
﻿State-of-the-Art Polym
er Science and Technology in Italy (2019–2020) 

Ignazio Blanco, Roberto Pantani, Andrea Sorrentino and Antonio Pizzi

State-of-the-Art 
Polymer Science 
and Technology in 
Italy (2019–2020)

Printed Edition of the Special Issue Published in Polymers

www.mdpi.com/journal/polymers

Ignazio Blanco, Roberto Pantani, Andrea Sorrentino and 
Antonio Pizzi

Edited by



State-of-the-Art Polymer Science and
Technology in Italy (2019–2020)





State-of-the-Art Polymer Science and
Technology in Italy (2019–2020)

Editors

Ignazio Blanco

Roberto Pantani

Andrea Sorrentino

Antonio Pizzi

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Ignazio Blanco

University of Catania

Italy

Roberto Pantani 
University of Salerno 
Italy

Andrea Sorrentino 
National Research Council of Italy (CNR)

Italy

Antonio Pizzi
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The history of polymers in Italy certainly begins with Giulio Natta and the discovery of isotactic
polypropylene [1,2], culminated in the delivery to Prof. Natta of the Nobel Prize for chemistry in
1963. Before those years, thanks to the development of the hydrocarbons and petrochemical sector
by Montecatini (General Society for the Mining and Chemical Industry), the foundations for the
development of macromolecular chemistry in Italy had been laid, but the real expansion occurred
between 1958 and 1967 with a sector growth of 30% on an annual basis [3]. The research of Natta
and his collaborators, on metal-organic catalysis applied to the polymerization reactions of -olefins
and other unsaturated monomers, promoted the growth and consolidation, in Italy, of a network of
industrial centers and academic institutes operating in the polymer science and technology sector,
creating international skills. Since that period until today, Italy has kept pace with other countries and
has certainly contributed to the development of the polymeric materials sector. Today, polymer science
and technology in Italy represents a long-lasting and interdisciplinary field in which chemistry, physics,
and engineering mix together to produce studies, which are considered among the best in the world.
Several research groups coming from very different fields often collaborate in the design of the material,
of the part, and of the processing technology to obtain innovative products with outstanding, new,
and smart properties. Examples of the contributions of Italian research in the field are spread out in the
top Journals and Conferences throughout the world. This Special Issue, which consists of 22 articles,
including two review articles, aims at collecting an overview of Polymer Science and Technology in
Italy, hoping that it can portray the state of the Polymeric Research in Italy and give the rest of the
world a bright image of what is carried out in the field in our country.

In the molecular imprinting technique, the use of preformed oligomers instead of functional
monomers increases the stability of the non-covalent interactions with the template molecule,
providing a sharp gain in terms of binding properties for the resulting imprinted polymer. Based on
this theory, Baggiani and co-workers assumed that the delayed addition of template molecules to a
polymerization mixture enhances the binding properties of the resulting polymer, concluding that the
delayed addition approach could be useful in prepare imprinted polymers with higher binding affinity
and increased binding selectivity in cases of difficult imprinting polymerization [4].

Catauro et al. investigated the effectiveness of nanocomposites (composed of ultra-high molecular
weight polyethylene (UHMWPE) mixed with carbon nano-filler (CNF) and medical grade paraffin
oil (PO), from the biological point of view. They carried out wear measurements without (air)
and with lubricant (distilled water, natural, and artificial lubricant) and evaluated the antibacterial

Polymers 2020, 12, 1721; doi:10.3390/polym12081721 www.mdpi.com/journal/polymers1
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activity and cytotoxicity. Their results highlighted that the presence of CNF is important in the
nanocomposite formulation because it reduces the wear rate and prevents oxidative degradation
during its processing [5].

Pucci et al. investigated the functionalization of polyketone 30 (PK30) with glycyl-glycine (Gly-Gly)
via the Paal–Knorr reaction with the aim of homogenously dispersing two types of reduced graphene
oxide (rGO, i.e., lrGO and hrGO, the former characterized by a lower degree of reduction in comparison
to the latter) by non-covalent interactions. All the composites showed a typical semiconductive behavior
and stable electrical response after several heating/cooling cycles from 30 to 115 ◦C, demonstrating their
usability as an ON–OFF temperature sensor and as sensing material in soft robotics applications [6].

Malucelli et al. evaluated the influence of carbonaceous materials, such as biochar (BC) and/or
multiwalled carbon nanotubes (MWCNTs), in the rheological and thermal properties of UV-LED
curable coatings. They reported on the synthesis and characterization of carbon-reinforced films
containing nanometric (MWCNTs) and micrometric (BC) carbon-based materials. They analyzed the
rheological properties of the UV-LED curable dispersions, as well as the thermal and optical properties
of the resulting films, establishing some correlations between filler dispersion/loading with the main
observed properties [7].

Leporini and co-workers, by the means of molecular dynamics simulations, studied two melts of
polymer chains with different bond length, resulting in rather different strength of the Johari-Goldstein
(JG) relaxation. They found that, even if changing the bond length alters both the strength and
the relaxation time of the JG relaxation, it leaves unaffected the correlation between the vibrational
dynamics and the primary relaxation [8].

Film blowing technique was used to prepare polymer films based on biodegradable polymers,
polyethylene (PE) and modified PE with oxo-degradable additive by La Mantia et al. [9]. The Sicilian
researchers investigated mechanical properties, soil burial degradation and surface wettability of the
obtained polymers, before and after UV irradiation. They observed that UV irradiation increased
surface wettability and encouraged the disintegration in soil of all the samples, due to molar mass
reduction and the production of hydrophilic end groups by photo-oxidation, thus increasing surface
erosion and weight loss.

Tondi and co-workers produced high homogeneity tannin foams suitable for industrial upscaling.
Foams catalyzed with nitric acid showed similar physical properties and more phenolic character, which
favors the absorption of ionic pollutants. Conversely, the foams blown with aliphatic solvents and
surfactants presented smaller pores, and higher mechanical and insulating properties, without affecting
the chemical properties or the heating value. The combined foam produced with nitric acid as a
catalyst and petroleum ether as a blowing agent result in sulfur-free and small cell material with overall
improved features [10].

Gorrasi et al. studied the effect of ionic liquid (IL) in improving the dispersion of a Zn/Al
layered double hydroxides (LDHs) hosting carbon nanotubes (80% of CNTs) into a commercial
biodegradable highly amorphous vinyl alcohol polymer [11]. The analysis of thermal, mechanical and
electrical properties of the composites, resulted improved compared to the unfilled material, allowed to
hypothesize a good dispersion of the LDH-CNTs lamellar filler into the polymer matrix-assisted by
the ionic liquid. This was demonstrated comparing electrