement demonstrates
the critical nature of the interface between nanoclay fillers and the polymer matrix and the
critical nature of nanoclay dispersion quality [27]. These interrelated properties dictate the
morphology of polymer/nanoclay composites and, consequently, their fundamental bulk
properties such as strength, elastic modulus, thermal stability, heat distortion temperature,
self-healing, shape memory, and gas barrier [28].

Li et al. [29] examined the modulus of EP-nanoclay composites.
Additionally, Ma et al. [30] have shown considerable advancements in the dispersion

and adhesion of EP matrix and carbon nanotubes by nanotube functionalisation. Other
research [18,31] investigated whether NC is functionalised to become an EP network
component, increasing polarity. However, previous research has proven that homogenous
dispersion can be achieved by reinforcing EP-based nanocomposites with NC [32–35].

Epoxy–nanoclay composites are typically used to improve memory. However, the
chemical structures of the thermoplastic materials and the switch temperature or glass
transition temperature of the thermoset materials [36] influence the shaping of this memory.

The epoxy–nanocomposite, on the other hand, still has drawbacks such as stiffness
and recovery stress. Furthermore, some of the filler percentages have become standard ma-
terials for reinforcing epoxy–nanocomposites [37]. Nanoclay-based materials are nontoxic,
recyclable, environmentally friendly, and carbon neutral [38]. NC has demonstrated a wide
range of advanced applications, including automotive, optically transparent materials, drug
delivery, coating films, tissue technology, biomimetic materials, aerogels, sensors, three-
dimensional (3D) printing, textiles, printed and flexible electronics, medical and healthcare,
and scaffolding [39]. Reinforcing nanoclay with epoxy increased the composite’s tensile
strength at 7.5 wt.% nanoclay [40].

Previous studies primarily concentrated on thermoplastic materials such as
polyurethane [41]. Thermoset is widely used in memory epoxy, which has critical ap-
plications in industry and aerospace. The unique thermochemical properties of thermoset
are suitable for memory shaping recovery ratio, environmental durability, rapid response,
and easy processing and stability [42]. According to Rousseau et al. [43], changing the
chemistry of the epoxy could result in memory shaping by relying on changing the phase-
transition temperature. They proposed that the failure strain could be attributed to a change
in chemical composition or the use of nanocomposites, in which the glass temperature
decreased linearly from 124 to 60 ◦C, depending on the contents. Aside from the effect of
changing glass temperature, chemical and physical crosslinking was discovered to have
excellent mechanical properties of high strain and recovery stress [36].

The filler of TiNi macrowires, for example, has demonstrated a significant increase
in stiffness accompanied by a higher temperature than the neat epoxy. The benefits of
the filler include reshaping memory or either accelerating the increase in temperature or
decreasing the specimen’s thinness. Recent research has revealed additional applications
for nanoclay-added composites. These applications have suggested that the enrichment
in the interfacial bonding between the matrix and reinforcement materials resulted in
improved properties. Furthermore, the nanoclay increases the natural fibre’s flexibility and
rigidity in a single step [44].
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A recent article examined the dynamic mechanical and free vibration properties of
various ratios of untreated and treated jute fibre with nanoclay using compression moulding.
The results indicate that NaOH concentration and the amount of nanoclay affect the
storage and loss modulus, damping factor, and natural frequency. The glass’s temperature
increases as the natural frequency increases. Composites comprising 5% treated fibre and
5% nanoclay were shown to have low-strength structural applications in the construction
and vehicle industries [45]. According to the literature review, nanoclay/natural fibres
hybrid nanocomposites have piqued the interest of researchers due to their improved
properties such as mechanical properties, barrier properties, thermal and fire performance.
However, there has been little research on the effect of nanoclay-modified epoxy on hybrid
composites reinforced with two types of natural fibre materials [46].

The viscoelastic and damping properties of polymer composite materials (sometimes
referred to as dynamic mechanical analysis) are advantageous. Additionally, dynamic
parameters provide information on interfacial bonding [47], crosslinking density [48], and
phase transition [49]. The hybrid composite material significantly improves the dynamic
mechanical properties of hybrid-reinforced composites, particularly those reinforced with
natural fibres. A study of phenolic hybrid composites of kenaf/pineapple leaf fibres
demonstrated an increase in storage modulus over the clean sample [50]. Another work on
polyester composites reinforced with snake grass fibres demonstrated balancing storage
modulus and damping. The current research evaluates several different forms of nanoclay
epoxy composites. The addition of nanofiller to macromolecular polymer chains appears to
change their relaxing behaviour [51]. Additionally, it was revealed that inserting nanoclay
increased banana fibre’s storage and loss modulus on nanoclay while reducing the loss
factor, referred to as tan delta [52]. According to the literature, NC-epoxy hybrids have
gained potential interest due to improvements in dynamic and mechanical properties such
as barrier properties and thermal and fire performance. To date, however, there has been
little research published on the effect of nanoclay-modified epoxy on hybrid composites
reinforced with two types of mat form natural fibres [46].

This study aims to increase the amount of NC in the dispersion and improve its
uniformity without employing a solvent. Increases in the NC content of the EP matrix
resulted in noticeable improvements in the mechanical characteristics of tensile strength
and hardness.

2. Materials and Methods

2.1. Materials

The primary materials used in this report are sulfuric acid and NC. The sulfuric
acid was purchased with 95–98% purity from Sigma-Aldrich in Saint Louis, MO, USA.
Natural Nano, Inc. provided NC (molecular weight 98.08 g/mole) (New York, NY, USA).
Al2Si2O5 (OH)4.nH2O (0.59) is its chemical formula, and its compositions are O:SiO2 (61.19),
Al:Al2O3 (18.11), and Si:SiO2 (20.11). Surface area (65 m2/g), pore volume (1.25 mL/g),
density (2540 kg/m3), and refractive index are among the physical properties (1.54).

2.2. Treated NC

NC was acid-treated according to a technique described by Biswas et al. [53]. The
technique begins with 15 g of NC being treated with 100 mL of 3M sulfuric acid. The
mixture is then divided into four pieces and held at a constant temperature of about 90 ◦C
in a water bath. Each sample (portion) is stirred for 3 h at a speed of 200 rpm using a stirrer
machine at 3000 rpm for 10 min, and a centrifugal machine separates the paste from the
solution. The paste was removed four times with distilled water and dried in an oven at
70 ◦C for 12 h. The final step is to use a mortar to grind the dried NC.

2.3. Matrix

The method used to prepare the epoxy (EP) consists of 25% hardener and 75% trans-
parent EP resin, with the amount of NC varying while the viscosity varies between 11,000
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and 14,000 cps of clear EP resin. Furthermore, a nonmethylene dianiline aromatic amine
prepared by Daemyung Chemical Technology (Gwangju, Gyeonggi Province, Korea) for
use as a curing catalyst (i.e., Amicure 101) was used to obtain an accurate wetting boundary
condition for the NC strengthening filler.

2.4. Preparation of Nanocomposites (NC-EP)

The sample preparation and experimental procedure were carried out following the
flow chart depicted in Figure 1. The first step was to make the neat EP by combining 75%
resin and 25% hardener to make 100 wt.% EP. The next step was to collect 1 gm of the
neat EP and nanoclay. The first mixture was made by combining 99 wt.% (equivalent to
0.01 g) of neat EP with 1 wt.% (equivalent to 0.1 g) of NC. The 2 and 3 wt.% nanoclay
were prepared using the same method. Each nanocomposite sample was kept at 25 ◦C
for 10 min before being baked for 3 h at 40 ◦C to remove any moisture absorbed during
the preparation. For 48 h, the reaction between NC and EP was carried out at a room
temperature of 25 ◦C. Table 1 shows the contents of the NC and EP.

Figure 1. Sample preparation and experimental set-up.

Table 1. Ratio of the nanocomposition in terms of EP Resin, NC, and hardeners.

EP NC (wt.%) Nanocomposite

EP–Neat 0 NC (0 wt.%)

EP (99 wt.%) 1 NC (1 wt.%)

EP (98 wt.%) 2 NC (2 wt.%)

EP (97 wt.%) 3 NC (3 wt.%)

3. Mechanical Properties

3.1. Tensile Properties

A machine bought from Instron Company (INSTRON 5567, a product of Konigsallee,
Düsseldorf, Germany) shown in Figure 2, made dog-bone-shaped specimens for the tensile
tests. The American Society set up the Testing and Materials (ASTM) standard D638. The
test was used to perform the mechanical ductility test at a temperature of 25 ◦C and a
speed of 1 mm/min. An analysis of flexible and ductile materials was possible because the
loading percentage ratio was kept at a low level. In addition, Bluehill software was used to
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measure the tensile strength, strain, modulus, and percent elongation. Five samples had
NC content from 0% to 3% when they were put through the test.

 
Figure 2. Universal testing machine.

3.2. Impact Properties

The Charpy impact tests were conducted with a CEAST 6545 pendulum, which was cho-
sen because it meets the expected standard (ASTM D638). Here, 11.4 cm × 1.2 cm × 0.2 cm
specimens were put together as a simple beam from both ends. This is shown in Figure 3.
The scratch was made to look like a nick or cut at the centre of each sample. For a sample
with a single nick in it, this equation [54] was used to figure out the total fracture energy.
The calculation was performed according to Equation (1):

(acu) =
w

h.b
× 10−3 (1)

Figure 3. Charpy model impact specimen.

3.3. Hardness Properties

In this case, a microhardness tester was used to obtain average hardness readings by
measuring two points simultaneously. This procedure shows the setting up of the unit. It
was based on Vickers hardness, and the indentation average diagonal length was measured
as shown in Figure 4. Equation (2) was used to get the Vickers hardness, as shown in [55]:

HV = 2Fsin136
◦
/2/d2 or HV = 1.85F/d2 (approximately) (2)
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Figure 4. Shore hardness specimen.

4. Results and Discussion

4.1. Tensile Properties NC-EP Nanocomposites

The findings of the untreated EP sample, the untreated EP mixed with 1, 2, and 3 wt.%,
and the acid-treated NC mixed with 1, 2, and 3 wt.% are shown in Figure 5. All results
regardless of being treated with acid or not have the untreated sample in surplus. The
results indicated that the tensile strength decreased when the NC loading increased from
2 to 3 wt.% caused by a slight shift of 1% in the NC loading. The loss in tensile strength
at 3% NC loading could result from NC agglomeration, which naturally results in a poor
interaction between NC and EP. These findings are consistent with those of Zhang et al. [27].

 
Figure 5. Tensile strength of NC-EP nanocomposites at various contents of NC.

Similarly, Figure 6 illustrates Young’s modulus values for the same series of untreated
EP samples, untreated EP samples loaded with 1, 2, and 3 wt.% NC, and acid-treated EP
samples loaded with 1%, 2%, and 3% NC. Young’s modulus values of 180 and 210 MPa for
untreated and acid-treated steels were reported with 3 wt.% NC additives. The increase
in Young’s modulus between the two samples is 33.3% and 42.8%, respectively, compared
to the untreated EP sample. The effect of acid treatment on the same sample with a 3%
NC loading is visible in the 180 and 210 MPa values, representing an increase of around
14%. The findings of loadings of 1 and 2 wt.% NC were nearly identical, with a slight rise
in Young’s modulus. The Young’s under nanoclay composite showed the same trend as
in case of carbon nanotube. The interpretation relies on the effect of dispersion quality of
carbon nanotube colloids [4].
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Figure 6. The effect of NC-EP of nanocomposites on Young’s modulus at various NC contents.

Figure 7 shows the maximum load for the same sequence. The maximal load of
untreated and acid-treated samples attained their maximum values at 2% NC loading, with
245 and 267 N, respectively. These data indicate a maximum improvement of 46.9% and
51.1%, respectively, for the nonacid and acid treatments. Around 8% of the improvement
is due to acid treatment. The results indicate that adding NC at a concentration of 3 wt.%
reduces the maximum load achieved by the EP-NC sample regardless of the acid treatment.

 
Figure 7. The effect of NC-EP nanocomposites on maximum load at various NC contents.

The final tensile attribute is the elongation percentage at the break, as seen in Figure 8.
For nonacid and acid treatment, the elongation percentages are 46.1% and 68.5%, respec-
tively, at a % -NC loading. The results indicate a growing tendency as the concentration of
NC additives increases. As a result, it is impossible to determine if elongation at break hits
a maximum or continues to rise following the 3 wt.% -NC addition. The author believes
that additional research is necessary to study more significant NC additives.
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Figure 8. The effect of NC-EP nanocomposites on elongation at break at NC various contents.

4.2. Impact Properties

Figure 9 depicts the Charpy impact test results for five single-notched samples. The ad-
dition of NC at a rate of 2% increased the total gained impact energy from 2.6 to 18.7 J/mm2.
When the NC content was reduced to 3 wt.%, the impact strength decreased to 15.6 J/mm2.
The EP nanocomposites matrix combined with NC allowed for the formation of a chemical
bond between EP, the filler, and the resin [56].

 
Figure 9. The variation of impact strength with NC content.

4.3. Hardness Properties

Figure 10 clearly shows the NC effect on the hardening of the EP matrix, which shows
a hardness of 248.2 HV at 1 wt.% NC. By contrast, at NC-2 weight percent, the hardness
increased to a maximum of 275 HV. Furthermore, it was discovered that the lowest value
of Vickers hardness was found at NC of 3 wt.%. This increase can be attributed to the
proposed NC ratio value. The voids produced by the fabrication increased as the NC
content increased. Furthermore, the hardness test results at lower temperatures were
superior to the sample at room temperature.
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Figure 10. Effects of NC content on nanocomposites hardness.

4.4. Summary of the Mechanical Results

The tensile parameters explored include tensile strength, Young’s modulus, maximum
loading, and elongation at break. To completely explore the tensile properties, one sample
of untreated NC was used, as well as three samples of untreated NC-EP at 1, 2, and 3 wt.%
and acid-treated NC-EP at 1, 2, and 3 wt.%, as shown in Table 2. The most significant
relative changes in tensile strength occurred at 2 wt.% EP of both untreated and acid-treated
nanocomposites; the results indicate that the highest tensile strength occurred at 2 wt.%
untreated NC-EP composites (16.9 MPa; 27.2%) and 2 wt.% sulfuric acid-treated NC-EP
nanocomposites (16.9 MPa; 27.2%), (19.2 MPa; 35.9 %). Acid therapy is reported to have
an 11.9% effect. However, the improvement was attributable to the NC addition for the
acid-treated samples, which permits greater dispersion between the layered silicate of NC
and the EP [33]. In terms of Young’ modulus, adding NC at a concentration of 2% to the
untreated samples resulted in relative improvements of 33.3% and 42.8%, respectively.
Additionally, the acid treatment resulted in a 14.2% improvement. NC 3 wt.% addition
resulted in 46.9% and 51.1% reductions in nonacid and acid treatment, respectively, for
the maximum load. The effect of the acid treatment resulted in an increase of 8.1% in
the maximum load. Finally, the nonacid and acid treatments increased the elongation
percentage at the break by 43.5% and 53.0%, respectively, compared to the neat sample.
However, the acid treatment resulted in 16.9%.

4.5. Field Emission Scanning Electron Microscopy (FESEM)

Figure 11 illustrates FESEM images of tensile fracture surfaces made of pure EP resin.
As illustrated in Figure 11a, a smooth fracture surface was obtained at a magnification
of 500x. The sample containing 1% NC is depicted in Figure 11b, where the fracture
surface becomes cloudy and rougher as additional NC is added. Due to the wide specific
surface area of the NC grid, the random formation of microfractures indicates that it is an
undesirable condition. The inclusion of NC increased the strength of the nanocomposites;
however, adding more than 1% of NC could result in the formation of microscale clusters
via the NC network. The results indicate that the nanocomposites degrade due to strength
transfer from the resin matrix to the NC network. This observation is consistent with
those discussed in [57]. Figure 11c illustrates the cross-sectional produced area of the
nanocomposites’ fracture surface beyond a tensile test at 2% NC. The FESEM image showed
that NC was frequently discontinuous in the matrix [57]. The morphology of the fractured
surfaces in the impact test at 3 wt.% NC is illustrated in Figure 11d, indicating that the
fracture surface was not uniform. Due to the NC agglomerates, the polymer flow was
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hampered. The brittleness indication, with a coarser topography, could be detected on the
surface of the tidy EP nanocomposites, indicating that the NC pull-out was reduced. The
images in the figures have sowed several fractures with varying numbers and sizes.

Table 2. Tensile properties of NC-EP nanocomposites.

Sample
Tensile Strength
(MPa)

Young’s Modulus
(MPa)

Maximum Load
(N)

%Elongation at
Break

Neat NC 8 120 130 39
1 wt.% untreated NC-EP 12.3 162 220 43
2 wt.% untreated NC-EP 16.9 (27.2%) 169 245 (46.9%) 61
3 wt.% untreated NC-EP 13.4 180 (33.3%) 190 69 (43.5%)
1 wt.% acid-treated NC-EP 14.8 177 233 55
2 wt.% acid-treated NC-EP 19.2 (35.9%) 183 267 (51.1%) 71
3 wt.% acid-treated NC-EP 17.1 210 (42.8%) 219 83 (53.0%)
Effect of acid treatment 11.9% 14.2% 8.1% 16.9%

 
 

 

  

Figure 11. Tensile samples images of FESEM fracture surface (a) at pure EP (b) at NC content of
1 wt.% (c) at NC content of 2 wt.% (d) influence fracture surface at NC content of 3 wt.%.

5. Dynamic Mechanical Analysis (DMA)

5.1. Storage Modulus (E′)
The storage modulus (E′) quantifies a material’s elasticity under sinusoidal stress.

E′ provides information on a material’s dynamic mechanical properties, load-bearing
capacity [58], crosslink density [59], and fibre-matrix interface strength [60]. Additionally,
as illustrated in Figure 12, introducing a nanoclay resulted in a substantial variance in
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E′. The storage modulus of the composites was increased both before and after the glass-
transition zone. The glassy region of hybrid composites was improved by 11.2%, 14.4%,
and 35.3% with 1, 2, and 3 wt.% NC added to EP, respectively. Additionally, 3 wt.% NC/EP
has the best storage capacity, which appears to be attributable to the fibre-reinforced epoxy,
which increases the interfacial adhesion strength between fibres and matrix [61].

Figure 12. Effect of nanoclay on the storage modulus of the NC-EP at different weight concentrations.

The E′ curves in Figure 12 indicated that the composites’ glass-transition (Tg) tempera-
tures were between 44 and 56 ◦C, indicating that Tg transitions from a glassy to a rubbery
state. Thus, the material exhibits stiff and rigid behaviour, as indicated by the material’s
high modulus value throughout the mechanical property measurements. Additionally, it
is projected that the epoxy matrix’s free volume grows beyond Tg temperature due to the
collapsing of the densely packed molecular arrangement.

5.2. Loss Modulus

The loss modulus (E”) can be used to analyse the viscous behaviour of materials under
oscillating tension [62]. When a material has a large capacity for energy dissipation, it is said
to have a high loss modulus, superior damping qualities, and a low damping factor. Thus,
materials with a high E” value demonstrate a strong potential for industrial applications.
Figure 13 illustrates the E′ behaviour of neat EP and EP composites at weight percentages
of NC of 1, 2, and 3 as a function of temperature. All composites reached a maximum peak
height between 64 and 72 ◦C, inside the Tg region. The glassy region’s materials exhibit
increased stiffness. However, it becomes stiff and unyielding as the material reaches the
glassy temperature. As a result, its loss modulus is small. However, as it passes through the
glass transition region and transitions from the glassy to the rubbery state, the material’s
viscosity increases dramatically. Similarly to E′, when the loss modulus reaches its highest
peak height, it exhibits high dissipation energy; however, when the molecules relax, the
internal friction decreases, resulting in a decrease in the loss modulus.

5.3. Tan(δ)

The ratio of the loss modulus (E”) to the storage modulus (E′) indicates the loss factor
or damping factor. Tan delta is a considerable value, indicating a significant nonelastic
strain component. On the other hand, low tan delta values indicate that the material is
more elastic. The tan delta curves for EP and the composite sequence of EP-NC at 1, 2, and
3 wt.% are shown in Figure 14. The tan delta peak height of nanoclay composites is lower
than that of neat EP, implying that the material has improved damping capabilities due
to increased nonelastic deformation and energy dissipation. Additionally, increasing the

357



Polymers 2022, 14, 526

NC concentration decreases the peak values, indicating that the nanoclay and epoxy are
interlocked [61].

Figure 13. The loss of modulus of EP and the effect of nanoclay on the loss modulus of the
hybrid composites.

Figure 14. The values of tan delta for EP and the effect of nanoclay on EP.

5.4. Applications

Any material’s application is contingent upon conformity with applicable require-
ments and standards. When the qualities of the material are enhanced and made modifiable,
the material can be used in various applications. In this example, advancements in the qual-
ities of epoxy materials expand their applications, with nanoclay applications divided by
kind. Epoxy–NC-based materials could be employed in packaging [63], catalysis [64], and
as an additive in the paper-making process [65], as well as medical applications [66]. Addi-
tionally, due to the high temperature, it was discovered that it could be utilised as thermal
insulation [67]. NC is advantageous in medical applications, particularly vascular grafts,
due to its small diameter [68]. NC-epoxy can also be utilised in fire extinguishers [35] and
automobile components [69] due to its outstanding thermal stability and tensile strength.
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Any composite’s applicability is determined by its regulated durability under the condi-
tions of use. Developing biocomposite-based nanoclay poses several obstacles because of
the diverse applications of nanoclay, particularly as reinforcements [70]. The sustainability
of the environment has a direct impact on economic development. By broadening the
application, nanoclay sources improve, benefiting many other sectors [71].

6. Conclusions

We investigated the mechanical characteristics of an epoxy–clay nanocomposite. Mod-
ified clay boosts the adhesive yield of epoxy under high tensile conditions. The expansion
percent to failure of epoxy nanocomposite-1.5% clay is nearly comparable to that of pure
epoxy, with a difference of 0.047. Tension strength and failure toughness of epoxy clay
nanocomposite are proportional to the amount of nanofiller in the epoxy, and improvement
in these parameters is completely evident when using epoxy–clay nanocomposite rather
than pure epoxy. Alternatively, adding modified clay to epoxy resin increases the material’s
strength and hardness simultaneously. Rack angle, development of new surfaces, and the
failure of new piles are all effective methods for enhancing the toughness of an epoxy–clay
nanocomposite with intercalation morphology, according to microscopic considerations.

According to reports, NC has been examined for its superior mechanical qualities and
high aspect ratio. The current study examines the effects of nanocrystals on EP matrix
nanocomposites. The results indicated that adding NC at a rate of 2 wt.% to the EP
matrix improved the tensile strength, maximum load, impact strength, and hardness of
the nanocomposites when compared to the clean EP matrix. The degree of homogeneity
in nanocomposites has a significant effect on their mechanical characteristics. When the
NC content was increased from 1 to wt. 3%, the Young’s modulus and elongation at break
both rose. Additionally, the impact and tensile strength were enhanced by incorporating
NC. The results established the potential benefits of employing NC-EP nanocomposites in
a number of applications, including biomedical ones.

The effect of adding nanoclay at concentrations of 1%, 2%, and 3% was investigated
on dynamic mechanical characteristics. In comparison to neat EP, the NC-EP composites
exhibit extremely high E′ and E”, indicating a strong interfacial connection between the
fibres and matrix.
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Abstract: A study of different nanocomposites based on poly(ε-caprolactone) (PCL) and mesoporous
SBA-15 silica that were prepared by melt extrusion was carried out by analyzing the possible effect of
this filler on the crystalline details of PCL, on its mechanical behavior, and on the eventual observation
of the confinement of the polymeric chains within the hollow nanometric silica channels. Thus,
simultaneous Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS) synchrotron experiments
at variable temperature were performed on these PCL nanocomposites with different mesoporous
silica contents. The importance of the morphological and structural features was assessed by the
changes that were observed during the mechanical response of the final materials, which determined
that the presence of mesoporous particles leads to a noticeable reinforcing effect.

Keywords: PCL–SBA-15 nanocomposites; real-time variable-temperature synchrotron measurements;
confinement; mechanical behavior

1. Introduction

Polycaprolactone (PCL) is one of the most attractive and most commonly used
biodegradable polymers [1]. This material belongs to the category of polyesters that
are derived from petrochemical feedstocks, and its main features include hydrophobicity,
low glass transition (Tg) and melting temperatures (Tm) at about −60 ◦C and 60 ◦C, respec-
tively, as well as important chain flexibility and outstanding processability. Furthermore,
it can be spun into fibers or blown films at temperatures under 200 ◦C without experi-
encing thermal degradation. PCL degrades through the hydrolysis of its ester linkages,
showing a relatively slow degradation rate [1]. This latest aspect makes PCL suitable for
the fabrication of long-term implant systems and for its use as a matrix in drugs deliv-
ery systems, primarily those for controlled-release devices with long working lifetimes
(1–2 years). However, PCL suffers from certain shortcomings when it is intended to be
used in the tissue engineering field, including its aforementioned slow degradation rate,
low cell adhesion and poor mechanical properties, which tends to be experienced under
load-bearing conditions. Advanced manufacturing technologies such as electrospinning or
3D printing [2,3] and its blending it with other polymers [4–9] or incorporation of stiffer
materials (fillers or fibers) [10–13] can promote the improvement of either its bioactivity or
its mechanical response, enabling it to be used for bone tissue engineering applications.

Ordered mesoporous silicas emerged in the 1990s. MCM-41 and SBA-15 are the most
well-known members, with both exhibiting hexagonal arrangements of uniformly sized
cylindrical pores, a narrow pore size distribution, and a large surface area [14,15]. The
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diameter of the pores that are found in SBA-15 particles are larger than those that are
found in MCM-41, with the former typically showing pore size diameters of 7–9 nm,
and the latest demonstrating typical pore sizes of 3 nm. Because of their tailor-made
pore shapes and sizes, these materials have become particularly important in applications
that are based on molecular recognition, such as selective catalysis, molecular sieving,
chemical sensing, and precise adsorption or in applications where they act as drug carriers.
Furthermore, the incorporation of these ordered and hollow mesostructures as a minority
component into neat polymers becomes a very attractive approach that can be used to
achieve hybrid polymeric-based materials. In fact, they have been used as hosts and
reactors in various polymerization reactions [16–21], where they also acted as catalyst
carriers and as a reinforcing material [22–25]. In addition, these pristine mesoporous silicas
are capable of chemical medication, which supposes a versatile range of methodologies that
can be implemented to easily attain tailored functionalized polymeric composites [26,27]
with fine-tuned performance characteristics.

Polymers may become confined in the pores during the polymerization or during their
further processing if the macromolecular chains are able to be allocated in the nanometric
spaces that exist in mesoporous silicas. This partial presence of a polymer within those
hollow nanospaces may result in a more intimate phase affinity in the resulting composite,
contributing to improved interface adhesion and leading to a significant enhancement in
the ultimate properties, mainly the mechanical ones, since mesoporous silicas can act as a
filler [18,22–24,26,27].

This research aims to prepare composites that are based on PCL and SBA-15 particles
at different contents through extrusion in order to learn the effect that pristine mesoporous
particles exert on the polymeric crystalline structure, thermal behavior, and mechanical
response. Moreover, the presence of PCL chains within the nanometric pores of SBA-15 will
be also evaluated. Extrusion was selected since it is a cost-effective and an environmentally
friendly transformation protocol that does not involve the use of a solvent. Accordingly,
the novelty of this research consists of proposing a sustainable strategy that can be imple-
mented to improve mechanical performance of PCL-based materials at temperatures higher
than room temperature by taking advantage of incorporating a more rigid component
that allows the additional possibility of including the PCL chains confined within the
regular nanometric arrangement of these materials. Thus, the influence of SBA-15 on the
crystalline details of PCL will be assessed by X-ray diffraction, specifically with real-time
variable-temperature X-ray scattering at both small angles (SAXS) and wide angles (WAXS).
Differential scanning calorimetry (DSC) and SAXS experiments will be employed to verify
eventual confinement occurs in the obtained materials. Finally, the ultimate mechanical
performance will be examined by stress–strain tests.

2. Materials and Methods

2.1. Materials and Chemicals

A commercially available polycaprolactone (purchased from Sigma-Aldrich) with
an average molar mass (Mn) of 80,000 g/mol and a density of 1.145 g/cm3 was used as
a polymeric matrix in the present research. SBA-15 particles were also purchased from
Sigma-Aldrich (specific surface area, SBET = 517 m2/g; total pore volume, Vt = 0.83 cm3/g;
average mesopore diameter [28], Dp = 6.25 nm) and were used as received.

2.2. Nano Composite and Film Preparation

Composites with different contents of SBA-15 particles (3, 6, and 9% in weight, which
were labeled as PCL-SBA3, PCL-SBA6, and PCL-SBA9, respectively) were processed by
melt extrusion in a corotating twin-screw microextruder (Rondol). Both the polymer and
SBA-15 were dried prior to extrusion. The PCL was placed in an oven at 50 ◦C for 20 min
and was then dried under vacuum conditions at 50 ◦C for 20 h. The SBA-15 particles were
dried under vacuum conditions at 100 ◦C for 24 h. In the extruder, a screw temperature
profile of 100, 105, 110, 120, and 110 ◦C was used from the hopper to the die, where the
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length-to-diameter ratio was 20:1. Then, films were obtained by compression molding at
120 ◦C and at 30 bar for 6 minutes in a hot-plate Collin press. Afterwards, a cooling process
was applied to the different materials from their molten state to room temperature for 4 min
at the relatively fast rate of around 80 ◦C/min and at a pressure of 30 bar.

2.3. Transmission Electron Microscopy

Measurements were performed at room temperature under a 200 kV JEM-2100 JEOL
microscope. The particles were dispersed in acetone in an ultrasonic bath for 5 min and
were then deposited in a holder prior to observation.

2.4. Scanning Electron Microscopy

Images were attained using S-8000 Hitachi equipment at room temperature in different
cryo-fractured sections of the composites with distinct mesoporous contents. These thin
sections, which were around 40 nm in size, were cut by means of cryo-ultramicrotomy
(Leica EM UC6) at −120 ◦C and were deposited in a holder.

2.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed in using the Q500 equipment
from TA Instruments under either a nitrogen or air atmosphere and at a heating rate of
10 ◦C/min. The degradation temperatures of the distinct materials were determined as well
as the exact amount of SBA-15 that had been incorporated into the composites prepared by
extrusion, which was estimated as an average of the values that were obtained from the
two environments.

2.6. Differential Scanning Calorimetry

Calorimetric analyses were carried out in a TA Instruments Q100 calorimeter that was
connected to a cooling system and that had been calibrated with different standards. The
sample weights were around 6 mg. A temperature interval ranging from −80 to 100 ◦C was
studied at a heating rate of 20 ◦C/min. To determine the crystallinity of the samples, a value
of 135 J/g was considered for the melting enthalpy of the 100% crystalline PCL [29,30].
Errors in the temperature determination, enthalpy calculation, and the crystallinity were
estimated at ±0.5 ◦C, ±4 J/g, and ±0.04 units, respectively.

2.7. X-ray Experiments with Synchrotron Radiation

Simultaneous real-time variable-temperature SAXS/WAXS experiments were carried
out using synchrotron radiation in the beamline BL11-NCD-SWEET at ALBA (Cerdanyola
del Valles, Barcelona, Spain) at a fixed wavelength of 0.1 nm. A Pilatus detector was used
for the SAXS (off beam, at a distance of 296 cm from sample) experiments, and a Rayonix
one was used for the WAXS (at about 14.6 cm from sample, and a tilt angle of around
29 degrees) experiments. A Linkam Unit, which was connected to a liquid nitrogen cooling
system, was employed for temperature control. The spacing calibration was determined
by means of silver behenate and using Cr2O3 standards. The initial 2D X-ray images were
converted into 1D diffractograms as function of the inverse scattering vector, s = 1/d = 2
sin θ/λ, using pyFAI python code (ESRF) that had been modified by the ALBA beamline
staff. Film samples of around 5 × 5 × 0.2 mm were used for the synchrotron analysis.

2.8. Mechanical Behavior by Means of Stress–Strain Tests

Nominal stress–strain tests were performed in an MTS Q-Test Elite dynamometer with a
load-cell of 100 N at a temperature of 25 ◦C and at a rate of 10 mm/min. The specimens that
were used for these experiments were punched out from the polymer films. The dimensions
of these strips were 15 mm in length, 1.9 mm in width, and around 0.20 mm in thickness. A
minimum of six different strips were stretched until fracture at a given specimen.
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3. Results and Discussion

3.1. Morphological Characteristics

Details of the mesoporous SBA-15 silica were visible through the use of transmission
electron microscopy (TEM), while the dispersion of SBA-15 particles within the PCL matrix
was evaluated by high-resolution field emission scanning electron microscopy (FESEM).
Figure 1a shows a TEM micrograph for the particles in the mesoporous SBA-15 silica
that was used in this investigation. These particles display a vermicular and elongated
shape with an approximate size of 350 nm in width and 0.9 μm in length. The size that
is exhibited by this commercial mesoporous silica corresponds with the one that was
previously described in the literature for mesoporous SBA-15 particles that had been
synthesized in a laboratory [22]. Its magnification, shown in Figure 1b, depicts the interior
particle morphology, which is made up of a well-defined, uniform, and ordered channel
structure with hexagonal arrangements.

 

(a) (b) 

Figure 1. TEM images of SBA-15 particles at scale bars of (a) 1 μm and (b) 100 nm.

Figure 2 shows FESEM micrographs for the distinct composites based on PCL and
several amounts of SBA-15 particles. The SBA-15 silica demonstrates a clear uniform
dispersion in the pictures, and an evident increase in the number of SBA-15 particles is
also observed, as their content is increased in the final composite (see precise compositions
determined from TGA results in Table 1).

Table 1. TGA results under nitrogen and air atmospheres for neat PCL and its composites prepared
by melt extrusion: temperature of a loss weight of 10% (T10%) and temperature at the maximum
(Tmax) together with the SBA-15 wt.% at 600 ◦C and its average.

Sample
Average SBA-15

wt.%

Inert Atmosphere Oxidative Atmosphere

T10%

(◦C)
Tmax

(◦C)
SBA-15

wt.%
T10%

(◦C)
Tmax

(◦C)
SBA-15

wt.%

PCL 0 359.0 360.0 0 344.5 356.0 0
PCL-
SBA3 3.3 357.5 359.5 3.8 350.5 354.5 2.8

PCL-
SBA6 6.0 358.0 359.5 6.0 353.0 357.5 6.0

PCL-
SBA9 9.0 358.5 361.0 9.3 347.0 355.5 8.6

The non-existence of inorganic domains that are bulky in size is noticed across the
materials that were fabricated with different contents of SBA-15. However, the formation
of particles aggregates is evident, as the amount of silica in the material increases and is
more apparent in the PCL-SBA9 composite, as depicted in the picture in Figure 2c.
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The well-defined channel structure and the common hexagonal arrangement that is
exhibited by these mesoporous SBA-15 particles are maintained when they are embedded
in the PCL matrix of the different composites. Figure 2d,e undoubtedly display these
features for the PCL-SBA3 and PCL-SBA6 composites. That ordering is also preserved
in the composite with the highest content of mesoporous SBA-15, something that will be
commented upon in more depth later. This indicates that at the mesoscale, regularity is not
changed by the shear forces that are applied during extrusion, the protocol that was used
for the preparation of the PCL-based materials in this study.

   
(a) PCL-SBA3 (b) PCL-SBA6 (c) PCL-SBA9 

  
(d) PCL-SBA3 (e) PCL-SBA6 

Figure 2. FESEM micrographs for the different composites: (a) PCL-SBA3; (b) PCL-SBA6; and
(c) PCL-SBA9, at a scale bar of 5 μm. FESEM micrographs showing individual SBA-15 particles for
different composites: (d) PCL-SBA3 and (e) PCL-SBA6, at a scale bar of 300 nm.

3.2. Thermal Stability

Mesoporous silicas have also sometimes been used as catalysts for thermal decompo-
sition. This effect was found by Marcilla et al. [31] when degradation caused by TGA was
studied in polyethylene (PE) under N2 in the presence and absence of mesoporous MCM-41.
Other authors [32] have shown the efficiency of mesoporous alumino-silicate MCM-41
as a promoter of the polyolefin degradation into liquid fuels. This role as a promoter of
decomposition was also found when MCM-41 silica was used as a catalyst carrier and
filler for in situ polymerized PE-based composites that employed either neat mesoporous
particles or those decorated with undecenoic acid or silanes [18,26,33,34].

Figure 3 shows the temperature dependence of PCL weight loss under either inert or
oxidative conditions in these composites. The inert TGA curve (see Figure 3a) displays one
main degradation process in the pristine PCL, with an inflection point at around 360 ◦C
(see data in Table 1), which is where most of the weight loss (approximately 95%) occurs.
Nevertheless, a careful examination of the DTGA trace (see inset in Figure 3b) highlights
another minor consecutive mechanism that takes place at a higher temperature. By study-
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ing the nature of the gases that were produced through the entire thermal degradation
process and under the inert environment allowed a two-stage degradation mechanism to
be proposed [35,36]. The first process involved a statistical rupture of the polyester chains
via an ester pyrolysis reaction. The produced gases were identified as H2O, CO2, and
5-hexenoic acid. The second step led to the formation of ε-caprolactone (cyclic monomer)
as result of an unzipping depolymerization process.

 

 

Figure 3. TGA curves either under inert atmosphere (a) and their derivatives (b) or in an oxidant
environment (c) and their derivatives (d) for the neat PCL and its composites with SBA-15 at different
contents prepared by melt extrusion.

If experiments are performed in an inert atmosphere, then thermal PCL degradability
is not considerably affected by the incorporation of SBA-15 particles. The presence of
mesoporous silica does not change the location at which most of the weight loss takes
place (see values under the two atmospheres in Table 1) although the process that is related
to unzipping depolymerization of PCL becomes a shoulder, and it is increased in the
composites compared to in the pristine polymer. PCL degradation is affected by other
parameters, such as polyester molar mass and the nature of the PCL end groups [35]. An
increase in the former provokes a significant drop in the degradation rate. This behavior
can be explained by the statistical chain cleavage that is triggered by the pyrolysis reaction
during the first degradation process.
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Figure 3c shows the temperature dependence of the PCL weight loss under an air
environment. The behavior is more complex than that seen under the inert atmosphere.
Thus, weight loss takes place in several stages, something that is clearly noticeable in
the TGA and DTGA curves, since now PCL degradation occurs via both thermolysis and
oxidation, i.e., through thermo-oxidation. The process that involves the highest amount of
weight loss is not considerably affected by the presence of mesoporous SBA-15, as deduced
from the Tmax listed in Table 1. Its effect is more evident in the value of T10%. This is slightly
shifted to higher temperatures in the composites, indicating that SBA-15 slightly postpones
the beginning of PCL weight loss. All of these results indicate that the presence of SBA-15
particles in a PCL matrix does not exert a catalytic effect in these composites, contrary to
the case of previous observations, where polyethylene was used as a matrix and where
MCM-41 was used as the mesoporous silica [18,26,31–34]. Furthermore, the TGA curves
that were obtained under both environments show that PCL degrades at an analogous
range of temperatures independently of the atmosphere that is used.

3.3. Phase Transitions, Crystalline Characteristics and Confinement of PCL Chains

To analyze the effect of incorporating the mesoporous silica in the PCL transitions
on the first heating run, the different transitions were evaluated separately, in the order
of increasing temperatures: the glass transition temperature and the melting process tem-
perature, as well as their corresponding characteristic temperatures, Tg and Tm. Figure 4a
shows the temperature range for neat PCL and its composites in the Tg interval, with
this transition being related to the amorphous regions. These curves, which have been
normalized to the actual PCL amount, display that the intensity of this transition is de-
pendent on the silica content in the different composite samples. This could indicate that
the quantity of PCL that is present in the amorphous regions decreased as a result of the
silica particle incorporation, i.e., the crystallinity increased due to the presence of SBA-15
particles; however, the results listed in Table 2 do not confirm this hypothesis. On the
other hand, this finding could be also ascribed to a hindrance in the amorphous mobility
caused by mesoporous silica incorporation. The location remains almost constant, with
only slight displacement being observed at higher temperatures in the samples with the
highest SBA-15 contents.

 

Figure 4. DSC curves (normalized to the actual PCL amount at a given material) for the neat PCL and
its composites prepared by melt extrusion: (a) in the range of glass transition and (b) in the melting
range. Curves have been shifted for the sake of clarity.
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Table 2. Average SBA-15 wt.% estimated from TGA measurements and DSC results: glass transition
(Tg)—calculated from the first heating run—, melting (Tm), and crystallization (Tc) temperatures,
and overall crystallinity (normalized to the actual PCL content in the material) for the first melting
(fc

m1
NORM), crystallization (fc

C
NORM), and second melting (fc

m1
NORM) processes.

Sample
SBA-15

wt.%
Tg

(◦C)
Tm1

(◦C)
fc

m1
NORM

Tc

(◦C)
fc

C
NORM

Tm2

(◦C)
fc

m2
NORM

PCL 0 −64.5 59.0 0.51 27.5 0.42 55.5 0.42
PCL-
SBA3 3.3 −64.5 58.5 0.50 30.5 0.41 55.0 0.41

PCL-
SBA6 6.0 −64.0 59.0 0.50 29.5 0.41 55.5 0.41

PCL-
SBA9 9.0 −64.0 59.0 0.51 29.0 0.40 55.5 0.40

Figure 4b shows the DSC curves in the temperature range for the melting of the PCL
crystallites in the neat homopolymer and the composites during the first heating stage. A
complex melting process is exhibited by the PCL in the pristine polymer [9,30] and in all of
the composites. Thus, distinct endothermic events are noticeable, which can be ascribed
to the existence of several processes. These multiple stages could be associated with the
thermal history that was imposed during their processing, implying a fast cooling rate from
the melt stage that leads to thin and imperfect crystals that are able to become thicker and
more perfect via annealing at room temperature during the DSC run. The main melting
peak is, however, rather analogous in all of these samples, as the size and amount of the
major PCL crystallites is not affected by the incorporation of SBA-15, which can be deduced
from the crystallinity values after they have been normalized to the actual PCL amount in
the different materials, as listed in Table 2.

Regarding the secondary melting events, important differences can be observed in the
interval ranging from 40 to 53 ◦C. Two different processes are considered to be present in
this interval. The first one is the annealing of the initially imperfect crystals at room tem-
perature [37–40]. The as-processed films were maintained for 2 days at ambient conditions
before the DSC experiments, and during that time, the imperfect crystallites were able to
thicken, thus increasing their melting temperature.

The second process is the eventual melting of the PCL crystals that are confined inside
the SBA-15 pores, as those crystals are much thinner than the ones located in the outer
surface of the mesoporous particles. Therefore, the melting temperature of such small
crystals has to be significantly lower than those for the PCL crystals outside of the channels.
The reason for this can be found by considering the Gibbs–Thomson equation. A simplified
equation is used [41–43] in the case of “regular” lamellar crystals, but a more general
version [44,45] is necessary for the thin crystals that are confined in the SBA-15 channels,
which supposedly present very low values in their lateral size because of the pore diameters.
As a consequence, the corresponding melting temperatures are considerably lower.

Obviously, confinement cannot exist in neat PCL, so the melting curve for this sample
only includes the secondary process that is associated with the annealing that occurs at
room temperature. Therefore, the eventual confinement that takes place in the composites
can be approximately determined by subtracting the DSC profile of neat PCL from those
of the composites. This is just an approximation since there may be differences in the
thickening of the crystals by effect of the silica. For instance, the main crystal size is slightly
dependent on the SBA-15 content (see below).

Previously, DSC experiments have been proven to demonstrate the existence of crys-
tallites that are confined inside porous materials: in organic solvents within controlled pore
glasses [46], in polyethylene in cylindrical nanoporous alumina [45], and in semicrystalline
polyolefins within mesoporous silica [18,22–24,26,27,47,48], through the appearance of an
additional minor endotherm, indicating a decrease in the melting point (and a reduced
enthalpy). The sensitivity of this technique together with the multiple small melting pro-
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cesses that take place in PCL processed under these conditions currently only allow the
observation that something different is taking place at the highest SBA-15 content, which is
the PCL-SBA9 sample. The actual demonstration of confinement for PCL crystallites will
be evaluated later by real-time variable-temperature small-angle X-ray scattering (SAXS)
measurements with synchrotron radiation since they have turned out to be a valuable
means to reveal the presence of polypropylene (PP) chains within the SBA-15 channels
in nanocomposites that have been prepared by in situ polymerization and melt extru-
sion [24,48,49]. A thorough analysis performed from 0.095 to 0.13 nm−1 in the s scale,
where the first order of the hexagonal arrangement of the SBA-15 particles is observed,
allows the determination of the existence or absence of crystallites that are growing within
the nanometric pores.

The overall degree of PCL crystallinity can be also determined from the DSC curves.
As mentioned before, the results that were obtained during the first melting process, which
were reported in Table 2, show that incorporating mesoporous silica does not change the
PCL crystallization capability and that crystallinity remains rather constant in these films,
which are processed by applying a fast cooling rate after the melt and then keeping the
films at room temperature.

This simultaneous existence in the first melting scan of the annealing process and the
eventual melting of the confined PCL crystals does not occur in the subsequent cooling and
second melting processes. Thus, the curves that were attained for the cooling process are
represented in Figure 5a. An exothermic main event is clearly noticeable since these PCL-
based materials are semicrystalline. Furthermore, it can be observed that the mesoporous
SBA-15 particles exert an evident nucleating effect during PCL crystallization, and its
location is shifted to a higher temperature in the composites. This easier capability of
PCL to crystallize is more significant in the composite with the lowest silica content, this
showing the highest Tc value. An increase in the SBA-15 composition leads to a progressive
decrease in Tc, which can probably be ascribed to the increase in size of the inorganic
domains; however, the Tc in the composites is always superior to that found in pristine
PCL (see data in Table 2).
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Figure 5. DSC curves corresponding to (a) cooling and (b) second heating run for the pristine PCL and
its composites with SBA-15 particles. Curves have been shifted in the left plot for the sake of clarity.

In addition to this main exothermic event, another small crystallization process is
observed in the composites from 0 to 10 ◦C, as seen in the inset of Figure 5a. This is more
evident in the PCL-SBA9 material, and it almost goes undetected in PCL-SBA3. The pure
PCL does not show any event in this temperature range. This process implies the formation
of constrained crystallites, and it appears at lower temperatures. Since the pristine PCL
does not show it, the only crystals that can be developed in these composite materials
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compared to in neat homopolymer are those from the PCL chains that are located within
the nanometric SBA-15 channels. This point will be discussed in more detail along with
results of the real-time temperature-variable SAXS experiments.

The PCL crystallinity was also estimated from these DSC curves, as listed in Table 2.
A clear reduction in the crystallinity is clearly observed compared with that determined
from the as-processed films. In spite of the DSC cooling rate is slower than that used
for film preparation, 20 ◦C/min instead of at approximately 80 ◦C/min, and it should
lead to thicker crystals, the difference is associated with the fact that the samples from
the as-processed films were maintained, as mentioned before, at room temperature for
2 days before they underwent DSC testing, and during that time, the crystallites were
able to undergo several melting–recrystallization processes and were able to increase in
number, allowing crystallinity to increase. Under these conditions, the incorporation of
mesoporous silica seems to result in a tiny diminishment in the PCL crystallinity within
the experimental error.

Figure 5b depicts the DSC curves that were observed during the second heating
run after PCL crystallization at 20 ◦C/min. The behavior is now simpler, without the
presence of an annealing process being noted during the initial scan. The second heating
process is initiated just after cooling finishes, and then the crystalline entities do not have
enough time to develop more perfect crystallites. In addition, these crystals that are grown
under 20 ◦C/min are thicker. Accordingly, melting–recrystallization processes are not
noticeable in this second heating run, and the main Tm values are shifted to slightly lower
temperatures. Its location seems to be independent of SBA-15 particle incorporation. The
absence of those melting–recrystallization processes results in the crystallinity being lower
than that deduced from the first melting runs. As the mesoporous silica content increases,
the crystallinity is slightly reduced. The only effect of the presence of SBA-15 is seen in the
interval that ranges between 30 and 45 ◦C, which is associated with the melting of the PCL
crystals that are confined in the nanometric SBA-15 mesostructure. Evidence of confinement
during DSC crystallization and during the second heating process was previously observed
for high density PE (HDPE) [27] but not in the case of ultrahigh molecular weight PE
(UHMWPE) [22,23,25,47] or extruded PP [48,49].

Much more detailed information can be deduced from real-time variable-temperature
synchrotron experiments in the small-angle region, as aforementioned. The presence of PCL
chains within the SBA-15 channel means that there is a certain amount of PCL within the con-
strained nanometric spaces and, accordingly, these systems could be called nanocomposites.

Figure 6 shows the WAXS profiles at room temperature for the pristine PCL, its compos-
ites, and the neat SBA-15 silica. The profiles were obtained through the use of synchrotron
radiation. PCL typically crystallizes into an orthorhombic lattice [50]. There are no evident
changes in the location of its characteristic diffractions ((100), (110), and (200) peaks) with the
presence of mesoporous silica. The SBA-15 particles are, however, amorphous at a short-range,
thus showing a wide halo, which is centered at the s value of 2.54 nm−1.

The degree of crystallinity can be also determined from wide-angle X-ray diffraction
by comparison of the area under the crystalline peaks to the total scattered intensity when a
two-phase model is considered [51]. For that, the corresponding amount of the amorphous
halo must be subtracted. This amorphous profile was obtained from the real-time variable
temperature WAXS experiments (see below). The crystallinity values are listed in Table 3.
They do not vary much in the composites when compared to the values that are exhibited
by the pristine PCL. A slightly decreasing trend is observed, and the data are within the
experimental error. Moreover, these WAXS values are rather similar to those determined
by DSC (see Table 2).
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Figure 6. Wide angle profiles at room temperature, obtained with synchrotron radiation, for pristine PCL
homopolymer, and SBA-15 particles together with those for the nanocomposites prepared by extrusion.

Table 3. Characteristics of the PCL crystalline phase for the pristine polymer and the different
composites: fc

PCL
WAXS (crystallinity degree determined by WAXS at room temperature); LPCL

SAXS

(long spacing estimated by SAXS at room temperature); and lc (most probable crystal size calculated
assuming a two-phase model: lc = LPCL

SAXS · fc
PCL

WAXS).

Sample
SBA-15

wt.%
fc

PCL
WAXS

LPCL
SAXS

(nm)

lc

(nm)

PCL 0 0.54 17.1 9.2
PCL-SBA3 3.3 0.53 17.6 9.3
PCL-SBA6 6.0 0.52 17.8 9.3
PCL-SBA9 9.0 0.52 18.1 9.4

Standard errors: fc
NORM

WAXS ± 4%; LSAXS and lc ± 0.3 nm.

Figure 7 shows the SAXS profiles for the neat PCL and mesoporous SBA-15 silica
as well as its composites at room temperature. On one hand, it is clearly noticeable that
the ordering of the mesoporous particles has been maintained throughout extrusion of
the distinct composites, a fact that was found earlier from the FESEM pictures. Thus, the
characteristic reflections of its hexagonal p6mm symmetry at (100), (110), (200), (210), and
(300) [15,52] can be observed in the SAXS profiles. The inset in Figure 7 represents the
profiles for SBA-15 and for the PLC-SBA9 composite in the logarithmic scale, making the
smaller peaks more noticeable.

In addition to the diffractions ascribed to SBA-15, a broad peak is also evident in the
region of low s values. This can be attributed to the variation in the electron density of
the PCL matrix as consequence of its semicrystalline nature and its lamellar crystallites,
i.e., it can be ascribed to its most probable long spacing. The values for the different
samples are reported in Table 3. The presence of SBA-15 particles increases the PCL long
spacing, as mesoporous content is raised in the composites. The most probable crystal
size is also enlarged, increasing with the SBA-15 amount, in spite of a slightly decrease in
the crystallinity values. These slightly thicker crystallites do not seem to affect the Tm of
the first melting process and values remain almost constant (see Table 2). These similar
Tm values can be ascribed to the existence of multiple melting–recrystallization processes
during heating of the different materials.
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Figure 7. SAXS profiles at room temperature for the pristine PCL and the mesoporous SBA-15 as well
as their composites.

It has been previously reported that the existence of the polymeric chains that are
confined in the channels of SBA-15 (and other mesoporous silicas) is clearly reflected
in important variations in the intensity of the SAXS diffraction peaks of the silica, as
observed in different polymeric composites [48,53–56]. These variations can be interpreted
by considering that the intensity of SBA-15 diffraction not only depends on the amount
of pore filling but also on the scattering contrast between the walls and the inside of
the SBA-15 channels [57,58]. This is also the case for the present PCL composites. For
instance, Figure 8 shows the Lorentz-corrected synchrotron SAXS 1D diffractograms that
were obtained during the cooling from the melt at 20 ◦C/min of the neat PCL homopolymer
and SBA-15 particles together with those for the three composites. A decrease in the SBA-15
diffraction intensity in the composites, which is centered at approximately 11 ◦C, is clearly
observed and is directly proportional to the silica content in the composite. Additionally, it
is important to note that the pristine SBA-15 sample does not show that decrease, with the
intensity being constant throughout the entire temperature interval.

Therefore, the evident changes in the intensity of the SBA-15 peaks that are observed
in Figure 8 for the composites can be interpreted as arising from variations in the scattering
contrast before and after the crystallization of the PCL chains that are confined inside of
the SBA-15 pores. These changes appear in the same temperature range as those that are
observed for the secondary exotherm in the DSC curves of Figure 5a.

Moreover, Figure 8 also shows the long spacing of the PCL crystals at lower s values
when the sample crystallizes from the melt, which occurs at approximately 30 ◦C for PCL
as well as for the composites.

That change in the intensity of the SBA-15 peak also occurs during the first and second
melting processes of the composites. In fact, the derivative of that intensity has been per-
formed and plotted against temperature, allowing it to be compared to the corresponding
DSC curves. For instance, Figure 9 shows the variation in that derivative with temperature
in the case of the first melting process for the different composites (neat PCL has also been
included, but its value is obviously always zero).
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Figure 8. Lorentz-corrected synchrotron SAXS 1D diffractograms during the cooling from the melt
at 20 ◦C/min of the different samples: neat PCL homopolymer and SBA-15 particles together with
those for the three composites. Only one out every two frames were plotted for clarity. Highlighted
in red: frame at T = 11 ◦C. The Y scale for SBA-15 is 10 times higher than for the other samples.

Figure 9. Variation in the temperature (upper) of the derivative of the intensity of the SBA-15
diffraction for the indicated samples during the first melting process, at 20 ◦C/min, compared to the
corresponding DSC melting curves (lower). Derivative curves have been vertically shifted for clarity.

A comparison of the DSC melting curves allows to reach the important conclusion that
the derivative of the intensity is only slightly sensitive to the main melting process, while
considerably larger variations occur in the region of the secondary endotherms, which
can be interpreted as being connected to the melting processes of the PCL crystals that are
confined in the SBA-15 channels. Moreover, the magnitude of the derivative maxima in the
composites is approximately proportional to their actual mesoporous silica content.

The corresponding results after cooling from the melt are displayed in Figure 10. As
before, a comparison with the DSC cooling curves indicates that the derivative of the intensity
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is a little sensitive to the main crystallization intensity, which occurs at around 30 ◦C, while
variations are considerably higher in the region of the secondary exotherms, which are
associated with crystallization of the PCL chains that are confined in the SBA-15 channels.

Figure 10. Variation with temperature (upper) of the derivative of the intensity of the SBA-15
diffraction for the indicated samples during the cooling from the melt, at 20 ◦C/min, compared with
the corresponding DSC crystallization curves (lower). Derivative curves have been vertically shifted,
for clarity.

Finally, Figure 11 shows the variation in the temperature of the derivative of the
SBA-15 diffraction intensity for the subsequent second melting process. Now, the variations
that occur in the region of the secondary endotherms (confined melting) appear to be at
a temperature that is somewhat lower than it is for the first melting process, which also
happens to be the case for the DSC results. In fact, the confined melting occurs at around
47 ◦C during the first melting process, while it appears to take place at 38 ◦C for the second
melting process. It, therefore, seems that by keeping the materials at room temperature, not
only the “regular” PCL crystals outside of and surrounding the SBA-15 particles undergo
annealing processes, but the ones that are confined inside of the silica channels do as well.
This leads to a drop in the melting temperature of around 12 ◦C in the first case (Figure 9),
while it amounts to about 18 ◦C during the second melting process (Figure 11). Additionally,
this displacement is about 18 ◦C for the crystallization upon cooling (Figure 10).

Therefore, the previous results show the relevance of real-time variable-temperature
SAXS experiments for the determination of the presence of polymeric crystals that are
confined within the channels of the SBA-15 mesoporous silica.

On the other hand, the synchrotron WAXS 1D diffractograms that were attained dur-
ing the cooling process after the melt at 20 ◦C/min for neat PCL and for the composite
PCL-SBA9 are displayed in Figure 12. No information about confinement can be deduced
from these WAXS profiles. Nevertheless, these diffractograms show that the main crystal-
lization phase occurs at around 30 ◦C, which is in accordance with the DSC results. The
temperature for this primary ordering is around 20 degrees higher than the one for the
confined crystallization process that takes place inside the silica channels, which appears at
around 11 ◦C, as previously seen in Figure 10.
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Figure 11. Variation in the temperature (upper) of the derivative of the intensity of the SBA-15
diffraction for the indicated samples during the second melting, at 20 ◦C/min, compared to the
corresponding DSC melting curves (lower). Curves have been vertically shifted for clarity.

s s

Figure 12. Synchrotron WAXS 1D diffractograms obtained during the cooling from the melt at
20 ◦C/min for neat PCL (left) and for the composite PCL-SBA9 (right). Only one out every two
frames were plotted for clarity. Highlighted in red: frame at T = 11 ◦C.

3.4. Mechanical Properties

Figure 13 shows the stress–strain curves for the pure PCL and the different composites.
The behavior that can be deduced from the nominal stress–strain curves for all of these
specimens are characteristic of ductile polymeric materials. The engineering stress–strain
curves display three distinct regions: initially, the stress rises as strain does in a linear
dependence that allows Young´s modulus, E, to be determined. After this initial stage, an
evident yield point is observed (see inset in Figure 13) followed by a narrow region where
the stress is kept rather constant. Finally, a third region where another increase in the stress
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is observed, resulting in considerable strain-hardening that is related to the stress-induced
orientation of the polymeric PCL chains being observed. Thus, the stress–strain curves of
these samples are characterized by the formation of a neck during the deformation process,
which was also confirmed during the direct observations that were made throughout the
stretching process. On the other hand, the narrow necking propagation stage also indicates
that these materials are relatively soft.

Figure 13. Stress–strain behavior of pristine PCL and its composites, which were prepared by
extrusion with SBA-15 particles.

The main parameters that were achieved from the curves that are depicted in Figure 13,
Young´s modulus (E) and yield stress (σY), are represented in Figure 14. Regarding the
E values, the incorporation of the silica particles leads to more rigid materials, and the
dependence on the content is almost linear. Accordingly, the E values are at any filler
content higher than that attained for the pristine PCL. In fact, PCL-SBA9 shows a value that
is 40 % higher than for the neat PCL. At similar loading contents, this increase is superior
to that found in nanocomposites based on polypropylene [49,56] but is analogous to the
one observed when polyethylene is used as the matrix [22,59].

Figure 14. (a) Modulus values, E, and (b) yield stress, σY, both of which were deduced from stress–
strain tests for the PCL homopolymer and composites with different SBA-15 contents.

There are three possible explanations for this behavior in the studied PCL materials. On
one hand, silica is stiffer than polymeric PCL. Thus, the inclusion of silica, regardless of the
amount, should be expected to increase the elastic modulus proportionally to the amount of
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silica that is added. SBA-15 particles play a reinforcing role. Secondly, although crystallinity
remained almost constant in the different materials, the crystallite size increases proportionally
to the amount of mesoporous silica that is in the structure. Consequently, the PCL matrix
in the nanocomposites is stiffer than it is in neat PCL. Finally, the rather good dispersion
of SBA-15 particles within the PCL, the presence of PCL chains within the SBA-15 pores,
and their crystallization capability in these confined nanospaces can contribute to improved
interface adhesion, resulting in enhanced ultimate mechanical properties.

In relation to the yielding point, effect of the yielding stress on the SBA-15 content
is somehow different to that exhibited by the E values. This could be associated with the
fact that different contributions other than those that are exclusively related to rigidity
(presence of fillers, polymer crystallinity and crystal size, etcetera) exert an effect when
the plastic domain is initiated. Figure 14 clearly shows that no important variations in
the absolute σY values are observed between PCL and PCL-SBA3 in spite of an increase
being noticed in the stiffness values. This could be ascribed to the fact that all of these
materials behave in a ductile manner and possibly due to the fact that the amount of filler
at that content is not high. However, the PCL-SBA6 and PCL-SBA9 composites exhibit
considerably larger σY values.

Other very interesting features are related to the strain at that break and the tensile
strength. PCL shows the highest value since it is the softest material that was studied. The
values decrease as the SBA-15 content increases, but PCL-SBA9 is able to be deformed
up to a strain of 500 %. Its rigidity has been improved remarkably, but at rupture, these
characteristics did not show a noticeable decrease. Concerning the tensile strength, the
average values were determined to be at about 30 MPa for PCL, PCL-SBA3, and PCL-SBA6,
and for PCL-SBA9, the tensile strength decreases to 26 MPa.

Furthermore, the stress–strain response demonstrated good reproducibility in terms
of the shape of deformation process as well as in the mechanical magnitudes that were
derived from these experiments for the different strips that were stretched for a given
sample. This feature could be once again ascribed to an optimal SBA-15 dispersion within
the PCL, as shown by the FESEM images in Figure 2.

4. Conclusions

Composites that are based on PCL and different amounts of mesoporous SBA-15 silica
were prepared by means of melt extrusion. The well-defined hexagonal arrangement that is
exhibited by pristine SBA-15 was found to be maintained in the particles that were embedded
within the PCL matrix in the resultant composites, as shown by the FESEM pictures and
the results of the SAXS experiments. Moreover, the SBA-15 particles demonstrate a rather
homogenous distribution within the PCL matrix at the different contents.

The presence of an endothermic event in the first DSC melting curves, which take place
at the temperature interval ranging from 40 to 53 ◦C, indicates the preliminary development
of small crystals that are accommodated in the interior space of the nanometric SBA-15
channels. This means that there are confined PCL chains in the SBA-15 pores. This was also
observed in the subsequent cooling and second melting experiments, where a secondary
exotherm or endotherm, respectively, appeared. They were approximately proportional to
the SBA-15 content in the composites.

The real-time variable-temperature SAXS experiments were found to be very impor-
tant instrument for determining the presence of the PCL crystals that were confined within
the channels of the mesoporous SBA-15 silica. Thus, the existence of those confined PCL
chains can be clearly deduced from the important variations in the intensity of the main
SAXS diffraction that is seen in the silica. Derivatives of this intensity are only slightly sen-
sitive to the main melting process (or crystallization), while considerably higher variations
occur in the regions that contain the confined entities.

The incorporation of SBA-15 particles does not demonstrate a large effect on the
PCL thermal degradation processes under either inert or air atmospheres, and neither the
location of Tg and main Tm nor the crystallinity values that were deduced from either the
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DSC or WAXS experiments. Nevertheless, the PCL crystallites became slightly thicker as
the amount of mesoporous silica increased in the final material. This feature, together with
the higher stiffness of the SBA-15 particles, is responsible for the remarkable reinforcement
effect that was observed in the composites. Accordingly, Young´s modulus increased
significantly as the SBA-15 content raised. Moreover, in terms of the break behavior, the
rupture strain and tensile strength were suitably maintained.

The incorporation of SBA-15 seems to be an appropriate and useful strategy that can
be used to improve the mechanical performance of PCL. This could allow this type of
composites to be used in a more diverse range of applications that require stiffer materials
and an enhanced mechanical response.
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Abstract: This review examines various studies on reducing tensile stresses generated in a polymer
matrix composite without increasing the mass or dimension of the material. The sources of residual
stresses and their impacts on the developed composite were identified, and the different techniques
used in limiting residual stresses were also discussed. Furthermore, the review elaborates on fibre-
prestressing techniques based on elastically (EPPMC) and viscoelastically (VPPMC) prestressed
polymer matrix composites, while advantages and limitations associated with EPPMC and VPPMC
methods are also explained. The report shows that tensile residual stresses are induced in a polymer
matrix composite during production as a result of unequal expansion, moisture absorption and
chemical shrinkage; their manifestations have detrimental effects on the mechanical properties of the
polymer composite. Both EPPMC and VPPMC have great influence in reducing residual stresses in
the polymer matrix and thereby improving the mechanical properties of composite materials. The
reports from this study provide some basis for selecting a suitable technique for prestressing as well
as measuring residual stresses in composite materials.

Keywords: polymer composite; fibre-prestressing; residual stresses

1. Introduction

Composite materials are developed by combining materials offering unique properties
that cannot be achieved individually by the constituent materials. Because of their excellent
strength to weight ratio, they have increasingly been used as engineering materials for many
applications, that include automotive and aerospace parts, construction materials, electrical
parts and other consumer products [1]. The growth of composite materials for extended
use, particularly in the aerospace and automobile industries, has necessitated continuous
research for developing improved composites with excellent mechanical properties [2]. The
constituents of composites are classified into matrix and reinforcement. While the matrix
can be made of polymers, metals or ceramics, reinforcement includes fibres, whiskers
and particulate fillers that exist in natural (lignocellulose, animal fibres and minerals) or
synthetic form (carbon, aramid, boron, nylon, polyethylene) [3].

To produce a fibre-reinforced polymer composite, fibres of various configurations and
stiffness are embedded into a polymer matrix of lower stiffness. While the fibre is respon-
sible for carrying the load and offering much needed strength and stiffness, the polymer
matrix is responsible for the mobility of the load to other parts of the fibre by providing the
required binding forces [3]. The matrices also prevent the reinforced fibres from absorbing
moisture, propagating micro-cracking due to microbial and chemical attacks. Polymer ma-
trices can be either thermoplastic or thermoset. Thermoplastic polymers undergo a physical
change when heated and can be softened and reformed. Some thermoplastics commonly
used in composites include polyetheretherketone (PEEK), polyetherketoneketone (PEKK),
polyphenylene sulphide, polyethylenimine (PEI) and polycarbonates (PC) [4]. On the
other hand, thermoset polymers undergo a chemical change in the presence of a crosslink-
ing agent (hardener) to form a three-dimensional structure. Thermosets include epoxies,
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phenolics, polyimides, polyester, vinyl ester, bismaleimide, melamine and silicone [4]. Ther-
moplastic composites offer great potential due to less processing time. However, significant
drawbacks, which include a high processing temperature (the polymers must be heated
to melting point to incorporate the fibre), a high tendency for the buckling of fibres in the
polymer matrices, and solvent and fluid resistance features, have reduced their adoption as
a substitute for thermoset in fibre-reinforced polymer composites [5].

Both tensile and compressive stresses are generated in polymer composite structures
during the manufacturing process, and their occurrence in a composite can result from
differences in physical and mechanical properties, a contraction of the polymer matrices
before curing, manufacturing techniques and moisture absorption from the environment [6].
However, while compressive stresses have positive influences on the mechanical properties
of the composite material, the tensile stresses have a detrimental effect on the manufactured
polymer composite by causing distortion, dimensional instability and matrix cracking [7].
The residual stresses referred to in this study are the tensile residual stresses, and many
techniques have reportedly been used in the literature to lessen the residual stresses in
fibre-reinforced polymer (FRP) composites. Fibre-prestressing offers a low-cost means
of reducing the influence of tensile residual stresses, thereby improving the mechanical
properties without increasing the mass or dimension of the composite [8]. It is important
to know that fibre-prestressing can only reduce residual stress in polymer composites if
applied to a certain level [9]. Therefore, there has been continuous research on improving
fibre-prestressing techniques.

This review explores the state-of-the-art fibre-prestressing techniques used in reduc-
ing residual stress in FRP composites. Moreover, the mechanism and methods used for
improving the mechanical properties of FRP composites are examined.

2. Source of Residual Stresses in a Composite

In the absence of external forces, residual stresses are forms of stress that bring about
the deformation of a composite material [7]. There are two primary sources of resid-
ual stresses in a composite material; (i) residual stresses generated due to differences in
deformation-related properties of the materials, and (ii) production processes that induce
residual stresses [9]. Moisture absorption, the chemical shrinkage of the matrix and a varia-
tion in the coefficient of thermal expansion induce residual stresses in polymer composites.
Researchers have also shown that residual stresses can initiate failure in a composite mate-
rial due to matrix cracking [10]. The influence of matrix cracking can lead to a dangerous
failure, especially when the material is under loading conditions. Both compressive and
tensile residual stresses are generated in composite materials. However, while compressive
residual stresses help prevent cracks from spreading throughout the matrices, tensile resid-
ual stresses assist in the opening of micro-cracks in the polymer matrix [11]. Other defects
such as fibre waviness, delamination, warping and dimensional imbalance are also due to
residual stresses [12].

Many techniques have reportedly been used to reduce the effect of residual stresses
in polymer composites. Process optimisation of cure cycle parameters such as dwell
time, dwell temperature, dwell cycle and cooling rate can minimise residual stress during
production [13–15]. Shape memory alloys (SMAs) also reduce stress concentration in FRP
matrices. SMAs are novel metallic materials that can undergo reversible solid to solid
change in a phase when subjected to thermal or mechanical loading that can cause sizeable
inelastic strain [16]. They are generally available in the form of a wire with a diameter
below 200 μm [17] and can be embedded in various configurations, as shown in Figure 1.
SMAs offer other vital properties such as impact damage control, crack closure and shape
morphing. Nevertheless, SMAs induce fibre misalignment and can create an uneven stress
distribution in a composite [17].
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Unidirectional fibre  

Zig-Zag shaped SMA embedded in fibre 
reinforced polymer matrix 

Straight SMA 
wire  

Figure 1. Integration of SMA into a Fibre-Reinforced Polymer Composite.

Similarly, the electron beam curing technique composite can also reduce stress concen-
tration [18]. The technique involves generating free radicals from a high-energy electron
accelerator that propagates the polymerisation and crosslinking reaction at room temper-
ature. Since the curing temperature is kept below the traditional thermal curing process
temperature, the residual stress generated using an electron beam will be lowered [19].
Moreover, high processing electron beam curing results in an increased production rate and
low shrinkage compared to that of conventional thermally cured composites [20]. To utilise
the electron beam curing process, cationic initiators are required. Hence, the initiators—
that are primarily Lewis or Bronsted acids—react when exposed to high energy electron
irradiation. However, a high initiator concentration can lead to a thermal degradation of
the polymer matrix, while excess irradiation can damage the fibre strength [21].

Despite their positive influences, electron beam cured composites cannot replicate
some of the characteristics of thermally cured composites (high fracture toughness and
inter-laminar shear strength) [20]. Similarly, expanding monomers have reportedly been
used as anti-shrinkage in composite materials [22]. The polymerisation reaction of the
polymer matrices results in a volumetric shrinkage of the matrices during the curing stage.
The addition of the expanding polymer gives rise to volumetric expansion, thereby reducing
volumetric shrinkage and residual stress [23,24]. The expanding monomers can also reduce
the modulus and initiate the transverse cracking of composite materials [9]. Compared to
the techniques mentioned above concerning the cost and simplicity, fibre-prestressing is
relatively more acceptable.

3. Fibre-Prestressing Technique

There has been growing interest in improving the mechanical performance of FRP
composites by minimising the induced stress without increasing the mass or dimension of
the composite [8]. Since improving the composite performance increases the production
cost, improving the production technique of composites through fibre-prestressing is a pos-
sible way of mitigating the cost [9]. Fibre-prestressing has been discovered by researchers
as a productive method of reducing the effect of residual stresses in composite materials
during production [25–27].
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Fibre-prestressing can be achieved elastically or viscoelastically. The elastically pre-
stressed polymer matrix composite (EPPMC) is achieved by subjecting the fibre material
to the applied load and maintaining the load throughout the curing cycle of the polymer
composite [28,29]. The load is released after the cooling and solidification of the composite
at ambient temperature. Subsequently, the prestressed fibres tend to return to their initial
length, generating compressive stresses in the matrix. These compressive stresses reduce
the detrimental effect of the tensile residual stresses induced during the curing process [29].
In addition, the viscoelastically prestressed polymer matrix composite (VPPMC) is formed
by subjecting polymeric fibres to a tension load, which introduces creep stress, and then
removing the load before moulding the fibre to the polymer matrix. After the curing stage,
prestressed fibres tend to return to their initial length, thereby creating compressive stresses
that counterbalance the effect of induced tensile residual stresses [28]. The advantages and
shortcomings of the two prestressing techniques are discussed further in the next section.

3.1. Elastically Prestressed Polymer Matrix Composite (EPPMC)

The fibres are prestressed by subjecting them to a force lower than the elastic limit of the
fibre and maintaining this force throughout the curing cycle of the composite. After curing,
the force is removed, and the fibres tend to return to their original states. Compressive
stresses are developed within the solidified matrix due to the bonding of the prestressed
fibre with the polymer matrix [30]. Various methods that have reportedly been used to
elastically prestressed fibres are discussed in the next section.

3.1.1. Deadweight Method

The deadweight prestressing method (Figure 2) was first presented by Jorge, Marques
and De Castro [31]. They studied the influence of prestressing on the mechanical behaviour
of a unidirectional polyester composite using E-glass fibre. The deadweight rig consists
of steel pins arranged on a roving boundary, with the distance between the adjacent pin
approximately equal to 2 mm. The fibres were rolled around the steel pins, and the two
ends were subject to a load. The resin was applied, and the composite was cured at
ambient temperature in an oven. Al-Dulaimy, Al-hassany and Shakir [32] utilised a similar
prestressing technique using E-glass fibre and epoxy resin. The result obtained shows an
increase in stiffness and a percentage elongation at break for the prestressed composite.
Some of the shortcomings of using the deadweight method include the inability to obtain a
uniform distribution of fibres in the polymer matrix and a fibre fracture tendency in the
steel pin area when subjected to a bending force [33].

Figure 2. The deadweight prestressing method used by Jorge, Marques and De Castro [6].

3.1.2. V-Slot Fastening Method

The V-slot consists of an aluminium plate with V-shaped slots at the two ends (Figure 3).
Unlike the deadweight method, the V-slot fastening method can be used to prestress
laminates because it can accommodate material with a large surface area [33]. Prepreg
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laminates are prestressed by laying them up between the plates, and both ends of the
material are fastened using the V-shaped bar to the slot and finally cure in an autoclave or
hot press. The major drawback to using this method is a tendency to fracture when brittle
fibres are being prestressed due to twisting when fastened and a difficulty in determining
the prestressing level [9]. Moreover, fibre fracture can lead to a non-uniform distribution of
stresses in the composite [34].

Figure 3. V-slot mechanical fastener [6].

3.1.3. Jack Prestress Rig Method

The Jack prestress rig method was presented by Abdullah and Hassan [35]. They
studied the effect of varying prestressing levels on the strength of a carbon-fibre-reinforced
composite laminate. The setup consists of a flat prestress surface connected to a pulling jack.
The two ends of the fibre laminate were fixed to the base plate (2) and moving assembly
(4), respectively (Figure 4). The tensile force needed to produce the required prestressing
level was applied through the jack and the composite was cured in an oven. However,
the assembly is designed to have a free movement which might cause fibre waviness
during curing.

Moving assembly bolt 

Cross head Steel plate Guide bar Stud Dial gauge Base plate 

Load cell 

Load gauge 

Figure 4. Jack prestress rig assembly.

3.1.4. Filament Winding

In this technique, fibres roving are pulled with a known amount of load over a liquid
resin bath and then warped on a mandrel to produce a composite material (Figure 5).
Composites with different prestressing levels can be made using this technique by applying
varying pre-load levels [36,37]. Following the winding step, the composite is cured in an
oven or autoclave or by exposing it to infrared radiation [38]. Products from this technique
can vary in complexity from a simple pipe to an aeroplane fuselage [39]. The primary
benefit of filament winding is the ability to use automation and robots in performing
operations [40]. The greatest drawback is the difficulty in obtaining an equal fibre volume
fraction due to compression and loss of resin when each layer of the composite is being
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warped unto the mandrel [36]. Moreover, the mandrel stiffness affects the fibre pretension;
therefore, it is not easy to maintain a constant load throughout the process [9]

Pre-impregnated Fibre 

Resin Roller 
Reel of Fibre 

 Prestressing load 

Mandrel 

Figure 5. Schematic representation of the filament winding technique.

3.1.5. Biaxial Loading Frame and Fibre Stretching Rig

Jevons, Fernando and Kalsi [41] studied the effect of prestressing on the low-velocity
impact performance of glass fibre composites using a biaxial loading frame (Figure 6).
The setup is made of a C-channel consisting of four clamps joined to the frame by bolts.
Prestressing levels are applied through a loading pin by making use of a mechanical test
machine. The prestressed composite is clamped and tightened with a bolt to the frame,
vacuum-bagged and cured in an autoclave [42]. As a result of the sharp edge of the frame,
it is difficult to prepare the assembly for vacuum-bagging [43]. Moreover, maintaining a
constant level of prestressing by using the tensile machine is not easy due to the limited
amount of accessible space between the fixed and moveable jaws needed to place the
prestressing frame inside the device [36].

Pre-impregnated 
Fibre 

Clamp

Loading 
pin 

Figure 6. Schematic representation of biaxial loading frame.

Zhao and Cameron, [44] utilised a fibre-prestressing rig similar to the biaxial loading
frame to prestress glass fibre-reinforced polypropylene. The fibres are wounded on the
frame and preloaded using the tensile testing machine, and then the bolts are locked to
achieve the required prestressing level (Figure 7).
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Figure 7. Schematic representation of a fibre-prestressing rig used by Zhao and Cameron.

3.1.6. Horizontal Tensile Machine

Motahhari and Cameron [45] reported a fibre-prestressing technique using a horizontal
tensile machine in studying micro-residual stresses in an E-glass fibre-reinforced epoxy
polymer composite. The fibres were wound on two different grips before being transferred
to a horizontal tensile machine (Figure 8) that provided applied forces, and then the epoxy
resin was added directly to the fibre and curing was carried out in an oven (Figure 9). The
principle seems simple, but it is challenging to maintain a uniform temperature profile.
Furthermore, vacuum-bagging for autoclave curing will also be difficult due to the complex
assembly.

 
Figure 8. Schematic representation of a horizontal tensile machine.

Figure 9. Schematic representation of fibre-prestressing using a horizontal tensile machine.

3.1.7. Hydraulic Prestressing Rig

Tuttle, Koehler and Keren [46] proposed a technique for fibre-prestressing using the
hydraulic-cylinder-based prestressing rig shown in Figure 10. The machine consists of a
movable rod connected to the hydraulic cylinder and a fixed loading rod at the other end.
The prepreg was rolled around the movable rod while the tension was applied through
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the hydraulic cylinder that also controls the prestressing level. The technique allows the
tension load to be applied only in one direction [35].

Figure 10. Schematic representation of the hydraulic prestressing rig [46].

3.1.8. Flatbed Prestressing Rig

Krishnamurthy [35] prestressed E-glass fibre/Epoxy laminates using the flatbed pre-
stressing rig shown in Figure 11. The laminates’ edges were cured by hot press and fixed to
the rig by clamping with bolts. The loaded screw provided the tension while the laminate
prestressing level was measured by the load cell (up to 150 MPa) and the autoclave was
used for curing the laminate.

Figure 11. Schematic representation of the flatbed prestressing rig [42].

Fibre misalignments were identified close to the edge of the laminates due to the
temperature variation between the hot press cure edge of the laminates and the remaining
parts that were being cured in an autoclave [35]. The results of the requirement to subject
the composite material to load throughout the curing process (EPPMC) provide the basis
for the design of various prestressing techniques for a specific product geometry. Generally,
EPPMC techniques can be applied to pre-impregnated fibre and both synthetic and natural
fibres can be used. However, they are limited to continuous fibres, and there are constraints
related to the product geometry [34].

3.2. Viscoelastically Prestressed Polymer Matrix Composite (VPPMC)

The technique involves using polymeric fibres to generate compressive stress in a com-
posite material through the viscoelastic recovery process [47,48]. The fibres are prestressed
by applying a load over a while to induce creep. After removal of the load, the fibres
undergo a time-dependent elastic recovery. When the prestressed fibres are embedded
in the polymer matrix and subjected to curing, the elastic recovery with the surrounding
polymer matrix continues, thereby imparting compressive stresses that counterbalance the
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tensile residual stresses generated in the composite matrix [20]. Because the fibre stretching
and moulding operations can be carried out independently, the technique offers flexibility
in the geometry of the manufactured composite [49]. Based on previous studies, VPPMC
can be classified into cellulose-fibre-based VPPMC (CFVPPMC) and synthetic polymeric
fibre-based VPPMC (SPFVPPMC). CFVPPMC contain prestressed cellulose fibres predomi-
nantly from natural plants such as kenaf, sisal, flax, bamboo, jute, wheat straw, ramie and
eucalyptus. Natural fibres are biodegradable and cheap and have a low density. Table 1
show physicomechnical properties of some natural and synthetic fibres commonly used
in PMC.

Cui et al. [50] studied the flexural characteristics of the viscoelastically prestressed
bamboo-sliver-reinforced parallel strand lumber (PSL). The flexural strength increases
compared to the unprestressed counterparts. A similar result was obtained by Qin and
Fancey [51] for viscoelastically prestressed cellulose yarn in a polyester casting resin matrix.

Širvaitienė et al. [52] also reported an increase in the flexural performance of viscoelasti-
cally prestressed vegetable fibre in PMC. However, due to moisture absorption, inadequate
knowledge about the mechanism that controls natural fibre mechanical variations and the
mode of failure, there is a limitation to their usage in polymer matrix composites [53].

Table 1. Physicomechanical properties of some commonly used fibres.

Fibre
Density
(kg/m3)

Tensile
Strength (MPa)

Elongation at
Break (%)

Young Modulus
(GPa)

References

Natural fibres

Kenaf 1200 295–930 2.7–6.9 53 [54,55]
Sisal 1200 507–885 1.9–3 9.4–22 [54,55]
Flax 1380 343–1035 1.2–3 27.6 [54,55]
Bamboo 800–1400 391–1000 2 11–30 [54,55]
Banana 1350 529–914 3–10 8–32 [54,55]
Wheat straw 1600 273 2.7 4.76–6.58 [54,55]
Hemp 1350 580–1110 1.6–4.5 70 [54,55]
Jute 1230 187–773 1.5–3.1 13–26.5 [54,55]
Ramie 1440 400–938 2–4 61.4–128 [54,55]
Rice straw 1650 449 2.2 1.21–1.25 [54,55]

Synthetic fibres

E-glass 2500 2000–3000 2.5 70 [56]
Carbon 1800 4000 1.3 300 [57]
Kevlar 1400 3600 2.7 130 [57]
Nylon 1100 950 18 5 [57]

Furthermore, high-performance synthetic polymer fibres are designed to resist a wide
range of thermal, chemical and physical stress [58]. Nylon and ultra-high molecular weight
polyethylene fibre (UHMPE) are common synthetic polymeric fibres used in polymer matrix
composite development. Previous studies have shown that viscoelastically prestressed
UHMPE and the Nylon 6.6 fibre enhanced the mechanical properties (strength and young
modulus) of the PMC compare to their unstressed counterparts [59,60].

Unlike the EPPMC, in which the fibre-prestressing and curing operations are designed
and carried out with the same assembly, VPPMC fibre stretching and moulding operations
are decoupled therefore there is more flexibility in the fibre orientation (both continuous
and short fibre can be used), distribution and material production. Many studies on
VPPMC carried out fibre-prestressing using bespoke vertical stretching rigs (Figure 12).
The creep and recovery strain for a small level of prestressing can be determined using the
setup shown in Figure 12a, while higher level of fibre prestressing can be achieved using
the rig shown in Figure 12b. The displacement gauge measures the strain and recovery
rate by calculating the distance between two marks on the prestressed fibre yarn and the
stretching rigs have the advantage of accommodating a wide variety of load levels required
for prestressing operations [6]. On the contrary, the VPPMC technique is only applicable to
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fibres that have viscoelastic behaviour, and curing at elevated temperatures is not suitable
to prevent a permanent deformation of the fibres [43].

Figure 12. Vertical stretching rigs for VPPMC fibre-prestressing [6] Rig (a), Rig (b).

3.3. Mechanical Properties of Prestressed PMC

Compared to other enhancing techniques, both of the two prestressing methods have
shown their significance in improving the mechanical performance of composite material
without increasing the mass or section dimension. Table 2 provides up-to-date findings
and results of previous studies on fibre-prestressing techniques.

Table 2. Reviews on fibre-prestressed PMC.

Material Prestress Technique Research Area Results of Findings References

Glass fibre woven into a
fabric
Phenol-based
formaldehyde resin

Elastically
prestressing of the
glass fibre using
tensioning rod
(EPPMC).

Assessment of the
compressive and tension
characteristics of the
composite.

Enhancement of elastic
properties up to 31% was
recorded due to the
straightening of the warp
fibres.

[61]

Unidirectional
graphite/epoxy prepreg
tape

Prepreg tape was
subjected to tension
by bending over a
steel roller (EPPMC).

Tensile and elastic
modulus measurement

Up to 17% increase in tensile
strength
Composite elastic modulus
was not affected

[62]

Unidirectional carbon
fibre/epoxy composite
with 60% fibre volume
fraction

The load was applied
to fibre before curing
but the nature of
assembly was not
reported (EPPMC).

Thermal stress analysis
of the composite.

Fibre-prestresses lessen the
residual stresses in the matrix.

[63]

Unidirectional E-glass
fibre/polyester resin
with 56% fibre volume
fraction

Deadweight
(EPPMC)

Tensile properties
evaluation

The tensile strength increases
with an increase in the level of
prestressing (60–80 MPa
applied load).
The maximum percentage
increase in tensile strength and
modulus obtained were 15%
and 18%, respectively.

[31]
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Table 2. Cont.

Material Prestress Technique Research Area Results of Findings References

Carbon fibre/epoxy resin
cross-ply laminate with
70% fibre volume fraction

Filament winding
(EPPMC)

Modelling and
experimental study of
composite failure

Failure strength of the ply
increased by increasing the
prestress level up to 690 MPa

[64]

Graphite fibre/epoxy
resin, unsymmetric
cross-ply laminate with
56% fibre volume fraction

Hydraulic cylinder
(EPPMC)

Examination of the
tensile strength,
curvature and transverse
cracking

Fibre-prestressing reduced
warping, curvature and
transverse crack.
Up to 28% increase ultimate
strength

[47]

Unidirectional Nylon 6.6
fibre/polyester resin (up
3% fibre volume fraction)

Bespoke vertical
stretching rig
(VPPMC)

Analysis of the impact
energy

Viscoelastically induced
compressive stresses.
Absorption of higher impact
energy (25%) by the
prestressed sample

[65]

E-glass fibre/epoxy resin
cross-ply laminate (56%
fibre volume fraction)

Biaxial loading frame
(EPPMC)

Effect of low-velocity
impact performance

25% increase in impact
performance at low velocity
due to prestressing

[41]

E-glass fibre/epoxy resin
cross ply laminate (56%
fibre volume fraction)

Biaxial loading frame
(EPPMC)

Effect of high- and
low-velocity impact
performance

Improvement of impact
performance at a low-level
velocity

[66]

Unidirectional E-glass
fibre/epoxy cross-ply
laminates (58.2% fibre
volume fraction)

Flatbed
(EPPMC)

Tensile, fatigue life and
compressive strength
measurement

Improved fibre alignment,
increase in resistance to onset
damage due to induced
compressive strength.
9% increase in tensile modulus
and compressive strength at
prestressing levels of 51 MPa
and 80 MPa, respectively.

[35]

Unidirectional Nylon 6.6
fibre/epoxy resin (16, 28,
41) and 53% fibre volume
fraction

Bespoke vertical
stretching rig

Tensile strength and
modulus measurement

30% and 15% tensile modulus
and tensile strength,
respectively.

[59]

Carbon and glass
fibre/Hexcel cross-ply
laminates

Flatbed
(EPPMC)

Experimental and finite
element analysis of
bistable prestressed
buckled laminate

Induction of bistable behaviour
through prestressing. [67]

Unidirectional Nylon 6.6
fibre/polyester resin (8,
12, 16% fibre volume
fraction)

Bespoke vertical
stretching rig
(VPPMC)

Flexural properties
measurement

Up to 50% increase in flexural
modulus. [60]

Unidirectional S-glass
fibre/composite resins
(Quixfil and Adoro) (12%
fibre volume fraction)

Deadweight
(EPPMC)

Flexural properties
measurement Increase in flexural strength. [68]

Unidirectional
UHMWPE
fibre/polyester resin
(3.6% fibre volume
fraction)

Bespoke vertical
stretching rig
(VPPMC)

Impact properties
measurement

Prestressing increases impact
energy absorption (up to 40%
increase in some batches).

[30]

Carbon fibre/epoxy resin
(50% fibre volume
fraction)

Deadweight
(EPPMC) Impact properties Increase in strength of

composite material. [69]
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Table 2. Cont.

Material Prestress Technique Research Area Results of Findings References

Hybrid unidirectional
Nylon 6.6 and Kevlar
fibres/polyester

Bespoke vertical
stretching rig (for
Nylon alone)
(VPPMC)

Impact and flexural test 33 and 40% rise in absorption
energy and flexural modulus. [30]

Unidirectional Nylon 6.6
fibre/polymer resin (fibre
volume fraction 2.2%)

Bespoke vertical
stretching rig
(VPPMC)

Impact assessment Impact energy absorbed
increased (40%). [70]

Flax yarn/polyester resin Tension frame
(EPPMC)

Tensile and flexural
assessment

Fibre alignment enhancement.
Increased tensile strength and
modulus.
Increase in flexural strength
and modulus.

[26]

Plain weave E-glass
fabric/polyester resin
(16% fibre weight
fraction)

Hydraulic cylinder
biaxial loading frame
(EPPMC)

Flexural characteristics
Up to 16% increase in flexural
strength at 50 MPa optimum
prestressing level

[71]

Plain weave E-glass
fabric/polyester resin
(11% fibre weight
fraction)

Hydraulic cylinder
biaxial loading frame
(EPPMC)

Tensile and fatigue
characteristics

Fatigue life increased up to
43%
Fatigue life improvement
when under low and
intermediate stress fatigue
load

[43]

Unidirectional E-glass
fibre mats/epoxy resin

Horizontal testing
machine (EPPMC)

Flexural, tensile and
compression properties

Reduction in fibre waviness
Increase in flexural, tensile and
compressive strength

[8]

Nylon 6.6 yarn/polyester
cross-ply composite

Bespoke stretching
rig (VPPMC) Impact behaviour Up to 29% reduction in

damage depth [28]

Unidirectional E-glass
fibre/epoxy resin (10%
fibre volume fraction)

Deadweight method
(EPPMC) Tensile properties

Increase in maximum strength,
percentage elongation and
rupture strength by 38.5%,
45.57% and 106.2%,
respectively

[32]

3.4. Residual Stresses Measurement

The continuous advancement in the development of composite materials has drawn
more attention to prediction and measuring the distribution and sizes of residual stresses
because the behaviour of composite materials is greatly influenced by these factors [72,73].
Residual stress development in the composites cannot be negligible; therefore, these can
result in failure, especially when the tensile stresses generated become greater than the
critical tensile strength of the material [74]. At this stage, microcracking can occur, thereby
exposing the fibres to chemical and microbial attacks. Due to the nonlinear behaviour
of composite material, it is difficult to measure some residual stresses that may result in
material failure [75]. However, the effective measurement will reduce material failure and
further enhance the research in the development of predictive control of residual stresses in
composite material.

The measurement of residual stresses in the composite material can be achieved by
modelling the entire production process or through the observation and measurement of
the phenomena resulting in residual stress generation in a material. The latter method
can be achieved through destructive and non-destructive testing. Table 3 highlights the
difference between destructive and non-destructive testing techniques. The methods that
are regarded as destructive typically require cutting, slitting or drilling operations to
relieve the residual stresses. Afterwards, residual stresses are estimated by considering the
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dimensional changes that occurred. Table 4 shows some destructive and non-destructive
testing methods that are commonly used to determine residual stresses in composite
materials.

Table 3. Difference between destructive and non-destructive testing.

Destructive Testing (DT) Non-Destructive Testing (NDT)

Part of the materials is removed or damaged. Testing can be done without removing or
damaging the material.

Testing cannot be repeated on the same
specimen. Testing can be repeated on the same specimen.

Residual stress measurement is limited to a
small area of the material sample.

Residual stresses can be measured within a
large surface (e.g., laminate).

Global residual stresses distribution along the
plies in a composite can be measured.

They cannot estimate global residual stress
distributions along with composite plies.

The layer removal method is an established method for measuring residual stresses
by subjecting the material to deformation on one surface while the layers of the materials
are removed from the other surface [76]. The surface of a completely equilibrated stressed
component is gradually removed in layers. As a result, the portion is free of stress and
a force imbalance is established throughout the system. The plate is then deformed to
bring it back into balance, and the strain that results from that measurement is then utilised
to quantify the amount of removed residual stress. By combining with other methods
such as XRD, the layer removal method can offer information about the stress profile in a
material [77]. However, this method can only assess residual stresses in materials with a
simple geometry and on a macro-scale level [78].

Proposed by Mathar [79], hole drilling is commonly used in measuring residual
stresses in a material. It is conducted by drilling a hole into a stressed material while the
stresses relax, resulting in a change in the surrounding strain field that can be determined
using a strain gauge and related to the relaxed stresses [79]. The hole-drilling method
was initially designed for homogenous isotropic materials such as metals, but with a few
modifications it may be used for composite, inhomogeneous and anisotropic materials,
existing in both crystalline and amorphous form [80]. This method provides a more accurate
measurement compared to other methods such as layer removal and ring-core methods.
Moreover, the hole drilling method is less destructive because only a small portion of
the central material is cut away during the deformation measurement. Likewise, it can
determine the biaxial residual stresses distribution because the strain gauge is capable of
identifying responses due to the biaxial surface strain of the material [81]. However, the
hole-drilling method is more suitable for predicting residual stresses at the macro-scale,
while it is difficult to predict at the micro-scale level of the material [82].

The hole-drilling method is divided into incremental hole drilling (IHD) and deep hole
drilling (DHD). Incremental hole drilling is commonly used to measure residual stresses at
varying degrees of thickness through an incremental depth drilling of the material [83]. On
the contrary, deep-hole drilling involves drilling a reference hole through the material and
measuring the deformation at the desired region [84]. The DHD method is faster compared
to IHD but does not provide adequate insight to through-thickness residual stresses in
a component, because it only provides an average residual stress over the entire depth.
Thus, the IHD method is widely used compared to DHD [85]. Ghasemi, Taheri-Behrooz
and Shokrieh [86] predicted non-uniform residual stresses within E-glass/Epoxy laminate
composites using the incremental hole-drilling method, and the result obtained revealed
that the strain at the surface decreased considerably compared to the strain released in
the depth when the depth of the hole is increased. This result indicates that the residual
stresses at each ply of the laminates affect the released strain of the underneath ply. A
similar result was obtained by Sicot et al. [80] using carbon/epoxy cross-ply laminates, by
studying the effect of increasing the drilling depth and the relative position of the strain

395



Polymers 2022, 14, 60

gauge with a radius of the drilled hole. A widespread use of the hole-drilling method in
determining residual stresses has led to the development of standard testing methods by
The American Society for Testing and Materials (ASTM E837-20) [87].

Similarly, the ring-core method works the same way as the hole-drilling method.
However, as opposed to drilling a hole, an annular groove is created, with a strain gauge
rosette inserted in the middle of the groove to determine the elastic behaviour of the
material [88]. The ring-core approach offers several advantages over the more popular hole-
drilling technique when it comes to measuring residual stress. In the ring-core approach,
more stress is released throughout the hole-drilling process, which allows for a more
accurate assessment of the strain. Furthermore, because the stress concentration is reduced
around the machined region, greater residual stresses can be recorded without surpassing
the material’s yield stress. Additionally, the ring core method is tolerant of slight annular-
hole diameter inaccuracies or eccentricity relative to the strain gauges. With this method,
stress concentration effects are minimised, and it may measure stress levels close to the
yield stress of the material. However, the diameter of the annular ring is relatively big,
resulting in a significantly greater damage than the hole-drilling method. Because the
diameter of the hole or ring determines the measuring region for residual stress, the results
are also less localised.

One of the main drawbacks of the ring-core method is that it is more difficult to
implement, especially when strain gauges are used, since the central wire gets in the way
of the slot cutting process. Moreover, this technique has been limited to homogenous
and isotropic materials [89]. The ring-core method has successfully been applied to quasi-
isotropic FRP composites [90] and welded stainless steel [91]. Hence, it is obvious that the
method continues to provide certain distinct advantages, especially at the micro-scale, and
that additional study is required in this area to fully exploit its potentials.

The contour method is distinct among other methods used in measuring residual
stresses by a relaxation mechanism because it offers detailed two-dimensional residual
stress profiles that act on a plane of the material. To determine residual stresses using
the contour method, the material is cut through the cross-sectional area by employing a
wire Electro-Discharge Machining (EDM), and then the height maps of the cut surfaces
are measured by using a laser profilometer or coordinate measuring machine. By cutting
the material along the surface, residual stresses are released, resulting in deformation.
The initially existent residual stresses parallel to the surface may be estimated using finite
element analysis by evaluating the stresses necessary to restore the altered surface shape to
a flat plane. The surface deformations are very small, and thus the EDM cutting and the
surface height map measuring must be performed with very high accuracy. Furthermore,
to prevent any asymmetry impacts, it is ideal to estimate the surfaces on both sides of the
cut and to utilise the average surface height map. It is also feasible to make more cuts on
perpendicular planes to acquire maps of the normal residual stresses along the planes. This
method has been employed for measuring residual stresses in metal alloy melts [92], ion
exchange glasses [93] and metal matrix composites [94]. However, the EDM cutting process
can only be achieved if the material is electrically conductive, and therefore polymer-based
and some fibre reinforcement, such as aramid, cannot be employed. Furthermore, the
contour method can only measure uniaxial residual stresses, and it is difficult to apply the
method to materials with a complex geometry [95].

The slitting method is another destructive testing method employed in measuring
residual stresses. In several studies, this is also referred to as incremental slitting [96], crack
compliance or compliance [97,98]. The method involves making a slit in a prestressed
material and measuring the resulting deformation normal to the direction of the slit by
using a strain gauge. The key advantage of using this method is its simple and non-complex
procedure, its applicability to wide ranges of materials and its capability of measuring
high-magnitude residual stresses. However, the slitting method application is limited to
materials with reduced thickness. Therefore, it cannot adequately measure residual stresses
in the materials at a macro-scale level [99].
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It is standard practice in the microelectronics industry to employ Micro-Raman Spec-
troscopy to identify regions of mechanical stress in silicon circuit board components [100].
Chemical bonds in crystals may be studied using Raman spectroscopy, which employs
light scattering to look at the vibrational energy of the chemical bonds. Raman peaks
may be seen in the light scattered by the object. Any externally applied strain alters the
location of these peaks. Consequently, the difference in Raman peak location between an
unstressed and a stressed sample may be used to measure the applied strain. Moreover,
the distribution of molecule orientations in the polymer matrix may be used to assess the
strain in the amorphous polymer matrix [101]. Amorphous materials such as thermosetting
polymers or glass have Raman peaks that are broad and irregular. Thermal plastics, on the
other hand, have more clearly defined Raman peaks [89].

Furthermore, the X-ray diffraction method is another important technique used in
measuring residual stresses in materials. This method can measure the residual stresses at
the material surfaces up to a depth of 30 microns [102]. However, for deeper depth measure-
ment, the removal of layers in the sample is required, which renders the process destructive.
XRD determines the strain in the crystal lattice of a material through the examination of the
change in crystal spacing. A diffracted X-ray beam may be generated by X-rays dispersed
from a polycrystalline material; therefore, optimum diffracted intensities are recorded at
certain angles. The diffraction plane’s inter-planar distance may be calculated from these
angles by applying Bragg’s law [102]. Generally, samples with residual stresses have a
spacing that is different from that of unstressed samples. Some of the advantages of using
the XRD method are its simplicity and quickness in applying the process. Furthermore, the
method can be applied to materials with complex shapes, and high-magnitude residual
stresses at both micro and macro scales can be accurately predicted. However, the XRD
method is only suitable for polycrystalline materials and the accuracy measurements can
be affected by the grain size and texture [96,99]. The XRD method has reportedly been used
to measure residual stresses in alloys [100,103], glass–ceramic matrix composites [104] and
graphite–polymer matrix composites [105].

In addition, neutron diffraction (ND) is a method that uses neutron beam diffraction
to identify deep-seated residual stresses in materials. As with X-ray diffraction, neutron
diffracted beams follow Bragg’s Law, allowing stress-induced variations in atomic lattice
spacing to be detected. As a result, the relative spacing differences are calibrated using
a stress-free material sample to compute actual stress values. In comparison to X-rays,
neutrons have the benefit of measuring residual stresses in materials at high depth and
precision. The Synchrotron X-ray Method operates with the same principle as the XRD and
ND discussed above.

It is a common phenomenon to employ ultrasound waves in the detection of faults in
engineering materials [106], but they may also be used to quantify applied and residual
loads [107]. To effectively assess stress levels in a material, it is necessary to precisely
measure the time-of-flight change of an ultrasonic wave travelling between the stressed
and unstressed areas of that material. To obtain an absolute measurement of stress, the
time-of-flight measurement in the stressed material is compared to that in the unstressed
material. The method has the advantage of measuring high-magnitude residual stresses.
The measuring procedure is fast and tri-axial residual stresses can be measured [107]. How-
ever, the ultrasonic method supports only crystalline materials, is extremely sensitive to
changes in the microstructure and not suitable for components with complex shapes [107].
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Table 4. Common destructive and non-destructive test methods used in the calculation of residual
stresses in composites.

Methods Principle Material Shortcomings References

Layer Removal
(DT)

It monitors the elastic response of a
laminate to the release of residual
stresses

Ceramics
Metals
Polymers
Composites

Additional stresses can be
imparted to the test sample
due to the machining of the
composite surfaces.
Limited to macro-scale
residual stresses

[76,78]

Hole drilling
(SDT)

Drilling of a hole into the stressed object
releases the stresses, leading to changes
in the surrounding strain field that may
be measured and related to the relaxed
stresses.

Ceramics
Metals
Polymers
Composites

It requires several
assumptions to simplify the
result solution.
Accurate measurement
around the hole, especially in
the fibre direction, is very
challenging.
Limited to macro-scale
residual stress measurement

[80,82,108]

Ring-Core Method
(SDT)

It follows a principle comparable to the
hole-drilling method. However, instead
of discharging residual stresses by
drilling a hole and measuring the elastic
reaction of the surrounding material, the
ring-core method discharges stress by
cutting an annular groove into the
surface of a component that contains
residual stress.

Metals
Ceramics
Polymers

Limited to homogenous and
isotropic material. [109]

Contour Method
(DT)

The material is sliced through by a
planar surface, releasing residual
stresses across the plane. As a result, the
surface experiences out-of-plane
deformation, which is recorded, and the
underlying residual stresses across the
cut are calculated using the finite
element technique.

Ceramics
Metals
Plastics
Composites

Difficulty in measuring
residual stresses close to the
surface of the material.
Not suited for small
components.

[95]

Slitting Method
(DT)

A tiny slit is cut into a prestressed
sample, and the resultant deformation
parallel to the slot’s direction induced
by the restoration of force equilibrium is
determined. The repetition of this
procedure at increasing depths allows
for the determination of residual stress
across the component’s thickness.

Ceramics
Metals
Plastics
Composites

Macro-scale residual stresses
cannot be fully measured.
Only average stress along the
transverse direction (y-axis)
can be measured.

[110]

Neutron Diffraction
Method
(NDT)

Raman spectroscopy employs light
scattering to measure the vibrational
energy of crystalline chemical bonds.
The dispersed light is detected, and
typical Raman peaks may be detected.
Any externally imposed strain alters the
position of these peaks. Consequently, a
stressed and unstressed sample’s
Raman peak position variations may be
used to calculate the applied strain.

Metal
Ceramics
Composites

Resolution is limited, and
residual stress changes
smaller than 1 mm cannot be
measured.
Not suitable for amorphous
materials

[111]

Raman
Spectroscopy
Method
(NDT)

Stresses are determined by monitoring
the frequency of certain luminescence
peaks in comparison to those in an
unstressed state.

Ceramics
Polymers
Composites

Limited to macro-scale
residual stresses
measurement.

[112]
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Table 4. Cont.

Methods Principle Material Shortcomings References

X-ray Diffraction
Method (NDT)
(destructive if used
for measuring
depth)

When residual stress is determined
using X-ray diffraction (XRD), the strain
in the crystal lattice is determined and
the related residual stress is calculated
using the elastic constants, assuming
that the relevant crystal lattice plane
exhibits linear elastic deformation.

Metal
Ceramics
Composites

Applicable to polycrystalline
materials only.
The accuracy of this method
is affected by the texture and
grain size.
Measurement is limited to
the surface of the material

[113]

Synchrotron X-ray
Method
(NDT)

Similar to the X-ray diffraction method.
However, X-rays are far more intense
and have a much greater energy, and
their tremendous energy allows them to
penetrate much farther into materials.

Metal
Ceramics
Composites

Applicable to polycrystalline
materials only [114]

Ultrasonic Method
(NDT)

The material is subjected to an
ultrasonic (acoustic) wave, which is then
detected by reflection, transmission or
scattering. To determine the magnitude
of stresses, the velocity of an ultrasonic
wave in some modes is evaluated.

Metals
Ceramics
Composites

Not suitable for amorphous
materials.
Limited to macro-scale
residual stress measurement.

[115]

DT: Destructive testing, SDT: Semi-destructive testing, NDT: Non-destructive testing.

4. Potential Applications and Prospects

Fibre-reinforced materials are used for many engineering applications where high
mechanical properties are required. The use of carbon-fibre-reinforced polymer composites
may reduce the weight of the materials up to 70% compared to steel [116]. Therefore,
exploring such materials in making aeroplane and car parts provides the potential for
minimising fuel consumption and carbon dioxide emission. Due to the high-impact en-
ergy absorption behaviour, prestressed fibre polymer composites can be used for ballistic
protection in armours, vests and automobiles. Kevlar-based polymer matrix composites
are materials used for ballistic protection [117]. It is well known that prestress induces an
energy-absorbing mechanism at the fibre–polymer matrix interface [48], thereby increasing
the impact absorption of the composite material.

Crashworthiness is an automobile’s capacity to protect its occupants from severe
injury or death in the event of a given number of collisions. It is a quantitative assess-
ment of a structure’s ability to protect its passengers in survivable crashes [118]. It is an
essential factor that needs to be considered in selecting the material for vehicular structural
assembly [119]. Material crashworthiness is characterised in terms of its energy absorption
capacity (EAC). Generally, polymer composites have a high EAC compared to metals,
and they can release deformation absorption energy during impact [120]. Prestressed
fibres enhance the energy absorption capability of composite materials [70]. Moreover, the
application of EPPMC and VPPMC technology in fibre-reinforced concrete development
can enhance the resistance to crack propagation in a concrete structure. Bistable composite
materials, which are often utilised in the aerodynamic control of aircraft and wind turbine
blades, have drawn growing attention in recent years. They can be effectively manufactured
utilising prestressed fibre technology [49]. The emerging developments will be toward
alternate fibre materials, hybridisation, process optimisation and the use of a cost-effective
fibre-prestressing technique.

5. Conclusions

The present article reviews some of the studies related to the techniques associated
with fibre-prestressing in polymer matrix development. The presence of tensile residual
stresses during the manufacturing process has a detrimental effect on composite materials’
performance, especially when subjected to an external load. Fibre-prestressing offers the
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advantage of minimising residual stress without increasing the mass or section dimension in
composite materials. It involves generating compressive residual stresses in a fibre–polymer
matrix interface to minimise the effect of tensile residual stresses. While fibre-prestressing
can be achieved both elastically (EPPMC) and viscoelastically (VPPMC), several equipment
designs have reportedly been used to achieve prestressing. Despite some limitations
associated with these techniques, the influence of fibre-prestressing on polymer composite
structural properties has been positive. Previous studies on prestressed composites have
reported up to 60% increase in the tensile modulus, 62% increase in impact strength, 140%
increase in tensile strength, 50% in the flexural modulus, 9% increase in compressive
strength and an increase of more than 150% in fatigue life compare to their unprestressed
composite counterparts.

Moreover, various methods have been reported for measuring residual stresses in
materials. These are generally grouped into destructive and non-destructive methods. The
destructive methods measure residual stresses by monitoring the response of a material
to deformation, while non-destructive methods monitor the change in material structures
when under the influence of residual stresses. The selection of the right method depends on
the type of material (metals, plastics, ceramics, composites), material structure (Crystalline
or amorphous), states of stresses, speed and measurement accuracy. Out of these methods,
the hole-drilling method has been widely used due to its versatility and the availability of
scientific standards for measuring residual stresses in various materials.
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Abstract: A simple and hands-on one-step process has been implemented to fabricate polymer-
templated hydrophobic nanostructures as hydrogen gas sensing platforms. Topographic measure-
ments have confirmed irregular hills and dips of various dimensions that are responsible for creating
air bubble pockets that satisfy the Cassie–Baxter state of hydrophobicity. High-resolution field-
emission scanning electron microscopy (FESEM) has revealed double-layer structures consisting of
fine microscopic flower-like structures of nanoscale petals on the top of base nanostructures. Wetting
contact angle (WCA) measurements further revealed the contact angle to be ~142.0◦ ± 10.0◦. Such
hydrophobic nanostructures were expected to provide a platform for gas-sensing materials of a
higher surface area. From this direction, a very thin layer of palladium, ca. 100 nm of thickness,
was sputtered. Thereafter, further topographic and WCA measurements were carried out. FESEM
micrographs revealed that microscopic flower-like structures of nanoscale petals remained intact.
A sessile drop test reconfirmed a WCA of as high as ~130.0◦ ± 10.0◦. Due to the inherent features
of hydrophobic nanostructures, a wider surface area was expected that can be useful for higher
target gas adsorption sites. In this context, a customized sensing facility was set up, and H2 gas
sensing performance was carried out. The surface nanostructures were found to be very stable and
durable over the course of a year and beyond. A polymer-based hydrophobic gas-sensing platform
as investigated in this study will play a dual role in hydrophobicity as well as superior gas-sensing
characteristics.

Keywords: polymer; hydrogen; hydrophobic; sensing; nanostructures; palladium

1. Introduction

Gas sensing, particularly hydrogen (H2) gas sensing, has become very crucial due to its
renascence as a new and alternative energy in modern life [1–3]. H2 is an important energy
carrier that is going to be complementary to current electricity very soon [4,5]. A persistence
challenge is being carried out to incorporate H2 as fuel for “zero-emissions” vehicles, to heat
accommodations and workplaces and fuel aircrafts, amongst many other applications [6–8].
Therefore, not only is an efficient and sensitive sensing platform urgently needed for the safe
deployment of all H2-based applications, but also multifunctional capabilities are required
to deal with extreme and critical environmental conditions. Most H2 gas sensors, particu-
larly used in industries and workplaces, are not suitable for advanced and sophisticated
applications. The sensor needs to be smart, durable and of multitasking capacity [9–11].
The fabrication and realization of multifunctional sensing platforms have been exciting
and hot areas of research in both academia and industry, including healthcare sectors and
environmental protection [12,13]. There is an enticing and ever-growing interest in devising
a sensing platform capable of hydrophobic and non-adhesive characteristics [14–16]. Such
platforms facilitate water droplets dropped onto them, rolling them off automatically with
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a small tilt angle. In the process of rolling off, contaminants and dust are also carried
away, and thus the sensing surfaces become ready to detect the target gas [17,18]. However,
developing an artificial hydrophobic sensing surface is not that straightforward, and it
requires a smooth and fine strategy so that the surface becomes stable, durable and capable
of reconciling with the surrounding environment [19–22]. Most of the time, a hydropho-
bic surface is achieved by following the improvised Cassie–Baxter model that confirms a
double-layer roughness wherein there should be nanoscale roughness on the top of the
microscale structures [23–25]. Although such double-layer structures have great potential
in a wide range of applications, including self-cleaning, anti-fouling, anti-corrosion and
oil–water separation, the top nanostructures decay over time under extreme environmental
conditions [26,27].

A wide range of organic and inorganic materials are used as base substrates to achieve
hydrophobic sensing surfaces [28–30]. Polymers, particularly polycarbonate (bisphenol
A polycarbonate: 2,2-bis(p-hydroxyphenyl)-propane, PC), are one of the interesting base
materials that have been studied extensively and therefore used in a wide variety of
applications [31–34]. Due to low-cost, high durability, low modulus of elasticity and high
transparency, PC has been useful in optoelectronic and microelectronic applications [35–37].
PC is an industrially attractive soft polymer material that is being extracted as a by-
product from oil and gas refineries through industrial-scale and low-cost processes [33,38].
However, one finds that such PC can be further reinforced by including hydrophobic
characteristics, which are a key element in many applications that require a self-cleaning
property. It is well-acknowledged that the effectiveness of hydrophobicity is demonstrated
by the Cassie–Baxter model, although the same model indicates that a higher surface
area is required for many surface-enhanced applications, such as molecule detection
and sensing [39–41]. For multifunctional devices, particularly hydrophobic gas-sensing
platforms, using PC as the base materials is industrially viable and one of the promising
candidates. To the best of our knowledge, a PC-templated hydrophobic gas-sensing
platform has not been reported so far. Mazen and his group have demonstrated and
devised a transparent hydrophobic PC as a self-cleaning surface for PV panels installed
in a dusty environment [42]. Yilbas and his team have developed a generic process to
copy the micro/nanoscale structure of hydrophobic PC by polydimethylsiloxane (PDMS)
that showed a higher wetting contact angle (WCA) and transparency [43]. Jhang and his
group developed hydrophobic microchannels in PC that enabled the valve-free sequential
injection of multiple liquids [44]. Most of the methods used in achieving such hydrophobic
PC were associated with multiple treatments, apart from the requirement of skilled hands
and the usage of specialized reagents.

Here in this study, we have reported a simple and inexpensive one-step process to
fabricate polymer-templated hydrophobic nanostructures for a H2 sensing application. A
hydrophobic PC fabricated by a wet chemical treatment was decorated with palladium (Pd)
by high vacuum sputtering technique. High-resolution field-emission scanning electron
microscopy (FESEM) revealed double-layer structures consisting of fine microscopic flower-
like structures of nanoscale petals on the top of base nanostructures. Sessile drop tests
confirmed a WCA of the treated PC as high as 142 ± 10.0◦, whereas the WCA of pristine
PC was estimated to be ~83 ± 10.0◦. The as-fabricated polymer-based nanostructures
were transferred to an automatic sputtering chamber for Pd sputtering and decorated
the treated PC with Pd. Sessile drop tests were carried out once again to evaluate the
WCA. It was noted that the Pd-decorated treated PC exhibited a relatively high WCA of
~130 ± 10.0◦. A customized setup was built to carry out the sensing characteristics of the
Pd-decorated treated PC. Such a generic strategy is indispensable to explore new routes of
multifunctional sensing platforms that are particularly important in extreme environmental
conditions.
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2. Materials and Methods

Commercially available PC sheet (1 mm × 1 mm × 1.6 mm) was cut into pieces (2.5 cm
× 2.5 cm × 1.6 mm) and treated with 2-propanone (CH3–CO–CH3) under controlled lab
conditions. The sample was washed copiously with deionized (DI) water. A transparent
pristine PC specimen was found to turn opaque after the treatment. The treated PC was left
under a fluorescent light of 30 W for 10 min. and then transferred to an automatic sputtering
coater (model #NSC 4000; NANO-MASTER Inc., Austin, TX, USA) for Pd decoration, as
shown in Figure 1. Inset (i)–(iii) of Figure 1a represents CCD images of pristine PC, treated
PC and Pd-decorated treated PC. High purity Pd (99.999%) target was purchased from
Semiconductor Wafer Inc. and used as received without any modification. Pre-sputtering
for cleaning the target was carried out for 1 min. Plasma was generated by direct current
(DC) magnetron power of 30 W for 20 s, keeping the chamber background pressure as low
as 3.5 × 10−6 Torr in Ar gas flow of 80 SCCM. The target-to-substrate distance was fixed at
10 cm.

Initial assessment of surface topography and roughness was carried out by using a 3D
optical microscope (model #Meiji Techno MX7100; Meiji, IL, USA). A Dektak profilometer
(mode #BrukerXT; Bruker, MA, USA) was used to explore the microscopic surface structure
of the treated specimen. Topographic confirmation and in-depth morphology of treated
specimens were carried out using high-resolution FESEM (model #LYRA3; TESCAN, Brno,
Czech Republic). WCA measurements were carried out using a goniometer (model #DM
501; Kyowa Interface Science Co. Ltd., Saitama, Japan) through sessile drop tests. DI
water was used in the sessile drop experiments, and the droplet volume was controlled
with an automatic dispensing system. The images of the droplets were taken one second
after deposition of the water droplet on the surface. A customized gas chamber, Linkam
stage (Model HFS-600E-PB4; Linkam Scientific Instruments, Wakefield, UK), was used to
incorporate air and H2-balanced nitrogen (1% H2, 99% N2) sequentially at room tempera-
ture. Two mass flow controllers (MFCs) connected with an external XPH-100 power hub
supply were utilized to control the flow of H2. The sensing measurements were performed
through a resistivity measurement approach at room temperature. It is well-acknowledged
that resistivity defines the ability of the materials to resist the charge flow, whereas the
charge carriers available in the vicinity depend on the adsorption of target gas molecules
on sensing materials.

Figure 1. (a) A free-hand schematic for fabricating a multifunctional sensing platform; inset (i–iii): CCD images of pristine
PC, treated PC and Pd-decorated treated PC; (b) customized H2-sensing setup used in this study.

3. Results and Discussion

A quick screening of the treated sample was carried out using 3D optical microscopy,
as shown in Figure 2a. Since the optical microscope was using infinity-corrected optics for
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reflected light observation, it facilitated the acquisition of long-range line scans, as shown
in Figure 2b,c. Figure 2b,c represent long-range line scans along the horizontal and vertical
axes, respectively, as shown in Figure 2a. Zoom-in views as marked by a black dashed
rectangle in Figure 2b,c were shown in inset (i) and inset (ii) of Figure 2a, respectively.
The insets in Figure 2a provided an impression without further details that the treated
surface of PC had a microscale roughness. Further details of the surface topography were
obtained by the Dektak profilometer. Figure 2d displays the 2D mapping of the treated
surface, indicating the step height of the nanostructure as traced by the stylus. Line scans
along the white horizontal and vertical lines, as marked in Figure 2d, were shown in
Figure 2f,g, respectively. The hills and dips were visible in both line scans. The maximum
and minimum step height along the horizontal line scan were found to be ~7 μm and
~−22 μm, respectively. In the case of the line scan along the vertical axis, such hills and
dips were found to be ~11 μm and ~−23 μm, respectively. A 3D mapping of the same scan
as shown in Figure 2d was acquired and shown in Figure 2e. The islands-like view and
the abovementioned height profiles indicated that the surface topography of the treated
specimen was indeed of microscopic structures.

Figure 2. (a) Large area 3D optical microscopic image of treated PC; (b,c) line profiles along the horizontal and vertical axis
as marked by black arrows in Figure 2a, respectively; (d) 2D image of the same extracted from surface profilometer; (e) 3D
mapping of the same area confirming hills and dips; (f,g) line profiles along the horizontal and vertical axis as marked by
black arrows in Figure 2d, respectively.

To validate and reconfirm the inherent characteristics of a hydrophobic surface, one
needs to go through nanoscale micrographs similar to those captured by high-resolution
FESEM as shown in Figure 3. Figure 3a represents a low-resolution FESEM micrograph
confirming fine nanostructures on the top of base nanostructures. A high-resolution FESEM
as shown in Figure 3b revealed that the fine nanostructures on the top of base structures
were indeed something similar to nanoflowers that consisted of petals of different sizes
and shapes. An individual nanoflower as marked by “A” in Figure 3b was shown in the
inset of Figure 3a. A further zoomed-in view of a small area as marked by the black square
in Figure 3b was displayed in Figure 3c. Seven nanoflowers of different sizes as shown
in Figure 3c were observed on the top of base nanostructures. A 3D hawk-eye view of
the same area as marked by the black square in Figure 3b was presented in Figure 3d. As
mentioned earlier, nanoflowers were observed on the top of base nanostructures. As a
result, there were two different layers of nanostructures, one at the base and the other
at the top, and thus a combination of these two nanostructures indeed was responsible
for making the ultimate surface hydrophobic. A line profile along the white dashed line
marked as “1” across the base nanostructure was shown in Figure 3e. A further zoomed-in
view of a small section of this line profile as marked by the white dashed rectangle was
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shown as an inset of Figure 3e. On the other hand, the line profile along the white dashed
line marked as “2” across the nanoflower structure was shown in Figure 3f. The sharp hills
observed therein corresponded to the petals of the nanoflowers. Hence, it was speculated
that such double layers of the nanostructure would provide enough void to satisfy the
Cassie and Baxter state and facilitate hydrophobicity of the treated specimen.

Figure 3. (a) FESEM micrograph of treated PC; inset (i): an individual flower as marked by the white arrow; inset (ii):
zoomed-in view of the base nanostructure; (b) high-resolution FESEM image indicating several flowers on the top of
primary PC nanostructure; (c) a zoomed-in view of the selected area as marked by a black square in Figure 3b; (d) hawk-eye
view of the same area as shown in Figure 3c; (e,f) line profiles along the white dotted lines marked by “1” and “2” within
Figure 3b, respectively.

It is well-acknowledged that the WCA is the measure of indication of whether the
surface is hydrophobic or hydrophilic. Conventionally, a sessile drop test is used to directly
measure the contact angle and determine the preferential wetting of the substrate by the
reference liquid. Here in this investigation, DI water was used as the reference liquid,
and the volume was controlled by an automatic dispenser. Figure 4a–c represents water
droplet images of pristine PC, treated PC and Pd-decorated treated PC, respectively. The
corresponding average WCA of pristine PC was estimated to be 83 ± 10.0◦, as shown in
Figure 4a. A further zoomed-in view of the contact region as marked by the green dashed
square in Figure 4a is shown in Figure 4d. The lower part of Figure 4d represents the mirror
region of the droplet on the pristine PC. It was visible clearly enough, as the pristine PC
was noted to be highly transparent. Once the specimen was treated, the sessile drop test
confirmed the WCA of the treated PC to be as high as ~142 ± 10.0◦, as shown in Figure 4b.
As explained earlier, high-resolution FESEM revealed a double layer of nanostructures
wherein fine nanoflower-like structures were observed on the top of base nanostructures.
Such a combination of nanostructures indeed facilitated enough voids to yield the top
surface being hydrophobic. A zoomed-in view of the contact region as marked by the
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green dashed square in Figure 4b is shown in Figure 4e, reconfirming a high WCA of the
same value. The mirror region of the droplet on the treated PC is shown in the lower
part of Figure 4e. The mirror image of the treated specimen was found to be blurred, as
the transparency of the same specimen dropped substantially. However, the WCA of the
Pd-decorated treated PC was still higher compared to that observed in the pristine PC, but
it was a bit lower than that observed in the treated PC. Figure 4c displays water droplet
images of Pd-decorated treated PC along with the estimated average WCA of ~130 ± 10.0◦.
A zoomed-in view of the contact region as marked by the green dashed square in Figure 4c
is shown in Figure 4f, and the lower part of the same image represents the mirror region of
the droplet on the Pd-decorated treated PC.

Figure 4. (a–c) Optical images defining the wetting contact angle of pristine PC, treated PC and Pd-decorated treated PC,
respectively; (d–f) zoomed-in views of the contact site of pristine PC, treated PC and Pd-decorated treated PC, respectively.

As explained earlier, the H2 sensing measurements were investigated through a special
test chamber (Linkam chamber, Model HFS-600E-PB4). This gas chamber was connected to
the temperature controller, cooling system and two MFCs using an external power hub
supply to introduce an appropriate amount of H2. The H2 concentration in the Linkam
chamber was varied by mixing the test gas (1% H2 balanced with N2) and dry air. The
dynamic response of the Pd-decorated treated PC for H2 gas concentrations of 0.05%, 0.1%,
0.2% and 0.5% was shown in Figure 5a. It was observed that for very low concentrations,
such as 0.05% of H2, the response was delayed and started to show up after ~500 s. For the
case of other intakes, such as 0.1%, 0.2|% and 0.5% of H2 concentrations, the responses were
observed starting from ~300 s, as shown in Figure 5a. However, the response characteristics
from each intake of H2 concentrations were found to be different. The rising gradients of
the dynamic responses for 0.05%, 0.1%, 0.2% and 0.5% of H2 concentrations were estimated
to be 0.16 (delayed), 0.16, 0.36 and 2.05, respectively.

The response time of the gas sensor is one of the crucial parameters that defines the
speed of response of a particular gas sensor. Conventionally, it is measured by the time
taken for a sensor to reach 90% of the final indication of saturation. Figure 5b depicts the
response time of the specimen in this investigation. It was observed that the intake of H2
concentrations of 0.05%, 0.1%, 0.2% and 0.5% took a response time of 718, 294, 305 and
315 s, respectively.
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Figure 5. (a) Dynamic response of the sensor to different H2 gas concentrations (0.5%, 0.1%, 0.2% and 0.5%) at room
temperature; (b) response time of the same system; (c) sensitivity of the same system.

Sensitivity is another crucial characteristic that indicates how efficiently the target gas
can be detected by the sensor. The sensitivity of a gas sensor is defined as:

Sensitivity (%) =
Rg − Ra

Ra
× 100 (1)

where Ra and Rg are the resistance of the sensor in air and target gas, respectively. The
electrical resistance of the sensors with and without H2 was measured by an Agilent
B1500A semiconductor device analyzer (SDA). The sensitivity of the fabricated sensors
was calculated within 0.05%–0.5 of H2.

Figure 5c depicts the sensitivity of the specimen in this investigation for different
intakes of H2 concentrations. It was found that the sensitivities for Pd-decorated treated
PC at room temperature at 0.05%, 0.1%, 0.2% and 0.5% H2 concentrations were 7%, 8%,
16% and 77%, respectively. It is noteworthy that the change in electrical resistance (i.e.,
sensitivity) and the response time increased with increasing concentrations of H2.

4. Conclusions

A one-step and low-cost process is one of the prerequisites for an industrial-scale
production line. In this context, a simple and inexpensive generic route was reported
to achieve polymer-templated hydrophobic nanostructures as H2 gas sensing platforms.
Double-layer micro and nanostructures of PC were generated that contributed a vital
role toward satisfying the Cassie–Baxter state and yielded a hydrophobic surface with a
WCA as high as ~142.0 ± 10.0◦. Although preliminary topographic investigations through
a 3D optical microscope and Dektak profilometer indicated irregular hills and dips of
various dimensions that were responsible for creating air bubble pockets therein, an in-
depth surface topography was investigated by high-resolution FESEM. Interestingly, it was
noticed that fine microscopic flower-like structures of nanoscale petals were populated on
the top of base nanostructures. The surface nanostructures were found to be very stable
and durable over the course of a year and beyond. Such nano-flowers decorated with
Pd-sensing materials exhibited a relatively high WCA and facilitated a high surface area
for adsorbing the target gas simultaneously. A sessile drop test confirmed the WCA of the
Pd-decorated hydrophobic PC to be as high as ~130.0 ± 10.0◦. A lab-built sensing setup
was employed to carry out sensing activity of the Pd-decorated hydrophobic PC for H2 gas
concentrations of 0.05%, 0.1%, 0.2% and 0.5% at room temperature, and the corresponding
sensitivity and response time were evaluated.
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Abstract: Epoxy is considered to be the most popular polymer and is widely used in various
engineering applications. However, environmental considerations require natural materials-based
epoxy. This necessity results in further utilization of natural materials as a natural reinforcement for
different types of composites. Corn cob is an example of a natural material that can be considered
as an agricultural waste. The objective of the present work is to improve the economic feasibility
of corn cob by converting the original corn cob material into powder to be utilized in reinforcing
epoxy-based composites. In the experiment, the corn cob was crushed and ground using a grain
miller before it was characterized by scanning electron microscopy (SEM). The corn cob powder
was added to the epoxy with different weight fractions (2, 4, 6, 8, 10 wt%). In order to prevent corn
cob powder agglomeration and ensure homogeneous distribution of the reinforcement inside the
epoxy, the ultrasonic technique and a mechanical stirrer were used. Then, the composite’s chemical
compositions were evaluated using X-ray diffraction (XRD). The mechanical experiments showed
an improvement in the Young’s modulus and compressive yield strength of the epoxy composites,
increasing corn cob up to 8 wt% by 21.26% and 22.22%, respectively. Furthermore, tribological
tests revealed that reinforcing epoxy with 8 wt% corn cob can decrease the coefficient of friction by
35% and increase wear resistance by 4.8%. A finite element model for the frictional process was
constructed to identify different contact stresses and evaluate the load-carrying capacity of the epoxy
composites. The finite element model showed agreement with the experimental results. An epoxy
containing 8 wt% corn cob demonstrated the optimal mechanical and tribological properties. The
rubbed surfaces were investigated by SEM to identify the wear mechanism of different composites.

Keywords: epoxy composite; green composite; corn cob

1. Introduction

Recent global challenges and improvements associated with the utilization of different
materials in tribological applications and polymer composites’ performance have attracted
the attention of many researchers. Polymer composites are lightweight materials used in
various applications such as automotive, satellites, marine, aerospace, etc. [1]. Furthermore,

415



Polymers 2021, 13, 4407

polymer composites have many advantages compared with metal materials, including low
processing costs, corrosion resistance, lower raw material, and are non-toxic, which allow
tremendous design flexibility [2]. Generally, polymer composites have been utilized in dif-
ferent applications and have shown outstanding results when used as a structural material
for aerospace components [3]. These results motivated researchers to further investigate
the tribological characteristics of polymer composites. Consequently, the tribological prop-
erties, including wear rate and friction coefficient of different polymer composites, have
been studied to be used in nuts, brakes, bolts, bearing, and clutches [4–6]. To investigate
the tribological characteristics, three essential matters should be studied [7]: the interfacial
bonds strength; shear stress, which results in the delamination of surface contact area; and
the contact area to illustrate the wear mechanism. Furthermore, additional factors can
affect the composite performance during friction, such as the applied normal load and
sliding velocity.

One of the most popular polymers used in different engineering applications is the
epoxy thermoset, which has many advantages that encourage industrialists to use it.
Epoxy-based thermosetting resin can be used for its chemical and heat resistance [8], high
corrosion barrier [9], and it is an electric isolator, in addition to its high stiffness and the
simplicity of its production and processing. Such advantages have nominated epoxy for
various applications such as helicopter rotors, industrial flooring, pump impellers, and
aircraft engines [10]. Nevertheless, epoxy has its drawbacks, such as its brittle nature,
which affects its mechanical characteristics and decreases its wear resistance, preventing its
utilization in frictional applications [11,12].

To enhance the properties of epoxy, researchers have tried to add some additives as a
reinforcement and investigate the different characteristics of epoxy composites, including
mechanical, tribological, electrical, and thermal qualities [13]. The mechanical and thermal
properties of epoxy composites after adding block-copolymer (BCP) and core-shell rubber
were investigated by Bajpai et al. [14]. They recorded an enhancement in the fracture
toughness by 268% for 10 wt% BCP and 200% for 12 wt% CSR. Furthermore, adding 3 wt%
BCP and CSR improved the fracture toughness by 100%. Kim et al. [15] investigated the
effect of adding different weight fractions of graphene nanoplatelets on the mechanical
properties of epoxy thermosets. They found that 4 wt% graphene nanoplatelets enhanced
the fracture toughness and shear strength by 142% and 252%, respectively. Upadhyay
et al. [16] sought to improve epoxy’s mechanical and tribological behavior by adding dif-
ferent weight fractions of nano-graphene. They found that increasing the graphene weight
fraction up to 5 wt% enhanced the compressive stress. Furthermore, the specific wear
rate decreased by approximately 50%, and the decrease in the friction coefficient reached
60%. Xian et al. [17] investigated the tribological performance of epoxy incorporated with
different volume fractions of TiO2. They found that 4 vol% TiO2 could considerably de-
crease the specific wear rate. Utilizing the same additives with varying weight fractions,
TiO2, Srivastava et al. [18] evaluated epoxy’s tribological and mechanical performance.
The results recorded an enhancement in the epoxy composite wear resistance at 5 wt% in
addition to an improvement in both impact strength and toughness. Bazrgari et al. [19]
investigated the effect of incorporating Al2O3 with different weight fractions into epoxy
matrix. They could prove that 1 wt% Al2O3 can improve the mechanical and tribological
characteristics of the composite. Still, with the increase in Al2O3 weight fraction up to 3%,
all the composite properties have deteriorated due to the additives’ agglomeration inside
the matrix. Fouly et al. [20] studied the effect of reinforcing epoxy resin with a low loading
fraction of Al2O3. They found that a 0.4 wt% Al2O3 could improve the epoxy composite’s
mechanical and tribological properties.

The reinforcements used with different composites can be classified as natural and
synthetic additives [1]. Synthetic additives are usually nonbiodegradable, and due to
environmental pollution, the utilization of natural additives has attracted the attention
of many researchers. Natural additives are easily available in nature at a low cost, are
easily manufactured, and their utilization is eco-friendly [21]. Venkateshwaran et al. [22]
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evaluated the effect of reinforcing epoxy resin with banana fibers, and they recorded
enhancement in tensile strength, flexural strength, and impact strength. Oladele et al. [23]
investigated the effect of reinforcing epoxy resin with different weight fractions of eggshell
powder. They recorded an enhancement in the tensile modulus, impact resistance, flexural
properties, hardness, and wear resistance. Karthick et al. [24] reinforced PMMA resin
with different weight fractions of seashell nanopowder and investigated its effect on the
tribological properties of the polymer composite. They found that the optimal weight
fraction that could enhance the tribological properties of the PMMA composite is 12 wt%
seashell powder. Sim et al. [25] investigated the effect of reinforcing epoxy by fly ash on the
mechanical properties of epoxy composites. Although the tensile strength was improved
to a specific fly ash weight fraction, the compression strength was continuously enhanced
as the fly ash weight fraction increased. Other researchers evaluated epoxy’s mechanical
and wettability characteristics when reinforced by natural fibers [26].

Corn cob is considered one of the most common agricultural wastes, and some re-
searchers have tried to turn it into a useful material. Chen et al. [27] extracted corn cob
fibers and reinforced polyethylene. They found that the polyethylene composites recorded
sufficient mechanical and weathering performance. Zhu et al. [28] reinforced high-density
polyethylene (HDPE) by corn cob powder and investigated the composite water absorption
and mechanical properties. The results showed that increasing corncob content led to
an increase in the water absorption of the composite. The flexural strengths and moduli
were increased up to 40% with increasing corn cob powder, but the mechanical properties
started to deteriorate at a high level of powder content.

According to the above literature survey, using natural materials as a reinforcement
could affect polymer composites’ mechanical and tribological properties. Although many
researchers investigated the effect of corn cob as a reinforcement additive with polymers,
there is a lack of research on the impact of a corn cob on the tribological properties of
polymer composites. Consequently, the objective of the present investigation is to evaluate
the performance of epoxy composite after incorporating corn cob powder with different
weight fractions, 2, 4, 6, 8, and 10 wt%. The density, hardness, Young’s modulus, and
compressive yield strength were determined based on the corn cob content. The tribological
characteristics are introduced by evaluating the friction coefficient and specific wear rate
of different composites. A finite element model was constructed based on the mechanical
and tribological results to assess the load-carrying capacity. The wear mechanisms of
each composite were identified after evaluating the worn surfaces using scanning electron
microscopy (SEM).

2. Materials and Methods

2.1. Preparation of Corn Cob Powder and Epoxy/Corn Cob Composite Samples

The matrix material utilized in the current study was the commercial-grade Kemapoxy
150 (CMB International, Wadi El Natroun City, Egypt) epoxy resin kit consisting of crystal-
clear resin, a density of 1.11 ± 0.02 kg/L crystal-clear epoxy hardener. As mentioned
before, corn cob is considered one of the most common agricultural wastes. Corn cob is the
backbone part of the corn that the kernels grow around. After removing the kernels, corn
cobs were dried under the sun for three months to decrease the moisture. Then, the corn
cobs were initially crushed into smaller particles utilizing hammering before transferring
the crushed powder to the mono chamber of a grain miller at a speed of 250 rpm for 3 h,
with 15 min grinding and 15 min rest. Finally, the achieved powder was dried again in an
oven at a temperature of 70 ◦C for 5 h to ensure the removal of all moisture.

The fabrication of tested samples passed through different stages. First, the corn cob
powder was added to ethanol and mixed ultrasonically for 15 min to prevent powder
agglomeration. Second, the liquid epoxy was added. To ensure homogenous dispersion of
the corn cob powder inside the liquid epoxy, mixing using a mechanical stirrer was applied
to blend the whole mixture for 30 min at 150 rpm. Thirdly, the epoxy/ethanol/corn cob
mixture was inserted into a vacuum chamber to remove any voids and to fumigate the
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ethanol for 24 h. Fourthly, the hardener was added to the mix in a ratio of 1:2 to the epoxy
weight and mixed again for 5 min. Eventually, the mixture was discharged into a mold
taking the shape of needed specimens and placed again in a vacuum at 35 ◦C. A schematic
diagram illustrating the fabrication process is shown in Figure 1. Based on the epoxy
supplier instructions, the fabricated samples were left for 7 days before applying any test
to achieve the recommended mechanical characteristics. The epoxy/corn cob composites
were prepared by adding different weight fractions of corn cob. Table 1 illustrates the
weight percentage of each material and the code of each sample.

Figure 1. Schematic diagram of the epoxy composite samples’ fabrication.

Table 1. Composition of epoxy/corn cob composite samples.

Code Corn Cob wt% Epoxy wt% Hardener wt%

ECC0 0 66.67 33.33
ECC2 2 65.33 32.67
ECC4 4 64 32
ECC6 6 62.67 31.33
ECC8 8 61.33 30.67

ECC10 10 60 30

2.2. Mechanical Properties of Epoxy/Corn Cob Composites

The mechanical characteristics of the fabricated epoxy/corn cob composites were
evaluated to investigate the effect of adding corncob powder with different weight fractions.
According to ASTM D2240 [29], the D-index’s shore hardness was evaluated for each
composite sample. The utilized durometer specifications were 15 s dwell time with a
5 ± 0.5 kg loading. To ensure the hardness of the produced composite, measuring the
hardness was conducted on different regions along the surfaces of the specimens, and the
average value and standard errors were calculated. According to ISO 604:2002 Plastics [30],
to apply the compression test, epoxy/corn cob samples were fabricated with a length
and diameter of 16 mm and 8 mm, respectively. A 30-ton computer-controlled universal
testing machine was utilized to apply the compression test with a 2 mm/min strain rate.
Based on the compression test results, the elastic modulus and compressive yield strength
were evaluated.

2.3. Tribological Properties of Epoxy/Corn Cob Composites

The tribological performance of epoxy/corn cob composites was evaluated in dry
conditions according to ASTM G99-95 [31]. A pin-on-disc tribometer was utilized at room
temperature 24:27 ◦C and humidity around 60%, as shown in Figure 2. The epoxy/corn
cob sample was considered the tribometer pin with a cylindrical shape with a diameter and
length of 8 mm and 25 mm, respectively. The composite samples were rubbed against a
stainless-steel disk with a diameter of 18 cm and surface roughness of 12.5 μm. To prevent
errors in the tribological results, the stainless-steel disk was cleaned and dried before every
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experiment to remove any remaining contaminants. The epoxy composite tribological
performance was evaluated under normal loads, and sliding distances changed while the
sliding speed was constant at 0.4 m/s. For each load, sliding distance, and composite
composition, the friction test was repeated 6 times before calculating the specific wear rate
and friction coefficient. The specific wear rate (SWR) was calculated using Equation (1),
dependent on sliding distances (L), the difference in weight before and after the test (Δm),
the density of each composite sample measured by Archimedes’ principle (ρ), and the
applied normal load (Fn).

SWR =
Δm

ρ L Fn
(1)

Figure 2. Pin-on-disk tribometer.

3. Results and Discussion

After the grain milling process, the corn cob particles’ morphology was characterized
utilizing a scanning electron microscope (SEM). As shown in Figure 3, the produced corn
cob powder had an irregular, rugged shape with a rough surface and some large particles
covered with agglomerates. Furthermore, some particles have much smaller sizes and are
agglomerated, as shown the red circle.

Figure 3. SEM image of corn cob particles after the grain milling process.
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To investigate the effect of incorporating corn cob powder into epoxy resin on the
chemical composition of the composites, X-ray diffraction (XRD) was utilized. Figure 4
shows that the carbon peak is the major peak of pure epoxy, and it obviously appears in
all epoxy composites with different weight fractions of corn cob. In addition, the XRD
shows that the main peak of epoxy is not sharp, which illustrates its amorphous nature [32].
There is also one major peak of corn cob powder at 21.8◦, similar to the XRD pattern
of alpha cellulose [33]. Incorporating corn cob powder in epoxy resin affected the main
peak of epoxy, as shown in the yellow rectangle in Figure 3. However, the disappearance
of new peaks indicates that corn cob incorporation did not affect the epoxy structural
characteristics, and no chemical reaction occurred between the epoxy and corn cob. The
increasing weight fraction of corn cob did not affect the amorphous nature of the epoxy,
and the appearance of the corn cob peak with the same effect in all composites emphasizes
its thorough distribution inside the epoxy resin.

Figure 4. X-ray diffraction (XRD) traces of neat epoxy, corn cob powder, and epoxy composites.

The density of the produced composite is one of the most important properties that can
affect the weight of the new generated composite. The density of composite materials usu-
ally depends on the density of both the matrix and reinforcement materials. Consequently,
the current study used Archimedes’ principle to calculate the density of the fabricated
epoxy/corn cob composites. Figure 5 illustrates the variation in the epoxy composite
density due to the corn cob weight fraction change. The density was found to be reduced
as the corn cob weight fraction increased. Increasing the corn cob content to 10 wt% of
the epoxy matrix decreased the composite density by 22.87%. This decrease in density can
lead to a lighter polymer and support the advantages of polymer utilization in different
applications. The reduction in the epoxy composite could be attributed to replacing wt% of
the epoxy by a wt% of a lower density material, corn cob.

In the same figure, Figure 5, the effect of incorporating corn cob on the epoxy compos-
ites hardness is illustrated. It was evident that increasing corn cob weight fraction led to a
decrease in the hardness of the composites. The average shore-D hardness of pure epoxy
was 68. Increasing the corn cob up to 10 wt% decreased the hardness by 17.24% to reach 58
on the D-index scale. Due to the increased weight fraction of the corn cob, the density of
the composite samples decreased; as a result, a reduction in hardness might occur [34].
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Figure 5. Density and shore-D hardness of epoxy/corn cob composites.

The experimental results of the compression test of epoxy corn cob composites are
shown in Figure 6. It was noticed that increasing corn cob content contributed to the
improvement of the epoxy composites’ Young’s modulus along with the compressive
yield strength. The epoxy composite consisting of 8 wt% corn cob was the optimum one
concerning the mechanical strength. Young’s modulus and compressive yield strength en-
hancement reached 21.26% and 22.22%, respectively. The improvement in the compressive
yield strength might be due to the thorough distribution of corn cob particles inside the
epoxy matrix that helped the matrix transfer the compressive load to the corn cob powder,
which dissipated it.

 

Figure 6. Young’s modulus and compressive yield strength of epoxy/corn cob composites.

On the other hand, incorporating 10 wt% corn cob resulted in the deterioration of
Young’s modulus and the compressive yield strength. This result could be attributed to
the ease of debonding corn cob particles from the epoxy matrix because of the high corn
cob weight fraction. Consequently, the load transmission from the epoxy to the corn cob
particles failed; hence the mechanical characteristics diminished.

The variation in the friction coefficient of neat epoxy and 2–10 wt% corn cob particles-
reinforced composite under different normal loads (3–12 N) is illustrated in Figure 7.
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Figure 7 shows that the incorporation of corn cob particles in the epoxy resin decreased
the coefficient of friction with the variation in the normal loads. The results show that
8 wt% corn cob recorded the minimum friction coefficient (0.39), 35% less than that for
pure epoxy (0.6) at 3 N normal load. However, adding more particles of corn cob to reach
10 wt% increased the friction coefficient. More analysis is offered later in the current
study to understand why the friction coefficient increased when corn cob weight fraction
reached 10 wt%. On the other hand, Figure 7 showed that increasing the normal load
led to an increase in the friction coefficient. This might have happened because of the
thermal effect caused by the high normal load [35], in which the contact area may be
changed, leading to a change in the adhesion between the tested specimens and the stainless
steel disk. Chang et al. [36] proved that increasing the contact temperature increases the
friction coefficient.

Figure 7. The friction coefficient of epoxy/corn cob composites under different normal loads.

Figure 8 shows the influence of the sliding distance on the friction coefficient of
epoxy/corn cob composites. The sliding distances were varied from 120 m to 480 m under
a normal load of 12 N. Generally, the friction coefficient decreased with the increase in
the sliding distance, while 8 wt% corn cob still recorded the lowest coefficient of friction
among other composites. The decrease in the friction coefficient could be attributed to the
smoothness in the epoxy composite surface after rubbing for a long distance against the
stainless steel disk. Furthermore, Dass et al. [10] reported that after rubbing polymeric
samples for a long time, the generated heat could melt the surface of the composite.
Consequently, a thin film of the melted polymer composite is transmitted to the counterpart.
It works as a lubrication layer between the rubbed surfaces, resulting in a decrease in the
friction coefficient. To conclude, the reduction in the epoxy/corn cob coefficient of friction
stands for an enhancement in the epoxy composite load-carrying capacity due to the
existence of corn cob particles. Kuminek et al. [37] claimed that the contact stress on the
surface of rubbed samples could indicate the load-carrying capacity. Therefore, in the
current study, the pin on the disk tribometer was modeled utilizing ANSYS software, as
shown in Figure 9, and the stresses due to the frictional process were reported.
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Figure 8. Friction coefficient of epoxy/corn cob composites with different sliding distances.

Figure 9. Finite element model of the frictional process with boundary condition, meshing, and composite sample
after friction.

Figure 9 illustrates the finite element model for the frictional process. The disk was
modeled as a hollow cylinder with a stainless steel specification, and the epoxy composite
was modeled as a pin. The measured mechanical properties of composite samples and
the measured friction coefficient between the composite samples and the stainless-steel
disk were inserted into the ANSYS software. In order to measure different stresses during
the rubbing process, frictional contact was defined between the pin and the disk. Normal
Lagrange contact solution is commonly used when normal pressure is applied in the
z-direction. In addition, output results are dependent on samples stiffness. In the present
work, the normal force was solved explicitly and was added as an additional degree of
freedom applied in the z-direction with 12 N. The automatic meshing provided by ANSYS
software was utilized both the pin and the disk, as shown in the middle of Figure 9.
After the automatic meshing, the generated grids for both the pin and the disk were a
combination of tetrahedron and hexahedron shapes. The disk’s elements and nodes are
214 and 1623, respectively. The pin’s elements and nodes are 112 and 637, respectively. The
boundary conditions for the epoxy composite pin were a fixation in the x and y direction
besides a 12 N normal load on the sample surface at the z-direction. A 300 rpm speed
was applied to the rotational joint of the stainless steel disk. The stress on the surface of
the epoxy composite surfaces after the frictional process is illustrated in Figure 9. It was
evident that the motion direction generates concentrated stress on the sample edge, where
the deterioration of the sample surface may begin.
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The finite element results show the generated equivalent and shear stresses variation
due to the friction between different epoxy composite samples and the stainless steel disk,
as shown in Figure 10. It was evident that the finite element results were affected by the
mechanical properties of the fabricated composites. As the corn cob content increased,
an enhancement in the samples strength was recorded, which is reflected in the finite
element results as a decrease in both the equivalent and shear stresses. This decrease in the
contact stresses corresponds to an improvement in the load-carrying capacity that caused a
reduction in the friction coefficient [38]. Marra et al. [39] claimed that the decrease in the
shear stress between contact elements could reduce the friction coefficient.

 

Figure 10. Contact stresses on the surface of the epoxy/corn cob composites.

Figure 11, containing finite element results, shows that the change in frictional stress
generated during the rubbing process is similar to the equivalent and shear stress changes.
The contact stresses can be the main reason for the deterioration of the composite sam-
ples. Therefore, wear layer thickness was recorded during the simulation of the frictional
process. The results show that the wear layer thickness decreases with corn cob weight frac-
tion. These results could also be attributed to the enhancement in the composite strength
recorded during the evaluation of the mechanical characterization.

 

Figure 11. Frictional stress and wear layer thickness on the surface of the epoxy/corn cob composites.
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To validate the finite element results and evaluate the influence of different corn
cob weight fractions on the tribological performance of epoxy composites, the specific
wear rate of the epoxy composites under different normal loads was calculated. Figure 12
shows that incorporating corn cob particles in the epoxy resin decreased the specific wear
rate. According to the results, 8 wt% corn cob recorded the minimum specific wear rate.
Nevertheless, the extra addition of corn cob to reach 10 wt% increased the specific wear
rate. The increase in wear rate to more than 8 wt% corn cob could be attributed to the
agglomeration of corn cob particles due to high weight percent [25]. Furthermore, the high
reinforcement weight ratio and the poor interfacial bonding between the epoxy and the
corn cob particles resulted in a decrease in the wear resistance of the epoxy composite.
Thus, results indicate an agreement among the finite element results, wear layer thickness,
and the experimental results with the specific wear rate. On the other hand, increasing the
normal load led to an increase in the specific wear rate. During the rubbing process, some
abrasive particles detached from the surface of the composite samples. With high loading,
these particles were pushed against the sample surface and increased the frictional force.
The increase in the frictional force may deteriorate the sample’s surface, and, consequently,
increase the specific wear rate. Figure 13 illustrates the change in the specific wear rate of
epoxy/corn cob composites after sliding for different distances. A limited gradual decrease
in the specific wear rate was recorded for all epoxy composites.

Figure 12. The specific wear rate of epoxy/corn cob composites under different normal loads.

Figure 13. The specific wear rate of epoxy/corn cob composites with different sliding distances.
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The microscopic analysis of epoxy composites rubbed surfaces were utilized to identify
the wear mechanism during the friction process, as shown in Figure 14. The high shear
stress besides the plowing action resulted in a degradation of the rubbed surface of the pure
epoxy. Therefore, Figure 14a shows some eliminated layers and severe insensitive damage
on the pure epoxy surface. The illustrated deterioration in the epoxy surface explains
the cause of the increased specific wear rate. Furthermore, the weak separated layers
increased the shear resistance; thus, the measured friction coefficient increased [40]. The
rubbed surface depicts diversified wear mechanisms such as micro-cutting; its propagation
resulted in the debonding of some material from the epoxy sample surface. Therefore, the
primary wear mechanism could be a delamination mechanism, which usually encourages
the increase in both specific wear mechanism and the friction coefficient [41]. Incorporating
2 wt% corn cob into the epoxy matrix enhanced the epoxy composite’s thrust-bearing
capacity, leading to fewer eliminated layers with a clear plowing surface and the initiation
of microcracks, as shown in Figure 14b. However, as the corn cob content is low, still
eliminated layers of the epoxy appeared on the surface of the rubbed sample. Compared to
pure epoxy, adding 2 wt% corn cob enhanced the strength of the composite surface and
decreased the specific wear rate and the change in the wear mechanism to be a fatigue-
delamination due to the appearance of the micro cracks. The addition of 4 wt% corn
cob to the epoxy matrix led to more enhancement and the eliminated layers decreased
again, as shown in Figure 14c. In the case of 6 wt% corn cob, Figure 14d, the eliminated
layers retracted again, indicating an enhancement in the composite sample’s strength.
The rubbed surface becomes smoother with micro-plowing, as a wear mechanism, and
the clear view on the surface is the appearance of the microcracks. Figure 14e illustrates
the worn surface of the epoxy composite after adding 8 wt% corn cob. The delaminated
layers disappeared, and only some micro-cracks appeared on the surface of the composite
sample. The increase in the presence of the corn cob provided improved strength to resist
the generated thrust force on the epoxy composite surface during the friction process.
Consequently, an enhancement in the wear resistance was achieved that indicates perfect
interfacial adhesion between the corn cob particles and the epoxy, which encourages
the epoxy matrix to share generated thrust force and shear stress on the sample surface.
Therefore, an enhancement in the friction coefficient and specific wear rate was achieved
for 8 wt%. Lastly, Figure 14f shows the worn surface of epoxy composite with 10 wt% corn
cob. As mentioned before, studies proved that the high reinforcement weight ratio and the
poor interfacial bonding among the composite composition reduce the capacity of the corn
cob particles to support the epoxy surface against applied stress. Consequently, the wear
resistance decreased, resulting in a surface debonding and severe damage. Furthermore,
separated layers and particles increased plowing action, and shear stress increased the
shear resistance; thus, the measured friction coefficient increased.

Figure 14. Cont.
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Figure 14. SEM of worn epoxy composite surfaces (a) ECC0, (b) ECC2, (c) ECC4, (d) ECC6, (e) ECC8, and (f) ECC10.

4. Conclusions

In conclusion, we conducted an experimental investigation on reinforcing epoxy-based
polymer using corn cob, a natural material. The physical, mechanical, and tribological
characteristics of the fabricated epoxy/corn cob composites were evaluated at different
corn cob weight fractions, and the following conclusions are drawn:

• The results revealed that corn cob could be used as a natural reinforcement for polymer-
based composites.

• Without using an agent to enhance the bonding between the epoxy and the corn cob,
the weight fraction of the corn cob is limited to 8 wt%.

• Increasing the corn cob weight fraction to 10 wt% decreased both density and hardness
of the composite by 22.87% and 17.24%, respectively.

• For 8 wt% corn cob, Young’s modulus and compressive yield strength of the epoxy
composite reached 21.26% and 22.22%, respectively.

• For 8 wt% epoxy/corn cob, the composite recorded a frictional coefficient of 35% less
than pure epoxy, as well as enhanced wear resistance.

• The finite element results showed an enhanced load-carrying capacity due to corn
cob incorporation.

Finally, corn cob particles could be modified chemically to improve the interfacial
bond between the epoxy and corn cob particles and to reinvestigate the new compos-
ite characteristics.
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Abstract: In the effort to produce renewable and biodegradable polymers, more studies are being
undertaken to explore environmentally friendly sources to replace petroleum-based sources. The
oil palm industry is not only the biggest vegetable-oil producer from crops but also one the biggest
producers of residual oil that cannot be used for edible purposes due to its low quality. In this paper
the development of biopolymers from residual palm oil, residual palm oil with 10% jatropha oil,
and residual palm oil with 10% algae oil as additives were explored. Polyols from the different oils
were prepared by epoxydation with peroxyacetic acid and alcoholysis under the same conditions
and further reacted with poly isocyanate to form polyurethanes. Epoxidized oils, polyols and
polyurethanes were analyzed by different techniques such as TGA, DSC, DMA, FTIR and H-NMR.
Overall, although the IV of algae oil is slightly higher than that of jatropha oil, the usage of algae
oil as additive into the residual palm oil was shown to significantly increase the hard segments and
thermal stability of the bio polyurethane compared to the polymer with jatropha oil. Furthermore,
when algae oil was mixed with the residual palm oil, it was possible to identify phosphate groups in
the polyol which might enhance the fire-retardant properties of the final biopolymer.

Keywords: bio-based polyurethanes; jatropha oil; algae oil; recovered palm oil

1. Introduction

Each year around the world, a large amount of polyurethanes (PU) are produced
with a wide range of applications. Polyurethanes are highly versatile materials and can
be used for multiple purposes such as molding, foaming, packaging, elastomers, coating,
insulating, sealing etc. causing demand for them to continuously increase. In 2020, it was
reported that 24 million tons of polyurethanes (PU) were produced [1], with most of it from
petroleum-based feedstock [2,3]. Unfortunately, the instability in the cost of petroleum,
and the non-renewability and the non-biodegradability of these polymers, have urged
researchers to find other environmentally friendly alternatives.

In the past few years, several researchers have turned back their attention to the
development of biopolyurethane from vegetable oils due to straightforward processing,
biodegradability and renewability of the raw material. For example, drying oils such as
linseed oil [4] showed great performance for the production of biopolyurethane especially
for paint coating applications due to effortless epoxidation. Semi-dry oils such as soy
bean [5] and sunflower [3] was shown to produce polyurethane with similar characteristics
to petroleum-based rigid PU and non-drying oils such as cottonseed oil [6], castor oil [7]
and refined palm oil [8] have been used for the development of foams and elastomers by

431



Polymers 2021, 13, 4214

different polymerization methods with the inclusion of additives. Unfortunately, the high
cost of vegetable oils (especially from dry and semi-dry oils) and the competition with
edible purposes limit their full implementation.

Despite this, other sources of vegetable oils with less competition for food supply
can be explored as raw materials for the development of bio-polymers. In Malaysia, the
extraction of crude palm oil (CPO) from Elaeis guineensis produces massive amounts of
by-products in the form of palm pressed fiber, empty fruit bunch (EFB), palm oil mill
effluent (POME), etc. which are disposed of with a high amount of oil still within. As
an example, 1.13 tons of EFB was produced per 1 ton of crude palm oil (CPO) in 2012 [9]
with 3–12% of CPO remaining on the OPEFB [10]. The residual palm oil (RPO) showed
similar fatty acid composition to CPO but with lower oil quality due to the formation of
degradation products such as free fatty acids (FFA), peroxides, etc. [11]. Therefore, with an
annual production of some 19.14 million tons of crude palm oil in 2020 [12], the EFB itself
can yield about 2.5 million tons of residual oil if fully recovered. Since this residual oil is
not fit for consumption due to the degradation products, its utilization to other non-food
products such as bio-polyurethane has potential economic and environmental benefits.

Nevertheless, the low degree of unsaturation in RPO impede the direct usage of this
material for the development of polymers. To achieve a good degree of polymerization,
the vegetable oil requires a high degree of unsaturation which is measured by the iodine
absorption per 100 g of oil, and this value is named iodine value (IV). The functionality
and the degree of unsaturation of the resulting polyol are linked and showed to have a
significant effect on the mechanical properties and stability of the resulting polymer [2].
Polyols with low functionality and high molecular weight such as from palm oil (function-
ality of 1.7) produce soft and more fragile polymers due to relatively lesser crosslinking in
the polymeric matrix [13]. This limits it uses and hampers its full implementation. Several
studies have been undertaken on converting palm oil to polyol and polyurethane using
technique such as epoxidation [14,15], transesterification [16] and polycondensation [17].
However, in all these studies the final polyurethane is a mixture between petrochemical
polyol and palm oil polyol which is required in order to achieve the desired strength and
thermal properties. This will ultimately affect the biodegradation properties of the final
polymer. Tanaka et al. [18] produced rigid polyurethanes from palm oil by glycerolysis
followed by hydrolysis. They converted the triglycerides (TG) in the crude palm oil into
mono-glycerides using glycerol and alcohol at high temperature. This process showed to
significantly increase the functionality of the polyol by adding two hydroxyl groups instead
of the untreated CPO with functionality only in the fatty acid chains in the first/second or
first/third position of the TG. The final polyurethane is produced by reacting the hydroxy-
lated oil with polyethylene glycol (PEG) or diethylene glycol (DEG) and polyisocyanate
(MDI). Hence, the addition of a significant amount of petrochemical compound (PEG/DEG)
is needed to produce polyurethane with acceptable mechanical properties.

Cardeño et al. [13] compared the thermal stability of alkyd resins produced from
refined, bleached and deodorized soy bean oil (RBD-SBO) and mixtures of RBD-SBO-
recovered frying oils, palm oil and castor oil. Their research showed that the highest
thermal stability was from the mixture RBD-SBO/castor oil (70/30) followed by RBD-
SBO/frying oil and RBD-SBO/palm oil. Therefore, palm oil with a low a degree of
unsaturation can be blended with oils of a very high degree of unsaturation, ideally from
non-food sources, to increase the functionality of the oil mix. jatropha oil and algae oil are
suitable candidates for such purpose.

Jatropha oil is a non-edible, highly unsaturated oil mainly from C18:1 and C18:2 fatty
acids and has been utilized for the development of biopolymers. Moreover, the oil from
Jatropha curcas has been used for the production of polymeric adhesives not only because
of the high unsaturation but also because of the high content of gums that can enhance
adhesive properties [19]. Algae oil is another less explored renewable source that has
shown potential to be used for the development of PU [20]. With the increasing usage of
microalgae technology for the capture and reduction of CO2 emission, a huge amount of
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non-edible algae waste can be utilized for the production of biopolymers [21]. Algae oil
contains a high degree of unsaturation (60–80% unsaturated fatty acids) basically from
palmitoleic fatty acids (~37%, C16:1), oleic acid (~11.2%, C18:1) and linoleic acid (~40%,
C18:2) [22]. Also, algae oil contains long polyunsaturated carbon chains (C22:3, C25:3) that
add variation to the length of elastically active network chains and dangling chains in the
polymer network to produce polyurethanes foams with similar thermal properties to foams
from commercial petroleum polyols [23]. Roesle et al. [24] showed that oil from the diatom
Phaeodactylum tricornutum has diglyceride structure with phosphate end-groups which
can significantly enhance the thermal characteristics of the final biopolymer. However,
the composition of algae oil vastly differs between species and growth condition. This
variation can greatly affect the final mechanical and thermal properties of the polyurethane.

Therefore, our research focuses on the development of biodegradable polyurethanes
from residual palm oil (RPO) with two highly unsaturated vegetable oils such as algae oil
(AO) from Chlorella vulgaris and jatropha oil (JO) from Jatropha curcas as additive to produce
polyurethanes. To the best of our knowledge, there is very limited study in the literature
that explore the development of PU from recovered oil from palm oil waste such as empty
fruit bunch and POME sludge. Residual palm oil has a different fatty acid composition,
mono and diglyceride and free fatty acid contents from refined palm oil which may result
in different macromolecular configuration after polymerization. Hence, this study aims to
develop PU from RPO and compared that to the PU of RPO mixed with JO and AO. Since
both JO and AO are highly unsaturated oils with a similar degree of unsaturation but with
different composition and fatty acid structure, its effect on the thermal characteristic of the
resulting polyurethane is evaluated.

2. Materials and Methods

2.1. Materials

RPO was recovered from palm oil mill effluent (POME) collected from the last sludge
pit at Felda Sungai Tengi Palm Oil Mill located in Perak, Malaysia. AO was manually
extracted from the dry algae powder of the species Chlorella vulgaris purchased from
Purebulk (Los Angeles, California, CA, USA). JO was provided by Biofuel Bionas Sdn
Bhd, Kuala Lumpur, Malaysia. Formic acid 98% was supplied by Friendemann Schimdt
chemicals (Kuala Lumpur, Malaysia). Hydrogen peroxide 50% was purchased from R&M
Chemicals (Selangor, Malaysia). Other chemical such as methanol reagent, hydrogen
bromide, chlorobenzene, acetone, potassium hydrogen phthalate, phthalic anhydride,
pyridine, sodium hydroxide and potassium hydroxide were reagent grade chemicals,
locally purchased and used as received.

2.2. Oil Recovery

RPO was recovered from POME by removing water and suspended solids using a
centrifuge at 7000 rpm (Centrifuge 5804, Enfield, CT, USA). The purified RPO was carefully
collected from the upper layer using a pipette and was kept in the fridge at 5 ◦C for
further usage. Dry algae powder was mixed with hexane (1:2) and homogenized using a
homogenizer (Ultra turrax T25, IKA, Guangzhou, China) at 11,000 rpm for 10 min. After
this, the mix was cooled down in an ice bath and was submitted to sonication for 10 min
using a sonicator (Fisher Scientific, Waltham, MA, USA). The mixture of AO and hexane
was separated from the solids by centrifugation at 7000 rpm for 10 min and the AO was
recovered using a rotary evaporator (IKA RV10 Digital V, Guangzhou, China) at 50 ◦C
and 150 mm of H2O. Finally, the process was repeated three more times to recover most of
the AO.

2.3. Epoxidation of the Oils

Epoxidized oils were prepared from pure RPO, 90 wt% RPO and 10 wt% JO and
90 wt% RPO and 10 wt% AO by in-situ epoxidation with peroxyformic acid and sulphuric
acid in a molar ratio of 0.2:0.8:2.0:0.1 (double bound: organic acid: hydrogen peroxide:
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catalyst) according to Dinda et al. [6]. The calculated amount of organic acid was added
to 20 g of oil with specific amount of catalyst and the mixture was kept at a constant
temperature of 40 ◦C with continuous stirring. The corresponding quantity of hydrogen
peroxide was added drop wise to the mixture in order to prevent high temperature increase
due to the exothermic reaction. Once the addition of hydrogen peroxide was completed,
the temperature was increased to 65 ◦C and the reaction was carried out for 6 h. During
this time, the formation of epoxy rings was monitored and recorded by measuring the
OOC%. The final epoxidized oil was cooled down at room temperature and was washed
using petroleum ether and distilled water. The solvent was removed from the epoxidized
oil using a rotary evaporator at 50 ◦C and 180 mm of H2O.

2.4. Hydroxylation of the Mixture

The hydroxylation was carried out by ring opening of the epoxidized oils in the
presence of methanol, water and catalyst according to Hazmi et al. [25]. Approximately
10–20 g of epoxidized vegetable oil was placed into a 100 mL three-neck flask equipped
with a magnetic stirrer, a thermometer and a reflux condenser. The mixture was heated
to 65 ◦C with constant stirring and was left to react for 2 h. After this, the mixture was
transferred into a 250 mL separation funnel and was carefully washed with petroleum
ether and distilled water in order to remove unreacted catalyst. Finally, the excess of water,
alcohol and solvent were removed by the rotary evaporator for approximately 3–4 h. The
resulting hydroxyl value and acid value of the polyols were measured and the polyols
were also analyzed using FTIR and NMR.

2.5. Preparation of Vegetable Oil Polyurethanes

MDI (4,4′-methylene diphenyl diisocyanate) was used to prepare polyurethane for
different polyols by one shot method. The molar ratio of OH group to isocyanate (NCO)
was established at 1:1.6 according to the following equation:

r =

W polyol
EWpolyol

(WPu−Wpolyol)
EWIsocyanate

where, Wpolyol is the weight of the polyol, EWpolyol is the equivalent weight of the polyol,
WPU the weight of the produced polyurethane and EWIsocyanate is the equivalent weight of
the isocyanate which is 125 g/mol as supplied. The equivalent weight of the polyol was
calculated as:

EW polyol =
56.1 × 1000

Acid number
(

mg KOH
g

)
The calculated amount of polyol was manually mixed at room temperature with MDI

and molded into glass Petri dishes, no catalyst or other chemical was used. Afterwards,
the mixture of polyol/isocyanate was left to be moisture-cured overnight in a vacuum
desiccator. Finally, the polyurethane was removed and kept in a desiccator container for
further analysis. This procedure was applied for all polyols (RPO, RPO + 10%JO and
RPO + 10%AO).

2.6. Analytical Procedures

The oxirane oxygen content was measured throughout the reaction time according to
AOCS official method Cd 9-57, using potassium hydrogen phthalate instead of potassium
acid phthalate. Hydroxyl value (OHv) was carried out following ASTM D 4274 99 method
C-reflux phthalation and titrated with NaOH solution until reaching a persisting light pink
end point. The acid measurement of the vegetable polyols was determined by the MPOB
method p2.5: 2004 [26] with potassium hydroxide. Finally, phospholipids from the oils
(RPO, AO, CPO) and RPO(AO) polyol were recovered according to Goh et al. [27] using
methanol and purified with acid-treated fluorisin. The quantification of phospholipids was
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conducted using a spectrophotometer at 820 nm according to Vaskovsky et al. [28] with
modified Zinzadze’s reagent.

2.7. Spectroscopy Analysis

The FTIR spectra was carried out using the Perkin-Elmer-spectrum with KBr plate
attachment and the analysis was conducted from 4000–500 cm−1. 1H NMR was performed
using an NMR spectrometer (Perkin-Elmer, LA, CA, USA) and the results were recorded at
400 MHz using JEOL Delta.

2.8. Gas Chromatography

Three oil samples from RPO, AO and JO were converted into the corresponding methyl
esters according to the Ce 2-66 method [29], the preparation of methyl esters of fatty acids,
using boron trifluoride. Then, the fatty acid composition was analyzed according to the Ce
1-62 method [30], fatty acid composition by gas chromatography, and the identification of
fatty acids was undertaken using two standards from algae oil poly unsaturated fatty acid
methyl ester (PUFAs) (Supelco, PA, USA) and algae oil fatty acid methyl esters (FAMEs)
(Restek, PA, USA). The gas chromatography was carried out using GC-FID (Shimadzu,
2010-FID, Tokyo, Japan) and column BP-20 (SGE, Fisher Scientific, Waltham, MA, USA)
with nitrogen as the carrier gas.

2.9. Morphological Analysis

The morphological analysis of the surface of different polyurethanes produced was
conducted by scanning electron microscopy (SEM) (d4300, Hitachi, Tokyo, Japan) at 100
and 500 μm magnification.

2.10. Thermal Analysis of Polyurethanes

The thermal degradation of the polyurethane was verified using TGA Perkin Elmer
Pyris TGA thermal analyser. Approximately, 10 mg of sample was placed into 70 μL
sample holder and heated from 30 ◦C up to 800 ◦C at a heating rate of 10 ◦C/min under
nitrogen gas flow rate (20 mL/min). DSC was undertaken using Perkin Elmer Pyris DSC
thermal analyser according to ASTM E3418-03 as follows: heated from 25 ◦C to 120 ◦C at a
heating rate of 10 ◦C/min, cooled to −40 ◦C at 5 ◦C/min, and heated again up to 120 ◦C
at 10 C/min under nitrogen N2. Dynamic mechanical analysis (DMA) was carried out on
DMA Q800 V20.24 with liquid nitrogen. DMA analysis was conducted according to ASTM
D5062-01 standard practice. The sample of 10 × 30 × 1 mm3 was initially cooled to 100 ◦C
and ramped to 140 ◦C at a rate of 5 ◦C/min and 1 Hz.

3. Results and Discussion

3.1. Characterization of the Vegetable Oils, Epoxidized Oils and Polyols

The free fatty acid (FFA) contents (%) of the RPO, JO and AO are 11.21–12.57, 2.12–2.23
and 11.85–11.91 respectively while the acid values based on palmitic acid (mg KOH/g) are
46.44–48.89, 12.4–12.75 and 46.46–48.83 respectively. The recovered palm oil has a higher
FFA content compared to crude palm oil or refined palm oil which is usually below 5%
and 0.1%, respectively [31]. This is obviously due to the hydrolysis and degradation of the
recovered oil after exposure to the environment. On the other hand, algae oil also contain
naturally high amount of FFA. The iodine value (I2/100 g) of the oils are 43.15–45.26,
103.62–103.69 and 116.52–118.80 for RPO, JO and AO, respectively. In comparison, the
iodine values of refined palm oil is higher at around 56 due to the removal of the saturated
fraction during refining [16]. The iodine values for JO were similar to results previously
reported from similar oil [19]. On the other hand, The IV value for AO reported here is
higher than that reported by Petrovic et al. (85 I2/100 g) due to the different species of
algae used [32].

The fatty acids composition from the three oils used are shown in Table 1. The highest
amount of unsaturated fatty acids is from AO (81.9%) followed by JO (78.91%) and RPO
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(47.3%). This is in agreement with the IV values stated above. However, although algae
oil content of unsaturated fatty acids is only slightly higher than that of JO, AO consists
of mainly polyunsaturated fatty acids (76.9%) from C18:2, C20:5 and C22:6 whereas JO
contains only 33.29% polyunsaturated fatty acids mainly from C18:2 The highest content of
mono unsaturated fatty acids was found in the JO with more than 45.62% from oleic acid
(C18:1); for AO there is a low amount of mono unsaturated fatty acids with approximately
4.99% mostly from oleic and palmitoleic acid. Hence, the difference in the number of double
bonds in a fatty acid backbone can affect the length of the dangling chain in the resulting
polyurethane which consequently will affect the mechanical and thermal properties.

Table 1. Fatty acid profile of residual palm oil (RPO), jatropha oil (JO) and algae oil (AO) obtained from gas chromatography.

Compound Compound Name
Fatty Acid (%)

RPO JO AO

Saturated
C14:0 Methyl myristate 2.18 0.10 1.37
C16:0 Methyl Palmitate 46.62 13.54 16.73
C18:0 Methyl sterate 3.90 7.45 -

Mono unsaturated
C14:1 Methyl myristoleate - - 0.88
C16:1 Methyl Palmitoleate - 0.69 1.95

Polyunsaturated

C18:1n9 Methyl oleate 37.93 44.93 -
C22:1n9 Methyl erucate - - 2.16
C18:2n6 Methyl linoleate 9.37 33.29 21.05
C20:5n3 Methyl eicosapentaenoate - - 52.57
C22:6n3 Methyl docosahexaenoate - - 3.28

The fatty acid profile of algae oil also differs greatly for different species and different
growing conditions [33]. The oil from Chlorella vulgaris contains a much longer hydro-
carbon chain (C20:5) with five double bonds in its backbone. In comparison, algae oil
from another Chlorella species reported by Pawar et al. [20] contains predominantly C18
hydrocarbon (64%) with one double bond (C18:1). Hence, there is a great variation in the
chemical structure of the algae triglyceride which is known to impact the properties of the
resulting polyurethane.

3.2. Analysis of Phospholipids

Table 2 shows the results obtained from the detection of phospholipids in RPO, AO, JO
and RPO(AO) polyol. AO contains a very high concentration of phospholipids compared to
JO and RPO. According to Gurr and Brawn [34], phosphate in AO from Chlorella vulgaris is
mostly presence in the form of phosphatidyl choline from the diglycerides of C16:0, C18:1,
C18:2 and C:18:3 fatty acids, which are the main reactive groups during polymerization. The
addition of algae oil containing a high amount of phosphate as additive can significantly
increase the thermal stability and fire-retardant properties of the final biopolymer as
explained by Lewis A. [35]. However, it is apparent that the concentration of phospholipids
in the polyol from RPO(AO) is significantly reduced from the original content in the AO.
This reduction could be due to the formation of water-phospholipid emulsion during
washing after epoxidation and hydroxylation process. The low content of phospholipids in
JO and RPO indicates that only a small concentration of phospholipids will end up in the
polyols and the final PU from JO and RPO.

The phospholipid content found in this study was, however, lower than that found in
literatures. Nichols B. [36] showed that algae oil from Chlorella vulgaris contains around
30% w/w of phospholipid from diglycerides of phosphatidyl choline and phosphatidyl
ethanolamine among others under normal light growing conditions. Similarly, Rao
et al. [37] found that jatropha oil seeds contain approximately 1.4 wt% of phospholipids
which is significantly higher than the value found in this study. This is possibly due to the
extraction method used in this study in which hexane was used as the solvent to recover
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the maximum amount of oil. As hexane is a highly non-polar solvent, it is expected that
less phospholipid will be extracted compared to using other more polar solvents used in
the studies mentioned above [36,37].

Table 2. Phospholipid content in different oil samples and RPO(AO) polyol.

Sample Sample (g) λ 820 nm ppm

AO 1.009 1.709 ± 0.16 6237 ± 582
JO 0.909 0.518 ± 0.13 92.51 ± 17

RPO 1.015 0.812 ± 0.01 98.18 ± 0.19
RPO(AO) polyol 1.005 1.832 ± 0.35 235.7 ± 42.37

3.3. H1 Nuclear Magnetic Resonance (NMR) Spectra of the Vegetable Oils

The proton (H1) spectrum of the RPO, AO and JO are shown in Figure 1 and the peaks
assignation is shown in Table 3. The analysis of the signals was conducted according to
Gustone F. [38], Hatzakis et al. [39] and Aung et al. [19]. Several similarities are shown
in the structure of the different oils which are basically constituted of glyceride bone
and acyl chains (i.e., fatty acid chains) with different unsaturation degrees. For example,
in the spectrum of JO the strongest peak corresponds to alkenyl group (signal No. 1).
However, in AO the peak found for double allycil groups (signal No. 2) is higher than
signal No1. For AO, strong peaks were found in high amount between δ = 3.3 to 4
which are distinctive peaks from the hydrogen-choline compounds found in vegetable oil
phospholipids. Unfortunately, the separation in this range was not completed because of
the low solubility of phospholipid compounds with the solvent used during the analysis
(i.e., chloroform). According to Hatzakis et al. [39], the peak found at 3.8 corresponds to
protons on the fatty acyl chain of phosphtidylcholine (PC) and the peak found at 8.4 is
related to the +NH3 group from phosphtidylethanolamine (PDA). Hence, the H1 NMR for
the different oils is in agreement with the analytical procedure described above in which
the highest concentration of phospholipids was found in AO and zero to low amounts in
RPO and JO.

Table 3. Signal number, hydrogen assignation and group of oils by H1 NMR.

Signal Proton δ Assignation of Hydrogen Atoms

1 (-CH=CH-) 5.33 All alkenyl
2 (=CHCH2CH=) 2.81 doubly allylic
3 –CH2CH2COOCH3 2.28 Acyl chains
4 CH2CH=CHCH2- 2.03 Allylic chains
5 (CH2)n 1.28 Acyl chains
6 CH2 CH2 CH2 –CH3 1.58/0.8 Acyl chains excluding linolenyl
7 CH2 –OCOR 4.12/4.31/4.41/5.20 Glycerol
A CH2 –OP(O)2O 3.94 Glycerol/Choline
B CH2 –N(CH3)3 3.81 Choline
C -N(CH3)3 3.36 Choline
D CH2 –+NH3 8.4 Anolamine

3.4. Oxirane Oxygen Content (OOC%)

The analysis of OOC% of RPO, RPO(JO) and RPO(AO) during the epoxidation process
is presented in Figure 2. The graph shows the increment of epoxy groups after the inclusion
of oxygen into the unsaturated bond of the different oils. The process continued until the
maximum OOC was achieved and it was followed by ring opening of the cyclic ethylene
oxide which led to reduction in OOC. The epoxidize RPO (ERPO) without additive showed
the lowest speed of reaction, the shortest time to reach maximum OOC, and the lowest
maximum OOC. This might be due to the low degree of unsaturation of the RPO. However,
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the addition of 10% AO and JO to the RPO significantly increase the OOC value as well as
the reaction time.
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Figure 1. H1 nuclear magnetic resonance (NMR) spectrum of RPO (I), AO (II) and JO (III).
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Figure 2. Analysis of OOC (oxirane oxygen content) during epoxidation of RPO, RPO + 10%JO and
RPO + 10%AO.

Table 4 shows the characterization of residual palm-based epoxy and polyols with
and without additive. Based on the result, the addition of only 10% AO and JO as additive
increases approximately 40% and 30% the OOC of epoxidized RPO(AO) [ERPO(AO)] and
epoxidized RPO(JO) [ERPO(JO)] compared to epoxidized pure RPO (ERPO), respectively.
However, the maximum OOC values obtained in this study are lower compared to the
theoretical OOC calculated using the IV value of each oil according to Hazmi et al. [25].
All the samples have similar oxirane conversion with a yield of 60 to 70% OOC. Finally,
the value of IV in the epoxidized samples indicated that the epoxidation process was
incomplete and that a certain number of ethilenic groups did not react and optimization of
the reaction is required.

Table 4. Properties of the epoxidized residual palm oil (RPO), RPO with 10% algae oil (AO) and RPO with 10% jatropha oil
(JO). 1 Value calculated according to Hazmi et al. [25].

Property
Epoxidized

RPO RPO(JO) RPO(AO)

- - -
OOC_max, (%) 1.65 ± 0.11 2.33 ± 0.04 2.745 ± 0.23

Acid Value (mg KOH/g) 29.395 ± 0.47 6.46 ± 0.7 12.2 ± 1.14
IV,% per mole 17.6 ± 0.25 11.05 ± 0.28 12.43 ± 0.11

OOC Max. Theoretical 1 2.71 ± 0.06 3.53 ± 0.02 3.975 ± 0.35

hydroxylated

Hydroxyl value (mg KOH per gram) 78.525 ± 1.29 131.34 ± 2.68 152.06 ± 0.56
Equivalent weight 60.75 ± 0.5 60.92 ± 0.4 62.40 ± 0.02

In addition, the acid value from the ERPO(AO) was shown to be higher than the
ERPO(JO). Naturally, AO contains high acid value which can interfere with the polymeriza-
tion due to the reaction with (N) isocyanate instead of the OH form polyol. Nevertheless,
this might be minimized due to the high OH obtained from the polyunsaturated AO. Fi-
nally, the value of OH obtained from RPO was higher than values reported from untreated
crude palm oil CPO (50 mg KOH/g), but, it is lower than the value reported for refined,
bleached and deodorized (RBD) palm olein which was found to be 110 mg KOH/g [40].
The OH value of RPO(AO) polyol is almost double that of RPO polyol again showing that
the addition of 10% algae oil increases the hydroxyl value of the polyol significantly.
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3.5. Fourier Transform Infrared (FTIR) Analysis of Different Polyols

FTIR of the epoxidized oils after hydroxylation is presented in Figure 3 and the FTIR
analysis was reported according to Aung et al. [19]. The formation of polyol for all the oil
samples was corroborated with the characteristic hydroxyl band observed at 3475 cm−1. It
was found that the hydroxyl peak obtained from RPO(AO) was the highest which confirms
the result of hydroxyl values in Table 3. The vibrations attributed to CH2 bending, -CH
bends, and CH2, were found at 1464, 1407 and 1311 cm−1 absorption bands, respectively
and could be attributed to the fatty acid chains of the triglycerides. It was found that the
RPO(AO) polyol showed the highest area at these bands followed by RPO(JO) and RPO.
This can be due to the longer fatty acid chains’ present in AO (i.e., fatty acids from C22 and
C25). In addition, characteristic bands of the hydroxyl and carbonyl groups were found in
the 3373 and 1750 cm−1 region. Finally, no apparent peak from ethylenic bonds was found
at 1630–1640 cm−1 which might indicate that remaining double bonds could be opened
during polyol reaction due to high temperature used. (e.g., 90 ◦C) (Lai et al., 2013).

Figure 3. Hydroxylation of RPO, RPO + 10%JO and RPO + 10%AO polyols is described by Fourier transform infrared
(FTIR) spectra.

3.6. H1 NMR Analysis of RPO(AO) Polyol Formation

The hydroxylation of RPO(AO) oils was corroborated by H1 NMR. Figure 4, shows
the pathway of RPO(AO) to epoxidized oil and to hydroxylated polyol, analyzed by NMR
spectra. The identification of phosphate, unsaturated, epoxy and hydroxyl groups are
highlighted with less attention to other groups shown previously. As mentioned before,
the structure of the different oils before processing is similar however, AO can provide
phosphate groups to the final polyol and to the subsequent polyurethane. During the
epoxidation and hydroxylation of the oils it is possible to identify the formation of epoxy
rings at 4.3 ppm (Figure 4B) and hydroxyl carbon at 3.65 ppm (Figure 4C) which is in
accordance with previous reported analysis [19]. However, in all the NMR shown it is
possible to identify one small peak at δ = 5.33 of alkenyl unsaturation which indicates that
the epoxidation was not complete as shown in the analysis of IV (This peak was not clear
in the FTIR analysis of the RPO(AO) polyol). Finally, the protons of phosphate groups were
found in the final polyol from RPO(AO) which agrees with the analysis above.
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Figure 4. Pathway of the hydroxylation of RPO(AO) analyzed by H1 NMR showing the oil RPO(AO)
(A), the epoxidized RPO(AO) (B) and RPO(AO) polyol (C).

A polyurethane linkage is created by reacting the poly isocyanate group, -N=C=O,
with the hydroxyl (-OH) group in the polyalcohol (polyol) in the presence of a catalyst
(Scheme 1) [41]. Hence, when more hydroxyl groups are presented in the polyol more
linkages will be obtained in the polymer. Furthermore, the hydroxyl number of the polyols
has a linear effects on crosslinking density of the poly-urethanes, expressed as the number of
elastically active network chains per unit volume, and inversely proportional to the average
molecular weight between crosslinks which resulted in better mechanical properties [4].

 
 

Scheme 1. Urethane linkage.

3.6.1. Spectroscopy Analysis of Polyurethanes (FTIR)

The produced polyurethanes (PU) were analyzed by FTIR spectroscopy to iden-
tify their structure and the respective polymerization. Three different PU from RPO,
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RPO + 10%AO and RPO + 10%JO were prepared, analyzed by FTIR according to Velencoso
et al. [42] and the results are shown in Figure 5. The stretching vibrations at 3325 cm−1 were
identified as characteristic bands of N–H from the urethanes linkages. The PU from RPO
with AO as additive showed the highest intensity compared to other PU. This indicates that
a higher urethane linkage was obtained with AO at the same NCO:OH ratio. The unreacted
NCO compounds were identified at 2290 cm−1 and shown to be similar in the three sam-
ples. Stretches at 2920 and 2853 were found for the C–H methane group as asymmetric and
symmetric. The large difference between the peaks in the 3325 and 2920 region indicates
that the three consist mostly of semi rigid and soft PU rather than hard sections. In ad-
dition, according to Zhang et al. [43] the stretching vibration at 1029 cm−1 indicates the
presence of P–O–C symmetric bending vibration. This peak is clearly present in PU from
RPO(AO) which can be attributed to the presence of phospholipid in the AO. No peak in
the bands for the OH group (3400 cm−1) was found which indicates that all the available
OH groups reacted with the MDI to form the PU. Also, no stretch corresponding to urea
bands (1628–1690 cm−1) was found.

Figure 5. FTIR spectra of the polyurethanes produced by RPO, RPO + 10%JO and RPO + 10%AO
polyol with isocyanate.

3.6.2. Morphological Analysis

The surface of the polyurethane obtained from hydroxylated RPO, RPO + 10%JO
and RPO + 10%AO was scanned by using SEM (d4300, Hitachi, Japan) and the results are
shown in Figure 6. The surface of the polyurethane obtained from RPO (Figure 6a) showed
an amorphous growing of several spike shapes without specific orientation (Figure 6d).
The formation of amorphous spike shapes caused cracks which weaken the polymer [44].
On the other hand, the addition of polyunsaturated oil such as JO (Figure 6b) to the
original RPO significantly reduced the formation of spike shapes with better orientation. A
smoother surface was obtained when the RPO was blended with 10% AO (Figure 6c).
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Figure 6. Surface of the polyurethanes using scanning electron microscopy (SEM, 5.0 KV:500 μm magnification) obtained
from the polyols of (a) RPO (b) RPO + 10JO (c) RPO + 10%AO and (d) RPO with SEM (5.0 KV:100 μm magnification).

3.7. Polymer Thermal Analysis
3.7.1. Differential Scanning Calorimeter (DSC)

Figure 7 shows the analysis of DSC of the different polyurethanes synthesized while
Table 5 summarizes the values obtained for Tg1 and Tg2 for the soft segment and hard
segment of the different PU produced. The change of slope on the DSC shows that there
is one glass transition temperature Tg1 for soft segments and one Tg2 for hard segments
without melting peak, indicating that the samples have an amorphous structure [45]. The
lowest Tg1 was obtained from RPO(AO) at −33.3 ◦C, followed by RPO(JO) at −25.8 ◦C
and RPO at around −25.6 ◦C. All samples exhibit similar Tg1 because of the similar main
source used (i.e., palm oil) and are similar to other palm-based bio polymers developed by
other researchers (e.g., −33 to −15 ◦C) [46]. However, RPO(AO) exhibit slightly lower Tg1
possibly due to the longer fatty acid chains that have higher mobility at lower temperature.

Figure 7. Differential scanning calorimetry (DSC) curve of polyurethanes from vegetable oils.
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The negative values of Tg1 suggest that all the PUs are dominant in flexible segments
provided by the long fatty acid chains of the vegetable oils. When AO is added to the
RPO as additive, this might add flexibility, increase elongation at break and resistance to
scratching to the final PU. In addition, the lower value of Tg1 from RPO(AO) can also be
related to the inclusion of phosphate groups in final PU. Wu et al. [47] compared the Tg
obtained from different PU before and after the addition of tris(chloroisopropyl) phosphate
(TCPP) as a flame retardant plasticizer. They obtained significant reduction of Tg per
percentage of TCPP added as plasticizer due to the swelling of the PU structure, effect of
the phosphate group and dilution of aromaticity (i.e., reaction with NCO).

Table 5. Glass transition temperature (Tg1 and Tg2) obtained under and over 0 ◦C, respectively, from
residual palm oil (RPO); RPO with 10% algae oil RPO(AO); RPO with 10% jatropha oil RPO(JO);
compared with jatropha oil (JO) reported by Saalah, S. (2016) [48] a.

Sample Tg1 Tg2

RPO −25.6 27.8
RPO(JO) −25.8 35.3
RPO(AO) −33.3 37.5

JO a −11.45 -

The effect of hard segments in the sample and the relation with Tg2 can be correlated
with the increasing of the OH number in the polyol. All the samples exhibited hard
segments due to the crosslinking with urethane groups. However, the high OH value
found in the AO leads to the production of more hard segments between the polyol and
the isocyanate which restricted the chain mobility and increased Tg2.

3.7.2. Thermo Gravimetrical Analysis (TGA)

The degradation of the PUs with temperature was analyzed using TGA and the results
are shown in Figure 8. The first degradation (TD1) is associated with the loss of moisture
content and suggests that the degradation of PU from RPO(AO) is slightly faster compared
to other PUs due to possible water emulsion trapped in the phospholipid groups. The
second onset of degradation of the PU (TD2) from all samples started at 250 to 300 ◦C
which is associated with the hard segments on the PU [20]. It can be seen that the PU from
RPO degrades much faster possibly due to higher saturation and less urethane linkage that
is formed [13] and possible free isocyanate [49]. PU from RPO/JO and RPO/AO degrades
at a similar rate during this stage. The third degradation stage (TD3) started at 350 ◦C
for RPO and at 420 ◦C for RPO(AO) and RPO(JO). At this stage, the decomposition of
the polyol soft segment occurred. The degradation rate and the percentage of weight loss
of RPO(AO) is the slowest which could be due to longer fatty acid chains of AO that are
squeezed out of the PU matrix during curing and the phosphate plasticizer in the AO.
Hence, the usage of AO as additive was shown to significantly improve the stability of the
polymer at high temperature.

Table 6 shows the degradation at 5%, 10% weight loss ratio and max residual amount
of material remaining after the thermal decomposition versus the temperature measured.
The initial stage of degradation (i.e., 5% weight loss) occurred at a higher temperature for
the sample with RPO compared with the other polymers possibly due to less phospholipid
concentration. As mentioned before, the phospholipids might have created water-oil
emulsions during the epoxidation process trapped inside the polymer and not removed
during the drying process of the samples. The next 10 percentage weight loss show the
highest temperature for the sample with JO followed by the sample with AO, which
correlates with a higher degree of polymerization when compared to RPO. Finally, the
three samples flatten the curve of weight loss (Final weight) at different temperatures
and with different sample char residual. The sample with AO presented the highest char
residual with 20.96% possibly due to the highest concentration of phosphatide presented
in the AO.
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Figure 8. Overlay of thermogravimetric analysis (TGA) curves of the palm-based bio-polyurethanes produced.

Table 6. The 5, 10 and max percentage of weight loss versus temperatures for the samples with RPO,
RPO(JO) and RPO(AO).

Weight Loss (%)
Temperature (◦C)

RPO RPO(JO) RPO(AO)

5 261.33 239.54 234.10
10 288.02 312.05 305.56

max 516.23 550.34 669.53

Sample residual (%) 16.11 18.53 20.96

3.7.3. Dynamic Mechanical Analyzer (DMA)

DMA was conducted to analyze the mechanical and viscoelastic behavior of the three
different materials under thermodynamic changes. Figure 9, depicts the dependence of
the loss factor and the storage modulus (i.e., tan delta) with temperature. The continuous
increment of tan delta might be due to accretion of the molecular chain mobility that soften
the polymer at an elevated temperature.

δ

Figure 9. Variation of Tan d versus temperature for the different polymers.
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The delta modulus (tan δ) has an inverse proportion with the OH number across the
temperature range. Initially, the polymer developed with RPO(AO) showed the lowest tan
δ value and that developed from RPO showed the highest. The lesser height of the delta
peaks is associated with the crosslinking arising from the strong covalent bonds between
the high functionality polyol and the hard segment component, which restrict the mobility
of the dangling chains [50]. After the temperature of 67 ◦C the tan δ of the polymer from
RPO(AO) increased significantly while the polymer from RPO(JO) displayed the lowest
values. The restriction in the molecular mobility of the RPO(JO) due to stronger urethane
linkages in the network under stress might increase the wear resistance of the PU. Hence,
RPO(JO) can provide a better PU for coating application when compared to RPO and
RPO(AO) [48].

4. Conclusions

Polyester polyols and polyurethane were prepared from recovered palm oil, recovered
palm oil with 10% jatropha oil, and recovered palm oil with 10% algae oil as additive.
The polymerizations were conducted via one pot epoxidation and hydrolysis followed by
isocyanation of the hydroxyl groups (-OH). The characterization of the oils, epoxidized oil
and polyols was conducted and the results were compared among the different samples.
Residual palm oil has a much lower IV number than that of refined palm oil but a higher
FFA content. Algae oil, on the other hand, has a slightly higher IV value than jatropha, but it
contains predominantly C20:5 fatty acid chain which is longer and with much higher double
bonds than jatropha which is predominantly C18:1. Algae oil also contains much higher
phospholipid content and the phosphate groups are found to be in the polyol and the final
polyurethane. The addition of 10% algae oil to RPO almost doubled the hydroxyl of value of
the polyol compared to pure RPO polyol The thermal properties of the final polyurethanes
were analyzed by different techniques and the results were compared. We found that
the addition of polyunsaturated oil as additive into the highly saturated recovered palm
oil significantly enhanced the thermal properties of the final polymer. Moreover, the
polymer developed with algae oil as additive showed a higher thermal stability than
that of jatropha oil due to the higher crosslinking from the polyunsaturated fatty acid
chain and the inclusion of phosphate groups. Differential scanning calorimetry showed
significant increment of Tg for the hard segment and a lower Tg for the soft segments of the
polyurethanes produced with RPO(AO). Finally, the usage of, non-edible, biodegradable
and renewable recovered palm oil with jatropha oil and algae oil as additive has a high
potential for the production of environmentally friendly bio-based polyurethanes.
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Abstract: The use of cement as a soil stabilization agent is one of the common solutions to enhancing
the engineering properties of soil. However, the impact and cost of using cement have raised
environmental concerns, generating much interest in the search for alternative materials to reduce
the use of cement as a stabilizing agent in soil treatment. This study looked into limiting cement
content in peat soil stabilization by using fly ash waste and polypropylene fiber (PPF). It focused on
soil mechanical mediation for stabilization of peat with fly ash cement and PPF cement by comparing
the mechanical properties, using unconfined compressive strength (UCS) and California bearing
ratio (CBR) tests. The control (untreated) peat specimen and specimens with either fly ash (10%,
20% and 30%) and PPF (0.1%, 0.15% and 0.2%) were studied. Test results showed that 30% of
fly ash and cement content displays the highest UCS and CBR values and gives the most reliable
compressibility properties. On the other hand, UCS and CBR test results indicate optimum values
of PPF–cement stabilizing agent content in the specimen of 0.15% PPF and 30% cement. Selected
specimens were analyzed using scanning electron microscopy (SEM), and PPF threads were found to
be well surrounded by cement-stabilized peat matrices. It was also observed that the specimen with
30% fly ash generated more hydration products when compared to the specimen with 100% cement
content. It is concluded that the use of fly ash cement and PPF cement as stabilizing agents to limit
the cement usage in peat soil treatment is potentially viable.

Keywords: peat soil; cement; stabilization; fly ash; polypropylene fiber; unconfined compressive
strength (UCS); California bearing ratio (CBR); scanning electron microscopy (SEM)

1. Introduction

Around 8% of the total area of the world’s land is covered by peat soil, and Malaysia
is ranked ninth by total peat area with approximately 25,000 km2 [1]. Peat deposits are
formed from the accumulation and fossilization of partly decomposed and fragmented
remains of plants [2]. It is relatively easy to differentiate peat from other soil types by
its dark brown to black coloration, high organic content, high moisture content and
lightweight nature [3].

Peat is categorized as a type of soft soil and is inappropriate for geotechnical applica-
tions due to its extreme compressibility (high porosity), high squeezability and low shear
strength [4]. In addition, peat soil is often referred to as problematic soil due to its high
acidity, high rates of creep, high water content (500–2000%) and high permeability [5].
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These properties could cause differential settlement or failures in structures built on such
soils, making peat soil an unsuitable material for construction.

There have been numerous studies on the feasibility of using cement as a stabilizing
agent to enhance the strength properties of peat soil [6–8]. These studies have found that
cement-based stabilizing agents generally improve the compressive strength of treated
peat soil. It has also been proven that cement stabilization exhibits superior performance
in enhancing the soil properties of peat soils with various characteristics and at different
geographical locations [9]. The hydration reactions of cement and the formation of hydra-
tion products, such as calcium silicate (C–S–H) and calcium aluminate (C–A–H) hydrates,
due to cement-based soil treatment, enhance the strength development of soil [10]. For ex-
ample, calcium hydroxide (Ca(OH)2), a cement hydration product, may react with silica or
alumina sources in soil, contributing to enhancing the long-term strength of the treated
soil [11]. However, cement production is known to emit a considerable amount of carbon
dioxide (CO2) into the atmosphere [12].

In order to reduce its impact on the environment, several types of industrial waste
have been introduced to fully or partially replace cement as a soil stabilizer [13].
For example, Said and Taib [14] studied the use of carbide lime in peat soil stabilization.
They found that the unconfined compressive strength (UCS) improved when increasing
amounts of carbide lime were added to peat soil. On the other hand, Kolay and Pui [15]
utilized fly ash and gypsum to stabilize peat soil, and reported that the use of fly ash
gave better UCS results than gypsum. Pond ash [6], sodium bentonite [16] and clayey
diatomite [5] were also used to stabilize peat soil. As efforts to search for other suitable
waste materials to replace cement in soil treatment continued, it was found that soil treated
with cement-waste-based stabilizer agents exhibits low flexural and tensile strength, and in
some cases, even brittle behaviour [16,17]. However, very few studies have discussed and
compared the use of recycled waste such as fly ash and polypropylene fiber (PPF) as peat
stabilization agents in peat soil treatment.

Therefore, this study focused on investigating the mechanical properties of peat
stabilized with different percentages of cement content (i.e., 10%, 20% and 30%), as the
conventional peat soil stabilizer. The strength performance of cement-treated peat soil
with added fly ash (10%, 20% and 30%) or PPF (0.1%, 0.15% and 0.2%) was also examined.
UCS and CBR tests were conducted to evaluate the strength performance of each soil
stabilizing material.

2. Materials and Methods

2.1. Peat Sample

Peat soil samples in this study were acquired from three different locations approxi-
mately 1 km apart in Johan Setia village, Klang city, located about 40 km away from Kuala
Lumpur, as shown in Figure 1. The primary geotechnical properties of in-situ (untreated)
peat soil are displayed in Table 1. The soil samples were obtained at depths between 0.5
and 1 m below the existing ground surface. It should be noted that the groundwater level
was found to be about 0.4 m below the existing ground surface. This accounts for the
high moisture content found in the peat soil samples. The physical appearance of peat
soil revealed that it was fully saturated and had very dark brown coloration. Peat soil
sampler was implemented in this study to determine the physical and chemical properties
of peat soil. The sampler was used in a previous study by Zulkifley et al. [18]. The sampler
mainly consists of a movable chamber that prevents the occurrence of disturbances, an
anchored fin and a movable sampling chamber. Samples were collected using hand augers
and were then oven-dried at 60 ◦C until a constant weight was observed (average duration
of 48 h). The oven-dried samples were then stored in plastic bags after they reached
room temperature.
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Figure 1. Locations of peat soil sampling in this study.

Table 1. Physical properties of untreated peat soil.

Property Standard and Specifications Value

Depth of sampling (m) - 0.5–1
Natural moisture content (%) ASTM D2216 598.5

Fiber content (%) ASTM D1997 79.33
Loss on Ignition (%) ASTM D2974 90.84
Organic content (%) ASTM D2974 90.47

Liquid limit (%)
BS EN 1997-2: 2006

200.2
Plastic limit (%) Non plastic

Specific gravity (Gs) AASHTO T 180-D 1.21
pH BS EN 1997-2: 2006 4.5

2.2. Characteristics of Cement and Fly Ash

Ordinary Portland cement (OPC) was used in this study—cement type CEM I (Grade
42.5N/52.5N) with a specific gravity of 3.15, complying with MS EN 197-1. Coal fly ash
with a specific gravity of 2.9 was used to reduce cement content, and it is classified as Class
“C” in accordance with ASTM C618-17a [19]. The physical appearances of cement and fly
ash are presented in Figure 2, and Table 2 lists the chemical composition, loss of ignition
(LOI) and specific surface area of each of these materials.

Figure 2. Physical appearances of cement and fly ash (left to right).
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Table 2. Chemical composition and specific surfaces of the binders used.

Binder
Composition (%)

LOI
Specific Surface

Area (cm2/g)Na2O Al2O3 SiO2 MgO CaO Fe2O3 SO3

OPC 0.1 4.5 18.7 3.3 64.8 4.1 3 3.2 3110
Fly ash 3.1 16.1 35.1 8.1 15.3 17.3 2.4 2.5 3800

2.3. Characteristics of PPF

PPFs of 12 mm in length to aid the flexural behaviour of treated peat soil were used in
this study (see Figure 3). The physical properties of PPF, as provided by the manufacturer,
are listed in Table 3.

Figure 3. The physical appearance of PPF.

Table 3. Physical properties of PPF.

Properties
Length
(mm)

Diameter
(μm)

Density
(g/cm3)

Tensile
Strength

(MPa)

Modulus of
Elasticity

(GPa)

Elongation
at Break

(%)

PPF 12 50 0.9 350–500 3.5–3.9 12.9

2.4. Stabilizer Combinations and Sample Preparation

The proposed stabilizer combinations and proportions in each peat sample are listed
in Table 4. In Phase 1, an untreated peat control specimen (labelled as U0) was prepared
first. This was followed by the preparation of C10, C20 and C30 samples, where 10%, 20%
and 30% cement by weight, respectively, was added to untreated peat. The cement contents
could be described in weight per unit volume as 130, 140, and 150 kg/m3. Thereafter, a
series of tests were conducted. In Phase 2, the cement-treated peat was modified by adding
fly ash (10%, 20% and 30% by weight, equal to 128, 137, and 146 kg/m3, respectively).
Besides that, three different levels of PPF (0.1% (1.2 kg/m3), 0.15% (1.8 kg/m3) and 0.2%
(2.4 kg/m3) by volume) were added to the peat samples, and similar tests were conducted
on those samples.
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Table 4. Mix designs of the stabilized peat specimens.

Specimen ID
Material Content (%)

Cement Fly Ash PPF

Phase 1

U0 0 0 0
C10 10 0 0
C20 20 0 0
C30 30 0 0

Phase 2

C10FA 10 (10%, 20% and 30%) 0
C20FA 20 (10%, 20% and 30%) 0
C30FA 30 (10%, 20% and 30%) 0
C10PF 10 0 (0.1%, 0.15% and 0.2%)
C20PF 20 0 (0.1%, 0.15% and 0.2%)
C30PF 30 0 (0.1%, 0.15% and 0.2%)

The treated peat soil samples were each hand mixed in a mixing bowl for about
5–10 min until the mixture was homogeneous. The treated peat was then poured into 76 cm
high cylindrical moulds of 38 mm in diameter. The moulds were demoulded the following
day and placed in a water tank to be cured under laboratory conditions at 30 ± 2 ◦C until
the desired testing days (days 7, 14 and 28).

3. Test Programme

3.1. pH Value Test

The pH values of untreated and treated peat soil were measured using a digital pH
meter in accordance with ASTM D2976 (2015). First, 30 g of dry peat soil sample was sieved
through a 200 μm sieve and mixed with distilled water. The sample was then stirred for
10 min to attain a homogenous mixture. The samples were left to stand overnight before
pH measurements were taken.

3.2. Proctor Compaction Test

The Proctor compaction test was conducted to obtain the maximum dry density
(MDD) and the optimum moisture content (OMC) values of untreated and treated peat
soils in accordance with ASTM D 698 (2007). Before testing, the collected soil samples were
oven-dried at 110 ◦C for four hours. They were then sieved using sieve no.4 (4.75 mm)
and stored in sealed plastic storage boxes for further testing. Initially, 8% of water was
assumed (per weight of dry peat soil), and the water content was then increased by 2% for
each trial. Three layers of soil were then fed to the pre-weighted mould. Compaction was
carried out using a 4.5 kg rammer by striking 27 blows with a uniform rate at about 1.5 s
per drop. Each layer of compaction was about one-third of the volume of the mould. Next,
the surface of the soil was trimmed off using a straight edge. The weight of the mould,
together with the compacted soil, was recorded. The soil sample was then demoulded and
oven-dried for 24 h. After 24 h, the sample was kept at room temperature to cool down and
the dried mass was then recorded. This process was repeated five times for each sample’s
moisture content and the average density was recorded.

3.3. Unconfined Compressive Strength (UCS) Test

Upon the determination of OMC for each soil stabilizer, three specimens of treated
and untreated peat soil were prepared according to ASTM D 2166 (2016) for UCS testing.
The peat specimen was first mixed with its corresponding OMC. The mixed soil was then
poured into cylindrical moulds (76 mm heigh by 38 mm diameter) and compacted into
three layers. After 24 h, the specimens were extracted vertically using a hydraulic jack and
cured in water before 7-day, 14-day and 28-day tests were conducted on the samples for
UCS. The rate of strain was fixed at 1 mm/min.
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3.4. California Bearing Ratio (CBR) Test

CBR tests to evaluate the strengths of the proposed soil stabilizers were conducted
in accordance with ASTM D1883. The contents of cement, fly ash and PPF were mixed
manually with the peat soil until reaching homogeneity in their OMC. The samples were
then tested for UCS. The CBR moulds containing the soil samples were soaked in water to
simulate actual in-situ conditions until the day of testing.

3.5. Morphology Analysis

Twenty-eight-day stabilized soil specimens were examined using a scanning electron
microscope (SEM, Phenom XL Desktop, Thermo Fisher Scientific, Waltham, MA, USA).
After the UCS test, small slices were collected from the cores of the samples. The sliced
samples were dried using an electric laboratory oven at 60 ◦C for four hours to remove
moisture and air vacuumed to remove dust particles. A Phenom ProX desktop micro-
scope (Phenom XL Desktop, Thermo Fisher Scientific, MA, USA) was used to observe the
morphologies of the stabilized soil samples. Scanning was conducted at an acceleration
voltage of 2.0 kV and with a magnification of 2000×. An attached X-ray energy dispersive
spectroscope (EDS, OmniProbe 200, Oxford Instruments, Abingdon, United Kingdom) was
used to characterize and identify the elementary compositions of the soils.

4. Results and Discussions

4.1. Proctor Compaction Test

The results of OMC for the corresponding MDD for both the untreated and cement-
treated peat soil are depicted in Figure 4. The results show that the untreated peat soil
attained an MDD of 800 kg/m3 when 40% moisture was utilized. One possible reason
for such a high OMC is due to the presence of large voids, as organic contents and water
are absorbed to fill up the large voids. This is in line with Zulkifley et al.’s description
of peat soil having rather low bulk density and high water content due to the presence
of high organic contents, such as branches, trunks, roots, leaves and fruits. This is also
substantiated by literature showing a similar bulk density range of 800–1000 kg/m3 in
West Malaysian peat [20].

Figure 4. Optimum moisture content—maximum dry density diagram.
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Values of MDD and OMC were found to be 1250 kg/m3 and 32%, respectively, for
stabilized peat soil with 10% OPC. MDD values for treated peat soil specimens were found
to increase when OPC content was increased from 10% to 30%. This behaviour was a
direct result of increasing the solid-to-organic content ratio and the higher specific gravity
of peat soil with cement. On the other hand, OMC values were found to decrease when
OPC content was increased. The low optimum moisture contents in these specimens were
probably due to the voids being occupied by the presence of cement. Regardless of the
amounts of cement, samples of treated peat soil showed consistent trends of increasing
MDD and reducing OMC. This was due to the addition of cement, which in turn introduced
further solid (non-organic) content to the peat soil. These observations are in line with the
results obtained from Boobathiraja et al. [8].

4.2. pH Test

pH tests were conducted to determine the pH values of treated and untreated peat
soil. The results are presented in Figure 5. The average pH value of untreated peat soil
was found to be 4.5, indicating the acidic nature of peat soil. This value corresponds to the
previously measured pH value of around 3.76 for local peat soil obtained from different
Malaysian states [21]. The low pH value of peat soil is due to the presence of high amounts
of decomposed plant fragments (organic), which influence the chemical and biological
properties of peat soil [22].

The addition of cement turns the peat into an alkaline material. This was demonstrated
by an increase in pH value to 11.5 when 10–30% of cement was added to peat soil. This
correlates with the findings by Ghadir and Ranjbar [23], who reported the treated soil’s pH
values to be between 11 and 12 when cement dosages of 5% to 15% were added. A study
by Moayedi and Nazir [22] also revealed that the release of OH- in remarkable amounts
resulted in pH values of between 10 and 12 in stabilized peat soil.

The pH values of fly ash-treated soil were also found to increase with the addition
of fly ash. Furthermore, pH increments of approximately 0.5 units per 10% increase in fly
ash dosage were observed. This finding is consistent with the report from Nath et al. [24].
On the other hand, no significant changes were observed in the pH values of PPF-treated
soil specimens. The slight changes in pH values in these specimens were likely due to the
presence of cement in peat soil specimens.

Figure 5. pH values of treated and untreated peat soil.
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4.3. Unconfined Compressive Strength Test

Figure 6 shows the stress–strain diagram of untreated peat soil. The untreated peat
soil had a maximum UCS of 95 kPa, corresponding to approximately 2.9% strain. This
value lies within the range of reported strengths in previous research [7]. Compared to
other soils (such as sand [25], clay [26,27], Laterite, Kaolin [21], etc.), peat soil exhibits
lower UCS. This is mainly due to the presence of large amounts of water content, voids
and organic content in peat soil [21].

Figure 6. UCS of untreated peat soil.

4.3.1. Effect of Cement Addition on UCS

UCS test results for each proportion of cement content are presented in Figure 7. The
UCS of cement-treated peat soil was found to increase with the curing period. This could
be attributed to the additional hydration reactions that occur during curing [28], which
in turn would have enhanced the strength characteristics of cement-treated peat soil. It
was also observed that at all ages, higher UCS was attained by cement-treated peat soil as
the cement content in the specimens was increased. For instance, the addition of 20% of
cement resulted in about 30% higher UCS when compared to the 10% addition of cement
for 7-day, 14-day and 28-day specimens. Likewise, when the cement dosage was increased
up to 30%, the UCS increased by around 50% when compared to the UCS of the specimen
treated with 20% cement. A similar observation was reported by Kalantari et al. [29].

4.3.2. Effect of Fly Ash Addition on UCS

Figure 8 shows UCS results for each combination of fly ash and cement. As fly ash
is a cementitious material, fly ash-based test specimens also exhibited similar trends as
those reported for solely cement-treated soil test specimens in Section 4.3.1. The addition
of 30% fly ash resulted in higher UCS values in all mixtures considered. As expected, fly
ash–cement combination specimens outperformed cement-treated specimens in terms of
UCS (see Table 5). This might have been due to the hydration products produced during
pozzolanic reactions that take place in the presence of fly ash. The release of calcium
hydroxide (Ca(OH)2), a by-product in the hydration process, activates the pozzolanic
activity of fly ash, resulting in a gain in strength. The higher amount of fly ash is attributed
to the increase in the filler effect of fly ash and the additional pozzolanic reaction products
from fly ash.
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Figure 7. UCS of peat soil treated with different mix proportions of cement.

Table 5 summarizes the percentage improvements in the 28-day-curing test results of
UCS for modified cement stabilizer with either fly ash or PPF. The results were calculated
based on the differences between modified peat soil and untreated peat soil.

Table 5. Summary of UCS improvements (%) with added fly ash and PPF.

Untreated Peat

Cement Fly Ash + Cement PPF + Cement

Cement
Content

UCS
Improvement

(%)

Fly Ash
Content

UCS
Improvement

(%)
PPF Content

UCS
Improvement

(%)

95 KPa

10% 43.2
10% 93.7 0.10% 46.3
20% 143.2 0.15% 51.6
30% 147.4 0.20% 48.4

20% 105.3
10% 155.8 0.10% 115.8
20% 208.4 0.15% 135.8
30% 216.8 0.20% 124.2

30% 319
10% 352.6 0.10% 377.9
20% 422.1 0.15% 475.8
30% 429.5 0.20% 427.4

4.3.3. Effect of PPF Addition on Unconfined Compressive Strength

Figure 9a–c presents the UCS test results for 7, 14 and 28 day cures obtained from
different proportions of PPF (0.1–0.2%) added to cement-treated peat soil. The addition of
PPF was shown to increase the UCS of treated peat soil, particularly in samples with the
0.15% PPF and 30% cement combination. The comparison of UCS between PPF–cement
samples and untreated peat soil samples is listed in Table 5. The addition of 0.1% of
PPF to 10% and 20% cement-treated peat soils increased the UCS by 2.5 and 5 kPa on
average, respectively. However, the UCS increased by around 55% when the same amount
of PPF was added to 30% cement-treated peat soil. This might have been due to PPF being
chemically inert and due to its ability to bind the cement during the hydration process.
Hence, a more remarkable improvement was achieved.
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Figure 8. UCS of fly ash–cement-treated peat with (a) 10% cement and 0–30% fly ash, (b) 20% cement and 0–30% fly ash
and (c) 30% cement and 0–30% fly ash and different curing durations.

On the other hand, the addition of 0.1% or 0.15% PPF also increased the UCS of
cement-treated peat soil. This improvement was mostly due to the load-deformation
behaviour through surface friction and interlocking between soil particles, the cement
mixture and the PPF [30]. Soil reinforced with PPF exhibits greater toughness and ductility,
increased formability and bending strength, and reduced post-peak strength loss compared
to cemented-treated soil [31]. This implies that an appropriate amount of polypropylene
should be considered as a stabilizing agent. The drop in UCS values of specimens with
more than 2.0% of PPF content could have been due to the uneven distribution and lumping
effect of PPF fragments.

4.4. California Bearing Ratio Test

The measured CBR test results for different proportions of fly ash cement and PPF-
cement-treated peat soil are presented in Figures 10 and 11, respectively. The lowest CBR
result observed was around 4% for untreated peat soil. Mohd Yusoff et al. [21] reported
a CBR value of around 6.5% for unsoaked peat soil and assigned such a low value to the
relative dry weight of peat soil. Thereafter, the addition of cement resulted in a substantial
improvement in the CBR performance of peat soil. The results demonstrated that CBR
values increased from 3.6% for untreated (U0) peat soil to around 10.3%, 15.2% and 19.8% in
the cases of C10, C20 and C30 cement-treated peat soil specimens, respectively. In addition,
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the inclusion of both fly ash and PPF further enhanced the CBR performance of treated
peat soil.

Figure 9. UCS of treated peat with (a) 10% cement and 0–0.2% PPF, (b) 20% cement and 0–0.2% PPF and (c) 30% cement
and 0–0.2% PPF and different curing durations.

A positive correlation was observed between the CBR value and the amount of fly
ash added to soil with all cement percentages, as can be seen in Figure 10. On average,
the addition of 10% and 20% of fly ash to cement-treated peat soils gave about 12% and
24% higher CBR values when compared to the corresponding cement-treated peat soils
(for all cement series). As an example, C20FA10 treated peat soil exhibited a CBR of
16.8%, whereas C20 (containing only 20% cement) produced a CBR of 15.2%. The largest
improvement in CBR values (37% on average) was observed when 30% of fly ash was
added to cement-treated peat soil. These observations are in line with UCS results, as the
strength of treated peat soil samples improved with cement and fly ash contents.

Similarly, an increase in PPF content produced higher CBR results when compared to
the corresponding cement-treated peat soil. Figure 11 shows that there were significant
improvements in CBR values when 0.1% and 0.15% of PPF were added to cement-treated
peat soils. However, slight reduced CBR values were observed when the amount of PPF
was increased up to 0.2%. In all specimens, CBR values of cement-PPF treated peat soil
exceeded those of untreated peat soil.
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Figure 10. CBR results of fly ash cement-treated peat soil.

Figure 11. CBR results of PPF-cement-treated peat soil.

4.5. SEM Analysis

The results of SEM of selected stabilized soil specimens, including C30, C30FA10,
C30FA30 and C30PF0.15, are presented in Figure 12. In general, all stabilized soil speci-
mens showed a considerable number of internal microcracks accompanied by hydration
products. Figure 12a shows the presence of a small, uneven distribution of microcracks in
the stabilized soil with the addition of 30% cement. These microcracks could be attributed
to the presence of cement particles, as exhibited by small expansion during the hydration
process while the peat soil shrinks as the moisture is reduced. Hydration products are
visibly shown to attach to peat particles. Figure 12b,c presents the SEM results of soil
stabilized with 30% cement along with 10% or 20% fly ash, respectively. The morphologies
of both soil samples demonstrate additional hydration products with fewer microcracks.
The additional hydration products could be attributed to fly ash’s presence, which provides
additional C–S–H gel throughout the pozzolanic reactions. Unreacted fly ash particles
were found to be present in both soil specimens, although it was more pronounced in
the C30FA30 sample. This could be attributed to fly ash’s slow pozzolanic reaction rate,
which starts upon the formation of calcium hydroxide (CH) from cement hydration [28,32].
The presence of unreacted fly ash also contributed to enhancing the strength through the
filler effect. This explained the enhanced UCS results when higher contents of fly ash were
added to the soil. Figure 12d shows the morphology of CA30PF1.5 stabilized soil. As
expected, significant amounts of hydration products were found to be distributed around
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the peat particles. It can be seen that the fiber threads were wrapped tightly by the cement
hydration products–peat soil matrix, thereby effectively restricting the mobility of the
fibre threads. The reduction in movement thus increased the reinforcement benefit of
cement-stabilized soil.

Figure 12. SEM micrographs of stabilized soil after 28 days with (a) C30 (30% cement), (b) C30FA10, (c) 30FA30 and
(d) C30PF1.5%.

Figure 13 shows the clear morphology of PPF fiber thread present in the C30PF0.15
specimen under a magnification of 4500×. This clearly demonstrates the ability of the
surfaces of PPF threads to bond with cement hydration products, thereby increasing the
static friction between fiber and cement–soil matrix, eventually translating to an increase
in the strength characteristics of fiber-added, cement-stabilized peat soil [33].
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Figure 13. SEM image of C30PF1.5 with a magnification of 4500×.

5. Conclusions and Recommendations

This study evaluated the use of fly ash (10% to 30%) and polypropylene fiber (PPF)
(0.1% to 0.2%) as additives to enhance cement-stabilized peat soil. MDD, OMC, pH,
unconfined compressive strength (UCS) and California bearing ratio (CBR) tests were
conducted on these specimens. The morphologies of stabilized soil were also examined
using SEM–EDS analysis. Based on the results, the following conclusions can be drawn:

• The utilization of cement as a conventional soil stabilizing agent substantially en-
hanced the basic properties (pH, MDD and OMC) of peat soil, reflecting the improved
geotechnical performances of treated peat soil. Higher cement content resulted in
superior improvements in the UCS and CBR of cement-treated peat soil.

• Further enhancements in UCS and CBR values were attained by adding 10%, 20% and
30% of fly ash in cement-treated peat soil. The use of 30% of fly ash in the 30% cement-
treated peat soil resulted in a 430% improvement in UCS and a 595% improvement
in CBR.

• The addition of 0.15% PPF was found to be the optimum dosage of PPF, exhibiting a
476% improvement in UCS and a 600% improvement in CBR.

• SEM analysis depicted the presence of cement hydration products attached to the peat
soil particles. The number of hydration products increased with the addition of fly
ash. However, unreacted fly ash particles were presented in fly ash cement-stabilized
peat soil, which enhanced UCS and CBR performances through the filler effect. A
clear cement hydration product appeared on the surfaces of fiber threads—which was
effectively surrounded by the cement–peat soil matrix—in PPF-cement-stabilized peat
soil (i.e., C30PF1.5).

Based on the enhanced geotechnical properties obtained from this study, the use of
both fly ash and polypropylene fiber can potentially limit the usage of cement in future
peat soil treatments. The addition of 30% of fly ash and 0.15% of polypropylene fiber
showed potential improvements in soil properties, even when no additional cement was
added. For future research, it is recommended that other geotechnical soil properties,
such as consistency limits, swelling parameters and undrained shear strength be further
investigated. In addition, the influence of changes in flexural strength and stiffness could
be considered in future investigations on the effects of PPF on cement-treated soil. The
combined effects of using fly ash and PPF as cement-based stabilizer agents should also
be investigated to determine the significant effects on the binding process of hydration
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products. It would also be interesting to study the crystalline phases presented in treated
soil using X-ray diffraction analysis using different dosages of stabilizer and additives.
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Abstract: In this study, polyacrylonitrile (PAN) was mixed with a renewable polymer, lignin, to
produce electrospun nanofibers by using an electrospinning technique. Lignin was utilized as a
soft template that was removed from the nanofibers by using a selective dissolution technique to
create porous PAN nanofibers. These nanofibers were characterized with Fourier transform infrared
(FTIR), field emission scanning electron microscopy (FESEM), thermogravimetry analysis (TGA),
X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET) to study their properties and morphology.
The results showed that lignin can be homogeneously mixed into the PAN solution and successfully
electrospun into nanofibers. FESEM results showed a strong relationship between the PAN: lignin
ratio and the diameter of the electrospun fibers. Lignin was successfully removed from electrospun
nanofibers by a selective chemical dissolution technique, which resulted in roughness and porousness
on the surface of the nanofibers. Based on the BET result, the specific surface area of the PAN/lignin
nanofibers was more than doubled following the removal of lignin compared to PAN nanofibers.
The highest specific surface area of nanofibers after selective chemical dissolution was found at an 8:2
ratio of PAN/lignin, which was 32.42 m2g−1 with an average pore diameter of 5.02 nm. The diameter
of electrospun nanofibers was also slightly reduced after selective chemical dissolution. Porous PAN
nanofibers can be seen as the precursors to the production of highly porous carbon nanofibers.

Keywords: polyacrylonitrile; lignin; electrospinning; selective chemical dissolution; porous nanofibers;
nanofibers; soft template

1. Introduction

In recent years, nanotechnology has become a promising technology for the future.
There are many types of nanomaterials, such as nanoparticles, nanofibers, nanotubes,
nanowires, and quantum dots, that have garnered extensive attention due to their unique
properties and characteristics [1]. Among these nanomaterials, nanofibers are receiving
significant attention from researchers due to their holding properties such as high porosity,
a high surface area and controllable morphology, and high chemical and thermal stabil-
ity [2,3]. Several techniques can be used to produce nanofibers, such as template-assisted
synthesis [4], chemical vapor synthesis [5], and electrospinning.

At present, electrospinning techniques have received interest as they are economical
and suited to various types of material [6], good for controlling fiber morphology [7], and
easy to operate [8]. A high-voltage power supply, a conductive collector, and a spinneret
are the important, basic forms of equipment that are needed for the electrospinning process.
Electrospinning involves an electrohydrodynamic process, during which a high voltage is
applied to a polymer droplet; this is designed to reduce the surface tension of the polymer
droplet and transform it into a pointed shape. Increasing the voltage supply will trigger the
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formation of a Taylor cone and a jet from the tip of needle. The solvent evaporates as the jet
travels to the collector, and to prevent the jet from forming into droplets (electrospraying),
sufficient entanglement of the polymer occurs [9]. An electrospinning technique is a
distinctive way to produce nanofibers from various types of polymers with a diameter
ranging from micrometer to nanometer, and to produce a higher surface area than those
obtained from conventional spinning processes [10]. Thus, electrospinning is the best tool
for the production of polymer nanofibers as it is economical and the simplest method [11].

Recently, a significant number of studies that have used nanofibers as an adsorbent
for the removal of pollutants from aqueous solutions, such as drugs [12,13] and heavy
metals [14–17], has been reported. For the application of nanofibers as adsorbent, the
adsorption process is crucial. During this process, the adsorbate molecules are transported
into the surface of the absorbent. The internal mass transfer is transported to the inner
surface of the porous structure from the outer surface of the adsorbent [18]. Targeted
contaminant removal depends on the pore size of the adsorbent [19]. The pores of the
nanofibers are made up of several categories: micropores (<2 nm), mesopores (2–50 nm),
and macropores (>50 nm). The main part of the adsorption process occurs with mesopores
and micropores [20].

Polyacrylonitrile (PAN) is a polymer usually used as the precursor to the formation
of carbon fibers due to its excellent mechanical strength, low flammability, good thermal
stability and chemical resistance [21], such as PAN-based carbon fiber electrodes for energy
storage application [22,23] and for thermal materials [24]. It is a homo-polymer made up
of acrylonitrile. PAN contains a nitrile group, known as a polar group, that helps it to be
soluble in a highly polar solvent, and helps increase its melting points. The interaction
of the nitrile group and the polymeric backbone of the polymer hinder the molecules of
PAN carbon fibers to align in a particular direction. Dimethylformamide (DMF) is the
most used solvent for dissolving PAN to make nanofibers; the solvent helps to reduce
the interaction between the nitrile groups, and helps provide a better orientation of the
produced polymer chain [25].

Lignin is among the most promising biorenewable raw materials, and it is a natural
polymer that acts as a partial matrix within the structure of plants and trees. It is one of
the main elements of wood and is the second most abundant natural polymer. Lignin is a
highly branched macromolecular network structure, with an aromatic nature and complex
compositions. Furthermore, lignin has a lack of cytotoxicity, which proves that lignin is
a type of biomaterial [26]. Industries such as the pulp and paper industry are the main
sources of lignin as a by-product and of second-generation bioethanol facilities derived from
lignocellulosic sources [27]. The structure of lignin is composed of phenylpropene units
(monolignols) of the hydroxyl group, but the plant source and its isolation process impact
lignin complex configuration (Duval and Lawoko, 2014). Lignin has some advantages,
such as a high carbon content, its suitability with various chemicals, good thermal stability,
and its low cost and biodegradability [28]; however, there are some limitations, such as the
relative heterogeneity of its structure and difficulties in its processing that still hinder its
more widespread use [29]. Lignin has received interest among researchers as a potential
low-cost carbon fiber precursor because it is easy to obtain and has a high carbon content.

The selective chemical dissolution technique is one of the processes to produce a
porous structure and higher surface area in a polymer. For porous polymer nanofibers,
this can be achieved through the electrospinning of polymer blend solutions to form
a nanofiber, followed by the selective chemical dissolution process which involves the
removal of one component using an appropriate solvent that only dissolves a certain
polymer in the blend’s nanofibers. Another alternative is the addition of additives such
as salts or nanoparticles in the polymer solution that are used as a template, followed by
their removal by post-electrospinning processes; the elimination of the template is another
method to create a porous structure [30]. In a study by Chen et al. [31], silk fibroin/poly
(L-lactic acid) (SF/PLA) fibers were produced by an electrospinning technique. The silk
fibroin was removed from the fibers by dissolving the fibers in chloroform for up to 1 h.
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After the selective chemical dissolution process, the fibers showed a porous structure with
irregular shapes [31]. In another study, Kim et al. [23] used electrospinning to produce
poly(vinyl alcohol) (PVA) and PAN blend fibers. Either PVA or PAN can be removed from
the nanofibers. PVA was successfully removed from the fibers by dipping them in hot
water and acetic acid, while PAN was eliminated from the fibers using DMF treatment.
Both results showed the surface diameter of the electrospun fibers as decreasing, and the
surface of the fibers revealed grooves along the axis and appeared rougher [32].

In this study, alkali lignin, with a low sulfonate content, was incorporated with
PAN to produce nanofibers. A renewable polymer, lignin was used as a soft template
to create a porous and rougher surface for the nanofibers through the selective chemical
dissolution technique.

2. Materials and Methods

2.1. Reagents

The materials used in this experiment were alkali lignin (low sulfonate content) and
polyacrylonitrile (PAN) (average Mw = 150,000), and were purchased from Sigma-Aldrich
(Merck Group, St. Louis, MO, USA). N,N-dimethylformamide (DMF) was obtained from
R&M Chemicals (Ever Gainful ENT., Ara Damansara, Selangor, Malaysia). De-ionized
water was used throughout the experiment.

2.2. Preparation of Electrospun Nanofibers

PAN nanofibers were prepared from a PAN solution dissolved in DMF with a concen-
tration of 7.5%. A 5 mL syringe was loaded with the PAN solution, and a 0.8 mm inner
diameter needle was attached with the syringe. The distance between the tip of the needle
and the aluminum foil collector was fixed at 10 cm. The electrospinning was conducted
using 18 kV voltage with a 2 mL/h flow rate. The nanofibers produced were collected
on the aluminum foil and characterized. Following this, the PAN/lignin nanofibers were
prepared in the same way as the PAN nanofibers. The ratios of PAN/lignin were varied:
9:1, 8:2, 7:3, and 6:4.

2.3. Selective Chemical Dissolution Technique

Lignin is a water-soluble polymer, while PAN is insoluble in water. Thus, PAN/lignin
nanofibers were immersed in de-ionized water at 60 ◦C for 30 min to eliminate lignin from
the electrospun nanofibers, and then the nanofibers were dried in a convection oven for 3 h
at 60 ◦C and sent for characterization. This procedure was repeated for the PAN nanofibers
for comparison purposes.

2.4. Characterizations

FTIR analyses of the samples were conducted to determine the functional groups
using an attenuated total reflectance-Fourier transform infrared spectroscopy (ATR–FTIR)
spectrometer (Perkin Elmer Spectrum RXI, Waltham, MA, USA). The wavelength used
to examine the functional groups ranged from 280 to 4000 cm−1. The thermal proper-
ties of the samples were determined using thermal gravimetric analysis (TGA) (Mettler
Toledo Thermogravimetric Model TGA/SDTA, Columbus, OH, USA). The samples were
heated from 50 ◦C to 600 ◦C, with a heating rate of 10 ◦C/min under a nitrogen atmo-
sphere. Field emission scanning electron microscopy (FESEM) (FEI NOVA NANOSEM
230, Hillsboro, OR, USA) was used to examine the morphologies of the nanofibers. A stub
was taped with carbon tape and the samples were placed onto it. The samples were then
sputtered with a thin layer of gold. The average fiber diameter was determined by using
ImageJ Software, with 200 diameter readings taken. X-ray diffraction (XRD) (Shimadzu
Model XRD-6000, Kyoto, Japan) analyses of the samples occurred to identify the crystalline
phase, where the scan started from 2θ range and from 2◦ to 60◦, with a scanning rate of
2◦/min. The surface area and porosity of the prepared nanofiber were determined by
N2 adsorption measurements at 77K using BELSORP Mini II. The surface characteriza-
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tion of the nanofibers was obtained using the Brunauer-Emmet-Teller (BET Micromeritics
Instrument Corporation, Model-3Flex, Norcross, GA, USA) method.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectra (FTIR) Analysis

ATR-FTIR technique was used to analyze the PAN, lignin, and PAN/lignin nanofibers
before and after selective chemical dissolution. Figure 1 shows the FTIR spectra of PAN,
lignin, and PAN/lignin nanofibers. The ratio of PAN: lignin was varied at 9:1, 8:2, 7:3, and
6:4 to study the effect of different ratios on the fabricated PAN/lignin nanofibers. The IR
spectrum of lignin shows the major lignin bands at 3400 cm−1 (O–H stretching), 1595 cm−1

(aromatic skeletal vibration), 1430 cm−1 (C–C stretching with C–H deformation), 1134 cm−1

(C–H deformation), and 1040 cm−1 (C–O deformation) [33]. In Figure 1, it can be seen that
the higher the lignin content in the fiber, the higher the intensity of the lignin peaks at
1595 cm−1, 1134 cm−1, and 1040 cm−1. A small peak at 2920 cm−1 indicates a stretching of
the alkyl C–H bond and a stretching of the intermolecular hydrogen bonding of the O–H
group, which is associated with the hydroxyl group in the lignin [34]. A strong peak at
2240 cm−1 indicates the C≡N group of PAN; the intensity of the peak was decreased as the
ratio of PAN decreased. A peak at around 1450 cm−1 corresponds to the bending of the
CH2 scissoring of PAN [35]. The intensity of the peak at 1450 cm−1 was reduced when the
ratio of lignin increased. As can be seen in Figure 1, the main peak position of PAN did not
shift for all the nanofibers, demonstrates that the blending of PAN and lignin only involves
physical blending.

Figure 1. FTIR spectra of the PAN/lignin nanofibers after selective chemical dissolution compared to PAN and lignin.

The FTIR spectra of the PAN/lignin nanofibers after the selective chemical dissolution
process when compared to PAN and lignin is shown in Figure 2. The IR spectrum of PAN
shows peaks at around 2920, 2240, 1664, and 1450 cm−1. These peaks indicate the alkyl C–H
bond stretching, C≡N stretching, C≡N stretching, and CH2 bending, respectively [36–38].
Selective chemical dissolution was performed to remove the lignin from the nanofibers.
The results showed that, for the nanofibers after treatment, most IR peaks in PAN/lignin
nanofibers exhibited mainly belong to PAN. In comparison, the peaks that belong to lignin,
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such as the peaks at around 1595 cm−1 and 1040 cm−1, were reduced significantly. This is
because the lignin content in the nanofibers was successfully removed through the selective
chemical dissolution process.

Figure 2. FTIR spectra of pure PAN and PAN/lignin nanofibers after selective chemical dissolution process.

3.2. Field Emission Scanning Electron Microscope (FESEM) Analysis

The morphology of the nanofibers was investigated using the FESEM technique.
Figures 3 and 4 show FESEM images and the average diameter of the PAN/lignin
nanofibers against the various ratios of PAN: lignin nanofibers, respectively. The PAN
nanofibers did not contain lignin, but underwent a selective chemical dissolution process
for comparison purposes. From the FESEM images in Figure 3, it can be observed that be-
fore selective chemical dissolution, the nanofibers’ surface is smoother than after selective
chemical dissolution. However, it can be seen that some pores and rough surfaces appear
on the nanofibers before selective chemical dissolution, possibly due to the effect of rapid
solvent evaporation during electrospinning and drying proses. After selective chemical
dissolution, the surface nanofibers become rougher and more porous due to the removal
of lignin during hot de-ionized water treatment. The average diameter of nanofibers
before and after selective chemical dissolution decreased when the content of lignin in-
creased from a ratio of 9:1 to 6:4. The average diameter of PAN and PAN/lignin nanofibers
at ratios of 9:1, 8:2, 7:3, and 6:4 before selective chemical dissolution was 419 ± 49 nm,
409 ± 35 nm, 371 ± 31 nm, 362 ± 52 nm, and 358 ± 31 nm, respectively. When the content
of lignin increased, the average diameter of nanofibers decreased. This is due to a decrease
in the viscosity of the polymer solution that produces a lower fiber diameter, as mentioned
earlier. This is due to the lower molecular weight and higher polydispersity index of lignin
compared to PAN [39]. The average diameter of PAN and PAN/lignin nanofibers after
dissolution was slightly decreased compared with before selective chemical dissolution;
412 ± 55 nm, 386 ± 29 nm, 349 ± 44 nm, 340 ± 40 nm, and 327 ± 35 nm for PAN and
PAN/lignin with ratios of 9:1, 8:2, 7:3, and 6:4, respectively. The FESEM images show
that all the nanofibers before and after dissolution were bead-free, and that the nanofibers
had a non-uniform, porous, and rough surface. This proves that, by using the selective
chemical dissolution technique, lignin could be successfully removed from nanofibers
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and could produce a rough surface and cause a high porosity of PAN/lignin nanofibers,
providing a higher surface area. However, FESEM images only are insufficient to prove
the higher surface area of nanofibers after selective chemical dissolution. These results can
be supported by Brunauer-Emmett-Teller (BET) analysis, which will be discussed later in
Section 3.5.

Figure 3. Cont.
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Figure 3. FESEM micrograph of nanofibers with various PAN: lignin ratios (a) PAN, (b) 9:1, (c) 8:2,
(d) 7:3, (e) 6:4 ratio before selective chemical dissolution, and (a’) PAN, (b’) 9:1, (c’) 8:2, (d’) 7:3, and
(e’) 6:4 ratio after selective chemical dissolution.

Figure 4. Graph of the diameter of nanofibers before (pure nanofibers) and after (modified nanofibers)
selective chemical dissolution.

3.3. Thermal Analysis

The derivative thermogravimetry (DTG) and TGA analyses of the PAN: lignin
nanofibers before and after selective chemical dissolution was carried out to study the ther-
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mal stability of the samples. Figures 5 and 6 show the DTG thermogram at different ratios
of PAN: lignin nanofibers, from 50 ◦C to 600 ◦C. TGA thermograms of nanofibers before
and after selective dissolution are shown in Supplementary Materials (Figures S1 and S2).
The DTG and TGA thermograms of nanofibers both before and after selective chemical
dissolution show a similar trend. The first weight loss can be observed at 50–120 ◦C and is
due to the loss of water molecules that are bound to the nanofibers. TGA thermograms of
the nanofibers (Figures S1 and S2) show that all the nanofibers gradually decomposed at a
higher temperature range. From DTG and TGA thermograms, the main degradation began
at 275 ◦C for PAN nanofibers, attributed to the pyrolysis of the nanofibers [40]. The addition
of lignin to the nanofibers (PAN/lignin nanofibers) lowered the onset degradation tempera-
ture of the fibers (~260 ◦C) compared to PAN nanofibers; however, there was no significant
difference between the various ratios of lignin in the fibers. The addition of lignin slightly
reduced the thermal stability of the nanofibers. When comparing the results before and
after selective chemical dissolution, the onset degradation temperature of the PAN/lignin
nanofibers was slightly higher than before selective chemical dissolution, possibly due
to the removal of lignin and because the nanofibers are mostly composed of PAN, which
has a higher thermal stability than lignin. However, after selective dissolution, the onset
temperature of the PAN/lignin nanofibers was still slightly lower than PAN nanofibers
(Figure 6). It is noticeable that the PAN/lignin (8:2) in Figure S1 and the PAN/lignin (6:4)
in Figure S2 show that weight loss exceeded 100%. The possible explanation for this is
that the PAN fiber can have a reaction with nitrogen under thermal treatment [41] with a
resulting weight increase of over 100%.

Figure 5. DTG curve of nanofibers before selective chemical dissolution.

From DTG thermograms, a sharp peak corresponding to a maximum decomposition
temperature of PAN nanofibers is observed at 296 ◦C (Figure 5) and 299 ◦C (Figure 6) for
before and after selective chemical dissolution, respectively. The maximum degradation
temperature of the PAN/lignin nanofibers before selective chemical dissolution occurred
at a temperature lower than PAN, which is 282 ◦C, and after the removal of lignin, the max-
imum degradation temperature shifted to a higher temperature in the range of 287–295 ◦C.
This is because the removal of lignin caused the nanofibers to be composed of more PAN,
and provided the nanofiber with higher thermal stability. These results also prove that
the removal of lignin after de-ionized water treatment successfully occurred. It is further
confirmed that the incorporation of lignin reduces the thermal stability of nanofibers.
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Figure 6. DTG curve of nanofibers after selective chemical dissolution.

3.4. X-ray Diffractometer (XRD) Analysis

Figure 7 shows the sample result of XRD analyses carried out to study the crystallinity
of nanofibers before (pure 7:3 PAN/lignin nanofibers) and after (modified 7:3 PAN/lignin
nanofibers) selective chemical dissolution. The XRD diffraction pattern of the nanofibers
before and after selective chemical dissolution shows a broad peak at around 17◦, which can
be ascribed to (100) crystallographic planes of PAN due to their amorphous nature [14,42].
Nevertheless, the intensities of peaks at 17◦ were increased with the removal of lignin
content in PAN-based nanofibers after selective chemical dissolution. Crystallinity de-
creased with the higher lignin content as lignin is a biopolymer consisting of amorphous
phenyl propylene [43]. The XRD patterns of the pure 7:3 PAN/lignin nanofibers show
characteristic peaks of 2 theta located at 42◦, 44◦,49◦, and 51◦ that may be due to the blend
of PAN with lignin. Once modified, intensity of all these peaks were reduced due to
lignin removal.

Figure 7. XRD spectra of (a) 7:3 PAN/lignin nanofiber and (b) 7:3 PAN/lignin nanofibers after
selective chemical dissolution.
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3.5. BET Analysis

The most frequent approach to the determination of specific surface areas of porous
materials is the Brunauer-Emmett-Teller (BET) approach. The pore information of the
porous nanofibers, including the BET-specific surface area and the microporous and meso-
porous volumes, is summarized in Table 1. As seen in Table 1, the specific surface area of
PAN: lignin nanofibers after selective chemical dissolution are 16.17 m2g−1, 20.94 m2g−1,
32.42 m2g−1, 29.13 m2g−1, and 28.15 m2g−1 for PAN, with 9:1, 8:2, 7:3, and 6:4 ratios,
respectively. The PAN: lignin nanofibers of 8:2 ratio showed the highest BET surface area
(32.42 m2g−1), followed by 7:3, 6:4, 9:1, and PAN. This shows an increase in specific surface
area of up to 50% compared to PAN nanofibers after the removal of lignin. The specific
surface area ratio from 7:3 to 6:3 is a slight decrease from 8:2, possibly due to the excess
lignin addition to the nanofibers, which creates a bigger pore diameter and consequently
reduces the specific surface area. In this study, the increase in the specific surface area
is greater than reported elsewhere in the literature. For example, Ji and co-workers [44]
studied the effect of PAN and silica nanoparticles using a selective chemical dissolution
process. The silica component was removed from silica/PAN composite fibers, and the
surface area of the nanofibers was increased by only 20%.

Table 1. Specific surface areas (SBET), pore parameters of PAN/lignin nanofibers after selective chemical dissolution with
different PAN: lignin ratios.

PAN 9:1 8:2 7:3 6:4

Specific surface area, SBET/m2g−1 16.17 20.94 32.42 29.13 28.15

Pore volume, Vtotal/m3g−1 0.2360 0.2371 0.1974 0.1800 0.2970

Average pore diameter/nm 5.16 5.13 5.02 5.34 5.08

The interrelationship between the average diameter and the BET-specific surface area
of nanofibers as a function of a ratio of PAN/lignin nanofibers after selective chemical
dissolution is shown in Figure 8. From the graph, it can be seen that the higher the
composition of lignin in the nanofibers, the lower the average diameter of the fiber and the
higher the BET-specific surface area. The optimum surface area of the porous nanofibers
can be obtained by only a 20% incorporation of lignin fibers with a very small pore diameter
(5.02 nm) and pore volume (0.1974 m3g−1).

Figure 8. Graph of various ratios of PAN/lignin nanofibers, with BET surface area and average diameter.
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4. Conclusions

The highly porous and specific surface area of PAN/lignin electrospun nanofibers was
successfully prepared by using lignin as a soft template and through a selective chemical
dissolution technique. The morphology showed a significant change in the surface of
the nanofibers before and after selective chemical dissolution technique. After selective
chemical dissolution, the nanofibers’ surface appeared to be rougher and slightly smaller in
average fiber diameter than before selective chemical dissolution. The BET analysis showed
a significant increase in specific surface area after the addition of lignin to the PAN/lignin
nanofibers, and the pore diameter was varied with the various ratios of lignin in the
nanofibers. The optimum specific surface area of PAN/lignin nanofibers was 8:2 ratio,
which is 32.42 m2g−1 with a pore diameter of 5.02 nm. Additional lignin not only impacts
the morphology of the nanofibers, but also the fiber diameter. The higher the ratio of
lignin added, the smaller the average fiber diameter. This study showed that lignin and
PAN can be homogenously blended and utilized to produce the high surface area and
porosity of PAN nanofibers using a selective chemical dissolution technique. This can be
used in an extensive variety of applications, for instance, as a precursor to highly porous
carbon nanofibers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13223938/s1, Figure S1: TGA curve of nanofibers before selective chemical dissolu-
tion, Figure S2: TGA curve of nanofibers after selective chemical dissolution.
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Abstract: Geopolymer concrete (GC) is a substantial sort that is created by utilizing metakaolin,
ground granulated blast furnace slag (GGBS), silica fumes, fly ash, and other cementitious materials
as binding ingredients. The current study concentrated on the structural behavior of the ferrocement
geopolymer HSC-columns subjected to axial loading and produced using rice straw ash (RSA). The
major goal of this research was to use the unique features of the ferrocement idea to manufacture
members that function as columns bearing members. As they are more cost-effective and lower in
weight, these designed elements can replace traditional RC members. The study also intended to
reduce the cost of producing new parts by utilizing low-cost materials such as light weight expanded
and welded wire meshes, polyethylene mesh (Tensar), and fiber glass mesh. For this purpose, an
experimental plan was conducted and a finite element prototype with ANSYS2019-R1 was imple-
mented. Nine geopolymer ferrocement columns of dimensions of 150 mm × 150 mm × 1600 mm
with different volume-fraction and layers as well as a number of metallic and nonmetallic meshes
were examined under axial compression loading until failure. The performance of the geopolymer
columns was examined with consideration to the mid-span deflection, ultimate failure load, first
crack load with various phases of loading, the cracking patterns, energy absorption and ductility
index. Expanded or welded ferrocement geopolymer columns showed greater ultimate failure loads
than the control column. Additionally, using expanded or welded columns had a considerable effect
on ultimate failure loads, where the welded wire mesh exhibited almost 28.10% compared with the
expanded wire mesh. Columns reinforced with one-layer of nonmetallic Tensar-mesh obtained a
higher ultimate failure load than all tested columns without concrete cover spalling. The analytical
and experimental results were in good agreement. The results displayed an accepted performance of
the ferrocement geopolymer HSC-columns.

Keywords: axial behavior; geopolymer concrete (GC); ferrocement; finite element analysis (FEA)

1. Introduction

The utilization of industrial by-products in the construction area is an important
means of reducing construction costs and the safe removal of manufacturing waste [1–5].
In this sense, the straight use of alkaline fly ash and GGBS is recycled to manufacture
geopolymer–cement for special construction concrete manufacturing [6,7]. The energy
employed in geopolymer–cement production is much less than that used in OPC, which is
directly affected by greenhouse gases [7]. In some adverse environmental conditions where
OPCs are not very resistant, new and alternative concretes such as geopolymer–concrete
need to be developed.

Most constructions use concrete hoists where OPC is used as the main binder. As a
civil engineer, a lot is known regarding the environmental issues in the cement industry.
The amount of carbon dioxide produced inside the atmosphere is equal to the manufacture
of cement and it is similarly known that the energy required to produce cement is high,
which consumes more fossil fuels [8,9]. When the cement is partially replaced in the
existence of polymers and water at room temperature, the fly ash interacts with calcium
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hydroxide through the hydration procedure to produce a (C–S–H) gel. The application
and development of large quantities of fly-ash in concrete has made it possible to replace
cement up to 60% with a concrete mass [8].

Over the course of several years, wide-ranging research has been conducted to confirm
the possibility of using GC as a building material [6,7,10–14].

The use of GC is gradually rising, particularly for chemical resistant structures in
industries, and research is ongoing to expand the variety of applications. In fact, significant
experimental work has been performed in Australia, the United States, and Spain. Several
investigators have offered suitable starting materials for the production, stiffness, mix
design, mechanical properties, and durability of GC [2,15,16]. The bearing capacity and
stiffness of geopolymer concrete columns are influenced by the compressive strength of
the material. Larger compressive strength geopolymer concrete columns provide a higher
bearing capacity, stiffness, and ductility.

Ordinary concrete columns have a lower bearing capacity and rigidity than geopoly-
mer concrete columns. In engineering applications, geopolymer concrete columns can
meet the design requirements for structural columns with sufficient load capacity, stiffness,
and ductility.

Mansur and Paramasivan [17] carried out a test study on ferrocement columns under
centric and eccentric compressive loads. Test findings indicated that a ferrocement column
could be used as a structural column. Kaushik et al. [18] executed a study on ferrocement
RC columns and realized that the ferrocement enhanced the strength and ductility of
the columns for centric and eccentric compressive loads. Similarly, various studies have
been undertaken on different ferrocement structural elements under centric and eccentric
compressive loads [19–27].

The major goal of this research was to use the unique features of the ferrocement idea
to manufacture members that function as column bearing members. As they are more cost-
effective and lower in weight, these designed elements can replace traditional RC members.
The study also intended to reduce the cost of producing new parts by utilizing low-cost
materials such as light weight expanded and welded wire meshes, polyethylene mesh
(Tensar), and fiber glass mesh. Therefore, the main reason for this research was to examine
the influence of the performance of RSA based geopolymer ferrocement HSC-columns
under an axial compression load with various kinds and number of layers of metallic and
nonmetallic meshes. For this purpose, an experimental plan was conducted and a finite
element prototype with ANSYS2019-R1 was implemented. Nine geopolymer ferrocement
columns with dimensions of 150 mm × 150 mm × 1600 mm were examined under axial
compression loading until failure. The variables in this investigation were the mesh types
and number of layers. The performance of the geopolymer columns was examined with
consideration of the mid-span deflection, ultimate failure load, first crack load with various
phases of loading, the cracking patterns, energy absorption, and ductility index.

2. Experimental Study

This experimental program was conducted in the Housing and Building National
Research Center-Dokki-Egypt. A 5000-kN capacity test machine capable of testing columns
up to 6 m in height was used to test the columns. The main aim was to find the ultimate
deflection, ultimate load, and failure mode of the GC columns.

2.1. Materials

1. Fine aggregate: Sand with 2.55 specific gravity and bulk density 1780 kg/m3. According to
the Egypt Standard Specification (ESS) 203/2020 [28], a sieve analysis was performed.
The results of the sieve analysis and the physical property test results are shown in
Table 1 and Figure 1.
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Table 1. Physical properties of the sand.

Property Results ESS Acceptance Limits

Specific gravity (kg/m3) 2.55 -

Bulk density (kg/m3) 1780 -

Materials finer than no. 200,
sieve (0.074 mm)% 1.4 Less than 4%

Figure 1. Fine aggregate grading curve.

2. Coarse aggregate: Crushed aggregate with size 10 mm, 2.60 specific gravity and
bulk density 1750 kg/m3. According to the Egypt Standard Specification (ESS)
203/2020 [28], sieve analysis was performed. The aggregate mechanical and physical
properties are shown in Table 2, and the grading is shown in Figure 2.

Table 2. The physical and mechanical properties of the coarse aggregate.

Property Results ESS Acceptance Limits

Specific gravity (kg/m3) 2.2.60 -

Unit weight (kg/m3) 1750 -

Absorption Percentage 1.46% No more than 2.5%

Figure 2. Coarse aggregate grading curve.
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3. Recycled Rice-Straw–Ash (RSA): RSA with a specific gravity 2.91 g/cm2, and specific
surface area of 5200 cm2/g.

4. Water: used for mixing and curing.
5. Alkaline activator: sodium meta-silicate (Na2SiO3) and sodium hydroxide (NaOH).
6. Steel RFT: Two types of steel were used. Plain bars (24/35) with a 6 mm diameter,

and deformed bars (42/60) with a 12 mm diameter.
7. Steel wire-meshes:

(a) Welded and expanded wire-mesh: Figure 3 shows the types of ferrocement
meshes used. Table 3 shows the mechanical properties of the welded and
expanded steel wire-meshes.

(b) Polyethylene (Tensar)-mesh: This mesh is made from the high density
polyethylene, “Geogrid CE 121”, as shown in Figure 4, with an opening size
of 6 mm × 8 mm, thickness of 3.3 mm, volume fraction of 2.04%, and weight
of 725 gm/m2.

(c) Fiber glass mesh: Gavazzi “V3-133-A” was used with an opening dimension
of 12.5 mm × 11.5 mm. The cross-section dimension 1.66 mm × 0.66 mm (lon-
gitudinal direction) and 1.0 mm × 0.5 mm (transverse direction) as shown in
Figure 5. The mesh has a volume fraction of 0.535% and weight of 123 gm/m2.

Figure 3. Types of meshes. (a) Welded wire-mesh, (b) Expanded wire-mesh [29].

Figure 4. Polyethylene (Tensar) mesh.
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Figure 5. Fiber glass mesh.

Table 3. Mechanical properties of the welded and expanded wire-meshes [29].

Welded Wire Mesh Expanded Wire Mesh

Dimensions size 12.5 × 12.5 mm Dimensions size 16.5 × 31 mm

Weight 600 gm/m2 Weight 1660 gm/m2

Thickness 0.7 mm Wire Diameter 1.25 mm

Young’s Modulus 17000 N/mm2 Young’s Modulus 12000 N/mm2

Yield Stress 400 N/mm2 Yield Stress 250 N/mm2

Yield Strain 1.17 × 10−3 Yield Strain 9.7 × 10−3

Ultimate Strength 600 N/mm2 Ultimate Strength 380 N/mm2

Ultimate Strain 58.5 × 10−3 Ultimate Strain 59.2 × 10−3

2.2. Design of Mix

Table 4 shows the mix design of the high strength concrete. The mix design was used
to develop HSC at 28 days with a target strength of 60 MPa.

Table 4. Mix design of HSC.

Item
RSA Coarse Aggregate Fine Aggregate NaOH Na2SiO3 Water

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)

Per m3 of concrete 400 1150 650 50 150 47

2.3. Column Sample Description

The experimental work was made to investigate the behavior, ultimate capacity, and
crack-pattern of the geopolymer HSC columns. The experimental program consisted of
(nine) geopolymer HSC columns with dimensions of 150 mm × 150 mm × 1600 mm
reinforced with (4 ϕ 12) steel bars. Columns were tested axially using a compression
machine of capacity 5000 kN. The concrete dimensions of the columns and details of RFT
are presented in Figure 6. All tested columns are presented in Table 5. Additionally, Table 6
shows the reinforcement configurations for all tested columns.
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Figure 6. Concrete dimensions of columns and RFT details.

Table 5. Description of the studied columns.

Series
Sample

Sample Description Volume of Fraction RFT. Stirrups
ID

Control C1 Control ——— 4 ϕ 12 6 ϕ 8/’

Group A: Welded wire-mesh

C1-A 1-layer welded 0.00270 4 ϕ 12 ——

C2-A 2-layers welded 0.00540 4 ϕ 12 ——

C3-A 3-layers welded 0.00810 4 ϕ12 ——

Group B: Expanded wire-mesh
C4-B 1-layer expanded 0.00753 4 ϕ 12 ——

C5-B 2-layers expanded 0.01510 4 ϕ 12 ——

Group C: Tensar-mesh C6-C 1-layer Tensar 0.02040 4 ϕ 12 ——

Group D: Fiber glass-mesh
C7-D 1-layer fiber glass 0.00535 4 ϕ 12 ——

C8-D 2-layers fiber glass 0.01070 4 ϕ 12 ——
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Table 6. Reinforcement configurations of the tested columns.

Sample
Tested Columns Reinforcement Configurations

ID

C1

C1-A

C2-A

C3-A

C4-B

C5-B

C6-C

C7-D

C8-D
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2.4. Test Setup

A compression test machine with a capacity of 5000 kN was utilized to test all column
samples. Figure 7 shows a typical test setup for the columns. The deflection was measured
using LVDT and all were tested until failure.

Figure 7. Test setup.

3. Discussion of Results

The behavior of the tested geopolymer HSC columns in terms of ultimate deflection,
ultimate load, load–deflection relationship and failure mode, and cracking behavior are
discussed as follows.

3.1. Ultimate Load

The ultimate loads for the tested columns are shown in Figure 11 and Table 7. The
ultimate load of the control C1 was 738.70 kN. For group A, columns C1-A to C3-A,
the ultimate loads extended between 771.80 kN and 955.60 kN. The improvement in the
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ultimate capacity was 4.30% to 22.70%. For group B, columns C4-B and C5-B, the ultimate
loads extended between 813.70 kN and 821.70 kN. The improvement in the ultimate
capacity was 9.20% and 19.90%. For group C, column C6-C, with an ultimate load of
1027.20 kN, there was a large considerable improvement of 28.10%. For group D, columns
C7-D and C8-D, the ultimate loads were 793.40 kN and 841.30 kN, with an improvement of
7.20% and 12.20%, respectively.

Table 7. Experimental test results.

Column
First Crack

Load
Serviceability

Load
Ultimate

Load
Def. at First
Crack Load

Def. at Ult.
load

Ductility
Ratio

Energy Absorption
(kN·mm)

ID (kN) (kN) (kN) (mm) (mm) —

C1 296.00 460.59 738.70 3.80 12.02 3.16 6320.08

C1-A 325.00 481.27 771.80 4.30 12.72 2.96 9201.48

C2-A 380.00 525.46 842.50 4.70 14.36 3.06 9353.37

C3-A 455.00 596.15 955.60 5.20 14.50 2.79 10,380.91

C4-B 443.00 507.46 813.70 5.90 15.45 2.62 10,122.72

C5-B 449.00 574.96 921.70 6.30 16.96 2.69 12,008.52

C6-C 515.00 640.90 1027.20 4.40 13.55 3.08 10,414.93

C7-D 391.00 496.65 796.40 3.90 12.08 3.10 6983.16

C8-D 378.00 524.71 841.30 4.50 14.07 3.13 9179.36

According to the findings in Table 7, the use of fiber glass mesh is more efficient than other
types of metallic and nonmetallic mesh reinforcements in increasing the ultimate capacity.

3.2. Ultimate Deflection

Figure 12 and Table 7 show the ultimate deflection for all tested columns. The deflec-
tion for the control C1 was 12.02 mm. For group A, the maximum deflection ranged from
12.72 mm to 14.50 mm for columns C1-A to C3-A, which were higher than that of the con-
trol C1. For group B, the maximum deflection at ultimate load was 15.45 mm and 16.96 mm
for columns C4-B and C5-B respectively, which was also higher than that of the control C1.
For group C, column C6-C, had an ultimate deflection of 13.55 mm. For group D, columns
C7-D and C8-D, the ultimate deflections were 12.08 and 14.07 mm, respectively.

3.3. Load–Deflection Relationship

The relationship between the load and the deflection for the tested columns is pre-
sented in Figure 8. From this figure, it can clearly be seen that for all columns, the relation-
ship between the load and deflection can be divided into three stages as follows:

1. Elastic behavior until the first cracking. The load–deflection relationship in this stage
is linear. The slope of the load deflection curve in this stage varies with different types
of test specimens. The end of this stage is marked by the deviation from linearity.

2. In the second stage, the load–deflection curve slope changed slowly as a result of the
samples’ stiffness reduction due to the multiple cracking.

3. In the third stage, large plastic deformation occurred as the result of the yielding of
the reinforcing bars and the large extension in the reinforcing mesh of the ferrocement
columns. This stage is terminated by failure of the test columns.
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Figure 8. Comparison between the load deflection of all columns.

From Figure 9, it can be concluded that column C6-C, which was reinforced with
one-layer of Tensar-mesh, had the highest first crack load and ultimate load, while the
control column C1 had the lowest ultimate load carrying capacity.

Figure 9. First crack load for the tested columns.

The results of all test specimens are listed in Table 7. This table shows the obtained
results for the first crack load, service load, deflection at ultimate load, ductility ratio,
and energy absorption. First crack load, ultimate load, and first crack and ultimate load
deflection were gained throughout testing, but the ductility ratio, service load, and energy
absorption were calculated from the load–deflection curve for each column sample. The
first crack-load was obtained at the point at which the curve of load deflection began to
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deviate from the linear relationship. Furthermore, service load can be computed from
Equation (1).

Pser =
(Pult − 1.4 × D.L.)

1.6
, D.L. = own weight o f column. (1)

In the current section, the comparison between the behavior up to failure of the tested
column as obtained from the experimental results is illustrated. The comparisons between
all tested columns are shown in Figures 9–14, which show the first crack load, serviceability
load, ultimate load, deflection at ultimate load, ductility ratio, and energy absorption for
all tested columns, respectively.

Figure 10. Serviceability load for the tested columns.

Figure 11. Ultimate load for the tested columns.

489



Polymers 2021, 13, 3789

Figure 12. Ultimate deflection for the tested columns.

Figure 13. Ductility ratio for the tested columns.
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Figure 14. Energy absorption for the tested columns.

3.4. Energy Absorption

The ductility ratio was well-defined, similar to the proportion of the ultimate load
deformation to the first crack load deformation, whereas the energy absorption was known
as the area under the load deflection curve until collapse. Table 7 shows the ductility ratios
and energy absorption values for all columns. Ongoing increase in the energy absorption
as the volume fraction percentage increased, was noted. Column C8-D, with one layer of
fiber glass mesh, had the highest ductility ratio when compared with the other types of
meshes. Figure 14 shows the energy absorption comparison for all columns. The energy
absorption for the control column C1 was 6320.08 kN·mm. For all other columns, the
energy absorption was greater than the control C1. That is, it showed good enhancement
with an enhancement percentage of 10% to 190%. Group D with the fiber glass mesh
exhibited the smallest enhancement whereas Group C with the Tensar-mesh exhibited the
highest enhancement. Column C5-B, which uses two layers of expanded wire mesh, had
the highest energy absorption. It may be concluded that by improving the ductility ratio,
these new composite materials improved the failure behavior.

Finally, the performance of columns was improved by employing these advanced
composite materials. It may be said that it slowed the beginning of the first cracks, while
also increasing the capacity of the service load. It also has high ultimate-loads, high
durability, improved deformation, and improved energy absorption, all of which are
advantageous in dynamic purposes.

3.5. Crack Pattern

Near collapse, the control column C1 showed a compression mode of failure with a
concrete cover of local crushing and spalling. For all other tested columns, near collapse
after the ultimate load value decreased up to 60% to 40% of the ultimate load. All crack
patterns of the tested columns are shown in Figure 15.
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Figure 15. Cont.
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Figure 15. Cont.
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Figure 15. Crack patterns.

4. Analytical Analysis

Analytical analysis was conducted to validate the results of the experimental pro-
gram. Table 8 showed the analytical results were obtained from the NLFEA software
ANSYS2019-R1 [30] program.

Table 8. Analytical results.

Column First Crack Load Ultimate Load
Def. at First
Crack Load

Def. at Ult. Load Ductility Ratio Energy Absorption
(kN·mm)

ID (kN) (kN) (mm) (mm) —

C1 260.30 812.57 2.85 8.12 2.85 4104.8310

C1-A 260.30 848.98 3.23 10.30 3.19 6200.2411

C2-A 260.30 906.95 3.53 10.50 2.98 7055.3147

C3-A 260.30 1051.16 3.90 10.31 2.64 7303.0707

C4-B 260.30 995.07 4.43 10.49 2.37 6899.9601

C5-B 260.30 1013.87 4.73 9.63 2.04 6396.8092

C6-C 260.30 1129.90 3.30 7.30 2.21 4933.7318

C7-D 260.30 876.04 2.93 7.76 2.65 4237.6949

C8-D 260.30 925.43 3.38 6.82 2.02 3782.9131

4.1. Types of Elements

For concrete, element Solid 65 (Figure 16a) was used to represent the concrete stress–
strain curve, while element Link 180 3-D (Figure 16b) was used to represent the reinforcing
bars and reinforcing stirrups. All ferrocement reinforcement was modeled by computing
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the volumetric ratio (reinforcing steel ratio to concrete) in the concrete element Solid 65.
As ANSYS allows the user to enter three rebar materials in the concrete, each material
corresponds to x, y, and z. The orientation angles denoted the reinforcement orientation
in the smeared model. Therefore, ferrocement reinforcements were modeled as smeared
layers with the volumetric ratio as indicated in Section 4.2.

Figure 16. Geometry of element types.

4.2. Properties of Modeled Materials

This section shows the material properties for concrete, reinforcing steel bars, and
ferrocement wire meshes:

• The material properties for concrete:

1. Elastic modulus of elasticity (Ec = 4400
√

fcu = 24,100 N/mm2) [28].
2. Poisson’s ratio (ν = 0.3) [28].

• The material properties for reinforcing steel bars:

1. Elastic modulus of elasticity (Es = 200 kN/mm2) [28].
2. Yield stress (fy = 400 N/mm2 & fyst = 240 N/mm2) [28].
3. Poisson’s ratio (ν = 0.2) [28].
4. Area of steel of ϕ 12 (As = 112 mm2)
5. Area of steel of ϕ 8 (As = 50.3 mm2)

• The properties for welded mire mesh:

1. Volumetric ratio of one layer = 0.0027
2. Volumetric ratio of two layers = 0.0054
3. Volumetric ratio of three layers = 0.0081

• The material properties for Expanded wire mesh:

1. Volumetric ratio of one layer = 0.00753
2. Volumetric ratio of two layers = 0.01510

• The material properties for Tensar mesh:

1. Volumetric ratio of one layer = 0.02040

• The material properties for glass fiber mesh:

1. Volumetric ratio of one layer = 0.00535
2. Volumetric ratio of two layers = 0.01070

4.3. Specimens Modeling

A finite nonlinear analysis was conducted to evaluate the behavior of geopolymer
ferrocement HSC columns, as shown in Figure 17.
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Figure 17. 3D-modeling of the columns.

4.4. Analytical Results and Discussion

Table 8 shows the analytical results such as the first crack load, ultimate load, the
deflection at first crack and ultimate load, ductility ratio, and energy absorption for the
modeled columns.

4.4.1. Ultimate Load

The ultimate loads for the modeled columns are shown in Table 8. The ultimate
load of control C1 was 812.57 kN. For group A, columns C1-A to C3-A, the ultimate
loads extended between 848.98 kN and 1051.16 kN. The improvement in the ultimate
capacity was 4.40% to 22.80%. For group B, columns C4-B and C5-B, the ultimate loads
extended between 995.07 kN and 1013.87 kN. The improvement in the ultimate capacity
was 18.30% and 20.00%. For group C, column C6-C had an ultimate load of 1129.90 kN
with a considerable improvement of 28.20%. For group D, columns C7-D and C8-D,
the ultimate loads were 876.04 kN and 925.43 kN, with an improvement of 7.30% and
12.30%, respectively.

According to the findings in Table 8, the use of fiber glass mesh is more efficient than
other types of metallic and nonmetallic mesh reinforcements in increasing the ultimate
capacity. A good agreement was noted between the experimental and nonlinear approaches
for all columns.
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4.4.2. Ultimate Deflection

Table 8 shows the ultimate deflection for all modeled columns. The deflection for
the control column C1 was 8.12 mm. For group A, the maximum deflection ranged from
10.30 mm to 10.50 mm for columns C1-A to C3-A, respectively, which were higher than
that of the control C1. For group B, the maximum deflection at ultimate load was 10.49 mm
and 9.63 mm for columns C4-B and C5-B, respectively, which was also higher than that of
the control C1. For group C, column C6-C, there was an ultimate deflection of 7.30 mm.
For group D, columns C7-D and C8-D, the ultimate deflections were 7.76 and 6.82 mm,
respectively. It can clearly be seen that good agreement was noted between the experimental
and nonlinear approaches for all columns.

4.4.3. Load–Deflection Relationship

The relationship between the load and deflection for the modeled columns are pre-
sented in Figures 21–29. From these figures, it can clearly be seen that good agreement was
noted between the experimental and nonlinear approaches for all columns.

It is possible to conclude that the FE simulations produced accurate findings when
compared to the experimental results. Furthermore, the analytical deflection findings
outperformed the experimental results by a mean of 15%, as indicated.

4.4.4. Energy Absorption

Table 8 shows the ductility ratios and energy absorption values for all modeled
columns. The energy absorption for the control column C1 was 4104.83 kN·mm. For all
other columns, the energy absorption was greater than the control C1. Group D with the
fiber glass mesh exhibited the smallest enhancement whereas group C with the Tensar-
mesh exhibited a considerable enhancement. It may be concluded that by improving the
ductility ratio and the energy absorption, these new composite materials improved the
failure behavior.

4.4.5. Crack Pattern

The cracking started at an initial loading step in the molded column face near the
column supports. This was due to the invisible micro-cracks in the experimental study.
The cracking load was fairly lower than the experimental one. This might be acceptable
as the FE analysis characterized the stage of micro-cracks. Furthermore, the wire mesh
composite materials may have hidden the micro-cracks initiated in the experimental test.
Conversely, the patterns of cracks at every load step showed that the crack propagation for
all columns was somewhat changed compared to the experimental one due to the accuracy
of the FE Ansys program in obtaining the micro-cracks. All crack patterns of the molded
columns are shown in Figure 18.
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Figure 18. Cont.
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Figure 18. Cont.
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Figure 18. Crack patterns for the modeled columns.

5. Comparisons between Analytical and Experimental Results

Comparison between analytical and experimental results confirmed an acceptable
agreement in representing the geopolymer ferrocement HSC columns’ performance in terms
of first crack and ultimate deflection, first crack load and ultimate load, and crack pattern.

5.1. Ultimate Failure Load

Figure 19 and Table 9 show the comparison between the ultimate experimental and
analytical load. There was fair agreement between the experimental and analytical ultimate
loads. It is possible to conclude that the FE simulations produce accurate findings when
compared to the experimental results. Furthermore, the analytical ultimate load results
outperformed the experimental results by a mean of 11%.

5.2. Ultimate Deflection

Figure 20 and Table 9 show the comparison between the ultimate experimental analyt-
ical deflections. The load–defection curves as shown in Figures 21–29 for the experimental
and modeled columns showed good agreement with respect to the control column deflec-
tion. Furthermore, the analytical ultimate defection results outperformed the experimental
results by a mean of 15%.
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Figure 19. Comparison between Exp. and NLA ultimate loads.

Table 9. Experimental and analytical results.

Column First Crack Load First Crack Load Ultimate Load Ultimate Load Def. at Ult. Load Def. at Ult. Load
ID (kN) (kN) (kN) (kN) (mm) (mm)

NLA. EXP. NLA. EXP. NLA. EXP.

C1 260.30 296.00 812.57 738.70 8.12 12.02

C1-A 260.30 325.00 848.98 771.80 10.30 12.72

C2-A 260.30 380.00 906.95 842.50 10.50 14.36

C3-A 260.30 455.00 1051.16 955.60 10.31 14.50

C4-B 260.30 443.00 995.07 813.70 10.49 15.45

C5-B 260.30 449.00 1013.87 921.70 9.63 16.96

C6-C 260.30 515.00 1129.90 1027.20 7.30 13.55

C7-D 260.30 391.00 876.04 796.40 7.76 12.08

C8-D 260.30 378.00 925.43 841.30 6.82 14.07

Figure 20. Comparison between Exp. and NLA ultimate deflections.
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Figure 21. Load deflection of Column C1.

Figure 22. Load deflection of Column C1-A.
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Figure 23. Load deflection of Column C2-A.

Figure 24. Load deflection of Column C3-A.
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Figure 25. Load deflection of Column C4-B.

Figure 26. Load deflection of Column C5-B.

504



Polymers 2021, 13, 3789

Figure 27. Load deflection of Column C6-C.

Figure 28. Load deflection of Column C7-D.
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Figure 29. Load deflection of Column C8-D.

5.3. Cracking Patterns

Figures 30 and 31 show the comparison between the crack pattern for the experimental
and modeled column samples. The micro-cracking stage, which occurs before observable
cracking, is represented by the NLA forecasts. The cracking patterns at each load increment,
on the other hand, demonstrated that the crack propagation for all columns differed
somewhat from the experimental fracture pattern. This is due to the nonlinear finite
element program’s precision in determining micro- and large cracks as well as the impact
of the reinforcing technique on cracking patterns, as shown in Table 9.

Figure 30. Crack spread for the control specimen.
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Figure 31. Cracks spread for the C6-C specimen.

6. Conclusions

Based on the experimental and analytical results, the following conclusions can
be drawn:

1. Because of the lighter and easier handling of wire meshes compared with steel rein-
forcement, all wire meshes offer several improvements, especially for structures with
complex shapes.

2. Increasing the volume fraction of the wire mesh reinforcement increased the initial
cracks, ultimate loads, energy absorption, and ductility index.

3. Ferrocement geopolymer columns achieved higher ultimate load, ductility, and energy
absorption compared to the steel reinforced concrete control column.

4. Cracks with greater number and narrower widths were observed for those ferroce-
ment geopolymer columns compared with the steel geopolymer columns.

5. Expanded or welded ferrocement geopolymer columns showed greater ultimate
failure loads than the control column. Additionally, using expanded or welded
columns had a considerable effect on the ultimate failure loads, where welded wire
mesh exhibited almost 28.10% compared with expanded wire mesh.

6. Column reinforced with one-layer of nonmetallic Tensar-mesh obtained the highest
ultimate failure load out of all the tested columns without concrete cover spalling.
Consequently, increasing the volume fraction had the main result of postponing the
incidence of crack development with higher corrosion protection and high loading
carrying capacity than columns reinforced with metallic reinforcement.

7. Column reinforced with one layer of fiber glass mesh obtained the smallest ultimate
failure load compared with the control column.

8. The analytical procedures for first crack and ultimate load computations obtained
good prediction for these loads and the column failure modes. Consequently, there
were improved strength, deformation characteristics, and cracking behavior with
great savings of reinforcement.
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9. The comparison of the crack patterns obtained by the FE and experimental models led
to identical crack propagation for the two approaches up to failure. The inclination of
the failure surfaces and the concentration of cracks of all columns were the same in
both patterns.

10. The established ferrocement geopolymer columns could be successfully used as an
alternative to the traditional RC columns, which could be of true merit in both developed
and developing countries aside from its anticipated economic and environmental merits.
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Abstract: Liquid crystal is an intermediate phase between the crystalline solid and an isotropic liquid,
a very common substance in our daily lives. Two major classes of liquid crystal are lyotropic, where
a liquid crystal is dissolved in a specific solvent under a particular concentration and thermotropic,
which can be observed under temperature difference. This review aims to understand how a structure
of a certain azo compound might influence the liquid crystal properties. A few factors influence the
formation of different liquid crystals: the length of the alkyl terminal chain, inter/intra-molecular
interaction, presence of spacer, spacer length, polarization effects, odd-even effects, and the presence
of an electron-withdrawing group or an electron-donating group. As final observations, we show
the compound’s different factors, the other liquid crystal is exhibited, and the structure–property
relationship is explained. Liquid crystal technology is an ideal system to be applied to products to
maximize their use, especially in the electronic and medical areas.

Keywords: azo compound; liquid crystal; structure–property relationship

1. Introduction

Azo compounds represent a large branch of the liquid crystal sciences. The azo
compound is a compound that contains two or more organic groups, which an azo group
separates by –N=N– as its linking unit [1,2]. In order to conserve natural flora and fauna
sources, an alternative was taken by producing a synthetic dye using an azo compound.
An azo compound is an important group used extensively in the textile industry [3],
manufacture of ink [4], and the cosmetic industry [5].

Liquid crystal is a liquid that is not isotropic, has two refractive indexes, and displays
interference in a polarized light [6,7]. According to Stegemeyer (1989), it was first discov-
ered by Dr. Friedrich Reinitzer back in 1888 in a German University located in Prague,
where he revealed two crucial traits of the cholesteric liquid crystal, which are the change
of color with temperature and the temperature range of the cholesteric phase, and the
melting point and clearing point [8,9].

It has been proven that liquid crystal can form an intermediate phase, called the
mesophase. This phase is situated in the middle of a crystalline solid and an isotropic
liquid [10]. Relying on a particular circumstance in which the mesophase becomes ap-
parent, liquid crystal can be characterized into two major classes: lyotropic and ther-
motropic [11]. It can be suggested that lyotropic shows the liquid crystal state in a certain
concentration, as Andrienko (2018) reported that the specification of this liquid crystal is
its concentration [12].

However, Brightman (1954) has stated that the thermotropic phase is a phase where a
liquid crystal is prepared via a heating process [7]. It can be signified as a liquid crystal
formed with temperature change, in agreement with Kusabayashi and Takenaka (1984) who
reported that thermotropic liquid crystals give out a few different forms with temperature
variation [13]. Enantiotropic is a term to define a thermodynamically stable mesophase
that appears on heating and cooling of the molecule, while a thermotropic mesophase that
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arises only during cooling of a molecule is termed as a monotropic mesophase. On the
other hand, a molecule that exhibits liquid crystal under the same influence as a lyotropic
(solvent) and a thermotropic (heat) is referred to as an amphotropic [14].

Generally, the systemic nature of the thermotropic liquid crystal is dependable on the
molecular shape of the crystal, whether it is a rod-like or a disc-like shape molecule [15].
The thermotropic liquid crystal with disc-like molecules are a discotic mesogen, while a
thermotropic liquid crystal with rod-like molecules is a calamitic mesogen, which can be
sub-divided into nematic, cholesteric and smectic phase.

A nematic phase is the simplest liquid crystal where the molecules are positioned in a
long axis across the same preferred direction [12]. This means that the rod-like molecules
are arranged in a plane parallelly. In a thermotropic liquid crystal, the positional order of the
molecules can be destructed if the molecules are treated with heat at a specific temperature
but not the orientational order [15]. As a molecule of a nematic mesophase is aligned
parallelly along its axes, this mesophase exhibits anisotropic physical properties. Typically,
a nematic phase shows schlieren, marble, and pseudoisotropic textures in accordance with
the structure of its surface.

Cholesteric mesophase is also known as a chiral nematic phase (N*) as it is formed via
doping of a nematic liquid crystal or when the molecules of a system are chiral [16]. The
director of a cholesteric mesogen tends to form a helix with pitch due to the alignment of
an adjacent molecule at a trivial angle of one another. Basically, a pitch is a distance taken
by the director to make one full turn in the helix. This helical structure of N* can reflect
light with a wavelength uniform to the pitch length. A cholesteric mesogen commonly
exhibit a schlieren textures.

Different from a nematic phase, a smectic phase is aligned in layers disclosing an
association between its position along with the orientational order [12]. A different smectic
phase is formed as the molecular order of the smectic phase change, which is Smectic A
(SmA), Smectic B (SmB), Smectic C (SmC), Smectic F (SmF), and Smectic I (SmI). These
smectic are then sub-divided into two categories depending on whether the molecules are
tilted to the layer normal or not. A part of SmA and SmB, other smectic are tilted phase.

Among all other smectic, SmA or SmC are often observed. These mesogen is formed
when each molecule does not have a long-range positional order [15]. The molecules in a
smectic A phase are arranged in layers so that the long axis is perpendicularly aligned to
the plane. Most compound that exhibits these kinds of structure is a compound that carries
a terminal polar group [17]. Generally, this phase displays a focal-conic texture.

SmC differs from the SmA phase as the director of the molecule’s constant tilt angle
measured normally to the smectic plane [18]. The layers of the smectic C phase are closely
packed, respecting the director of the phase, in a short-range. Similar to the nematic
mesophase, SmC has a chiral smectic C (SmC*). The director of the layer is identical to
SmC, and the only difference it makes is that the angle that rotates from a layer to another
and forms a helix. According to [16], there is a sub-phase of the smectic C phase called
the anticlinic smectic C. The order of this molecule is similar compared to the order of a
smectic C phase. The difference between each phase is the correlation between the tilted
direction in the layers.

Understanding of the structure–property relationship of the compound is required
in order to understand the interconnections between the core system, linking unit, and
terminal group. Currently, there is a lack research focused on this area. There has been
a lack of research that focuses on the azo-based compounds, especially on the methods
and the structure–property relationship. Hence, this review will help future researchers to
understand the phase properties and the characterization of azo-based compounds.

2. Structure–Property Relationship

Despite being lyotropic or thermotropic, most liquid crystal can exhibit at least one
liquid crystal phase. According to Safinya et al. (1986), a thermotropic liquid crystal can
exhibit one to several liquid crystal phases between the crystal and isotropic states [18].
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However, there is a time where a liquid crystal does not exhibit any mesophase at all. This
study will explain the possibilities of liquid crystal disclosing different types of liquid
crystal phase, why a structure with the same central unit gives out different liquid crystal
phases, and how any substitution can affect the mesomorphic.

In accordance with a study by Collings and Hird (1997), the structure–properties
relationship is crucial to understand for the synthesizing or altering of a molecule in a
certain way or arrangement to get a certain mesomorphic phase [14]. This understanding
is important, especially when the liquid crystal is synthesized for a particular application
that requires a particular liquid crystal phase.

A study was conducted in 1997 by Parra et al. on the structure–properties relationship
of azo-based compounds [19]. In this study, Parra and her co-worker synthesized two azo
compounds, 1(a–f) and 2(a–f). All homologues of compound 1a were claimed to display a
nematic phase. In addition, homologues n = 9 and 10, compounds 1e and 1f, respectively,
show a monotropic smectic C phase. Similar to compound 1, all homologues of compound
2 also exhibit an enantiotropic nematic phase. However, compounds 2(a–c) displays a
monotropic smectic C while compound 2(d–f) exhibit an enantiotropic smectic C phase.
Compound 2 appears to have more extensive mesomorphic range compared to compound
1. Parra and her co-worker stated that the low mesophase stability of compound 1 is caused
by the presence of a thiophene ring which produces an additional deviation that hinders
the formation of a stable mesophase.

Comp 1a 1b 1c 1d 1e 1f

R C5H11 C6H13 C7H15 C8H17 C9H19 C10H21

Comp 2a 2b 2c 2d 2e 2f

R C5H11 C6H13 C7H15 C8H17 C9H19 C10H21

Two years later, Belmar et al. (1999) synthesized quite a similar azo compound, namely
compounds 3(a–h) [20]. All homologues of compound 3 give out a nematic phase showing
that corresponding molecular interactions occur that give the same outcome in terms of
molecular arrangement and thermal stability. However, not all homologues exhibit smectic
C phase, such as compounds 3(a–d) as a layered smectic order is not ideal due to the
difference in the volume occupied by the opposite chain. Nevertheless, a tilted smectic C
order is formed as the alkoxy chain lengthens starting of homologues 7 to 10, and almost
the same to the opposite chain.

Comp 3a 3b 3c 3d 3e 3f 3g 3h

R C3H7 C4H9 C5H11 C6H13 C7H15 C8H17 C9H19 C10H21
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In 2001, Lee et al. synthesized two crystalline dyes containing a non-activated pyrany-
lazo group, compounds 4(a–f) and 5(a–f) [21]. At the first heating phase, none of the
homologues of compounds 4 and 5 display any mesomorphic property due to the thermo-
and photochromic properties of the dye. This property causes a small ring-opened merocya-
nine species, which is not favored at high temperatures. Only after the first heating-cooling
phase does the compound starting to exhibit a mesophase. Compounds 4a and 4c show
an enantiotropic nematic phase, compounds 4b and 4d display a monotropic nematic
phase, while compounds 4e and 4f do not form any liquid crystal phase. In contrast, all
homologues of compound 5 form a nematic phase, and some even display a smectic A
phase, except compounds 5d and 5e.

Comp 4a 4b 4c 4d 4e 4f

R (CH2)4CH3 (CH2)5CH3 (CH2)6CH3 (CH2)7CH3 (CH2)8CH3 (CH2)9CH3

Comp 5a 5b 5c 5d 5e 5f

R (CH2)4CH3 (CH2)5CH3 (CH2)6CH3 (CH2)7CH3 (CH2)8CH3 (CH2)9CH3

In the same year, two azo compounds were synthesized containing a similar structural
unit, comprised of pyridine in compounds 6(a–f) and 1,3,4-thiadiazole rings in both com-
pounds 6(a–f) and 7(a–f) [22]. All homologues of both compounds exhibit a liquid crystal
phase. As for compound 6, all homologues display a crystal to isotropic transition, and
only two of the highest homologues, compounds 6e and 6f exhibit a monotropic nematic
phase. Compound 7 shows a dimorphism of a nematic phase and a smectic C phase.
However, compounds 7(a–c) exhibit a monotropic smectic C phase. Nevertheless, the
thermal stability of compound 7 is higher compared to the thermal stability of compound 6.
The most prominent difference between compounds 6 and 7 can be seen from the structure.
Compound 6 comprises a pyridine unit at the end of the central core and only one lateral
chain, while compound 7 has a benzene ring instead of a pyridine, two lateral units, and a
greater molecular length. To briefly summarize, compound 6 contains a pyridine unit, and
is not long enough to be polarized enough to exhibit a stable liquid crystal phase compared
to compound 7.

Comp 6a 6b 6c 6d 6e 6f

R C5H11 C6H13 C7H15 C8H17 C9H19 C10H21
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Comp 7a 7b 7c 7d 7e 7f

R C5H11 C6H13 C7H15 C8H17 C9H19 C10H21

So et al. (2003) reported in his study about compounds 8(a–d), where this compound
has two two-ring mesogenic units that are connected by a spacer, namely 2-hydroxy-
1,3-dioxypropylene [23]. All homologues of compound 8 have display an enantiotropic
schlieren and/or a broken fan textured smectic C phase except for compound 8a. Figure 1
shows a micrograph of compound 8c. This phenomenon happens due to the temperature
range of mesophase increase with the increasing length of the terminal alkyl chain.

Comp 8a 8b 8c 8d

R C6H13 C8H17 C10H21 C12H25

 

Figure 1. Polarizing optical micrographs upon cooling of isotropic liquid of compound 8c at
168.0 ◦C [23].

Compounds 9(a–c) was synthesized by Abbasi et al. (2006) [24]. Compounds 9(a–b)
display a monotropic liquid crystal phase during cooling from the isotropic liquid. How-
ever, compound 9c formed an enantiotropic mesophase behavior and showed a liquid
crystalline characteristic on heating and cooling from the isotropic liquid. Abbasi et al.
declared that the stability of mesophase is influenced by the alkyl length (R). Compound
9c with the longest alkyl chain length exhibit enantiotropic mesophase which is thermody-
namically stable compound, and compound with a short chain length (9a and 9b) exhibit
unstable mesomorphic behavior.
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Comp 9a 9b 9c

R C7H15 C11H23 C15H31

In the same year, compounds 10(a–c) and 11(a–c) were synthesized by Rezvani et al.
(2006) [25]. Compounds 10(a–c) did not show any liquid crystal phase as this compound
directly melted into an isotropic liquid. It was claimed that the melting point of the ligands
decreases with increasing alkyl chain length value. Compound 11a exhibit four endother-
mic transitions, where the first two transitions are equivalent to the crystal-to-crystal
transition. The third transition peak at 204.3 ◦C with enthalpy values of 532.43 kJ mol−1

is corresponding to a crystal phase to a mesophase. A Schlieren texture typically for the
smectic C phase was detected, as reported in Figure 2. The fourth transition peak at 240.3 ◦C
with a low enthalpy value of 5.25 kJ mol−1 is responsible for the transition from mesophase
to the isotropic liquid. The high clearing enthalpy corresponding to the mesophase to
isotropic transition indicates that the mesophase structure is highly in order.

Comp 10a 10b 10c

R C9H19 C11H23 C13H27

 
Figure 2. Optical texture of compound 11a at 210.0 ◦C [25].
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Comp 11a 11b 11c

R C9H19 C11H23 C13H27

Compounds 12(a–c) were first synthesized by So et al. in 2001. In 2006, he conducted
another study using the same compound but with a different alkyl chain [26]. During
the heating phase, compound with the highest homologues, compound 12c, exhibits a
crystal to smectic C phase at 163.0 ◦C, and smectic C to isotropic liquid at 168.0 ◦C and
compounds 12a and 12b does not show any mesomorphic phase. However, during the
cooling scan, compounds 12b and 12c show a smectic C mesophase (Figure 3) but not
compound 12a. Compound 12b form a monotropic smectic C liquid crystal phase with a
schlieren or broken-fan texture, whereas compound 12c exhibit an enantiotropic smectic C
liquid crystal phase with a schlieren texture and compound 12a shows no mesomorphic
behavior. So et al. (2006) reported that increasing the alkyl chain is expected to increase
the length-to-breadth, resulting in a liquid crystal phase, especially the smectic phase [27].
He also claimed that as the length of the terminal chain increase, the temperature range
of the smectic phase also increases. It was also discussed in the study that the entropy
change keeps increasing as the terminal chain increase, hence, a smectic mesophase is
prone to show, and as the terminal chain increases, the thermal stability of a tilted smectic
C also increases.

 

Comp 12a 12b 12c

R C5H11 C7H15 C9H19

  
(a) (b) 

Figure 3. (a) Schlieren textured smectic C of compound 12b at 160.0 ◦C, and (b) Schlieren textured
smectic C of compound 12c at 160.2 ◦C [26].
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Lutfor et al. (2009) have synthesized compounds 13(a–f) with six different homo-
logues [28]. As for raw compound 13a, two transition peaks were observed during cooling
of compound at 175.2 and 123.1 ◦C, which are assigned for the isotropic to smectic and
smectic to crystal transition, respectively. Chloro-substituted compound 13b also shows
two peaks on cooling, 144.3 and 126.0 ◦C, which are corresponded to isotropic to smectic
and smectic to crystal transition, respectively. Compound 13c and 13f do not display any
liquid crystal phase, and it melts at 168.0 and 165.0 ◦C and crystallized at 162.0 ◦C and
160.0 ◦C, respectively. Compound 13d is a fluoro-substituted compound that displays two
peaks on cooling at exactly 150.5 and 127.1◦C, corresponding to isotropic to smectic and
smectic to crystal transition, respectively. Compound 13e is a fluoro, and chloro-substituted
compound that shows two peaks on cooling at 142.9 and 126.3 ◦C, correspond to isotropic
to smectic phase and smectic to crystal phase. In summary, the substitution of F atom to
the aromatic core in compound 13d and chloro-substituted of compound 13b decreases the
mesophase-isotropic transition temperature compared to compound 13a. Compound 13e
possessing both F and Cl atoms have the lowest transition temperature compared to the
other compounds.

When cooling from the isotropic liquid, compounds 13d and 13e exhibit a fan-like
texture which is typical for a smectic phase. Both compounds form a smectic phase at a
lower temperature due to the addition of F atoms in compound 13d and F and Cl atoms
in compound 13e. Compound 13(a, b, d, and e) were found to be monotropic in nature
(Figure 4), and only compound 13a was studied to be thermodynamically more stable
compared to the other compound. However, it was expected that compound 13a has the
highest mesomorphic stability as it contains no lateral substitution that may disturb the
aromatic core packing.

Comp 13a 13b 13c 13d 13e 13f

R H H H F F F
R’ H Cl COOH H Cl COOH

There are several possible reasons for the absence of a smectic mesophase. Firstly,
the dipole of the substituent is partly canceled by the dipole of the ester group. Next,
no other dipole across the long axis of molecules. Lastly, the strength of intermolecular
lateral attractions is reduced as a result of a long narrow to be pushed further apart due
to an increase in molecular breadth [29]. Compounds 14(a–b) consists of CH3 and F
substituted compounds, respectively. Compound 14a is prone to show a nematic phase
while compound 14b tend to exhibit both nematic and smectic phase. Briefly summarize,
the ratio of lateral to the terminal attraction of compound 14b is higher than compound 14a.
This is because the F atom does not increase the molecule width due to the small atomic size
compared to the adjacent substituent. Although the C–F bond has a high dipole moment,
the bond itself cannot be entirely canceled by the dipole moment because of the ester group
that presents in the compound. The dipole moment of the long axis will approach the
dipole moment of the lateral axis, causing the attractive terminal forces is almost the same
as the attractive lateral forces. Hence, two phases were formed at low temperatures.
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(a) (b) 

  
(c) (d) 

Figure 4. Optical micrograph of (a) compound 13a at 164.0 ◦C, (b) compound 13b at 130.0 ◦C,
(c) compound 13d at 129.0 ◦C, and (d) compound 13e at 134.0 ◦C [28].

Comp 14a 14b

R CH3 F

In 2011, two ligands containing Cu and Ni atoms were synthesized by Yeap et al.
(2011), namely compounds 15(a–e) and 16(a–e) [30]. All compound 15 first exhibits a
schlieren textured nematic phase followed by a focal conic fan shape textured typically
for smectic A. However, all compound 16 does not exhibit a mesomorphic behavior due
to direct isotropization during the heating and cooling phase without exhibiting any
liquid crystal phase. The layer spacing of compound 15(a–e) is 1.04 Å. This layer spacing
corresponds to the molecular length, and the layer thickness of compound 15 is slightly
lower than its molecular length. This explains the presence of interdigitation of the alkoxy
chain and its neighboring layer.
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Comp 15a 15b 15c 15d 15e

M Cu Cu Cu Cu Cu
R C8H17 C10H21 C12H25 C14H29 C16H33

Comp 16a 16b 16c 16d 16e

M Ni Ni Ni Ni Ni
R C8H17 C10H21 C12H25 C14H29 C16H33

Yeap et al. (2011) also focused on the study of a structure–property relationship of
compound 17, which was synthesized by Reddy et al. (1991) [30,31]. Compound 17 exhibit
a smectic A phase and is thermodynamically enantiotropic up to the clearing temperature of
33.0–261.0 ◦C. Such a thing happens due to the introduction of azobenzene cored that may
induce mesophase formation in compound 17 and lower the temperature of complexes.

Comp 17

R C5H11

A year later, compounds 18(a–d) were synthesized by Yang et al. (2012) [32]. In this
study, all compounds 18 exhibit mesomorphic phases. This is due to the six or eleven
segments (n = 6 or 11) present in the compound that acts as a spacer. In his study, Yang
et al. (2012) argued that in order for a compound to exhibit a mesomorphic phase, a liquid
crystal must contain a suitable spacer length between the center and the terminal chain [32].
This flexible spacer is also crucial as it affects the dipole and molecular interaction be-
tween the compound, which will play an important role in mesophase formation. During
the heating scan, compound 18a melted, and a cholesteric liquid crystal was exhibited
between 138.7 and 189.1 ◦C. On the other hand, compound 18c was observed to show an
enantiotropic mesophase at between 160.0–185.4 ◦C and 135.6–183.1 ◦C, upon heating and
cooling scan, respectively. Compound 18a displayed a broader phase transition temper-
ature range compared to 18c, which shows that the electron-withdrawing nitro moiety
intensifies the head-to-tail molecular interactions. However, in compound 18b, the longer
methylene spacer decreases the head-to-tail interactions, resulting in a phase transition
temperature range. In contrast, compounds 18c and 18d that contain a methoxy terminal
chain exhibit different behavior. Compound 18d has a broader phase transition temper-
ature change compared to compound 18c. Based on this observation, the rigidity of the
mesomorphic core, length of the flexible spacer, and the type of terminal chain play an
important role in the dipole–dipole interaction that leads to the variability of the phase
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transition temperature. Hence, it will later influence the formation of different types of
liquid crystal properties and textures.

 

Comp 18a 18b 18c 18d

n 6 11 6 11
R NO2 NO2 OCH3 OCH3

Two azo compounds bearing two different moieties used at the end terminal were
synthesized: compounds 19(a–i) and 20(a–i). Lower homologues of both compounds
only exhibit a nematic phase, while compounds with higher homologues, which are
compounds 19h, 19i, 20f, 20g, 20h, and 20i, possess a longer terminal chain exhibit an
additional phase transition directing to a layered mesophase. During the cooling scan, all
homologues of both compounds are enantiotropic in nature and exhibit a schlieren and
marbled texture typically for a nematic mesophase. As observed, the nematic phase range
decreases with an increasing chain length in both compounds [33].

 

Comp 19a 19b 19c 19d 19e 19f 19g 19h 19i

n 4 5 6 7 8 9 10 11 12
X CN CN CN CN CN CN CN CN CN

Comp 20a 20b 20c 20d 20e 20f 20g 20h 20i

n 4 5 6 7 8 9 10 11 12
X NO2 NO2 NO2 NO2 NO2 NO2 NO2 NO2 NO2

Compounds 21(a–d) have a similar molecular structure except for the R group that
was substituted on the benzothiazole ring. Hence, different types of mesophase were
displayed by each compound during the heating and cooling cycles. Generally, the terminal
methacrylate unit and the substituent on the benzothiazole ring are crucial to forming a
liquid crystal. Compound 21a shows only a smectic mesophase, while compounds 21b,
21c, and 21d display both nematic and smectic phases. The terminal methacrylate unit is
responsible for forming the smectic phase as this unit elevates the polarizability anisotropy,
which is ideal for the lateral attraction of molecules to form a strong smectic phase. As
mentioned earlier, compounds 21b, 21c, and 21d exhibited both smectic and nematic liquid
crystal phases. Nematic liquid crystal is favored as the replacement of hydrogen atom on
compound 21a by a methyl group on compound 21b, methoxy group on compound 21c,
and ethoxy group on compound 21d, to the sixth position of the benzothiazole ring
was facilitated by conjugation of the high core polarizability with the short terminal
chain [34]. The polarization of benzothiazole moiety is directly affected by the electron
distribution in the electron-donating substituent. The substituent size also influences the
mesophase temperature transition in the sixth position of the benzothiazole ring. The
ethoxy substituent has the greatest mesophase stability compared to the methoxy or methyl
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substituent. To conclude, the terminal methacrylate unit and the sixth position substitution
play a vital role in confirming the liquid crystal phase formation.

 

Comp 21a 21b 21c 21d

R H CH3 OCH3 OC2H5

Compounds 22 and 23 are azobenzene chromophores with a fluoro substituent. Both
compounds are similar compared to the number of fluorine atom each compound pos-
sess, compound 22 contain only one fluorine atom while compound 23 contain two flu-
orine atoms. Compound 22 shows a nematic to isotropic transition at 158.9 ◦C, whereas
compound 23 exhibit a smectic A to isotropic transition at exactly 157.6 ◦C. The number
of fluorine substituent present in the compound influence the transition temperature by
increasing the number of fluorine atom, the transition temperature will decrease [35].

Compound 22

Compound 23

All compounds 24(a–f) exhibited a schlieren texture in an enantiotropic liquid crystal
phase which is typical for a nematic phase. The thermal transition of the nematic phase of
methoxy homologues (24d, 24e, and 24f) is higher than the methyl homologues compounds
(24a, 24b, and 24c). The presence of an oxygen atom on the methoxy group is vital
domination in the mesophase thermal stability and the thermal phase range. Upon heating,
the enthalpy values of the crystal to the nematic phase transition of compounds 24a, 24b,
and 24c are 38.8, 46.6, and 50.3 ◦C, respectively. As for compounds 24d, 24e, and 24f are
99.0, 77.8, and 72.4 ◦C, respectively. These large enthalpy values suggest a strong Van der
Waals interaction between the end unit of an adjacent molecule. However, upon cooling,
the enthalpy values recorded for the crystal to the nematic phase transition are 26.2, 27.1,
25.8, 46.6, 43.7, and 47.0 ◦C for each compound, respectively. These lower enthalpy values
upon cooling are lower compared to the enthalpy values upon heating. This is due to the
fact that the strong Van der Waals interactions between the end of the chain of a neighboring
molecule keep them static in the crystalline state before the gradation to liquid crystal starts
in the heating cycle [36].
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Comp 24a 24b 24c 24d 24e 24f

n 4 5 6 4 5 6
R CH3 CH3 CH3 OCH3 OCH3 OCH3

Compounds 25(a,b) are novel benzoates that contain three phenyl rings and a trimethylsi-
lyl group in the terminal position. Both compounds possess a similar structural formula
having a central azo compound with an eminently polar nitro group and a pentyl chain
except the R group at the end of the chain. Despite having a similar structural formula,
only one compound exhibits a liquid crystal property, which is compound 25a. The optical
texture of compound 25a is illustrated in Figure 5. The polar nitro terminal favored a
smectic A phase, while compound 25b possessing an alkyl chain does not display any
liquid crystalline phase property. To conclude, the property of a liquid crystal is reduced
as the chain length lengthen as per the disruption of the packing layers. Hence, the only
molecule with a short-chain compound can display any liquid crystalline property [37].

 

Comp 25a 25b

R NO2 C5H11

  
(a) (b) 

Figure 5. (a) Early-stage smectic A compound 25a at 185 ◦C, and (b) fully grown smectic A phase of
compound 25b at 100.0 ◦C [37].

Compounds 26(a–e) were synthesized by Selvarasu and Kannan, in 2015 [38]. Gen-
erally, the transition temperature of compounds 26a and 26b is larger compared to the
transition temperature range of compounds 26d and 26e, as the electron-withdrawing sub-
stituent in compounds 26a and 26b have a strong Π to Π* interaction that increase the head
to tail molecular structure. The nematic to the isotropic thermal stability of compounds 26a
and 26b are higher compared to compounds 26d and 26e. The reason is that the –CN
and –Cl groups as well as the benzene ring located in the terminal position will cause
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both compounds to have high polarity and thermal attraction that later will causes the
thermal stability to increase. The only difference that compounds 26a and 26e show is on
the substitution unit at the terminal end. Both of these compounds share the same central
unit, a cinnamoyloxy group (–C6H5–CH=CH–COO–) which is directly connected to the
alkyloxyphenylester group. The presence of the double bond in the cinnamoyloxy group
lengthen the length of polarizability and elevate the thermal stability.

Comp 26a 26b 26c 26d 26e

R CN Cl H CH3 OCH3

A year later, Selvarasu and Kannan (2016) synthesized a new azobenzene compound,
compound 27 [39]. Compounds 27a, 27b, and 27c exhibit a nematic phase with the lowest
homologues of n: 6 forming small droplets that affiliate into a classic schlieren nematic and
compound of homologues n: 8 and 10 display a focal-conic textured nematic phase while
the compound with the highest homologues exhibits a nematic phase and an addition
of a focal conic textured smectic C phase upon cooling from the isotropic liquid. The
formation of a nematic phase is a result of the alkoxy chain terminal being more noticeable.
Compound 27 contains a cinnamoyloxy group connected directly to the azo compound
and the ester group that acts as the central unit of the molecule, and a double bond that
increase the polarizability. The core of compound 27 is directly bonded to an ester group,
causing the molecule to lose stability. This phenomenon is due to the ability of the oxygen
atom of the carbonyl group to bump into the non-bonded sides of the adjacent hydrogen in
the aromatic ring, which attributed to the strain in the molecules. An ester linkage contains
a ketonic bond, where the electron is being pulled by the ester group which causes the
transition temperature to decline. To sum everything up, the attributes responsible for
mesophase formation are the effect of terminal alkoxy containing azobenzene moiety and
the central linkage with or without the spacer. The presence of an olefinic unit reinforces
the length of polarizability, and an additional olefinic unit would proliferate the thermal
stability with a high polarizability.

Comp 27a 27b 27c 27d

R C6H13 C8H17 C10H21 C12H25

Compounds 28(a–f) are azo-bridged compounds with triphenylene cores. The only
difference between the compounds 28(a–f) is the length of the methylene units. The length
of the spacer has a vital role in the fluctuation of the transition temperature. Upon cooling,
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the melting point of compound 28a is higher compared to compound 28b. However,
it gradually elevates from compounds 28b to 28e. According to Yeap et al. (2016), it
has something to do with the spacer length [40]. As the length of spacer increase, the
melting point continue to decrease from compounds 28e to 28f. Nonetheless, the clearing
temperature of compound increase from compounds 28b to 28c and keep on descending as
the length of alkyl chain increase. By reason, it may be due to the dilution of the mesogenic
core, which causes the spacer to be flexible.

Compound 28f exhibits a smectic C phase, where it has been claimed that the formation
of a smectic phase results from a side-by-side organization of azobenzene base peripheral
units that are adjacent in parallel to each other. Many flexible spacers link all homologues
of compound 28. This flexible spacer enables a conformational change so that a rod-
shaped unit could align in a parallel arrangement resulting in a layered structure of a
smectic phase [40].

Comp 28a 28b 28c 28d 28e 28f

n 5 6 7 8 9 10

R

Compounds 29(a–c) were synthesized by Sen et al. (2016) [41]. All of compounds 29(a–c)
exhibit only one mesophase transition (Figure 6). Uncommonly for a rod-shaped molecule,
the enthalpy values for the liquid crystalline phase of the isotropic liquid are higher than
the enthalpy values of a solid–liquid crystalline phase. This unusual phenomenon may be
due to the molecule’s arrangement within each layer, which the minimized steric forces
have driven.

Comp 29a 29b 29c

n 10 12 18
R H H H

525



Polymers 2021, 13, 3462

   
(a) (b) (c) 

Figure 6. Polarizing micrograph ring-like texture of (a) compound 29a at 123.0 ◦C, (b) compound 29b at 191.0 ◦C, and
(c) cone-like texture of hexatic phase of compound 29c at 123.0 ◦C [41].

Jaworska et al. (2017) synthesized compounds 30(a–n) [42]. Out of 14 compounds with
different homologues, he showed that two of them do not exhibit any liquid crystalline
property. Compounds 30a and 30b do not possess any liquid crystal phase; by reason both
compounds have high melting points compared to other homologues. Other compounds
studied exhibit at least one enantiotropic mesophase, which was identified as a focal-
conic textured smectic A. Compound 30c is the first homologue displaying smectic A and
the width is 30.0 ◦C, as it can be seen in Figure 7. Starting from compound 30d until
compound 30k, the width of the smectic A phase is broader, ranging from 40.0 to 75.0 ◦C.
The smectic range keeps narrowing corresponding to increasing the alkoxy chain to n: 14
and above.

Comp 30a 30b 30c 30d 30e 30f 30g

n 4 5 6 7 8 9 10

Comp 30h 30i 30j 30k 30l 30m 30n

n 4 5 6 7 8 9 10

 

Figure 7. Focal-conic textured smectic A liquid crystalline phase present in compound 30c [42].
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All compounds 31(a–e) possess at least one liquid crystal phase except compound 31e,
where it exhibits an extra liquid crystalline phase familiar as a smectic phase. This is a result
of the length of the alkoxy chain in compound 31e is long enough to stabilize the lamellar
molecular arrangement ideal for the molecule to display a smectic phase. The variation of
the terminal group by the methylene spacer located in 1,4-disubstituted triazole derivatives,
the molecular alignment of mesophase is stabilized [43]. Imine as a central unit causes the
polarity to increase through retaining of linear patter. Minor changes in the alkyl chain
may cause major changes in the transition temperature and types of mesophase formed.

Comp 31a 31b 31c 31d 31e

R C6H13 C7H15 C8H17 C9H19 C10H21

In the same year, two identical compounds, 32 and 33, were synthesized. The only
difference between these two compounds is the central unit, where it exchanges place with
the adjacent group. The melting point and the clearing point of compounds 32 and 33 are
104.8, 130.2, and 166.5, 162.2 ◦C, respectively. These temperature changes may be due to
the length to diameter ratio, which eventually increases the transition temperature [44].

Compound 32

Compound 33

Each homologue of compounds 34(a–c) exhibit a different liquid crystal phase despite
having similar compound. The formation of different mesophase within this compound is
influenced by the substitution terminal (–R). Compound 33a contains an end non-polar
methyl group, and it shows a nematic phase at 31.7 ◦C upon cooling. Compound 33b
comprises a relatively polar chloro moiety, revealing a nematic phase about 3.0 ◦C above
the isotropic liquid and a smectic A phase at 47.0 ◦C upon cooling. A polar nitro moiety
is present in compound 33c, a long-range smectic A phase is observed at 106.3 ◦C in
the cooling scan. The polarity of substituent not only affects the formation of different
mesophase, but also caused the clearing temperature to change. The mesophase range
increase as the polarity of substituent increase from 33a to 33c [45].
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Comp 34a 34b 34c

R CH3 Cl NO2

Compounds 35(a–e) were synthesized in 2019 by Madiahlagan et al., and are a series
of azo-coumarin compounds with different aliphatic chain lengths [46]. Lower homo-
logues of compound 35 displayed a nematic phase at 120.0 ◦C for compound 35b, while
compound 35e exhibited a broken fan-shaped smectic A at 170.0 ◦C upon cooling from the
isotropic liquid. The difference in mesomorphic formation and the transition temperature
is greatly influenced by the increasing carbon atom of the aliphatic substituent.

Comp 35a 35b 35c 35d 35e

R C6H13 C8H17 C10H21 C12H25 C14H29

The shortest terminal chain, compounds 36a and 36e, exhibited three liquid crystal
phases which are nematic phase, smectic A phase, and smectic C phase, while compound 36c

containing a butyl terminal chain exhibit a twist grain boundary smectic A (TGBA) rather
than a smectic A itself and a smectic C phase. However, the broadest smectic S phase was
observed to be of compound 36b. The TGBA phase does not present in 36b, and 36d is due
to the odd-even effect. Compound 36i with the longest aliphatic group displayed a smectic
A to smectic C mesophase transition with the temperature narrowed. It was affected by the
elongation of the non-chiral alkyl chain, which eventually decreases the mesophase range.

As for compounds 37(a–i), the TGBA phase appeared in compound 37a and disap-
peared from compounds 37b to 37d and re-appear in compound 37e implying that a change
has happened for compounds with the middle length alkyl chain. Further studies were
done to identify the cause, however, further increase of the carboxylate group leads to a
reduction of mesophase property [47].

Comp 36a 36b 36c 36d 36e 36f 36g 36h 36i

R C2H5 C3H7 C4H9 C5H11 C6H13 C7H15 C8H17 C10H21 C12H25
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Comp 37a 37b 37c 37d 37e 37f 37g 37h 37i

R C2H5 C3H7 C4H9 C5H11 C6H13 C7H15 C8H17 C10H21 C12H25

In the following year, compounds 38(a–e) and 39(a–e) were synthesized, where all
compounds studied exhibit a liquid crystalline property. Within compound 38 and all
higher homologues were observed to be enantiotropic except compounds 38a, and 38b,
while compounds 39a and 39d are enantiotropic in nature. Compounds 38b and 38c display
an enantiotropic smectic B1 phase, while compound 38d exhibits an enantiotropic smectic
B1 phase and an addition of a monotropic smectic B2 phase. Theoretically, a change in the
alkyl chain will cause the mesophase property to be varied, and the formation of smectic B
proves the point [48].

Comp 38a 38b 38c 38d 38e

R C4H9 C6H13 C8H17 C10H21 C12H25

Comp 39a 39b 39c 39d 39e

R OC4H9 OC6H13 OC8H17 OC10H21 OC12H25

Sardon et al. (2021) synthesized compounds 40(a–d) and compared them with a
compound studied back in 2016 by Karim et al., labeled as compounds 41(b–c) [49,50]. The
result of this observation is illustrated in Table 1.

Table 1. Phase transition temperature and enthalpy changes of 40(a–d) and 41(b–c).

Compound Scan
Transition Temperature (◦C)

(Enthalpy Changes (kJ mol−1))
Mesophase Range (◦C)

SmA N

40a
Heat Cr1 61 (4.5) Cr2 88 (16.1) N 98 (3.7) - 10Cool I 57 (−0.4) N 18 (−3.8) Cr

40b
Heat Cr 108 (34.6) N 140 (0.5) I - 32Cool I 138 (−0.3) N 73 (−33.3) Cr

40c
Heat Cr1 93 (0.9) Cr2 115 (31.8) N 136 (0.5) I - 21Cool I 134 (−0.4) N 33 (−15.7) Cr

40d
Heat Cr 127 (58.4) N 159 (0.9) I - 32Cool I 156 (−1.2) N 74 (−49.3) Cr

41b
Heat Cr 116 (33.1) SmA 185 (0.9) N 203 (0.3) I

69 18Cool I 197 (−0.3) N 173 (−0.5) SmA 101 (−15.7)

41c
Heat Cr 124 (15.7) SmA 192 (1.1) N 204 (0.3) I

68 12Cool I 192 (−0.2) N 174 (−0.3) SmA 112 (−13.0)

Abbreviations: Cr = crystalline phase; SmA = smectic A phase; N = nematic phase; I = isotropic phase.
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Based on Table 1, it can be observed that the mesophase stability is inconsistent. This
inconsistency is caused by the substituent (–H, –Cl, –Br, –CN). However, the nematic
mesophase range of compounds 40(b–d) are wider. The substitution of hydrogen atom
on the para-position of benzene ring affects the polarizability of mesogens that aid the
formation of the liquid crystal phase. Compound 40d presented the highest nematic to
isotropic clearing transition temperature because of higher polarization effects caused
by the cyano substitution that gives high temperature to break the association within
the molecule.

Compounds 40b and 40c only reveal the formation of a nematic phase, while com-
pounds 41b and 41c displayed both nematic and smectic A phases. The methyl side chain
substituent in compounds 40b and 40c truncate the melting and clearing temperature
compared to compounds 41b and 41c that possess no methyl side chain. Generally, any
lateral group attached to the core unit of a compound may cause some changes in the meso-
morphic behavior. The presence of methyl side-chain group widens the core unit where the
intermolecular separation is eventually increased and leads to lower mesophase stability.

Comp 40a 40b 40c 40d

R H Cl Br CN

Comp 41a 41b

R Cl Br

3. Application

In this era, everyone uses at least one liquid crystal in their daily life. Over the years,
the use of electronic devices has increased to meet the demand of easing our lives. The
most common liquid crystal used is the liquid crystal display (LCD) that is present on our
mobile phones, computers, laptops, and many more [51,52]. LCD is an electronic display
device with a flat panel that uses a liquid crystal as its main operation medium [53]. An
LCD possess both nematic and smectic phase. However, a smectic LCD is more demanded
compared to the nematic LCD as the response is faster. The display on an LCD is not
emitted by the liquid crystal, instead of liquid crystal acts as a reflector that produces the
image in either monochrome or in color [27].

Another application is the liquid crystal thermometer. As informed, a thermometer
detects the temperature of something. Liquid crystal is applied to this system so that when
it detects any temperature, a specific color persists. Recalling from a study by Kitzerow and
Bahr (2001), a chiral nematic liquid crystal reflects light of a wavelength of the same length
of the pitch [16]. As the pitch is temperature-dependent, the color that is reflected is also
temperature-dependent. This set-up is applied to various applications, such as the mood
ring that has recently gone viral, where the ring will conjure different color according to
our body temperature. In addition to that, this application is ideal for use in the medical
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area where it can detect different temperature distributions on a tumor patient as the tumor,
and its surrounding tissues develop different temperatures [14].

4. Conclusions

There are several factors observed that might influence the formation of a different
liquid crystal phase. The most common factor that can be scrutinized in most studies
conducted by most authors is the increase in the alkyl terminal chain. These factors may
have several consequences, which are the main influences on mesophase development.
The effects of the increase in the terminal alkyl chain are that it regulates the increase in
molecular length-to-breadth, amplifies the entropy chain, enhances thermal stability, and
diminishes the clearing temperature. Moreover, the azo linking unit increase the linearity
of the molecule and this characteristic able to induce the mesophase transition.
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Abstract: Hexachlorocyclotriphosphazene is a ring compound consisting of an alternating phospho-
rus and nitrogen atom with two chlorine substituents attached to the phosphorus atom. The six
chlorine atoms attached to this cyclo compound can be substituted with any different nucleophile
that leads to changes in different chemical and physical properties. The major topics that were
investigated in this research are the flame retardancy and dielectric properties of cyclotriphosphazene
compounds. Cyclotriphosphazene compounds have high potential to act as a flame retardant, and
this compound consists of two active elements attributed to its high flame-retardant character. This
compound also demonstrated good ability as a flame retardant due to its low toxicity and less
smoke produced. In addition, cyclotriphosphazene compounds were also investigated for their
dielectric properties. Cyclotriphosphazene has high potential in the electrical field since it has di-
electric properties that can be widely studied in the investigation of any potential application. This
review presented literature studies focused on recent research development and studies in the field of
cyclotriphosphazene that focused on synthesis, structural, flame retardancy, and dielectric properties
of hexachlorocyclotriphosphazene compounds.

Keywords: cyclotriphosphazane; flame retardancy; dielectric properties

1. Introduction

The discovery of the area of organic chemistry led to a new era of material science. In
the early years, the cyclotriphosphazene compound was extensively explored and had a
high impact on innovation in the chemistry field. The cyclotriphosphazene compound was
first investigated in the mid-1950’s by Allock and his co-workers. To date, this compound
has been used in many fields due to its fascinating properties [1,2], and this compound is
still being explored to make it more useful in modern technology.

Cyclotriphosphazene (Figure 1a) is a ring compound that consists of alternating
phosphorus and nitrogen atoms with two substituents attached to phosphorus atoms [3].
Cyclotriphosphazane, also known as hexachlorophosphazene, is a hexa-membered cyclic
ring of organophosphazene with the molecular formula (NPCl2)6. This compound is easily
modified by replacing the chloro atom existing on the phosphorus atom with an appropri-
ate reagent [4]. Due to the high reactivity of the P–Cl bond, the corresponding substitution
method allows for the introduction of a wide range of substituents [5] by nucleophilic
reaction (Figure 1b) to obtain new cyclotriphosphazene derivatives having different chemi-
cal and physical properties depending on the characteristics of the substituted groups [6].
Many studies have focused attention on cyclotriphopshazene derivatives [7,8]. Previous
research has been carried out by changing the side group -R of phosphazene, such as -NH2,
-OR, -OC6H5, or fluorinated derivatives that are able to improve oxidative and thermal
stabilities [9]. Furthermore, the properties of polyphosphazenes change as a result of the
different side groups, such as elasticity, thermal stability, solvent resistance, biological
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utility, electro-optical properties, and so on, indicating that the polyphosphazenes can be
adjusted and controlled depending on the materials they are applied with [10–14].

(a) (b) 

Figure 1. Chemical structure of (a) cycloytriphosphazene and (b) HCCP.

Dogan et al. also reported that cyclotriphosphazene derivatives containing a bis-aryl
Schiff base having a different terminal group (H, F, Cl, and Br) have good thermal properties,
which makes them suitable as a flame retardant additive to slow down the spread of the
flame ignition or slow down the spread of flame after ignition of materials [15].

Cyclotriphosphazene compounds are extensively investigated, as they are reported
to have potential in some industrial applications, such as in flame retardant [16,17]. Two
active elements found in flame retardants are phosphorus and nitrogen, and these give a
synergistic effect greater than a simple addictive. Their flame retardant effect combines
good flame resistance and self-extinguishing ability in the polymer [18–21]. These materials
also offer exciting technological prospects, as they can be applied as starting materials
to synthesize industrially valuable substituted cyclotriphosphazenes. The derivatives
of cyclotriphosphazene have been used as an additive in various fields such as special
rubber [22] and biomedicine [23], the most common being in flame retardant materials [24].

Several cyclotriphosphazene derivatives with excellent properties have been synthe-
sized by replacing Cl atoms of HCCP [25,26]. Before this, halogen was used as a flame
retardant substance, but it is reported that these halides release toxic and corrosive sub-
stances during their decomposition and cause environmental problems [27]. Therefore, it is
necessary to develop halogen-free and environment-friendly flame retardants to improve
flame retardancy. Thus, cyclotriphosphazene compounds that contain phosphorus atoms
as the main compound have shown high potential to replace halogen as an environmentally
friendly flame retardant due to this compound possessing excellent properties such as
low smoke emission, low toxicity, and the formation of a stable carbonized layer after
burning [28].

Furthermore, related research constitutes a relatively new area that has emerged from
the flame retardancy of cyclotriphosphazene to studies in the dielectric properties of this
compound. Dielectric materials are non-conductors of electricity or can be defined as electrical
insulators that can be highly polarized by an electrical field that is the material’s dielectric
constant. Dielectric materials are non-conductors of electricity that can be substantially
polarized by an electrical field, which is the material’s dielectric constant. On removal of the
electric field, the material returns to its original state, and the time taken to do this is referred
to as the relaxation period, which is a characteristic of the dielectric material.

In addition to cyclotriphosphazene and their dielectric properties, polymer compound
are well known to be used in electrical applications, especially as an insulator, due to
its properties of the superior service [29]. Thus, the cyclotriphosphazene compound is
the most potent compound that can be used in advanced electrical devices. It has good
flame retardant properties, which are also important in the build-up of the electronic
application, and has a dielectric property. To conclude, an extensive study about these two
related properties with high-potential compounds, which is cyclotriphosphazene, needs
to be carried out to enhance multifunctional properties that might be beneficial in future
production in an electrical field.

This article presented a review of the recent synthesis of hexasubstituted cyclotriphos-
phazene compounds. The recent studies related to the flame retardancy and dielectric

536



Polymers 2021, 13, 2916

properties of this compound were also discussed. The paper is divided into four significant
sections related to the synthesis and properties of cyclotriphosphazene compounds. The
first section deals with the study of synthesis hexasubstituted cyclotriphosphazene, and its
flame retardancy properties in recent years. The second section discusses the effect of the
structural cyclotriphosphazene compounds, including the linking unit and enhancements
achieved through the linking unit of the new hexasubstituted compounds. The third section
deals with the dielectric properties of cyclotriphosphazene compounds and, finally, the
fourth section details the combination of two properties which are flame retardancy and
dielectric properties of cyclotriphosphazene that can be used as a reference since this com-
pound has high potential in a high flame-resistant electrical application or other electrical
applications, such as insulation, or as a capacitor in an electrical component responsible
for the energy-storage properties of the devices. In addition, the use of dielectric materials
in sensors for a multitude of applications, such as self-driving cars, has made dielectric
science and technology research even more significant than before.

2. Synthesis of Hexasubstituted Cyclotriphosphazene and Flame Retardant Properties

Various approaches are available for cyclotriphosphazene synthesis methods. The
starting material to synthesize this compound is hexachlorocyclotriphosphazene (HCCP).
An important task in preparing hexasubstituted cyclotriphosphazene is to react HCCP
with other compounds to form a new hexasubstituted cyclotriphosphazene, where the
chlorine atoms in HCCP are fully substituted with a new nucleophile to form a halogen-free
cyclotriphosphazene compound. Over time, extensive literature has developed on cyclot-
riphosphazene as a flame retardant. Incorporation of HCCP into compounds increases
the resistance of the material towards ignition. The flame retardant function minimizes
the flame risk and prevents a small fire from becoming a major catastrophe [30]. Flame-
resistant materials play a critical role in preventing property damage. The removal of heat
from the materials that can burn and the creation of char during the fire results in flame
retardation, interrupting the contact from combustion. In addition, some studies reported
cyclotriphosphazene with an alkyl chain increases the thermal properties and flame re-
tardancy because of phosphorus and nitrogen-flame-retardant synergy [17]. Recently, a
number of novel synthesis approaches have been proposed to synthesize a new hexas-
ubstituted cyclotriphosphazene with flame retardancy properties. In this work, different
synthesis approaches were reviewed to synthesize a cyclotriphosphazene compound with
flame retardancy properties. It provided an up-to-date summary of the synthesis method
and also the flame retardancy of the compound. Limiting Oxygen Index (LOI) is a common
technique used to evaluate the flame retardancy of textile materials and films. Materials
exhibiting LOI values of 25% and greater are considered self-extinguishing. Usually, in-
herently flame retardant materials exhibit LOI values greater than 30%. Generally, UL-94
rating tests are widely used for the flammability of plastic standards, which are used to
evaluate the material’s ability to extinguish after being ignited [31,32]. In particular, the
horizontal or vertical sample is ignited numerous times according to a specific flame height
and flame application angle, and the evaluation is based on the sample’s ignition duration
and burning performance. The UL-94 rating performance of polymers can be multiply
appraised into many distinct levels depending on the burning speed, burning time, anti-
dripping ability, and if the bead is burning [33]. Table 1 summarizes the studies on the
synthesis of hexasubstituted cyclotriphosphazene and their flame retardancy properties.
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Table 1. Summary of the synthesis of hexasubstituted cyclotriphosphazene and their flame retardancy properties.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Flame retardant properties of
cyclotriphosphazene
derivatives for ABS

BPCP

NTCP

PTCP

- LOI value: BPCP (21.2%,
22.1%, and 22.73% respectively),
NTCP (22.3%, 23.1%, and 24.5%
respectively, PTCP (23.1%, 24.1%,
and 25.2%, respectively)
- Additive used: 10 wt%,
15 wt%, and 20 wt% of each of
BPCP, NTCP, and PTCP,
respectively
- Molding: ABS resin
UL-94: Achieved V-1 rating

[34]

The flame retardancy and
thermal stability properties of

the poly(ethylene
terephthalate)/hexakis(4-

nitrophenoxy)
cyclotriphosphazene system.

Hexakis(4-nitrophenoxy) cyclotriphosphazene
(HNCP)

- LOI value: 35.1%
- Additive used: 10 wt% of
HNCP
- Molding: Polyethylene
terephthalate) PET
UL-94: Achieved V-0 rating

[35]

Preparation and properties of
halogen free flame-retardant

blending modification
polyester

Hexa(phenylamino)cyclotriphosphazene (HPACP)

- LOI value: 28.3%
- Additive used: 10 wt% of
HPACP
- Molding: Poly(ethylene
terephthalate) PET
UL-94: Not mentioned in this
study

[36]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Synthesis of hexa-allylamino
cyclotriphosphazene as a

reactive flame retardant for
unsaturated polyester.

Hexa-Allylamino Cyclotriphosphazene (HAC)

 

- LOI value: 36.5%
- Additive used:
Hexa-Allylamino
Cyclotriphosphazene (HAC)
- Molding: Diglycidyl ether
bisphenol-A (DGEBA)
UL-94: Not mentioned in this
study

[37]

Synthesis of a
phosphorus/nitrogen-

containing compound based
on maleimide and

cyclotriphosphazene and its
flame-retardant mechanism

on epoxy resin.

Hexa(4-maleimido-phenoxyl)-
cyclotriphosphazene (HMCP)

 

- LOI value: 36.5%
- Additive used:
Hexa(4-maleimido-phenoxyl)-
cyclotriphosphazene (HMCP)
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating

[38]

Synthesis of a novel flame
retardant based on

cyclotriphosphazene and
DOPO groups and its

application in epoxy resins

Hexa-[4-p-hydroxyanilino-phosphaphenanthrene-
methyl)phenoxyl]-cyclotriphosphazene (HPMPC)

 

- LOI value: 36.6%
- Additive used: 10.6 wt% of
HPMPC
- Molding: Diglycidyl ether
bisphenol-A (DGEBA)
UL-94: Achieved V-0 rating

[39]

Preparation of hexakis
(4-aldehyde phenoxy)

cyclotriphosphazene grafted
kalonite and its synergistic fire

resistance in poly(butylene
succinate)

Hexakis (4-aldehyde phenoxy)
cyclotriphosphazene (HAPC)

 

- LOI value: 40.3%
- Additive used: 3 wt% of
HAPC
- Molding: Poly(butylene
succinate)
UL-94: Achieved V-0 rating

[40]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Synthesis, mechanical
properties, and fire behavior
of rigid polyurethane foam

with a reactive flame retardant
containing phosphazene and

phosphate.

Hexa-(phosphite-hydroxyl-methyl-phenoxyl)-
cyclotriphosphazene (HPHPCP)

 

- LOI value: 25%
- Additive used: 15 wt% of
HPHPCP
- Molding: Rigid polyurethane
foams (FR-RFUFs)
UL-94: Achieved HF-1 rating

[20]

Synthesis and characterization
of flame-retardant rigid

polyurethane foam based on
reactive flame retardant

containing phosphazene and
cyclophosphonate

Hexa-(5,5-dimethyl-1,3,2-dioxaphosphinane-
hydroxyl-methyl-phenoxyl-

cycyclotriphosphazene (HDPCP)

 

- LOI value: 25%
- Additive used: 25 wt% of
HDPCP
- Molding: Rigid polyurethane
foams (FR-RFUFs)
UL-94: Not mentioned in this
study

[41]

Application of
cyclophosphazene derivatives

as flame retardant for ABS

PNCP 

CTCP 

 
HNCP 

 

- LOI value: PNCP (20.8%,
21.5% and 22.1%, respectively)
- CTCP (22.0%, 22.7% and
23.1%, respectively)
- HNCP (22.9%, 23.6% and
24.9%, respectively)
- Additive used: 10 wt%,
15 wt% and 20 wt% of PNCP,
CTCP and HNCP, respectively
- Molding: ABS resin
UL-94: 15 wt% of the flame
retardants were classified as the
V-2 class, and 20 wt% of the flame
retardants using PNCP were
classified as V-2 but using HNCP
or CTCP were classed as V-1

[42]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

The non-halogen flame
retardant epoxy resin based

on novel compound with
phosphenanthrene and

cyclotriphosphazene double
functional groups

Hexa-(phosphaphenanthrene-hydroxyl-methyl-
phenoxyl)-cyclotriphosphazene (HAP-DOPO)

 

- LOI value: 35.2%
- Additive used: 1.5 wt% of
HAP-DOPO
- Molding: epoxy resin
UL-94: Achieved V-0 rating

[43]

Computer simulation study
on the compatibility of
cyclotriphosphazene

containing the
aminopropylsilicone

functional group in flame
retardant

polypropylene/ammonium
polyphosphate composites

APESP

- LOI value: 26.5%
- Additive used: APESP
- Molding: Polypropylene
(PP)/ammonium polyphospate
(APP)
UL-94: Achieved rating V-2

[44]

Hexa (eugenol)
cyclotriphosphazene modified

bismaleimide resins with
unique thermal stability and

flame retardancy

Hexa(eugenol)cyclotriphosphazene (HEC)

 

- LOI value: 39%, 48.4%, 50.1%,
49.8%, and 48.9%, respectively.
- Additive used:
Hexa(eugenol)cyclotriphosphazene
(HEC)
- Molding: 4,4′-
bismaleimidodiphenylmethane
(BMI)
UL-94: Achieved rating V-0

[45]

Aminobenzothiazole-
substituted

cyclotriphosphazene
derivatives as reactive fire
retardant for epoxy resin.

Aminobenzothiazole-substituted
cyclotriphosphazene derivative (ABCP)

 

- LOI value: 31.2%
- Additive used:
Aminobenzothiazole-substituted
cyclotriphosphazene (ABCP)
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating

[46]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Effect of
cyclotriphosphazene-based

curing agents on the fire
retardant of epoxy resin

Hexacyclohexylamino-cyclotriphosphazene
(HCACTP)

 
Diaminotetracyclohexylamino-
cyclotriphosphazene (DTCATP)

 

- LOI value: 25.3% and 22.2%
respectively.
- Additive used:
Hexacyclohexylamino-
cyclotriphosphazene (HCACTP)
and
Diaminotetracyclohexylamino-
cyclotriphosphazene (DTCATP).
- Molding: Epoxy Resin
UL-94: Not mentioned in this
study

[47]

The flame retardant properties
and mechanism of

poly(ethylene
terephalate)/hexakis

(para-allyloxyphenoxy)
cyclotriphosphazene systems.

Para-allyl ether phenol derivative of
cyclophosphazene (PACP)

 

- LOI value: 33.5%, 33%, and
32.1%, respectively.
- Additive: 5 wt%, 10 wt% and
15 wt% of PACP
- Molding: Poy(ethylene
terephalate) PET.
UL-94: Achieved V-0 rating

[48]

Benzimidazolyl-substituted
cyclotriphosphazene
derivatives as a latent

flame-retardant curing agent
for a one-component epoxy
resin system with excellent

comprehensive performance.

Benzimidazolyl- substituted cyclotriphosphazene
(BICP)

 

- LOI value: 33.5%
- Additive:
Benzimidazolyl-substituted
cyclotriphosphazene (BICP)
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating

[49]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Synthesis of melamine-
cyclotriphosphazene

derivatives and its application
as flame retardant on cotton

gauze

Melamine-Cyclotriphosphazene (MCP).

 

- LOI value: 16.9%, 23.5%,
24.6%, 25.4% 26.5%, and 25.8%
respectively
- Additive:
Melamine-Cyclotriphosphazene
(MCP).
- Molding: Cotton Gauze
UL-94: Not mentioned in this
study

[50]

The flame retardancy and
thermal stability properties of
flame-retardant epoxy resin

based on
a-hydroxyphosponate
cyclotriphosphazene

a-hydroxyphosponate cyclotriphos-phazene

 

- LOI value: 30.7%
- Additive: a
hydroxyphosponate
cyclotriphosphazene
- Molding: Epoxy Resin
UL-94: V-0 rating

[51]

Synthesis and flame retardant
properties of

cyclotriphosphazene
derivatives containing Boron.

Cyclotriphosphazene derivatives containing Boron
(CP-6B)

 

- LOI value: 32.3%
- Additive: CP-6B
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating.

[52]

An effective flame retardant
for Poly(ethylene

terephthalate) synthesis by
phosphaphenanthrene and

cyclotriphosphazene.

DOPO-TPN

 

- LOI value: 34%
- Additive: DOPO-TPN
- Molding: Poly(ethylene
terephtthalate) PET
UL-94: Achieved V-0 rating

[53]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

The influence of synergistic
effects of hexakis

(4-nitrophenoxy)cyclo-
triphosphazene and

POE-g-MA on anti-dripping
and flame retardancy of PET

Hexakis (4-nitrophenoxy)cyclotriphosphazene
(HNCP)

 

- LOI value: 28.3%
- Additive used: 10 wt%
- Molding: Poly(etyhylene
terepththalate PET
- UL-94: PET/10 wt% HNCP
with 0.5 wt% POE-g-MA achieved
a rating of V-0 and PET/10 wt%
HNCP with 3 wt% POE-g-MA
achieved rating V-0

[54]

Design of a self-healing and
flame-retardant

cyclotriphosphazene-based
epoxy vitrimer

Cyloliner cylotriphosphazene-based epoxy resin
(CTP-EP)

 

- LOI value: 30.5%
- Additive used:
CTP-EP/DTDA
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating.

[55]

Synthesis and flame retardant
efficacy of hexakis(3-

(triethoxysilyl)propyloxy)cyclo-
triphosphazene/silica

coatings for cotton fabrics

Hexakis(3-
(triethoxysilyl)propyloxy)cyclotriphosphazene

(HTPC)

 

- LOI value: 27.7%
- Additive used: Hexakis(3-
(triethoxysilyl)propyloxy)cyclo-
triphosphazene (HTPC)
- Molding: Cotton Fibre
UL-94: Not mentioned in this
study

[56]

Synthesis and characterization
of thermally stable and flame

retardant of hexakis(4-
aminophenoxy)cyclo-
triphosphazene-based

polyimide matrices

Hexakis(4-aminophenoxy)cyclotriphosphazene-
based polyimide matrices (HACTP)

 

- LOI value: Range from 44.3%
until 46.7%, respectively
- Additive: HACTP
- Molding: PI-PMDA and
PI-BPDA
UL-94: Achieved V-0 rating

[57]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

The synthesis, curing kinetics,
thermal properties, and flame

retardancy of
cyclotriphosphazene-

containing multifunctional
epoxy resin

Hexa-[4-(glycidyloxymethyl)phenoxy]-
cyclotriphosphazene (HGPCP)

 

- LOI value: 32.5% and 35.4%,
respectively
- Additive: HGPCP/DDS and
HGPCP/DDM
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating

[58]

Hexa-[4-
(glycidloxycarbonyl)phenoxy]cyclo-

triphosphazene chain
extender for preparing

high-performance flame
retardant polyamide-six

composites

Hexa-[4-(glycidloxycarbonyl)phenoxy]cyclo-
triphosphazene (CTP-EP)

 

- LOI value: 31.3%
- Additive: 11 wt% of
ALPi/CTP-EP
- Molding: Polyamide
6/aliminium diethylphpsphinate
(PA6/AlPi)
UL-94: Achieved V-0 rating

[59]

Synergistic effect of the
intumescent flame-retardant

system consisting of
hexophenoxy

cyclotriphosphazene and
ammonium polyphosphate on

methyl ethyl silicon rubber

Hexophenoxy cyclotriphosphazene (HPCP)

 

- LOI value: 30.6%
- Additive: Hexophenoxy
cyclotriphosphazene (HPCP)
- Molding: Methyl ethyl silicone
rubber (VMQ)
UL-94: Achieved V-0 rating

[60]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

High transmittance and
environmentally friendly

flame-retardant optical resin
based on poly(methyl

methacrylate) and
cyclotriphosphazene

derivatives

Ethyl p-hydroxybenzoate derivatives of
cyclotriphosphazene

 
Phenol derivatives of cyclotriphosphazene

 

- LOI value: 26% and 22%,
respectively
- Additive: Two
cyclotriphosphazene derivatives
- Molding: High transparent
optical resin based on
methacrylate (PMMA)
UL-94: Not mentioned in this
study

[61]

Study of thermal properties of
flame-retardant epoxy resin

treated with hexakis[p-
(hydroxymethyl)phenoxy]

cyclotriphosphazene

Hexakis[p-(hydroxymethyl)phenoxy]
cyclotriphosphazene (HHPCP)

 

- LOI value: 26.5%
- Additive: Hexakis[p-
(hydroxymethyl)phenoxy]
cyclotriphosphazene (HHPCP)
- Molding: Epoxy Rein
UL-94: Not mentioned in this
study

[62]

The flame retardancy and
thermal properties of poly

(ethylene terephtha-
late)/cyclotriphosphazene

modified by the
montmorillonite system

Hexachlorocyclotriphosphazene mofidies by
montmorillonite (HCCP-OMMT)

 

- LOI value: 31.5%
- Additive: 3% of
hexachlorocyclotriphosphazene
mofidied by montmorillonite
(HCCP-OMMT)
- Molding: Poly(ethylene
terephthalate)
UL-94: Achieved V-0 rating

[63]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Synthesis, characterization,
and utilization of novel
phosphorus/nitrogen-

containing flame
retardant

Hexa(phosphaphenanthrene
aminophenoxyl)-cyclotriphosphazene (HPAPC)

 

- LOI value: 34.7%
- Additive:
Hexa(phosphaphenanthrene
aminophenoxyl)-
cyclotriphosphazene (HPAPC)
- Molding: Poly(lactic acid)
(PLA)
UL-94: Achieved V-0 rating

[25]

Effect of surface chemical
modification for aluminum

hypophosphite with
hexa-(4-aldehyde-phenoxy)-

cyclotriphosphazene on flame
retardancy, water resistance,
and thermal properties for

polyamide 6

Hexa-(4-aldehyde-phenoxy)-cyclotriphosphazene
(AHP)

 

- LOI value: 27.6%
- Additive: Hexa-(4-aldehyde-
phenoxy)-cyclotriphosphazene
(AHP)
- Molding: Polyamide 6 (PA6)
- UL-94: Achieved V-0 rating

[64]

Synthesis of
tris(phenoxy)triflorocyclo-

triphosphazene and study of
its effect on the flammable,

thermal, optical, and
mechanical properties of

bisphenol-A polycarbonate

Tris(phenoxy)trifluorocyclotriphosphazene (TCTP)

 

- LOI value: 40%
- Additive:
Tris(phenoxy)trifluorocyclo-
triphosphazene (TCTP)
- Molding: Polycarbonate
- UL-94: Achieved V-0 rating

[65]

Effect of
trisilanolphenyl-POSS on

rheological, mechanical, and
flame retardancy properties of
the poly(ethylene terephtha-
late)/cyclotriphosphazene

system

Hexakis (para-alloxyphenoxy)
cyclotriphosphazene (PACP)

 

- LOI value: Not mentioned in
this study
- Additive: Hexakis
(para-alloxyphenoxy)
cyclotriphosphazene (PACP)
- Molding: Poly(ethylene
terepthtalate) (PET)
UL-94: Achieved V-0 rating

[66]
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Table 1. Cont.

Title of Journal Structure and Name of Compound Flame Retardant Properties Ref.

Preparation and properties of
novel inherent flame-retardant

cyclotriphophazene
containing epoxy resin

Bis-(4-hydroxyphenylsulfonylphenoxy)
tereohenoxycyclotriphosphazene (HSPPZ)

- LOI value: Not mentioned in
this study
- Additive: Bis-(4-
hydroxyphenylsulfonylphenoxy)
tereohenoxycyclotriphosphazene
(HSPPZ)
- Molding: Epoxy Resin
UL-94: Achieved V-0 rating

[67]

3. Effect of Linking Unit in Flame Retardancy Properties of Cyclotriphosphazene

Linking units are usually structural units that connect one core to another, which
maintain the linearity of the core while being compatible with the rest of the structure [3].
As the connecting units give a point of link up in synthesis, compounds with linking groups
are more accessible to synthesis than those with direct bonds. There are several types of
linking units, which are azo (-N=N-), Schiff base (-CH=N-), acetylene (-C≡C-), diacetylene
(-C≡C-C≡C-), and stilbene (-CH=CH-). Based on the reports from previous research, a
comparison of two linking units, which are Schiff base and azo linking units, has been made.
This study concluded that Schiff base linkage showed higher thermal stability than the azo
due to rigidity in the Schiff base’s linkage [68]. Furthermore, strong molecular interaction
in Schiff base derivatives results in high temperature compared with azo derivatives. Until
now, few linking units have been explored related to the enhancement of properties of the
cyclotriphosphazene compound, which are the azo and Schiff base linking units. Generally,
the azo linking unit can be classified into two types which are monoazo and bisazo linking
unit (Figure 2), while the Schiff base functional group consists of a carbon-nitrogen double
bond (C=N) with the nitrogen atom connected to the aryl or alkyl group but not with the
hydrogen. The general formula of Schiff base is R1R2C=NR3 with R as a side chain [69].
The Schiff base is an intriguing linking unit that provides a stepped-core structure that
allows molecules to maintain linearity, provide excellent stability, and change the physical
properties contributed by the linking unit itself [70].
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(a) (b) 

Figure 2. General chemical structure of (a) the monoazo linking unit and (b) the bisazo linking unit.

Some authors have driven the further development of studies in linking unit effects in
flame retardancy as the contribution of several types of linking units in the enhancement
of flame retardancy properties in cyclotriphosphazene compounds. Recently, Jamain
et al. worked on synthesizing a new hexasubstituted cyclotriphosphazene compound with
two Schiff base linking units and containing different terminal substituents as shown in
Figure 3 [71]. The Schiff base linking unit was also reported to improve the flame retardant
properties due to its thermal stability [72]. This research aimed to study the flame retardant
properties of hexasubstitutd cyclotriphosphazene compounds containing two Schiff base
linking units using the limiting oxygen index (LOI). All the samples were prepared with
1 wt.%, and polyester resin was used as molding. The result obtained from this study
reported that the LOI value increased from 22.53% of pure polyester resin to 24.71% when
hexasubstituted cyclotriphosphazene compound was incorporated with polyester resin.
The best results achieved from this study were from the compounds with nitro and chloro
terminal groups with LOI values of 28.37% and 27.90%, respectively. The phenomenon
was due to the electron-withdrawing properties of both nitro and chlorine groups, which
induced flame retardancy properties.

 
Figure 3. Hexasubstituted cyclotriphosphazene with two Schiff base linking units.

Other linking units were studied, azo and amide linking units, and their contribution
to the flame retardancy properties of cyclotriphosphazene is summarized in Table 2.
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Table 2. Synthesis of the hexasubstituted cyclotriphosphazene compound with several types of linking units.

Title of Journal Types of Linking Unit Description Ref.

Synthesis of new star-shaped liquid
crystalline cyclotriphosphazene
derivatives with flame-retardant
bearing amide-azo and azo-azo

linking units.

Amide azo and azo-azo linking units
- This study aimed to synthesize two series of new
hexasubstituted cyclotriphosphazene containing two
types of linking units: amide-azo and azo-azo.
- The homologues of the same series contain
different terminal substituents such as heptyl, nonyl,
decyl, dodecyl, tetradecyl, hydroxyl, carboxyl,
chloro, nitro, and amino.
- The flame retardancy of synthesized compounds
is measured using the Limiting Oxygen Index.
- From the result obtained, compounds containing
heptyl have a higher LOI value compared with other
compounds. The LOI values for alkylated compounds
decrease as the aliphatic chain length increases. This
study also compared the flame retardancy properties
of two compounds containing two different linking
units. The compound containing amide-azo was
reported to have a high LOI value. The phenomenon
indicates the attribute to the electron withdrawing
properties of amide moiety.

[73]

 

 

Synthesis of novel liquid crystalline
and flame-retardant molecules based

on six armed cyclotriphosphazene
cores containing Schiff base and

amide linking units.

Schiff base and amide linking units

- This study aimed to synthesize hexa substituted
cyclotriphosphazene containing Schiff base and
amide linking units, characterization, and chemical
testing (flame retardancy using LOI value) were also
measured.
- From the result obtained, the LOI value
indicating the flame retardancy properties of the
compound showed that the compound with the nitro
group had a high LOI value due to the electron
withdrawing group that enhances the synergistic
effect of P-N bonds.
- This study also reported that
cyclotriphosphazene compounds could enhance the
flame retardancy of polyester resin. The LOI value of
polyester resin increased from 22.53% to 24.71%.
Schiff base linking unit was found to enhance these
properties due to char formation in the condensed
phase.
- Other than that, the amide linking unit also
contributed to the increase of LOI value. This is
because the electron withdrawing of the amide bond
enhances the flammability of these compounds.

[74]

Synthesis, characterization, and
mesophase transition of

Hexasubstituted cyclotriphosphazene
molecules with Schiff base and Azo
linking units and determination of

their flame-retardant properties.

Schiff base and azo linking units

- This study aimed to synthesis hexasubstituted
cyclotriphosphazene containing Schiff base and Azo
linking units. The characterization and chemical
testing (flame Retardancy using LOI value) were also
measured.
- From the result obtained, the LOI valued
increased when incorporated with hexasubstituted
cyclotriphosphazene. The LOI value of the
compound containing the nitro group was recorded
as the highest, which was 27.90%. This is due to the
nitro group’s electron withdrawing, which releases
the electron from their resonance effects to their
corresponding P-N bonds. As a result, the P-N
synergistic effect was enhanced, and they exhibited
both the condensed and gas phase action, which
caused the compound to have a high LOI value.

[75,76]
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4. Dielectric Properties in Cyclotriphosphazene

A non-metallic substance with high specific resistance, a negative temperature coeffi-
cient of resistance, and a substantial insulating resistance is referred as a dielectric material.
The dielectric material can also be defined as a non-conducting material that stores elec-
trical charges. When a dielectric is placed in an electric field, the electric charges do not
flow through the materials. Electric charges slightly shift from their average equilibrium
positions, causing dielectric polarization. Positive charges flow in the direction of the
field, while negative charges shift in the opposite direction of the field due to dielectric
polarization. This phenomenon yields an internal electric field, which in turn reduces the
overall electric field within the dielectric materials.

Cyclotriphosphazene compounds and their versatility of substituent placed in cyclic
and macromolecules backbones make this compound have significant potential in ap-
plications such as dielectric [77–79], additives of flame retardant [26,80], fluorescence
materials [81,82], and liquid crystals [83]. Recently, there have been many studies reported
related to the dielectric properties of cyclotriphosphazene compounds. Dielectric prop-
erties such as dielectric loss, dielectric constant, and conductivity are the most common
properties extensively studied to evaluate solid materials. In addition, dielectric constant
measurements are among the most popular methods of evaluating solid materials such
as electric insulators and polymers, in which dielectric constant measurements can be
performed easier than with chemical analysis techniques. Impedance spectroscopy is a
relatively recent and powerful technique for determining several electrical properties of
electrolyte materials and their interactions with electronically conducting electrodes. The
permittivity of a material describes its ability to absorb, transmit, and reflect electromag-
netic energy. These also are important properties required to design electronic devices and
have numerous potential application areas in multifunctional electronic and optoelectronic
devices [84–87].

Koran et al. recently worked on synthesizing cyclotriphosphazene derivatives from
the reaction of substituted chalcone compounds containing different organic side groups
at the para position with cyclotriphosphazene containing bearing dioxypheneyl [88]. Di-
electric properties of the final compound, which is the dielectric constant, were measured
using an impedance analyzer. From this study, the result obtained reported that the cy-
clotriphosphazene compound containing methoxy was observed to have a high dielectric
constant. This is due to the increase in polarization with a conjunction. Meanwhile, com-
pounds containing methyl groups showed the lowest dielectric constant. Thus, compounds
containing methyl groups were chosen to determine the influence of Eu3+ doping on the
dielectric properties of phosphazene. In addition, the dielectric behavior of new oxime-
cyclotriphopshazene derivatives was also explored [79]. Cyclotriphosphazene compounds
bearing oxime ether and ester as side groups were synthesized in this study (Table 3). The
dielectric properties, which are dielectric loss and dielectric constant of this compound,
were measured using an impedance analyzer. The results reported that decreases in the
dielectric constants were obvious at low-frequency values. On the other hand, when clos-
ing the higher-frequency levels, the decline of the dielectric constants was reduced. The
reason behind the results is the existence of polar groups on the structure, which lead to an
increased dielectric constant. The carbonyl group which is bonded to oxime-ester groups
made the dielectric constant higher compared with other derivatives. Both studies also re-
ported that phosphazene derivatives are promising candidate materials in multifunctional
and optoelectronic devices.
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Table 3. Cyclotriphosphazene compound bearing oxime ether and ester as the side group.

Compound Name

2,2-Bis(4-formyl-2-methoxyphenoxy)-
4,4,6,6-bis[spiro(2′,2′′-

dioxy-1′,1′′-biphenylyl)]
cyclotriphosphazene

2,2-di[(4-(hydroxyimino)-2-
methoxy)phenoxy]-

4,4,6,6-bis[spiro(2′,2′′-dioxy-1′1′′-
biphenylyl)]cyclotriphosphazene

 

2,2-di[{(4-(methyloxy)imino)-2-methoxy}
phenoxy]-4,4,6,6-bis[spiro(2′2′′-dioxy-

1′,1′′-biphenylyl)]
cyclotriphosphazene

2,2-di[{(4-(allyloxy)imino)-2-methoxy}
phenoxy]-4,4,6,6-bis[spiro(2′,2′′-dioxy-

1′,1′′-biphenylyl)]
cyclotriphosphazene
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Table 3. Cont.

Compound Name

2,2-di[{(4-(benzyloxy)imino)-2-methoxy}
phenoxy]-4,4,6,6-bis[spiro(2′,2′′-dioxy-

1′,1′′-biphenylyl)]
cyclotriphosphazene

 

2,2-di[{(4-(chloroacetyloxy)imino)-2-
methoxy}

phenoxy]-4,4,6,6-bis[spiro(2′,2′′-dioxy-
1′,1′′-biphenylyl)]

cyclotriphosphazene

 

2,2-di[{(4-(propanoyloxy)imino)-2-
methoxy}

phenoxy]-4,4,6,6-bis[spiro(2′,2′′-dioxy-
1′,1′′-biphenylyl)]

cyclotriphosphazene
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Table 3. Cont.

Compound Name

 

2,2-di[{(4-(o-chlorobenzoyloxy)imino)-2-
methoxy}phenoxy]-4,4,6,6-

bis[spiro(2′,2′′-dioxy-1′,1′′-biphenylyl)]
cyclotriphosphaz

2,2-di[{(4-(thiophene-2-
carbonyloxy)imino)-2-

methoxy}phenoxy]-4,4,6,6-
bis[spiro(2′,2′′-dioxy-1′,1′′-biphenylyl)]

cyclotriphosphazene

In addition, there are studies that reported on the development of phosphazene
imine-modified epoxy composited for low dielectric. One study aimed to synthesize
the phosphazene imine (PZ-imine), and the dielectric properties of this compound were
measured [89]. Based on the result obtained, the dielectric constant for neat epoxy were
1, 3, 5, and 7 wt.% of PZ-imine, reinforced epoxy nanocomposites were 3.42, 3.10, 2.93,
2.75, and 2.41, respectively, the dielectric loss of neat epoxy were 1, 3, 5, and 7 wt.% of
PZ-imine, and reinforced epoxy nanocomposites were 0.25, 0.20, 0.18, 0.14, and 0.12 at
1 MHz, respectively. When the frequency increases with a decrease in the orientation
of polarization and its dipole moments need a longer time than the electronic and ionic
polarization, this decreased the dielectric constant. In this regard, the addition of PZ-imine
to the epoxy helped the reduction in the dielectric constant and dielectric loss values. In
modified epoxy resins, the bulky group of PZ-imine efficiently inhibits dipole orientation
and relaxation. The PZ groups minimize the inter-phase contact between the inorganic
reinforcement and the organic domain, significantly lowering the dielectric constant of the
resultant nanocomposites [90]. The influencing action of PZ causes a drop in the dielectric
constant value due to an increased free volume to some extent. The dielectric loss of
PZ-imine nanocomposites reduces as the amount of PZ-imine in the epoxy matrix increases.
Direct current conduction, space charge migration, and the movement of molecular dipoles
are all phenomena that contribute to the value of dielectric loss in materials. Polymer
reinforced with PZ-imine results in an insulating layer outside the dielectric cores that
control the migration and build-up of space charges within the nanocomposites, resulting
in a lower dielectric loss.
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The information provided in Table 4 reveals that hexasubstituted cyclotriphosphazene
was studied for its dielectric properties. It has fascinating properties that may contribute to
the electrical field and details of explanation on how the structure affects the properties.

Table 4. Reported study of cyclotriphosphazene and their dielectric properties.

Compound Name Dielectric Constant Dielectric Loss Ref.

2,2,4,4-tetra(4′-oxy-substituted-
chalcone)- 6,6-diphenyl

cyclotriphosphazene derivatives

 

 

- Dielectric constants decreased with
the increasing frequency, while they
remained constant at high frequencies.
Structural Reasons: This can be thought
to be a polarization effect. Polarization
occurs since the effect of dipole increases
the frequencies.
- Dielectric constant hexasubstituted
cyclotrphosphazene compound
containing Cl in ortho position was
found as higher compared with the
synthesized compound of
hexasubstituted cyclotriphosphazene
containing F atom in ortho position.
Structural Reasons: The chlorine atom
in the structure increased the polarity,
and hence the dipole moment increased.
- Dielectric constant of the synthesis
compound containing pyridine was
recorded to be the highest.
Structural Reasons: This is due to the
presence of the hetero atom in a ring,
which can contribute to higher
polarization.

Dielectric loss values of the
compounds decreased along
with the increasing frequency
and remained unchanged
after some point.

[4]

Mono(4-
fluorobenzyl)cyclotriphosphazene

derivatives with (dimethylamino)ethoxy
and (dimethylamino)propoxy chains.

 

- Sharp decrease of the dielectric
constant in the low region of frequency.
Structural Reasons: This is due to the
relaxation process of the diffusion ion.
- Compounds containing ethyl groups
as an alkyl chain had a higher dielectric
constant than those containing methyl
groups.
Structural Reasons: Increasing the side
chain resulted in a deteriorated charge
transport and unfavorable intermolecular
interactions, leading to a decreasing
dielectric constant.

- [91–93]
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Table 4. Cont.

Compound Name Dielectric Constant Dielectric Loss Ref.

Hexasubstitued cyclotriphosphazene
compounds containing chalcone

derivatives

 

 

 

 

 

- Dielectric constant decreased with
increasing frequency.
Structural Reasons: This is because the
atom in the compound was consistent
with the direct charge of the alternating
electric field (AEF) at low frequencies
that reduce the dielectric constant value
at high frequencies.

- Dielectric loss of the
sample decreased with
increasing frequency.
Structural Reasons:
Interfacial dipoles had less
time to orient themselves in
the direction of the alternate
field. As a result, the
low-frequency region is
attributed to the contribution
of charge accumulation at the
interface.

[94]
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Table 4. Cont.

Compound Name Dielectric Constant Dielectric Loss Ref.

Cyclotri(trifluoroethoxy,
acryloyloxy-ethyleneoxy)phosphazene

- Dielectric constant increased with
increasing temperature and with
decreasing frequency.
Structural Reasons: Due to the rigidity
of the polymer matrix.

- Dielectric loss increased
with increasing temperature
and with decreasing
frequency.
Structural Reasons: Due to
the viscosity of the PNF
polymer decrease, which
favors dipole orientation.

[95]

5. Flame Retardant and Dielectric Properties of Cyclotriphosphazene

The research on cyclotriphosphazene compounds usually only focuses on one property,
either flame retardant or dielectric properties. Regarding the development of cyclotriphosp-
hazene, a few articles were published related to studies of a combination of two properties:
flame retardant and dielectric properties on cyclotriphosphazene.

Krishbaderi conducted an experiment to synthesize the hexa(aminophenyl)cyclo-
triphosphazene-modified cyanate ester composite for high temperatures as illustrated
in Figure 4 [96]. This study aimed to enhance CEs thermal stability and flame-retardant
properties since CE has excellent thermomechanical properties that make it useful in
many microelectronic applications. Hexa(aminophenyl)cyclotriphosphazene was syn-
thesized from the reaction between hexachlorocyclotriphosphazene with a mixture of
4-acetamidophenol and calcium carbonate. The CPA/CE composite was prepared, and
the flame retardancy and dielectric properties of this compound were measured using the
Limiting Oxygen Index (LOI) and an impedance analyzer.

 
Figure 4. Structure of hexa(aminophenyl)cyclotriphosphazene.

The results obtained showed LOI values of 5%, 10%, and 15% and CPA/CE were 38%,
41%, and 44%, respectively. It showed that the LOI value improved with the increase of
both phosphorus and nitrogen content. For the dielectric properties measured, the CPA/CE
dielectric constant and dielectric loss were lower than the neat CE matrix. It also concluded
that it is quite apparent that incorporating units with low polarity and large molar volume
is essential for any molecule to have a low dielectric constant. Data obtained also indicate
that CE containing cyclotriphosphazene can be found in micro-electrical applications since
it has good thermal properties, flame retardancy, and dielectric behavior.

In addition, Lin and Chang also studied the development of flame retardancy and di-
electric properties of cyclotriphosphazene [97]. Their study aimed to synthesize a thermally
stable, flame-retardant, and dielectric polymer from cyclotriphosphazene compounds. The
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hexachlorocyclotriphosphazene was synthesized to form cyclotriphosphazene containing
acetylene, phenyl phenoxy, and also cyclotriphosphazene-containing styrene. The LOI and
dielectric properties were referred to as the dielectric constant and dielectric losses of these
three compounds were determined. From this study, the hexachlorocyclotriphosphazene
compound with phenyl phenoxy had a high LOI value and char formation percentage,
while for dielectric properties test, the cyclotriphosphazene compound containing styrene
showed the higher dielectric properties with 2.40 of dielectric constant and 0.0014 at 1gHz
of dielectric losses, respectively. This compound showed excellent dielectric properties and
may be useful as a future low dielectric.

There is a study reported on the synthesis of halogen free flame-retardant cyclotriphos-
phazene nanofibre-reinforced polybenzoxazine/epoxy [98]. Flame retardancy, thermal
stability, and dielectric properties (dielectrics constant and dielectric loss) of this compound
were measured in this study. The flame retardancy of this compound was measured using
LOI and UL-94. Based on the result obtained, the LOI value of this compound increased
when the concentration of compound increased, and 0.5, 1.0, and 1.5 wt.% showed 37%,
38%, and 41%, respectively. For dielectric properties, the dielectric constant showed 4.4, 4.0,
and 3.4 with the increase of the PZT-fiber loading level of 0.5, 1.0, and 1.5 wt.%, respectively,
for 1MHz at 30 degrees. These results indicated that when temperature increases, the
dielectric constant will reduce significantly. The dielectric loss will reduce significantly
with the increasing temperature, and the reverse trend in this case of dielectric loss was
observed at 170. This study also reported that nanocomposites-based PZT fiber inhibits
the lower value of the dielectric constant and dielectric loss over a wide range of tempera-
tures, indicating its suitability for effective and thermally stable, flame-retardant dielectric
material for micro electric applications.

Aromatic polyimides are usually used as a matrix material in printed circuit boards.
When conventional polyimides are exposed to UV, they suffer from severe thermal break-
down due to internal heat generation [99]. Continuous usage and continuous exposure
to high energy radiation even cause fire to the host materials. Namely, flame-retardant
compounds such as phosphorus and halogen insertion provide heat resistance and pre-
serve the host matrix materials. However, there are few publications available on poly-
mer matrix precursors based on phosphorus and halogen compounds. It was recently
discovered that when phosphorus and nitrogen-containing precursors are reinforced or
co-polymerized, they improve the host polymers’ thermal performance and flame retar-
dancy [100–102]. Revathi et al. worked to develop phosphazene-core-based polyamide
and polyhedral oligomeric silsesquioxane (POSS)-reinforced phosphazene polyamide
nanocomposites [103]. This study succeeded in developing new POSS, and cyclotriphos-
phazene nanocomposites with improved thermal stability, antibacterial activity, and low
dielectric constants may find high-performance applications in coatings and microelec-
tronics. This polyamide was prepared in three steps, which were the synthesis of hexakis
(4-acetomidophenoxy) cyclotriphosphazene, synthesis of hexa (aminophenol) cyclotriphos-
phazene (PZI), and also the preparation of a neat PZI matrix and POSS/PZI nanocom-
posites. The developed polyamide and its composites were studied for optical, thermal,
and dielectric properties. From the result obtained, the 10 wt.% of POSS/PZI showed
higher flame retardancy. This is due to the silica moiety in addition to the flame retardancy
of phosphorus and nitrogen atoms. For dielectric behavior, the dielectric constant was
measured using an impedance analyzer in the frequency range 100 Hz to 1Mhz. From the
result obtained, it was observed that the higher percentage reinforcement of POSS (10 wt.%)
into the PZI matrix showed a lower value of the dielectric constant (k = 2.1).

In addition, a seminal contribution was made by Cheng et al. in studying the hexas-
ubstituted cyclotriphopshazene compound and its potential properties [49]. This study fo-
cused on the synthesized benzimidazoyl-substituted cyclotriphosphazene (BICP) (Figure 5)
as a latent flame-retardant curing agent for one-component epoxy resin systems with
excellent comprehensive performance. The flame retardancy, dielectric, and also mechani-
cal properties of these compounds were also studied. From the result obtained, the LOI
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value of these compounds was recorded highest with the value of 33.5%, and the UL-94
test achieved a V-0 rating. This indicated that the BIMP enhanced the flame-retardant
properties of epoxy resin without altering other properties when BICP cured EP. For the
dielectric properties, the comparison of EP/BICP and EP/BIM was performed to indicate
which of these two combinations have potential in the electric and electronic fields. This
comparison concluded that EP/BICP has a lower dielectric loss and constant compared
with the EP/BIM. The result of this research found clear support for increasing the free
volume and/or decreasing the polarization of the materials, and the dielectric constant can
be lowered. As a result, it was determined that the lower dielectric constant of EP/BICP
thermosets could be attributed to the increased free volume of the EP matrix due to the
integration of bulky, inflexible BICP molecules [104]. This simple strategy for preparing
one-component flame retardant of epoxy resin with many potential properties could be
useful in many fields.

 
Figure 5. Benzimidazoyl substituted cyclotriphosphazene (BICP).

Table 5 reveals the structural contribution of the hexasubstituted cyclotriphosphazene
compound that enhances the flame-retardant and dielectric properties.

Table 5. Structural contribution of the enhancement of flame-retardant and dielectric properties.

Addictive Polymer Matrix Properties Studies Finding(s) Ref.

Hexa(aminophenyl)cyclo-
triphosphazene Cyanate ester (CE) Thermal properties

Dielectric properties

Limiting oxygen index (LOI) increased.
Structural reasons: CPA contains
phosphorus, and nitrogen compounds exhibit
a good flame retardancy by forming
phosphorus char that will act as a protecting
layer of heat transfer that will reduce
combustible gas production. Nitrogen in CPA
will enhance the formation of phosphorus
char and a nitrogen compound, which is also
efficient in preventing oxygen from burning
materials [105].
Dielectric loss and dielectric constant of
CPA/CE lower than neat CE.
Structural reasons: CPA has bulky sextet
moiety with flexible structure; hence
incorporated CE composites with CPA
contribute to low dielectric properties.

[96]
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Table 5. Cont.

Addictive Polymer Matrix Properties Studies Finding(s) Ref.

Cyclotriphosphazene
reinforced

polybenzoxazine (PBZ)
EP/PZT

Flame-retardant
properties

Dielectric properties
(Temperature and

Volume)

Limiting oxygen index (LOI) increased.
Structural reasons: Incorporated phosphorus
and nitrogen-containing phosphazene fiber
into the FBZ/EP matrix contributed to flame
retardancy since the phosphorus can act in a
condensed phase to promote char formation,
shielding the polymer from heat and air.
Dielectric loss and dielectric constant
increased with decreasing the temperature.
Structural reasons: It can be ascertained that
the composite samples exhibit stable
dielectric behavior with regard to variation in
temperature.
Dielectric constant decreased when the
volume of the loaded composite increases.
Structural reasons: The dielectric of polymer
was determined by the three factors in this
study: volume, charge distribution, and
statically thermal motion of the polar group.
The reduction in the dielectric constant may
be explained due to the enhancement of the
free volume and, to a certain extent, due to
the influencing effect of PZT fiber.

[98]

Hexa(aminophenyl)cyclo-
triphosphazene

(PZA)
PZI matrix

Flame-retardant
properties

Dielectric constant

Limiting oxygen index (LOI) of PZA/PZI
matrix was higher than neat PZI.
Structural Reasons: Due to the nitrogen and
phosphorus in skeletal moiety [105]. In
addition, the network structure of PZI matrix
also offered an alternative to phosphazene
cores.
Low dielectric constant obtained from this
compound.
Structural Reasons: Introduction of such
porous materials creates a free volume and
contributes to obtaining materials that have a
low dielectric constant.

[103]

BICP Epoxy Resin Fire retardant
Dielectric constant

Limiting oxygen index (LOI) of curing EP
with BICP improved.
Structural Reasons: These
organophosphorus compounds facilitated the
formation of more residual chars with better
thermo-oxidative stability.
Dielectric constant and loss of EP/BICP
thermosets were lower in comparison with
those of the EP/BIM10 thermoset over a wide
frequency range.
Structural Reasons: Increased free volume of
the EP matrix due to the incorporation of a
bulky, rigid BICP molecule might be
responsible for the decreased dielectric
constant of EP/BICP thermosets. Moreover,
in the case of thermosets with the
homogeneous network, the dielectric
properties of polymers generally depend on
the orientation and relaxation of dipoles
which are closely related to the movement of
polymer-chain segments [106].

[104]
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Table 5. Cont.

Addictive Polymer Matrix Properties Studies Finding(s) Ref.

HSSPZ Epoxy Resin Flame-retardant
Electrical properties

The UL-94 achieved a V-0 rating.
Structural reasons: This is attributed to the
high nitrogen and phosphorus content in the
resins. These are believed to have a
synergistic effect during burning and yield
the higher char amount that can retard the
flammability of the materials.
The resistivity of the compound increased.
Structural Reasons: Inorganic ring of
alternating phosphorus and nitrogen atoms of
cyclotriphosphazene skeleton in the
molecular backbone. The skeleton of
cyclotriphosphazene is not a conjugated
structure [107], and no electron can be
supplied. Thus, the addition of CPEP could
retain the electrical resistance of EP.

[67]

6. Conclusions

The hexasubstituted cyclotriphosphazene compound revealed that this compound is
an excellent compound with fascinating properties, and it has been extensively studied as
addictive for flame retardant. This is due to the presence of phosphorus and nitrogen atoms
in this compound and the contribution of the linking unit and side chain that helps enhance
the flame retardancy of this compound. In addition, hexasubstituted cyclotriphosphazene
compounds also have their place in the electrical field, since the dielectric properties
of these compounds are starting to receive attention from researchers. This compound
has promising potential in the electrical field since it has flame-retardant and dielectric
properties that could be valuable in manufacturing electronic devices.
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Abstract: The main objective of this study focuses on designing and testing body protection systems
using advanced materials based on aramid fibers, for high impact speeds of up to 420 ± 10 m/s.
Ballistic applications of aramid fiber-based composites mostly include soft body armors. The in-
vestigation of the failure mechanisms identifies issues of protective fabrics, major challenges and
technological problems for efficient development of these systems. The authors present an investiga-
tion on the failure processes and destructive stages of a ballistic package made of successive layers of
LFT SB1plus, a trade name for a multiaxial fabric by Twaron Laminated Fabric Technology (LFT),
taking into account the particular test conditions from NIJ Standard-0101.06 Ballistic Resistance of
Body Armor. The main parameter of interest was the backface signature (BFS), but also details of
projectile arrest and SEM investigation could offer arguments for using this material for individual
protection. For the reported tests, the maximum and minimum values for BFS were 12 mm and
24 mm, the mean value being 18.66 mm and the standard deviation being 3.8 mm.

Keywords: aramid fiber; ballistic test; failure mechanism

1. Introduction

For hundreds of years, metallic materials have been used not only for body armor, but
also for the protection of larger objects, such as vehicles, which is called “heavy protection”.
However, just a few decades ago, at the end of World War II, lighter solutions emerged,
especially for military personnel, in the form of nylon ballistic vests. However, those did
not come close to the current level of ballistic protection offered by aramid fibers, yarns and
fabrics, included in personal armors. Another advantage of ultra-fine polymer filaments
(not only aramid [1]) is that they offer extraordinarily flexible fabrics, which favors a high
level of comfort for the wearer.

Ballistic applications of aramid fiber-based composites mostly include soft body
armors. The mechanical properties of the aramids and the ballistic effects on its fabrics and
composites have been investigated in several studies [2–5] that involved both experimental
testing and FEM (finite element method) [6–9] and established the effectiveness of the
ballistic protecting system and the protection level of bulletproof vests. Recent reviews
on ballistic protection [10,11] point out interesting comments on failure mechanisms and
very particular solutions in combining different materials for facing very different threats.
Research has involved aramid fibers with different architectures, from simple or treated
woven fabrics [12] to 3D fabrics [13] and unidirectional or multiaxial non-crimp fabrics,
each solution being simulated with particular model conditions and tested for a specific
threat, the conclusion of the documentation conducted by the authors being that each
solution has to be experimentally investigated and the failure mechanisms understood in
order to offer a design with very strong statistical reliability before use in combat.

Bajya et al. [7] recently presented an experimental report on ballistic protection and
failure mechanisms of soft armor packages made of different structures, including woven
and unidirectional fabrics. Packages made of para-aramid woven fabrics and unidirectional
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laminates and hybrid ones were developed and subjected to ballistic impact against 9 mm
lead core bullets, at an impact velocity of 430 m/s. The ballistic performance of each
structure was evaluated in terms of backface signature (BFS), perforation ratio (PR) and
the expansion of the bullet. The unidirectional aramid packages failed mainly due to fiber
break, including fibrillation, debonding and delamination. The fiber orientation was only
(0◦/90◦) × 2 and the surface density of this type of fabric was 230 g/m2, with this inducing
enough flexibility to allow for a too high BFS as compared to other solutions offered by
these authors.

In general, ballistic threats are either from bullets or fragments. Bullets can be defined
as projectiles of different shapes and consistencies, fired from weapons such as pistols,
revolvers and rifles. Fragments, on the other hand, may also result from explosions (for
example, detonations of a grenade) or from the target the projectiles had already hit.

The various kinetic characteristics and deformation behaviors of such a wide range
of bullets and fragments must require a customized study for each of this multitude of
different projectiles and for the design required to face an impact process, in order to have
an effective ballistic protection.

Even if, nowadays, many models and simulations have been reported, from mi-
cro [14,15], meso [13,16], to macro [17,18] scales, the tests remain the ultimate and restrictive
step in adopting a certain type of individual armor, generally based on aramid fabrics.

An active field of research concerning the impact resistance of aramid fabrics in-
volves the study of ballistic performance, from destructive investigation based on standard
structures of packages [19] or structures involving new entries such as aerogels [20] and
methodologies accepted by the interested parties. The standard structure of a ballistic
package involves a certain number of layers of material or semi-finished product (as fabrics)
for ballistic protection, which can vary within fairly wide limits between 8 and 40 layers
(or folds), depending on its architecture and the material characteristics for the ballistic
protection.

The aim of this study is to evaluate a particular multiaxial fabric, LSF SB1plus, pro-
duced by Teijin [21], for designing body armor for the threat level IIA as classified in
Ballistic Resistance of Personal Body Armor NIJ Standard–0101.04 [22], to identify failure
mechanisms and to measure a well-accepted characteristic, backface signature (BFS), for
the designed ballistic protection package. The authors measured BFS and investigated
failure mechanisms of this particular package in order to evaluate it as a future application
in body armor.

2. Material and Testing Campaign

Even though fabrics based on aramid fibers are lightweight and offer better protec-
tion, the designer will be forced to reduce the number of fabric layers required without
compromising the effectiveness of the final protecting armor to reduce the cost. In general,
aramid fibers are 43% lighter than glass fibers, as strong as E-Glass, ten times stronger
than aluminum and are close in strength to carbon fibers (in tensile tests). They also
have good dimensional stability with a slightly negative coefficient of thermal expansion
(−2.4 × 10−6 1/◦C) and could resist chemicals with the exception of a few strong acids
and alkalis. Aramid fibers exhibit excellent stability over a wide range of temperatures for
prolonged periods with no strength loss at temperatures as low as −196 ◦C and do not
melt but will start to carbonize at approximately 427 ◦C [10].

The layers are available in the form of fabrics in multidirectional yarns (0◦, 90◦, −45◦,
45◦) (Figure 1), namely LTF SB1plus (a trade name for a multiaxial fabric by Twaron
Laminated Fabric Technology) (Arnhem production facility, Arnhem, Netherlands), and
they are laminated together with a very thin foil of resin [21]. These fabrics can be combined
into various structures and composites, each type having unique protection performance,
forming ballistic packages with different uses and providing protection for a wide range of
threats.
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(a) (b) (c) 

Figure 1. SEM images of the LFT SB1plus layers after being cut by the help of a power guillotine. (a) Magnification ×300;
(b) magnification ×1200; (c) magnification ×2500.

A recent tendency of research in trying to improve the response of aramid fabrics to
ballistic impact is 3D architecture [2], but fabrics with unidirectional layers with different
angle orientations in sublayers are also intensively used for body armor, due to the fact that
the strength of the yarns is not “consumed” in bending them in a 2D or 3D architecture. Of
course, technology is obliged to find the adequate film and yarns for maintaining these
multiaxial orientations in a single layer.

The architecture of the ballistic package is usually made of the same type of layer or
combinations of two or more materials, the designer being interested in comparing ballistic
packages with different numbers of layers in their structure [6]. For individual armor,
fabrics could be used as delivered, without adding adhesive among layers. No influence of
stitching the layers on the ballistic resistance properties of the package has been noticed.

Taking into account the stated criteria, the development of a type of soft armor, from
the same aramid textile product, is quite numerous and technologically advantageous.

Designing a new individual protective armor requires adequate layers and yarn
architecture, taking into account the particular response of the system to particular threats
and the protection degree, including here the limitative request as an acceptable value of
backface signature (BFS).

The packages were obtained as successive layers of Twaron LFT SB1plus, as delivered
in rolls by the producer, Teijin Aramid [21]. Twaron LFT SB1plus is a fabric of four
layers of unidirectional Twaron yarns, with orientations (0◦, 90◦, +45◦, −45◦), laminated
together with a very small amount of polymer [21]. It has a surface density of 430 g/m2

and the theoretical mass of the 12-layer package of 500 mm × 500 mm is 1290 g. The
manufacturing of the packages includes the cutting and coupling of the fabrics (in order
to have a narrow variation in their weight), sewing and control. The package has the
dimensions 500 mm × 500 mm, with an area of 0.25 m2, between recommended values by
NIJ-C-4 (0.23 m2) and NIJ-C-5 (0.3 m2) for high and very high surfaces (Figure 2).

 

Figure 2. Cutting process of the layers for the ballistic package.
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After being cut, 12 layers formed a package, this number being selected by the authors
after preliminary tests on 8 layers that gave both results as total and partial perforation. In
previous works [6,17], macro simulation on equivalent layers gave similar results to the
tested package with the same number of layers (bullet was stopped on the last broken layer
for a virtual package of 8 layers and simulation on a 12-layer package gave satisfactory
results; thus, this number of layers (12) was used in forming a protective package).

The projectile was an FMJ (Full Metal Jacket) 9 mm bullet, as required for protection
level IIA as given in NIJ Standard-0101.06/2008 [23]. The layers were laterally fixed by
sewing on two sides, on a central location for a length of approx. 90 mm, in order to
maintain its integrity and the layers’ order. The packages were tested in a controlled
environment enclosure (temperature kept in the range of 20 ± 5 ◦C and relative humidity
of 50 . . . 65%, atmospheric pressure of 760 ± 15 mm Hg), using a ballistic smooth barrel, the
measured velocity of the projectiles being 420 ± 10 m/s. There were used a chronograph
Oehler 43 (Oehler Research, Inc., Austin, Texas, USA) for measuring the impact velocity
and a firing table with compensated rebond.

3. Ballistic Impact Testing

In practice, in order to assess the impact resistance of a protection system, there are refer-
ence standards that propose methods of assessment, such as NIJ Standard-0101.06/2008 [23]
and NIJ 0101.04/2004 [22], the results giving the possibility to include the system in a level of
protection [10].

The assessment of the ballistic resistance of the studied protection packages was
performed according to NIJ 0101.04/2004 (Figure 3) [22], by firing a 9 mm caliber bullet,
with an initial speed of 420 ± 10 m/s, from a distance of 3 m (normal conditions), with
shots fired in a laboratory facility.

 

Figure 3. Firing arrangement equipment, Reprinted with permission from ref. [23], Copyright Year
Copyright Owner’s Name. * For rife rounds the length may be further adjusted to minimize yaw at
impact; however, in such cases the yaw at impact must be experimentally shown to be less than 5◦

and reasonably close to minimal. † Tolerance for 0◦ shots. For 30◦ and 45◦ shots the tolerance shall
be +25 mm/−190 mm (+1.0 in/−7.5 in).

The testing of the realized protection packages in order to evaluate their resistance
to the 9 mm FMJ bullet was discussed, taking into account the resistance to penetration
through the depth of the trace left in the support material (ballistic clay), namely backface
signature (BFS). The assessment of the total penetration of a package is in many cases
simple, when it is found that there is a hole with a diameter at least equal to the caliber of
the bullet and that the entire bullet passes through it.

When testing personal ballistic protection equipment, the trauma on the human body
is assessed by the depth of the BFS imprint that is formed in the ballistic clay on which
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the sample is fixed. The standard admits materials and protection systems as satisfactory
when they produce an imprint in the support clay that does not exceed 44 mm [23].

The following steps are performed when testing personal armors or parts of it:

• The test equipment is positioned in the clamping support, at the distance imposed
for each piece of equipment from the mouth of the barrel; the types of weapons and
ammunition required for levels II and IIA are verified [23];

• The bullet speed measurement system is positioned, starting with the distance of
2 m from the mouth of the barrel, so that the frames of the system are in planes
perpendicular to the firing direction; the distance between the frames of the system is
0.5 m and the distances are measured with an accuracy of 1 mm;

• Firing is executed on the test package.

4. Results and Discussion of Failure Mechanisms

Factors influencing ballistic protection against a specified threat include those charac-
terizing the target material(s), in terms of fiber and yarn properties, weave architecture,
surface density and the number of plies, boundary conditions and those characterizing the
impact (impact velocity, impact angle, projectile shape and materials, etc.) [10].

How do we evaluate the ballistic response of body armor? The investigation is done at
macro scale and the tests produce clear results: if the target resists, the backface signature
could reveal the degree of protection and, if the target does not resist, the residual velocity
would indicate how far away the protective solution is from the requested parameters,
but in a qualitative way. However, this scale does not offer answers to improve the
ballistic resistance, and the study of how projectiles and targets are destroyed at lower
scale is of great interest. Thus, researchers will investigate the target and projectile failure
mechanisms using optical and scanning electron microscopes, high speed cameras and
spectrometers, etc.

A synthesis of the damage mechanisms under impact is given in Figure 4.

 
Figure 4. Damage mechanisms for packages based on fabrics.

Based on a general overview [10,24] on how the kinetic energy of the projectile is
absorbed, this study aims to identify damage mechanisms for a particular package of
12 layers of LFT SB1plus when impacted with a 9 mm FMJ:
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• Compression of the package directly under the bullet;
• Compression in the target volume surrounding the impacted zone;
• Conical deformation on the package backface;
• Loading the main yarns that face the higher strain; these yarns tend to fail when the

induced tensile strain of these yarns exceeds the ultimate strain;
• Deformation and/or displacement of secondary yarns;
• Delamination, especially on the layers situated towards the back of the target;
• Shear plugging;
• Spalling of the already broken layers (yarns);
• Friction between the projectile and the target and friction between yarns and layers.

The secondary yarns are close to the main ones, absorbing energy by their strain
distribution within the yarns, and the highest values are found near the top face of the
deformed cone.

As the friction coefficient is difficult to measure for high impact velocities, simulation
offers a fair evaluation by covering a large range of values for friction coefficient. The
friction coefficient could have lower values, being more intense when the bullet is forced to
be deformed inside the target.

When the bullet hits the target, because of the sudden drop in contact force, only
the upper few layers fail by shear as the shear wave propagates along the thickness
direction. Then, the undamaged layer absorbs the residual kinetic energy of the projectile
through creating a cone-shaped deformation. For woven fabrics, this deformation could
be rhomboidal, the rhombus diagonals being almost oriented along the warp and weft
yarns. Multiaxial unidirectional fabrics have an intermediate behavior, that is, the shape of
deformation could be almost conical.

Shear plugging is one of the major damage mechanisms during impact for energy
absorptions by the targets. This process occurs due to the initial impact contact force
between the projectile and the target, resulting shear stress through its thickness, around
the periphery of the projectile. If shear plugging stress exceeds the ultimate shear plugging
strength, the target will fail. The failure by shear plugging is not symmetrical as if the first
yarns will be broken by shear, these yarns are de-stressed and able to be displaced when
the projectile advances.

During an experimental campaign, the investigation of failure mechanisms points out
the ballistic performance of a specific target configuration when hit by different projectiles,
with different impact velocities.

The test results from nine fires on three packages made of 12 layers of SB1plus are
plotted in Figure 5, on a web chart, with the red line being the accepted limit of 44 m [23]
and the blue points being the values measured as the depth of the imprint in the ballistic
clay.

Figure 6 presents the shape, as taken with a mold resin, produced by a fire, in the
ballistic clay behind the package in order to highlight the importance of this characteristic
for body armor. From this study, the authors want to suggest a more detailed evaluation of
the entire shape of the backface signature, not only its depth in the ballistic clay, with BFS
being of 18 mm here.

An investigation of the destruction of flexible packages was carried out with the help
of a professional camera to highlight characteristics dependent on fabrics’ architecture and
the number of layers. A detailed, photographic study on each layer of the tested ballistic
packages was performed to point out the failure processes in stages of the layers.
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Figure 5. Data for BFS measured for 9 fires on three packages made of 12 layers of SB1plus fabric.

 

Figure 6. Cavity shape in the ballistic clay, obtained with a molding resin.

Figures 7–11 show photographs of LFT SB1plus layers from a 12-layer package. It
should be noted that the tests were performed under conditions of a small variation for the
bullet velocity (420 m/s ± 10 m/s). The angle of impact is normal on the target surface,
the deviations being 5% at the mouth of the barrel.

In the details of the photos, for each fire the main yarns (broken under the projectile)
and the secondary yarns (those affected by the penetration of the projectile, by twisting,
firing and scattering) may be counted.

One may see the total penetration of the first layer in Figure 7: (a) general view from
the impact direction and (b), (c) and (d) details of each of the three fires on the same target.
The second layer is presented in Figure 8: (a) general view of the designed ballistic package,
and the localized ruptures of the yarns is highlighted, for each fire, in (b), (c) and (d). This
type of failure occurs when all the fibers of the thread break in almost the same place. The
two causes of the breaking of the yarns in layer 1 are their stretching along the length next
to the contact with the projectile and the shearing on their thickness, observed in Figure 7
(detail b). Theoretically, the fibers in the yarn will fail when the induced strain exceeds the
strain at break, but the process is dynamic (depending on strain rate) and statistic, given
the large number of fibers in a yarn.
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(a) (b) 

  
(c) (d) 

Figure 7. Frontal view (a) of a 12-layer LFT SB1plus package: (a) layer 1 (face) and details of the fires
on the first layer of the package: (b) fire 1, (c) fire 2 and (d) fire 3. BFS was noted as A on the photo.

  
(a) (b) 

  
(c) (d) 

Figure 8. Frontal view of the sample with 12 layers of LFT SB1plus: (a) layer 2 (face), with details of
the bullet holes of (b) fire 1, (c) fire 2 and (d) fire 3.
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(a) (b) 

  
(c) (d) 

Figure 9. Frontal view of the sample with 12 layers of LFT SB1plus: (a) layer 3 (face), with details of the bullet holes of
(b) fires 1, (c) fires 2 and (d) fires 3.

Starting from layer 3 (Figure 9) and in layer 4 (Figure 10), the enlargement of the
holes is observed (due to the lateral plastic deformation of the projectile when it starts to
be stopped), and also the process of pulling the threads. The tear-off of the yarn (even
partially) from its fabric architecture occurs when the yarns are not broken, sometimes only
on one side of the projectile [6].

Layer 4 is the last layer in the SB1plus LFT package through which the bullets passed
or stopped. In the current case of failure, the first four layers have the role of slowing down
and even arresting and deforming the projectile.

Starting from layer 3 (Figure 9) and in layer 4 (Figure 10), the widening of the holes
is observed (due to the lateral deformation of the projectile when it starts to be stopped,
and the process of pulling the yarns). The first fired bullet (Figure 9a) was found in the slot
produced in the third layer, the second was found between the third layer and the fourth
one (see the mark on Figure 10c) and the third bullet fired on the package had a similar
position and shape, but advanced one layer (it was arrested between the fourth layer and
fifth one). For body armor, it is very important that successive fires do not create failures
with very different and progressive damages on the package. The authors consider this
response promising in facing multiple and localized fires.
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(a) (b) 

  
(c) (d) 

Figure 10. Front view of sample made of LFT SB1plus: (a) layer 4 (face), with details of the penetration:
(b) fire 1, (c) fire 2 and (d) fire 3.

  
(a) (b) 

  
(c) (d) 

Figure 11. Frontal view of a package made of layers of LFT SB1plus: (a) layer 5 (face), with details of
(b) fire 1, (c) fire 2 and (d) fire 3.
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The quality of the material SB1plus is noticed by the high degree of resemblance of
the penetration zones and even by the size of zones with broken and torn-off yarns.

Layer 5 (Figure 11) shows traces of crushing (compression), circular in shape, which
would be justified by the architecture of the LFT SB1plus semi-finished product (with
the orientation of the yarns 0◦/90◦/45◦/−45◦), inducing a tendency to uniformity of the
properties of the fabrics in four sub-layers and, therefore, of its answer.

Layers 6 and 7, theoretically, have the role of retaining (arresting) the projectile and
dumping its tendency to advance together with the fabrics. These layers and the following
ones are also responsible for reducing the BFS.

Figure 12 presents the last layer of the package: (a) the general view being taken from
the opposite direction of the impact (named back face in this text), (b) the print on the last
layer of fire 1, where aramid fibers are not broken, only the auxiliary (white) yarns that
keep the resistant aramid yarns in their aligned position, (c) for fire 2 the yarns are not
broken but (d) for the last fire, there are several bundles of fibers broken due to the large
deformation on this layer.

  
(a) (b) 

  
(c) (d) 

Figure 12. Back view of package made of 12 layers of LFT SB1plus: (a) layer 12 (back), with details of (b) fire 1, (c) fire 2 and
(d) fire 3.
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After testing, it can be seen that the arching in the orthogonal yarns is more dominant
in the back layers of the multilayer package, where the projectile tries to enter through
an edge-like approach after being considerably slowed down by the initial layers [8].
The existence of the phenomenon of passing through the fabrics usually produces a hole
smaller than the diameter of the projectile, with a smaller number of yarns being broken as
compared to the number of yarns that intersect the projectile.

In Figure 13a, two broken main yarns can be observed on the first layer of unidirec-
tional yarns. The ends of the broken yarns relax after being tensioned, hence the appearance
of scattered fibers. Figure 13b shows the deviation of the secondary yarns from layer 2 (from
the four substrates of a layer) and the more disordered aspect of the fibers, as compared to
layer 1.

  
(a) (b) 

Figure 13. Aspect of broken yarns from the ballistic protection package made of LFT SB1plus: (a) face
of layer 1 (fire 1); (b) face of layer 2 (fire 1).

Some particular aspects of the failure of aramid fibers could be highlighted with the
help of SEM images for the tested ballistic package of 12 layers. According to SEM images,
breaking a fiber can be performed by fibrillation (Figure 14), shearing (Figure 15), necking
(obviously, by tensile stress, as one may see in Figure 15 details (c) and (d) and twisting).

  
(a) (b) 

Figure 14. Details of fibers from the ballistic package LFT SB1plus: (a) fibril from front layer 2;
(b) detail from (a).
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(a) (b) 

  
(c) (d) 

Figure 15. Details of the broken fibrils from the 2nd layer of the LFT SB1plus ballistic package. (a) layer 1, front view of
the broken fibers, from the impact direction; (b) details of layer 1, front view of the broken fibers; (c) details of a higher
magnification of a fiber; (d) details of (b) with non-uniform fibrillation and necking.

In Figure 14, by the help of scanning electron microscopy, one may see the fibrillation,
thinning and rupture of the aramid fibrils, resulting from the process of destroying a thread
on the 2nd layer.

The fibrillation at the broken ends of the yarns (Figures 14a,b and 15c) or along the
yarn (Figure 15d) is a type of failure favored by the abrasive action of the projectile on
the length of the fiber, but it is also dependent on the local traction characteristics of the
yarn fibers. Of course, the location of the fibrillation is a defect of the molecular chains
or their arrangement in the fiber. In layered systems, friction between layers results in
abrasion friction among fibers, inducing local scratches that diminish the fiber resistance.
All projectiles that have the ability to penetrate through the fabric also cause the scratching
and/or splitting of the fibers, which favors the appearance of fibrillation, a specific failure
of aramid fibers.

Figure 15 shows the details of some fibers damaged by fibrillation; there are noticed
discontinuities in the fiber and the thinning of the fibrils that supported the load and
ruptures of fibrils resulting from tensile and shearing loading (deformed breaks with less
deformations, as a cut) during the destruction process.

The values for BFS (backface signature) for the LFT SB1plus package are given in
Table 1 and are measured according to Ballistic Resistance of Body Armor, NIJ Standard-
0101.06 [2] (Figure 16).
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Table 1. BFS of a ballistic package made of LFT SB1plus layers.

LFT SB1plus Package of 12 Layers

Fires BSF (mm)

1 14
2 15
3 17

Figure 16. Measuring BFS in agreement with Ballistic Resistance of Body Armor, NIJ Standard-
0101.06 [23].

Imprints in the clay support material, characterized by the BFS, for a new armor
package, were analyzed to determine whether the armor will provide adequate protection
against trauma (without perforation/penetration of the package). The requirements of the
NIJ [23] state that all depths of the measured traces in the support material obtained from
fires falling within the firing requirements must not exceed 44 mm, or if the BFS exceeds
44 mm then there must be a coefficient of 95% confidence that 80% of the depths of the
traces in the support material will be 44 mm or less. Under no circumstances should a trace
in the support material exceed 50 mm.

Measured BFSs for a new armor package were analyzed to determine whether the
armor will provide adequate protection against trauma (without perforation/penetration
of the package). The requirements of the NIJ [23] state that all depths of BFS in the support
clay, obtained from fires obeying the firing requirements, must not exceed 44 mm, or
if the BFS exceeds 44 mm then there must be a coefficient of 95% confidence that 80%
of the depths of the imprints in the support material will be 44 mm or less. Under no
circumstances should a BFS in the support material exceed 50 mm.

Following the extraction of the bullets from a package of 12 LFT SB1plus layers, the
following characteristics of the recovered projectiles could be highlighted based on the
analyses of the photographs in Figure 17:

• Bullets were flatted like a mushroom cap;
• Bullets had initiated fragmentation on their edges, but no fragments seemed to be

separated, with the jacket and core torn off the second bullet;
• Their faces in contact with the target had trapped aramid fibers, especially from the

first and second hit yarns.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 17. Bullets (9 mm FMJ) as recovered after testing 12-layer ballistic package: front view of the
bullets (a–c); back view of the same bullets (d–f).

The number of layers penetrated in the package influences the way the projectile is
damaged, and the bullets retained within the package (Figure 17) had a very flattened
shape, with peripheral ruptures of the jacket and core.

Figure 18 presents details of the impacted face of the projectile after testing. One
may notice the embedding of fragmented aramid yarns on the projectile front. The first
yarn contacting the bullet was broken near its contacting length with the bullet due to
high tensile stress; this central fragment was so compressed that its fibers were forced into
the projectile material and remained fixed on the bullet, even if this one was intensively
deformed and cracked. The bullet from the 3rd fire kept a similar aspect of the bullet failure
(local fragmentation and plastic deformation), but only several fibers were “stuck” to the
bullet. Several fibers were trapped in the cracks of the projectile, both in the lead core and
copper alloy jacket.
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(a) (b) 

Figure 18. SEM details of bullet of 9 mm FMJ, as retrieved after firing. (a) Bullet of 2nd fire; (b) bullet
of 3rd fire.

5. Conclusions

The main objective of this study focuses on designing and testing protection sys-
tems using advanced materials based on aramid fibers for high-impact speeds of up to
420 ± 10 m/s. The investigation of the failure mechanisms identifies current issues of
protective materials, major challenges and technological problems for developing these
types of systems, including the fulfilling of ballistic impact requirements according to NIJ
Standard-0101.06 [23].

The purpose of the paper was to conduct an investigation on the failure processes
and destructive stages of a ballistic package made of successive layers of LFT SB1plus,
taking into account the particular test conditions from NIJ Standard-0101.06 [23]. The
main parameter of interest was the backface signature (BFS), but also details of projectile
arrest and SEM investigation could offer an argument for using this material for individual
protection. For the reported tests, the maximum and minimum values for BFS were 12 mm
and 24 mm, the mean value being 18.66 mm and the standard deviation being 3.8 mm.
These values recommend the package for use as a protective panel for body armor for
threat level IIA.
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Abstract: Crosslinking of polyolefin-based polymers can improve their thermal and mechanical
properties, which can then be used in various applications. Radiation-induced crosslinking can
be done easily and usefully by irradiation without a crosslinking agent. In addition, polymer
blending can improve thermal and mechanical properties, and chemical resistance, compared to
conventional single polymers. In this study, high-density polyethylene (HDPE)/ethylene vinyl
acetate (EVA)/polyurethane (PU) blends were prepared by radiation crosslinking to improve the
thermal and mechanical properties of HDPE. This is because HDPE, a polyolefin-based polymer, has
the weaknesses of low thermal resistance and flexibility, even though it has good mechanical strength
and machinability. In contrast, EVA has good flexibility and PU has excellent thermal properties
and wear resistance. The morphology and mechanical properties (e.g., tensile and flexure strength)
were characterized using scanning electron microscopy (SEM) and a universal testing machine
(UTM). The gel fraction, thermal shrinkage, and abrasion resistance of samples were confirmed. In
particular, after storing at 180 ◦C for 1 h, the crosslinked HDPE-PU-EVA blends exhibited ~4-times
better thermal stability compared to non-crosslinked HDPE. When subjected to a radiation dose
of 100 kGy, the strength of HDPE increased, but the elongation sharply decreased (80%). On the
other hand, the strength of the HDPE-PU-EVA blends was very similar to that of HDPE, and the
elongation was more than 3-times better (320%). Finally, the abrasion resistance of crosslinked
HDPE-PU-EVA was ~9-times better than the crosslinked HDPE. Therefore, this technology can be
applied to various polymer products requiring high heat resistance and flexibility, such as electric
cables and industrial pipes.

Keywords: polymer blending; radiation crosslinking; polyethylene; polyurethane; heat resistance;
mechanical property

1. Introduction

Polyethylene, in particular, is the most representative general-purpose polymer among
the polyolefin-based polymers. It exhibits properties such as crystallinity and a decrease
in crystal size depending on the number and length of branches connected to the main
chain, and variations can be divided into HDPE and low-density polyethylene (LDPE).
Among them, HDPE has a small number of short and/or long molecular chains, has a high
crystallinity (60 to 80%), and has a melting point of 135 ◦C [1–4]. In addition, HDPE is
used in diverse ways, such as film, blow molding, injection molding, pipe processing, and
wires due to its many advantages (high tensile strength, excellent processability, excellent
low-temperature resistance, and electrical insulation) [5–7]. However, HDPE has problems
with rapid mechanical degradation and thermal shrinkage at above 130 ◦C near the melting
point [8,9]. To overcome these disadvantages, polymer blends are prepared by blending
and/or crosslinking to improve their mechanical properties [10–13]. In our previous
study, improved thermal and mechanical properties were confirmed after blending styrene-
grafted polyurethane (PU) into polypropylene (PP), a polyolefin-based polymer. PU is a
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non-toxic polymer with excellent elasticity, abrasion resistance, and workability. It was
confirmed that the original mechanical properties (disadvantageous low-temperature
characteristics) of PP were improved. In this way, mechanical properties can be improved
through polymer blending [14].

In addition, it is possible to improve further or maintain the thermal and mechanical
properties of polymer blends through polymer crosslinking [15]. Crosslinking refers to
the connection by physical and chemical interactions between polymer chains. Polymer
crosslinking can be divided into physical and chemical crosslinking [16]. Physical crosslink-
ing is a crosslinking method involving interactions such as the entanglement of chains or
ionic bonds between chains. Chemical crosslinking is provided by chemical bonds (such as
covalent bonding) between molecular chains [17–23]. In particular, among the chemical
crosslinking methods, the radiation crosslinking method has the advantage that a reaction
is induced without the use of a chemical additive, such as a crosslinking agent or initiator.
Moreover, a reaction can be induced at various temperatures and in various states (e.g.,
solid, liquid, and gas) [24–27]. The crosslinking of HDPE using radiation crosslinking
technology is useful for generating radicals in the HDPE polymer chain. HDPE has the
characteristic that when tertiary carbon atoms in the branch chain lose hydrogen, they
generate radicals that are easily attacked by external free radicals and stabilized. Thus,
crosslinking occurs readily due to easy radical generation [28,29].

In this study, an HDPE blend was prepared by blending ethylene vinyl acetate (EVA)
and PU to improve their thermal and mechanical properties. EVA is a copolymer of
ethylene and vinyl acetate (VA), and its density, flexibility, elasticity, and durability vary
depending on the VA content. In addition, EVA is widely used as an over wire cable and as
a solar sheet for its excellent low-temperature characteristics and impact resistance [30,31].
EVA and PU, which have these advantages, were blended with HDPE to prepare a blend
and then crosslinked using electron beam irradiation. To determine the properties of
the crosslinked HDPE/EVA/PU (H/V/U) blend, the gel fraction, shrinkage rate, tensile
strength, flexural strength, and wear resistance were confirmed. We intend to confirm the
improvement of the thermal and mechanical properties of this blend after electron beam
crosslinking.

2. Materials and Methods

2.1. Materials

High-density polyethylene (HDPE) and ethylene-vinyl acetate (EVA) were purchased
from the Lotte Chemical Corporation (Seoul, Korea). Polyurethane (PU) was obtained
from Songwon Industrial Co., Ltd. (Ulsan, Korea). Polyethylene-graft-maleic anhydride
(PE-g-MA) (viscosity of 500 cP) was purchased from Sigma-Aldrich (St. Louis, MI, USA).
All other reagents and solvents were of analytical grade and used as received.

2.2. Preparation of the HDPE-EVA-PU Blends

HDPE, EVA, and PU were blended using a Brabender mixer (Brabender D-47055,
Brabender, Duisburg, Germany) at 45 rpm and 190 ◦C for 20 min. HDPE-EVA-PU blend
sheets were prepared using a hot press at 190 ◦C. To achieve the crosslinking, the sheets
were exposed to electron beam irradiation (2.5. MeV, UELV-10-105, Korea Atomic Energy
Research Institute, Jeongeup, Korea) to achieve doses of 50, 75, and 100 kGy (25 kGy/cycle).

2.3. Characterization of the HDPE-EVA-PU Blends

The surface morphology of the samples was observed using scanning electron mi-
croscopy (SEM, TM3030, HITACHI, Tokyo, Japan). To acquire high-resolution images, the
samples were coated with gold for 60 s using sputter coating to conduct SEM with a 15 kV
electron beam and a working distance of 8.1 mm. In addition, chemical component and
quantitative analyses were performed using energy-dispersive X-ray spectroscopy (EDS,
TM3030, HITACHI, Tokyo, Japan).
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To analyze the gel fraction of the HDPE-EVA-PU blends using Soxhlet extraction,
samples (0.5 × 0.5 cm2) were prepared, and their initial weights were recorded prior to
immersion in xylene for 8 h at 140 ◦C to remove unreacted polymers. After that, the
samples were dried in an oven at 80 ◦C for 8 h and then dried naturally for 4 h after which
the weight was recorded. The gel fraction was calculated from the following equation:

Gel fraction (%) = (Wf/Wi) × 100

where Wi and Wf represent the initial and final weights of the dried samples.
Prior to testing for tensile strength, the samples were prepared according to ASTMD638

and measured using a universal testing machine (UTM, Instron 5982, Norfolk, MA, USA)
with a 100 kN range of load and crosshead speed of 50 mm/min. In addition, the flexural
strength of samples (8 × 1 cm2) was measured using the UTM with a 10 kN range of load,
48 mm of span distance, and 50 mm/min of crosshead speed.

To confirm the thermal shrinkage, samples were prepared (4 × 4 cm2) and placed in
an oven at 150 or 180 ◦C for 1 h before the result was recorded. The thermal shrinkage of
samples was calculated using the following equation:

Thermal shrinkage (%) = [1 − (Sa/Sb)] × 100

where Sa and Sb represent the thermal shrinkage after and before tested area, respectively.
The abrasion resistance of the samples was measured according to KSD8314 (1000 cy-

cles, speed 60 rpm, test load of 1 kg, stroke of 50 ± 1 mm at room temperature). The
abrasive material was sandpaper (Koptri, #220). The weight reduction rate of the samples
was calculated using the following equation:

Weight reduction rate (%) = [(Ta − Tb)/Ta] × 100

Ta is the weight before the test and Tb is the weight after the test.

3. Results and Discussion

3.1. Preparation of HDPE/EVA/PU Blends

Polymer blending is one of the methods that can be used to supplement the weaknesses
of a polymer, and properties can be enhanced, and desired properties can be manufactured
through blending [32–34]. In this study, HDPE, EVA, and PU were blended using a
Brabender mixer to prepare H/V/U blend sheets using a hot press. To crosslink each
sample, the H/V/U blends were irradiated using electron beam irradiation at different
doses (50, 75, and 100 kGy). The overall schematic illustration and chemical composition
of the H/V/U blends are shown in Figure 1 and Table 1.

Figure 1. Schematic illustration of the HDPE/EVA/PU blends after using electron beam irradiation.
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Table 1. Chemical composition of the HDPE/EVA/PU blends.

H H/U H/V H/V/U

HDPE 200 g 200 g 200 g 200 g
EVA - - 20 phr 20 phr
PU

PE-g-MA
-
-

5 phr
3 phr

-
3 phr

5 phr
3 phr

3.2. Characterization of HDPE/EVA/PU Blends

HDPE is composed of pure carbon and hydrogen and exhibits non-polar proper-
ties [14]. EVA is a copolymer of ethylene and VA and is also non-polar, whereas VA
contains oxygen atoms and exhibits polar properties [30,31]. Therefore, EVA mixes well
with non-polar polymers and polar polymers and has the property that it can easily be
mixed with various kinds of chemical additives. In addition, because PU also exhibits
non-polar properties, HDPE, EVA, and PU are considered to blend effectively. Figure 2
shows the results of the surface morphology and elemental composition of H, H/U, H/V,
and H/V/U determined using SEM/EDS. As shown in Figure 2a, as a result of the surface
resulting after preparing a sheet by blending each polymer using a Brabender mixer and a
hot press, a flat surface was confirmed in all samples. In addition, it was confirmed that
the form of separation between polymers was not significant. In addition, Figure 2b shows
the EDS results for each element (green: carbon, blue: nitrogen, and red: oxygen). The
Nitrogen (blue) of PU was confirmed in H/U and H/V/U, and the oxygen (red) of EVA
and PU was confirmed in H/U, H/V, and H/V/U. It was also confirmed that each element
was uniformly distributed in the blends, which showed effective blending.

Figure 2. Surface morphology and elemental composition of the HDPE/EVA/PU blends by (a) scanning electron microscopy
and (b) energy-dispersive X-ray spectroscopy.

Figure 3 shows the gel fraction of H and the H/V and H/V/U blends after electron
beam irradiation. As shown in Figure 3a, the gel fraction of each sample was confirmed
according to the radiation dose of 100 kGy. In the case of H, a 58% gel fraction was
confirmed, and the gel fraction of the H/V and H/V/U blends was higher (66 and 65%,
respectively). This result was believed to be due to crosslinking of HDPE as well as
EVA. In general, the mechanical properties of EVA could be improved by crosslinking
using peroxide (e.g., dicummyl peroxide or perbutyl peroxide) because EVA has weaker
mechanical properties than PE as applied to polyethylene and polyester [35]. In this study,
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it was confirmed that the gel fraction was increased through crosslinking of HDPE and
EVA using only electron beam irradiation (that is, without the use of a crosslinking agent).
In the case of H/U blends containing PU, the gel fraction was not significant compared
to that of H/V. This result is believed to be because EVA was crosslinked by electron
beam irradiation more efficiently than PU. In addition, the gel fraction of each sample was
confirmed by the dose of electron beam irradiation. Figure 3b shows that the gel fraction
result was confirmed by the different radiation doses of HDPE. The gel fraction increase in
relation to the radiation dose of 50, 75, and 100 kGy is 50, 56, and 58%, respectively. The
gel fraction of the H/V blend increases to 55, 61, and 66%, respectively, as the radiation
dose increases to 50, 75, and 100 kGy (shown in Figure 3c). In addition, the increase in the
gel fraction of the H/V/U blend with the dose of 50, 75, and 100 kGy is 54, 65, and 65%,
respectively.

Figure 3. Gel fraction of the HDPE/EVA/PU blends: (a) radiation dose at 100 kGy, (b) different
radiation doses at 0, 50, 75, and 100 kGy in HDPE, (c) different radiation doses at 0, 50, 75, and
100 kGy in HDPE/EVA blends, and (d) different radiation doses at 0, 50, 75, and 100 kGy in
HDPE/EVA/PU blends.

As shown in Figure 4, the mechanical properties of the samples were confirmed
through crosslinking by electron beam irradiation, and Figure 4a shows the tensile stress of
each sample. In the case of the tensile stress of H and the H/U blends, it was confirmed
that the tensile stress was only slightly changed, even if the radiation dose was increased
from 50 to 100 kGy. In particular, it was confirmed that the tensile stress of the H/V and
H/V/U blends decreased when the radiation dose was 100 kGy. Although the tensile stress
of the H/V blends increased with an increase in the radiation dose from 0 kGy (25 MPa) to
50 kGy (25.3 MPa) and 75 kGy (27 MPa), at the dose of 100 kGy, the tensile stress decreased
to 23 MPa. In addition, the tensile stress of the H/V/U blends increased with an increase
in the radiation dose but decreased to 23 MPa in the case of 10 kGy (like for the H/V
blends). Figure 4b shows the result of the tensile strain of each sample. With the increase
in radiation dose from 0 to 50, 75, and 100 kGy, the HDPE strain decreases to 510%, 370%,
100%, and 80%. In particular, it was confirmed that the strain decreased rapidly at 75 and
100 kGy. This result is believed to be because the tensile strain decreases as the amount
of crosslinking in HDPE was increased with an increase in the radiation dose. In the case
of the tensile strain of the H/U blend, the tensile strain decreased slightly (compared to
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HDPE) because PU has excellent mechanical properties. The H/V and H/V/U blends
with EVA exhibited higher tensile strain than with HDPE at 100 kGy. Moreover, it was
confirmed that the mechanical properties were improved. The H/V blends decreased to
570%, 500%, 450%, and 390% as the radiation dose increased from 0 to 100 kGy. In the case
of the H/V/U blends, the strain in specimens with radiation doses of 0, 50, 75, and 100 kGy
was decreased to 530%, 480%, 410%, and 320%. The tensile strains of H and the H/V/U
blends with a radiation dose of 100 kGy were 80% and 320%, confirming that the strain
of the H/V/U blends with EVA and PU increased approximately four times. This result
shows that the H/V/U blend exhibits excellent tensile strength.

Figure 4. Tensile properties of HDPE/EVA/PU blends: (a) tensile stress of each sample with different
radiation dose, (b) tensile strain of each sample with different radiation dose.
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Flexure strength is the resistance to the bending of various materials such as plastic,
ceramic, and rubber samples. It is defined as the maximum value at which the load does
not increase anymore when applying a bending force. Figure 5a shows the flexure stress
of each sample. The flexure stress of HDPE is 27, 30, 29, and 29 MPa at the radiation dose
of 0, 50, 75, and 100 kGy, and the flexure stress of the H/U blend is 33, 29.7, 30.2, and
29 MPa as the radiation dose increases to 0, 50, 75, and 100 kGy. Even after crosslinking
by electron beam irradiation, there is only a slight change in the flexure stress. On the
other hand, the flexure stress of the H/V and H/V/U blends is lower than that of the
H and the H/U blend. It was confirmed that there was only a slight change, even when
the radiation dose increased. The flexure stress of the H/V blend was 22.5, 22.3, 23, and
22.9 MPa according to the radiation dose of 0, 50, 75, and 100 kGy. In addition, the flexure
stress of the H/V/U blend was 21.5, 22, 21.3, and 21.4 MPa at the radiation dose of 0, 50, 75,
and 100 kGy. This result shows that the flexure stress was lowered by blending with EVA.
Figure 5b shows the flexure strain of each sample. The flexure strain of HDPE decreased
after crosslinking by electron beam irradiation. The flexure strain of HDPE was 19.8, 14.7,
14, and 13.8% according to the radiation dose of 0, 50, 75, and 100 kGy. On the other hand, it
was confirmed that the flexure strain of the H/U blend blended with PU increased to 19.5,
20.7, 22.5, and 24% at the radiation dose of 0, 50, 75, and 100 kGy. This result is believed
to be because the flexure strain increased due to the excellent tensile properties of PU. In
addition, the flexure strains of the H/V and H/V/U blends in which EVA was blended
were also confirmed to have similar tendencies by the inclusion of PU (as in the result
for H and the H/U blend). The flexure strain of the H/V blend was 19.9, 17.3, 16.1, and
16.8% according to the radiation dose of 0, 50, 75, and 100 kGy, and the flexure stain of the
H/V/U blend was determined by the radiation dose of 0, 50, 75, and 100 kGy (with the
results of 21%, 24%, 24.8%, and 25.1%).

(a) 

 

Figure 5. Cont.
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(b) 

 

Figure 5. Flexure properties of the HDPE/EVA/PU blends: (a) flexure stress of each sample with
different radiation dose, (b) flexure strain of each sample with different radiation dose.

The physical properties (gel fraction, tensile, and flexure strength) were also confirmed
by the ANOVA one-way (Table 2).

Table 2. ANOVA table of physical properties.

Physical Property F-Value p-Value F Crit

Gel fraction 0.04 0.96 4.26
Tensile stress 1.97 0.17 3.49
Tensile strain 2.21 0.14 3.49
Flexure stress 112.43 0.00 3.49
Flexure strain 9.46 0.00 3.49

Polyethylene (PE) begins to collapse when the crystal structure is above 70 °C, which
increases the amorphous state. The melting point is where it becomes 100% amorphous.
The melting point of HDPE is 132–138 °C, the heat of fusion is 55–66 cal/g, and the melt-
ing point changes depending on the copolymerized branches and molecular weight. In
addition, the glass transition phenomenon in HDPE, a semi-crystalline polymer, occurs by
the thermal behavior of the amorphous region between the crystalline lamellae. The glass
transition phenomenon determines the fragility of the polymer according to the thermal de-
formation temperature. The glass transition temperature (Tg) is lowered due to the cooling
rate of HDPE and having more chain branches and is increased by the higher molecular
weight and intermolecular crosslinking [36–38]. In particular, the thermal conductivity of
HDPE is caused by the complex vibration of atoms in the lattice structure. For this reason,
the thermal conductivity of HDPE with high crystallinity is very high compared to other
polyolefins with low crystallinity, such as LDPE or PP. The thermal conductivity of HDPE
is strongly proportional to its density, decreases with increasing temperature, and increases
with increasing pressure [39–41]. In particular, it is very important to consider the thermal
conductivity of HDPE when preparing thick HDPE moldings. Figure 6 shows the thermal
shrinkage results at 150 ◦C and 180 ◦C for H, and the H/U, H/V, and H/V/U blends
with radiation doses at 0 and 75 kGy. As shown in Figure 6a, in the case of non-irradiated
samples, the confirmed reduction rate of HDPE is 9.8%, and the H/U, H/V, and H/V/U
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blends are 6.7%, 9.3%, and 6.2%, respectively. On the other hand, in the case of the sample
irradiated with 75 kGy, it was confirmed that the reduction rate was reduced by 3.8%, 0.1%,
2.9%, and 1.8%, respectively, compared to non-irradiated samples. In particular, in the case
of the H/U blend, it was confirmed that thermal shrinkage hardly occurred after electron
beam irradiation. This result suggests that thermal shrinkage did not occur due to the
excellent thermal properties of PU. These results were the same as the thermal shrinkage
results of PP blended and styrene-grafted PU blends in previous studies. To improve the
thermal properties of PP, after blending PU with grafted styrene, it was left at 150 ◦C for
1 h to confirm from the shape of samples that there was almost no change. In addition,
in the case of the H/V/U blends, it was possible to confirm the result of crosslinking of
HDPE by electron beam irradiation.

(a) (b) 

  
(c) 

 

Figure 6. Cont.
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Figure 6. Thermal shrinkage of HDPE/EVA/PU blends: (a) reduction rate of non-irradiated sample and samples irradiated
at 75 kGy and 150 ◦C for 1 h, (b) reduction rate of non-irradiated sample and samples irradiated at 75 kGy and 180 ◦C for
1 h, and (c) optical images of the HDPE/EVA/PU blends with non-irradiated and samples irradiated at 23 ◦C and 180 ◦C
for 1 h.

After efficient blending of EVA and PU, a reduction rate of 1.8% was confirmed after
irradiation at 75 kGy. In Figure 6b, the result of thermal shrinkage showed in samples
after storage at 180 ◦C for 1 h. In cases of non-irradiated samples, the reduction rate
of HDPE was confirmed to be 11.9%, and reduction rates of 9.1%, 16%, and 9.7% were
confirmed for the H/U, H/V, and H/V/U blends, respectively. In addition, in the case of
the sample irradiated at 75 kGy, it was confirmed that the shrinkage rate for the H, H/U,
H/V, and H/V/U blends was reduced by 4.2%, 2.1%, 4.1%, and 2.8%, respectively. With
non-irradiated H/V/U blends, in particular, it was confirmed that the thermal shrinkage
phenomenon rapidly increased as the temperature increased from 150 to 180 ◦C. It is
considered that the poor thermal properties of HDPE at high temperatures affect the
thermal shrinkage results. Based on these results, the possibility of improving the thermal
properties of plastic polymers was confirmed through the easy and useful blending of
polymers and crosslinking using electron beam irradiation. Figure 6c shows an optical
image of the thermal shrinkage of each sheet-type sample.

Abrasion resistance refers to the property of resisting abrasion well, and it is applied by
using abrasion-resistant materials for accessory parts for such as electric wires, automobiles,
and airplanes. For example, regarding wires, if its cover is not abrasion-resistant, it could
cause a major fire due to the peeling of the insulation off the wire over time. Thus, if the
stability of the material decreases and causes a serious risk of personal injury or accident,
this is a big disadvantage [42,43]. Therefore, abrasion resistance is an important factor
for plastic materials. Figure 7 shows the results of tests pf abrasion resistance of HDPE
and the crosslinked samples irradiated at 100 kGy using electron beam irradiation. With
non-irradiated HDPE (H 0), a weight reduction rate of 0.08% was confirmed, but in the
case of HDPE irradiated at 100 kGy, a high weight reduction rate of 0.27% was shown.
In particular, it was confirmed that crosslinked HDPE had weak abrasion resistance. On
the other hand, when the radiation dose was 100 kGy, in the H/U (H/U 100), H/V (H/V
100), and H/V/U (H/V/U 100) blends with EVA and PU, excellent abrasion resistance
properties were indicated by the low weight reduction rates of 0.02, 0.04, and 0.03%.
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Figure 7. Abrasion resistance of HDPE/EVA/PU blends.

4. Conclusions

In this study, H/V/U blends were prepared by radiation crosslinking to improve the
thermal and mechanical properties of HDPE. In the case of H/V/U blends with radiation
doses of 75 and 100 kGy, the mechanical properties, and thermal shrinkage were sharply
enhanced compared to non-irradiated HDPE. After storage at 180 ◦C for 1 h, the crosslinked
HDPE/PU/EVA blends exhibited about 4-times better thermal stability compared to non-
crosslinked HDPE. In addition, when the radiation dose was 100 kGy, the strength of HDPE
increased, but the elongation sharply decreased (80%). On the other hand, the strength of
the HDPE-PU-EVA blends was similar to that of HDPE, and the elongation was >3-times
better (320%). Finally, the abrasion resistance of the crosslinked HDPE/PU/EVA was
~9-times better than with crosslinked HDPE. These excellent properties of the H/V/U
blends can be used not only for insulated cable, thermal shrinkage tube, and pipes but also
in automobile components.
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20. Bialik-Wąs, K.; Królicka, E.; Malina, D. Impact of the Type of Crosslinking Agents on the Properties of Modified Sodium
Alginate/Poly(vinyl Alcohol) Hydrogels. Molecules 2021, 26, 2381. [CrossRef]

21. Khunmanee, S.; Jeong, Y.; Park, H. Crosslinking method of hyaluronic-based hydrogel for biomedical applications. J. Tissue Eng.
2017, 8, 1–16. [CrossRef]
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Abstract: The aim of this study is to present the possible influence of natural substances on the
aging properties of epoxidized natural rubber (ENR) and poly(lactic acid) (PLA) eco-friendly elastic
blends. Therefore, the ENR/PLA blends were filled with natural pro-health substances of potentially
antioxidative behavior, namely, δ-tocopherol (vitamin E), curcumin, β-carotene and quercetin. In
this way, the material biodeterioration potential was maintained and the material’s lifespan was
prolonged while subjected to increased temperatures or high-energy UVA irradiation (340 nm).
The investigation of the samples’ properties indicated that curcumin and quercetin are the most
promising natural additives that may contribute to the delay of ENR/PLA degradation under the
above-mentioned conditions. The efficiency of the proposed new natural anti-aging additives was
proven with static mechanical analysis, color change investigation, as well as mass loss during a
certain aging. The aging coefficient, which compares the mechanical properties before and after
the aging process, indicated that the ENR/PLA performance after 200 h of accelerated aging might
decrease only by approximately 30% with the blend loaded with quercetin. This finding paves new
opportunities for bio-based and green anti-aging systems employed in polymer technology.

Keywords: poly(lactic acid); epoxidized natural rubber; polymer blend; natural additives; antioxidant

1. Introduction

Hybrid plastic materials are referred as blends of two types of polymers: bio- and
petro-based. Due to substituting a part of the petro-based resin with polymers and additives
from renewable resources, they are considered to be more sustainable in comparison with
their pure synthetic analogues [1–6]. Hybrid plastic materials are being created for many
reasons. Yet, some major factors might be highlighted: rising environmental awareness,
trial of incorporation of less noxious nature-derived substances into the polymer technology
and economic reasons (the need to balance the costs of biodegradable polymeric matrices
by manufacturers) [7–13].

As it was mentioned in the previous part [14] of this research, Hamad et al. [15] have
gathered a broad range of precise information concerning blends containing poly(lactic
acid) (PLA), their properties and applications. An additional subsection of the mentioned
review debated on the future perspectives. The authors underlined the importance of
PLA-based materials in 3D-printing and the development of porous PLA materials for
biomedical applications, but they also drew attention to the importance of the recyclability
and reformability of the PLA-containing blends. The last problem was also underlined in
the recently published work by La Mantia et al. [16], namely, the lack of sufficient scientific
background regarding the recycling of biopolymer blends. Contrary to synthetic polymer
blends, PLA-containing materials exhibit a higher degradation rate, which is obviously
attributed to the poly(lactic acid) content [17–19].
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Clearly, it is more desirable to create a material which fully undergoes biodeterioration.
Yet, since PLA blending is a promising modification technique enabling us to overcome
some noticeable drawbacks of neat poly(lactic acid) [20–26] and hybrid bioplastic material
creation helps to balance the production costs, the stabilization of PLA-based blends
requires significant attention. Fortunately, similarly to pure bio- and synthetic polymers,
the recycling of their blends might be carried out via mechanical or chemical recycling
methods [1,16].

Nevertheless, research published by La Mantia et al. [27] confirmed that the presence of
even small amounts of PLA in the poly(ethylene terephthalate) (PET) waste can noticeably
affect the rheological properties of a recycled material. Moreover, scientists proved that the
mechanical properties of the reproduced PET product were significantly changed.

Another example may be another work of Hamad et al. [28], which describes the
properties of the PLA and polystyrene (PS) blend (PLA/PS = 50/50 wt%). According to the
presented results, multiple extrusion and injection of a PLA/PS blend resulted in a drop in
the values of stress and strain at break even after two processing cycles. Yet, according to
the information reported by the authors, Young’s modulus was not significantly affected
at this time. Unfortunately, while four processing cycles were performed, the Young’s
modulus showed a reduction by 26%. The most noticeable property degradation was
observed regarding the strain at break with 73% loss and stress at break with 79% drop.
The authors attributed this phenomenon to the reduction in the polymers’ molecular weight
with the multiple processing cycles.

The examples given above reveal how important it is to stabilize the PLA-containing
blends. Hamad et al. [15] claim that it is possible to introduce antioxidative agents through
the creation of composites containing some nanoparticles, e.g., nanoclays, silver nanoparti-
cles, metal oxides or functional biopolymers.

According to Li et al. [29,30], the stabilization of rubber-like materials may be obtained
with the addition of sulfur. Nonetheless, this research is a proposal of an alternative
way to achieve this goal with some eco-friendly plant-derived substances, e.g., vitamins,
flavonoids and carotenes. According to the information gathered in the literature, these
plant-derived substances may play the role of antioxidants and anti-aging factors [31–33].
Lately, it was found that, among others, eugenol [34], rosmarinic acid [35], phytic acid [36]
or catechol [37] might be successfully applied in polymeric materials in order to prevent
their properties’ loss during aging. Additionally, the significant aspect of the research
performed by our group is the broadening of the knowledge on the antioxidative potential
of natural substances [38–43].

Recently, our team has proven that apart from the above-mentioned plant-derived
compounds, hesperidin, which can be found in various citric fruits, may play the role of
the effective anti-aging factor in silica-filled ethylene-norbornene copolymer (EN) based
materials. Not only did it prohibit the carbonyl groups’ formation during the performed
400-h-long weathering aging, but also hesperidin prevented the loss of the mechanical
properties of the polymer composite during weathering (initial tensile strength of the
blends at the level of 40 MPa; after 400 h of aging: approximately 10 MPa for EN + silica
and 30 MPa while hesperidin added) [44].

Therefore, the aim of this study is to investigate the effect of different plant-derived sub-
stances, whose anti-oxidant properties have been primarily assessed by our team [45–48].
δ-tocopherol (vitamin E; δ-TF), curcumin (CM), β-carotene (β-CT) and quercetin (QU) were
chosen regarding the elastic blends of epoxidized natural rubber (ENR) and poly(lactic acid)
stabilization. According to the previous research, the above-mentioned biomolecules may
play the role of effective natural antioxidants, simultaneously being relatively cheap [45–48].

Thanks to the incorporation of natural additives, material biodeterioration potential
described in the previous part of the research [14] might be maintained and the compos-
ites’ lifespan prolonged while subjected to increased temperatures or UV irradiation. The
stabilization effect was tested within the 200 h-long thermo-oxidative and UV acceler-
ated aging processes. Thus, it was proven that some of the mentioned natural additives
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may successfully play the role of antioxidants in the investigated elastic and eco-friendly
ENR/PLA blends.

2. Materials and Methods

2.1. Materials

Polymer matrixes employed in this research: epoxidized natural rubber (ENR)
(Epoxyprene ENR-50; 50 mol% epoxidation) obtained from Kumpulan Guthrie Berhad
(Kuala Lumpur, Malaysia) and poly(lactic acid) (PLA), Ingeo 4043D purchased from
Nature Works (Minnetonka, MN, USA). Lauric acid (97% purity), 1,2-dimethylimidazole
(highest available purity) provided by Sigma-Aldrich (Darmstadt, Germany) and elastin
hydrolysate purchased from Proteina (Lodz, Poland) were used as a cross-linking system.
Natural additives, namely, δ-tocopherol (δ-TF), CM—curcumin (CM), β-carotene (β-CT),
quercetin (QU), of the highest available purities were purchased from Sigma-Aldrich
(Darmstadt, Germany). Structures of natural additives are shown in Figure 1.

Figure 1. Structures of natural additives employed in this research: (a) δ-tocopherol (δ-TF), (b) cur-
cumin (CM), (c) β-carotene (β-CT), (d) quercetin (QU).

2.2. Preparation of ENR/PLA Samples

Poly(lactic acid) was conditioned for 24 h at 70 ◦C in a laboratory oven (Binder,
Tuttlingen, Germany) before being incorporated into epoxidized natural rubber. All mixture
components (Table 1) were mixed in a micromixer (Brabender Lab-Station from Plasti-
Corder with Julabo cooling system) at 160 ◦C for 30 min (50 rpm). Next, such prepared
material was put between two roll mills (100 mm × 200 mm)—roll’s temperature: 20–25 ◦C,
friction: 1:1.1, time: 2 min. The last step was to form the plate-like samples between two
steel molds (with the use of Teflon sheets separating the mixture from the mold) in a
hydraulic press—temperature: 160 ◦C, time: 60 min, pressure: 125 bar.

Table 1. Composition of the polymer blend mixtures prepared for analysis in this research. Ab-
breviations: ENR—epoxidized natural rubber, PLA—poly(lactic acid), LA—lauric acid, DMI—
1,2-dimethylimidazole, EH—elastin hydrolysate, δ-TF—δ-tocopherol, CM—curcumin, β-CT—β-
carotene, QU—quercetin, phr—per hundred rubber (it means: for one hundred parts by weight of
rubber there are x parts by weight of the substance).

Sample
Polymer Mixture Composition [phr]

ENR PLA LA DMI EH δ-TF CM β-CT QU

ENR/PLA 100 75 3 0.6 0.6 - - - - - - - - - - - - - - - -
+ δ-tocopherol 100 75 3 0.6 0.6 3 - - - - - - - - - - - -

+ curcumin 100 75 3 0.6 0.6 - - - - 3 - - - - - - - -
+ β-carotene 100 75 3 0.6 0.6 - - - - - - - - 3 - - - -
+ quercetin 100 75 3 0.6 0.6 - - - - - - - - - - - - 3
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2.3. Accelerated Aging of the Materials
2.3.1. Thermo-Oxidative Aging

Thermo-oxidative aging was performed in a laboratory oven (Binder, Tuttlingen,
Germany) at 70 ◦C for 200 h. Four samples of each ENR/PLA blend were placed in an
oven and were taken out individually after, respectively, 50 h, 100 h, 150 h and 200 h.

2.3.2. UV Irradiation

ENR/PLA blend samples were mounted in the special holders in the Atlas UV 2000
apparatus (Duisburg, Germany). Again, specimens were taken out individually after,
respectively, 50 h, 100 h, 150 h and 200 h. The aging cycle consisted of two alternating
segments: day segment (240 min, 60 ◦C, UV irradiation: 0.7 W/m2) and night segment
(120 min, 50 ◦C, no UV radiation).

2.4. Methods of Polymer Blend Sample Characterization
2.4.1. Swelling in Toluene

The experiment aim was to measure the weight of the sample immersed in toluene
before and after the swelling process. Thus, 4 samples of different shapes of each material
were prepared (30–40 mg). The samples were weighed before the measurement (m1) and
then put into the vessel with toluene. When 48 h were over, they were taken out and
weighed in the swollen state (m2). The excess toluene was cleaned with the filter paper
and each sample was immersed in ethyl ether for 1–2 s. Subsequently, the samples were
dried to constant weight in an oven at 50 ◦C for 96 h and weighed when the time was
over (m3). In order to analyze the potential cross-linking density, two parameters were
calculated: mrise = m2 − m1 (mrise reveals how much the sample is swollen in the solvent),
mloss = m3 − m1 (mloss informs about the low molecular weight compounds washed out
during the swelling in toluene).

2.4.2. Contact Angle Measurement

Contact angle measurements were carried out for: distilled water and 1,4-diiodomethane
(droplet volume set for: 1 μL). Before the measurement, surfaces of polymer composite samples
were cleaned with the use of acetone. OCA 15EC goniometer by DataPhysics Instruments
GmbH (Filderstadt, Germany) equipped with single direct dosing system (0.01–1 mL B. Braun
syringe, Hassen, Germany) was employed. Surface free energy is calculated with the Owens–
Wendt–Rabel–Kaelble (OWRK) method.

2.4.3. Tensile Tests

Mechanical properties, namely, tensile strength (TS) and elongation at break (Eb),
were determined based on the ISO-37 with the use of a Zwick-Roell 1435 device (Ulm,
Germany). Tests were carried out on a “dumbbell” shape (thickness: 1 mm, width of
measured fragment: 4 mm, length of measured fragment: 25 mm, total length: 75 mm,
width at the ends: 12.5 mm). The samples were stretched at a speed of 500 mm/min.
On the basis of obtained results, the aging coefficient K was calculated according to the
Equation (1) as a quotient of the product of TS and Eb after and before the performed
aging process [49]:

K =
(TS·Eb)a f ter ageing

(TS·Eb)be f ore ageing
(1)

2.4.4. Color Change

Spectrophotometer UV-VIS CM-36001 from Konica Minolta. Sample color was de-
scribed with the CIE-Lab system (L—lightness, a—red-green, b—yellow-blue) employed
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in this research. Then, color difference (ΔE), whiteness index (Wi), chroma (Cab) and hue
angle (hab) values were calculated according to the equations given below (2–4):

ΔE =

√
(Δa)2 + (Δb)2 + (ΔL)2 (2)

Wi = 100 −
√

a2 + b2 + (100 − L)2 (3)

Cab =
√

a2 + b2 (4)

hab =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

arctg
(

b
a

)
, when a > 0 ∧ b > 0

180◦ + arctg
(

b
a

)
, when (a< 0 ∧ b >0) ∨ (a < 0 ∧ b < 0)

360◦ + arctg
(

b
a

)
, when a > 0 ∧ b < 0

(5)

2.4.5. Mass Loss during the Degradation Process

In order to observe some mass changes, while samples were subjected to elevated
temperature and UV irradiation, specially prepared samples were being weighed at the
following times during the accelerated aging processes: 0 h, 50 h, 100 h, 150 h and 200 h.

2.4.6. Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (Zeiss, ULTRA Plus, Oberchoken, Germany) was em-
ployed in order to examine the morphology of prepared ENR/PLA blend samples. Magni-
fication was 250 and 1000 times.

3. Results and Discussion

The previous part [14] of this research study showed that it is possible to control
the degradation rate of ENR/PLA blends with plant-derived fibers while subjected to in-
creased temperature or UV irradiation, simultaneously causing their easier biodeterioration.
Moreover, it was revealed that thanks to the organic–inorganic phase ratio, the control over
the material degradation rate during thermo-oxidation and UV aging could be enabled.
However, the incorporation of natural fibers into ENR/PLA blends without any additional
anti-aging substances was the reason for their lower resistance to the two above-mentioned
factors (temperature, UV), and only MMT was found to be able to prolong the lifespan of
analyzed ENR/PLA blends.

Therefore, in this part of the research, different substances leading to the ENR/PLA
blends’ stabilization are investigated. Some natural compounds of the potentially antioxida-
tive properties [31–33] have been chosen: δ-tocopherol (δ-TF), curcumin (CM), β-carotene
(β-CT), quercetin (QU). Their effect on the ENR/PLA blend properties before and after the
accelerated aging processes is shown below.

Similarly to the previous part [14] of the study, analyzed polymer blends were investi-
gated regarding the properties which may indicate some information about the degradation
of the ENR/PLA blends during the accelerated aging processes. A swelling experiment
was caried out in order to assess the cross-linking density as the crosslinks may stabilize the
structure of the polymer network and prevent quick material degradation [50]. Moreover,
the polymer composites exhibiting a higher polar component of surface free energy are
known to be more prone to degradation during the aging processes regarding the ongoing
radical reactions [51], e.g., oxidation. Thus, surface free energy was examined with the
employment of contact angle technique. Finally, it was examined if the natural additives
proposed in this research influence the mechanical performance of the analyzed ENR/PLA
blends. Then, the effect of thermo-oxidative and UV accelerated aging was tested.

3.1. Characterization of Specimens before the Accelerated Aging Process

The swelling experiment, tensile tests and contact angle measurements were carried
out in order to, respectively, assess the cross-linking density of the prepared material,
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investigate the influence of natural additives on the blends’ mechanical performance and
predict the degradation potential of the prepared specimens.

In Figure 2a, two parameters are presented: mass rise after the swelling process,
which is proportional to the number of bonds created between different macromolecules,
and mass loss during the swelling process, which is proportional to the amount of low
molecular weight particles washed out in the swollen state [52]. Thus, it may be concluded
that δ-TF and QU did not affect cross-linking density in a significant way as the samples
are swollen similarly to the reference ENR/PLA blend. At the same time, in the case of the
ENR/PLA samples with the addition of CM and β-CT, a great drop in mass rise after the
swelling process was detected. This may indicate that these two compounds (CM, β-CT)
led to the significant improvement in cross-linking density.

 
Figure 2. ENR/PLA blend properties before the accelerated aging processes: (a) analysis of the
swelling experiment, (b) tensile strength of analyzed specimens, (c) elongation at break of investi-
gated samples, (d) surface free energy and its components analysis.

Furthermore, analyzing the data concerning the mass loss during the swelling process,
it is visible that different amounts of low-molecular weight substances were washed out
during the swelling of ENR/PLA. The reason for the observed differences could be the
varied rate in the migration of the applied compounds to the surface of the polymer
blend [52], e.g., the mass loss of the CM-loaded sample is the lowest, while for δ-TF
addition the highest rinsing effect is detected.

Moving forward and analyzing the mechanical properties of prepared ENR/PLA
blends (Figure 2b,c), some more variations between the samples are revealed. The specimen
which was expected to have cross-linked the most and exhibited the lowest swelling degree,
namely, ENR/PLA + β-CT, was revealed to have the lowest tensile strength and elongation
at break. This could be explained with the fact that β-CT possesses in its structure many
C=C bonds that can easily take part in cross-linking during the vulcanization process,
therefore stiffening the material and preventing its elongation [53]. At the same time, the
rest of the prepared samples revealed similar values of tensile strength on the level of the
ENR/PLA reference blend or slightly lower.
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More variations can be found regarding the elongation at break (Figure 2c). Each natural
additive, apart from β-CT, enabled obtaining the material which can elongate more than the
reference ENR/PLA blend. The highest elongation is achieved in the case of the sample filled
with δ-TF. This could be explained with the fact that its molecule possesses in its structure a
long carbon chain that may work as a plasticizing agent [18].

The plasticization effect of the analyzed ENR/PLA blend specimens with an addition
of δ-TF and CM may also be visible regarding the tensile stress values for the elongations
of 100%, 200% and 300% (Table 2). In the case of the samples mentioned above, the tensile
stress at any point is lower than for the reference ENR/PLA polymer blend.

Table 2. Tensile stress at elongation of 100%, 200%, 300% for the unfilled and filled ENR/PLA
blend samples.

Sample
Tensile Stress [MPa] at Elongation of:

100% 200% 300%

ENR/PLA 4.5 ± 0.2 6.7 ± 0.3 8.8 ± 0.2
ENR/PLA + δ-tocopherol 3.3 ± 0.1 4.7 ± 0.2 5.8 ± 0.2

ENR/PLA + curcumin 3.8 ± 0.4 5.2 ± 0.5 6.3 ± 0.3
ENR/PLA + β-carotene 4.0 ± 0.3 —– —–
ENR/PLA + quercetin 5.2 ± 0.3 6.8 ± 0.4 8.0 ± 0.5

Moreover, according to the data gathered in Figure 2d, some variations regarding the
surface free energy and both its components are revealed. Taking into consideration the
presented results, specimens loaded with δ-TF and β-CT seem to be more hydrophilic. This
is evidenced with contact angle measurements (Table 3) as these materials exhibit easier
wetting with water (lower value of contact angle). On the other hand, QU incorporation
into the ENR/PLA blend leads to the surface hydrophobization and the contact angle with
water rises up to (101 ± 4)◦, which is the highest of observed values.

Table 3. Water and diiodomethane contact angles for the unfilled and filled ENR/PLA blend samples.

Sample
Contact Angle [◦]

Water Diiodomethane

ENR/PLA 70 ± 3 57 ± 2
ENR/PLA + δ-tocopherol 67 ± 3 82 ± 1

ENR/PLA + curcumin 65 ± 2 60 ± 2
ENR/PLA + β-carotene 82 ± 1 80 ± 2
ENR/PLA + quercetin 101 ± 4 80 ± 3

Samples with the addition of δ-TF, β-CT and QU exhibit lower total surface free energy
in comparison with the reference ENR/PLA blend. The only material containing natural ad-
ditives and exhibiting surface properties similar to the reference sample is ENR/PLA + CM.
The lowest value for the polar component of surface free energy is detected for the sample
loaded with QU, which may indicate the highest stabilization potential regarding further
aging tests (potentially less polar active centers prone to oxidation) [50].

Finally, the morphology of the prepared ENR/PLA blend samples was examined with
the use of the SEM method. Images captured during the measurement are presented in
Figure 3. The magnifications of 250 and 1000 times were applied.

Importantly, no signs of the blend components’ separation can be denoted. This means
that the mixing process of ENR and PLA was sufficient and effective.
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Figure 3. SEM images for: reference sample of ENR/PLA blend (a,b), ENR/PLA + δ-tocopherol
(c,d), ENR/PLA + curcumin (e,f), ENR/PLA + β-carotene (g,h), ENR/PLA + quercetin (i,j) with
magnifications, respectively, 250 and 1000.

Moreover, performed morphology analysis proved that the natural additives em-
ployed in this study are fairly well dispersed in the polymer matrix and no big aggregates
are present. Nonetheless, some inclusions might be denoted, e.g., specimens filled with
β-CT and QU.

It is also visible that the blends’ surfaces are characterized by different regularity. The
reference sample of ENR/PLA blend has an uneven and ragged surface, while specimens
prepared with the addition of natural substances seem to be smoother. The only exception
is the sample of QU-modified ENR/PLA blend.
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3.2. Characterization of the Aging Impact

ENR/PLA blend samples were subjected to accelerated aging of two types: thermo-
oxidative (increased temperature in the presence of air) and UV (chamber with UV lamps;
340 nm). During the aging processes, radical reactions might be initiated via temperature
or UV irradiation and contribute to polymer chains’ crosslinking, oxidation or scission.
This leads to some irreversible changes in the properties of the material subjected to the
aging process [54].

The performed accelerated aging lasted for 200 h, and during the processes, after each
50 h, the tensile properties, mass of the polymer blend and color parameters were tested in
order to assess the rate of the degradation process (Figure 4) and if the accelerated aging caused
crosslinking resulting in the material stiffening or oxidation/scission that may be evidenced
with, e.g., lowering mechanical performance of the investigated polymer blend [55,56].

 

Figure 4. Investigation of the ENR/PLA blends’ properties before and after the accelerated aging
processes: (a) mass loss during the thermo-oxidative and UV aging, (b) color change during the
thermo-oxidative and UV aging, (c) tensile strength changes and (d) elongation at break variations
during the thermo-oxidative aging, (e) tensile strength changes and (f) elongation at break vari-
ations during the UV aging. *—sample too brittle to be examined with the selected method; the
measurement was impossible.

Regarding the data gathered in Figure 4a, some differences between thermo-oxidative
and UV aging could be found. Firstly, higher mass loss might be detected in the case of
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the first type of aging. It might be explained with the moisture content in the hydrophilic
components of the loaded ENR/PLA blend [57,58], which is lost while the sample is
subjected to the elevated temperature.

For thermo-oxidative aging, the highest mass variations could be evidenced in the
case of β-CT and δ-TF-loaded ENR/PLA blends. In turn, CM incorporation seems to cause
a slower mass decrease. Yet, after 200 h of aging, the mass loss of the CM-filled specimen
achieved a value higher than that observed for δ-TF addition.

On the contrary, regarding the UV aging, weight loss occurs considerably slower
and steadier. Moreover, the mass decrease values are the highest in the case of the refer-
ence ENR/PLA polymer blend, which means that the natural substances added to the
composition could have possibly acted as successful stabilizers during the UV aging.

Moving forward to the graphs presented in Figures 4b and 5, the detected color
changes are quite significant for some polymer blend samples, and in some cases they
reach the value of color change of approximately 20, e.g., δ-TF and CM-loaded specimens.
Moreover, they become darker or lighter depending on the aging.

 

Figure 5. Additional parameters, namely, whiteness index, chroma, hue angle, contributing to color
change of ENR/PLA blends and their variations during the thermo-oxidative (respectively: (a,c,e))
and UV (respectively: (b,d,f)) accelerated aging processes. *—sample too brittle to be examined with
the selected method; the measurement was impossible.

A color change higher than 3 means that variations evidenced for these samples
could be easily visible with the human eye. Furthermore, it was observed that all sub-
stances steadily and constantly change their color upon the carried out aging processes
(Figures 4b and 6). Thus, the applied natural substances, apart from their application as
natural antioxidants, might be very promising regarding the bio-based aging indicators for,
e.g., food packaging [48,59].
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Figure 6. Color change representation for the prepared ENR/PLA blends before and after the
accelerated thermo-oxidative (T), as well as UV-initiated (UV) aging processes. *—sample de-
stroyed significantly.

It is worth noticing that samples of the reference ENR/PLA polymer blend after 100 h,
150 h, and 200 h of thermo-oxidative and UV aging were degraded noticeably. Thus, it
was impossible to investigate the properties of the reference ENR/PLA polymer blend as it
became too brittle to carry out the measurement.

Additionally, more data regarding the color change described with the parameters
such as whiteness index, chroma and hue angle are presented in Figure 5. Based on the gath-
ered information, some interesting conclusions might be made, e.g., the ENR/PLA + δ-TF
specimen subjected to thermo-oxidation becomes darker and the color is more intense with
the aging time. On the other hand, the color of the same sample subjected to UV irradiation
becomes lighter. The color change representation is shown in Figure 6.

Moving forward and analyzing the mechanical properties of the prepared ENR/PLA
blends during the aging process, it is visible that the reference material and the sample with
the addition of β-CT are the most affected by the performed accelerated aging. Fortunately,
δ-TF, CM and QU exhibit a stabilizing effect to a certain extent, depending on the used
natural additive (Figure 4c–f).

According to the gathered results, the most effective stabilization is visible for the QU-
filled ENR/PLA blend. The sample’s performance slightly rose during the aging process
and the elongation at break decreased the least in comparison with different samples.

The improvement in tensile strength upon the aging process observed for the QU-
loaded sample might be explained with the previously evidenced ability of quercetin to
cross-link ENR-containing blends [60]. On the other hand, the negative effect of β-CT on
the ENR/PLA blend’s properties during the aging process might be explained with two
factors: the above-mentioned ability to take part in the crosslinking process (and, thus,
over-crosslinking of the polymer blend) and possible prooxidative behavior related to the
not properly adjusted amount of β-CT in the polymeric mixture [61–63].

Considering Figure 4c,d, which refer to the aging performed in the elevated tempera-
ture, samples filled with δ-TF and CM become stiffer during the aging process as the tensile
strength stays almost at the same level and elongation at break drops significantly.

This phenomenon may be explained with the ability of quercetin reported in the liter-
ature to crosslink the ENR [60]. It is possible that increased temperature or UV irradiation
during the performed accelerated aging processes could have initiated the crosslinking of
the polymer matrix and, thus, further stabilized the ENR/PLA blend.
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In turn, Figure 4e,f refer to the UV aging. It is visible that QU, again, exhibits a
stabilizing effect and prevents the mechanical properties’ loss. However, CM also effectively
delays the material degradation, leading to keeping the tensile strength at the same level
during the aging process.

A perfect confirmation for the stabilizing effect of these two compounds is presented
in Figure 7. The values of the K coefficient, which compares the mechanical properties
before and after the aging process, are presented for the samples prepared with and without
potential natural anti-aging substances. Therefore, according to the data gathered in Figure 7,
the positive effect of some among the applied compounds might be found (certain natural
anti-aging substances are able to prevent a material’s significant performance drop during
the aging processes). Additionally, information gathered in Table 4 helps to compare the
results presented in this research with the previously carried out study, which debates on
plant fibers’ incorporation into ENR/PLA blends.

 
Figure 7. Aging coefficients attributed to the filled and unfilled ENR/PLA specimens at a certain
aging time during thermo-oxidative (a) and UV (b) aging.

Table 4. Comparison of aging coefficient values with the results presented in the previous part of the
study [14]; CF—cellulose fibers, FF—flax fibers, MMT—montmorillonite. *—sample too brittle to be
examined with the selected method; the measurement was impossible.

Sample ENR/PLA
Aging Coefficient K [-]—Thermo-Oxidation

50 h 100 h 150 h 200 h

+ CF [14] * * * *
+ FF [14] 0.004 ± 0.002 0.002 ± 0.001 0.002 ± 0.001 *

+ FF + MMT [14] 0.3 ± 0.1 0.3 ± 0.1 0.20 ± 0,08 0.20 ± 0,07

Sample ENR/PLA
Aging Coefficient K [-]—UV Irradiation

50 h 100 h 150 h 200 h

+ CF [14] 0.03 ± 0.01 0.06 ± 0.03 0.02 ± 0.01 *
+ FF [14] 0.02 ± 0.01 0.06 ± 0.02 0.06 ± 0.02 0.01 ± 0.01

+ FF + MMT [14] 0.2 ± 0.1 0.18 ± 0.07 0.15 ± 0.05 0.21 ± 0.08

It is clearly visible that QU is the substance of the highest stabilizing potential and it
can be applied while the material is subjected to elevated temperature or UV irradiation.
The maximum shift of the aging coefficient detected for the QU-loaded sample is from 1 to
0.6 ± 0.3 for 200 h-lasting UV aging and to 0.7 ± 0.3 for thermo-oxidative aging, which
means a mechanical performance loss by, respectively, 40% and 30%. QU stabilizing activity
may be explained as a synergic effect of antioxidative properties and the ability to crosslink
ENR [47]. Moreover, according to the gathered data, CM might also be a quite efficient
anti-aging factor for ENR/PLA blends while considering UV-resistance (the performance
drop by approximately 50%).
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3.3. Possible Stabilization Effect of the Natural Substances Employed in This Research

The aim of this subsection is to clarify the possible stabilization behavior of the natural
substances employed in this research and provide the reader with some useful informa-
tion regarding the polymer blends’ aging process analysis and the probable stabilization
behavior of plant-derived substances employed in this research (Figure 8).

Figure 8. Possible mechanisms of free radical scavenging and oxidation behavior according to
the available literature data: (a) δ-tocopherol (δ-TF), (b) curcumin (CM), (c) β-carotene (β-CT),
(d) quercetin (QU).
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The overall mechanism of polymer material degradation might be divided into four
stages, as follows:

i. Initiation of the degradation reaction with external stimuli, e.g., temperature, irradia-
tion, with simultaneous chemical bonds’ cleavage and formation of free alkyl radicals;

ii. Initial propagation—reaction of alkyl radicals with oxygen and formation of per-
oxy/hydroxy radicals;

iii. Further propagation—chain branching and transferring radical activity to another chain;
iv. Termination and inactivated form creation with possible disproportionation reactions.

In general, polymer degradation leads to the shortening of the polymer chains’ length
and, therefore, it provides a material with different properties [32,64].

Thermal degradation starts while the interatomic vibration energy is equal to or
exceeds the energy of interatomic bond dissociation. Then, the bond cleavage occurs and
two active macroradicals, which may further take part in the propagation processes, are
formed. In turn, UV light leads to the polymer chain photodegradation.

Similarly, it is initiated when the energy of absorbed radiation is greater than or at least
equal to the dissociation energy of the individual bonds in the macromolecule. However,
this type of degradation may also be initiated due to the presence of chromophore moieties
which could shift their forms from basic singlet state to the excited singlet/triplet state,
hence becoming incredibly reactive. In the case of PLA, the chromophore moieties are C=O
carbonyl moieties [32].

On the other hand, regarding the structure of ENR, C=C bonds and unreacted oxirane
rings are expected to be the most fragile to the free radicals’ presence, thus being prone to
oxidation or further crosslinking during aging. Another problem could be the presence of
some proteins which may affect the material’s resistance to elevated temperatures or UV
irradiation [65,66].

Additionally, the above-described degradation processes are the perfect examples of
avalanche reactions as the propagation step provides various different free radical forms,
e.g., oxygen-incorporated (hydroxy/peroxy) and alkyl radicals. Thus, once initiated, the
degradation process is highly challenging to stop.

The plant-derived substances employed in this research, namely, δ-tocopherol (δ-TF),
curcumin (CM), β-carotene (β-CT), and quercetin (QU), exhibit strong antioxidant proper-
ties, hence they are promising natural antioxidants for polymer-based materials. According
to various studies presented in the literature, they may easily react with free radicals
generated during the degradation of the polymer matrix, acting as free radical scavengers
and simultaneously being oxidized [64,67–72].

In this way, the chemical compounds that promote ENR/PLA degradation are elimi-
nated and the deterioration of the polymer matrix is prevented or delayed (only the natural
additive is degrading at that time and not the polymer matrix itself) [64,67–69]. Some
possible stabilization mechanisms are presented in the works performed by Choe et al. [64]
(δ-TF), Schneider et al. [67] (CM), Penicaud et al. [68] (β-CT), and Sokolova et al. [69] (QU).
Some possible stabilization mechanisms, created on the basis of the available literature
data presented in the works mentioned above, are given in Figure 8.

4. Conclusions

Taking into consideration the gathered data, some natural substances potentially able
to stabilize elastic blends of epoxidized natural rubber (ENR) with poly(lactic acid) (PLA)
have been found. Nonetheless, further analysis is highly advised. Among the tested natural
additives, quercetin was proven to be a substance of the highest stabilizing potential. Thus,
it can be applied while the material is subjected to elevated temperature or UV irradiation.
The maximum shift of the aging coefficient detected for the QU-loaded sample is from
1 to 0.6 ± 0.3 for 200 h-lasting UV aging and to 0.7 ± 0.3 for thermo-oxidative aging,
which means a mechanical performance loss by only, respectively, 40% and 30%. Moreover,
curcumin seems to also be a quite efficient anti-aging additive for ENR/PLA blends while
considering UV-resistance (the performance drop by approximately 50%). Curcumin is
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also very promising as a future natural aging indicator. The hue angle of CM-filled samples
might be shifted significantly from (70 ± 2)◦ to (58 ± 2)◦ for thermo-oxidative aging and up
to (63 ± 2)◦ for UV aging. Additionally, it was evidenced that these two substances, namely,
quercetin and curcumin, do not lead to a deterioration of the mechanical performance of the
ENR/PLA blends while added to the polymer matrix. The presented research indicates that
the anti-aging effect in PLA-containing blends could be obtained with certain plant-derived
additives. This provides new opportunities for the creation of the materials characterized
by facilitated recycling and controllable lifespan.
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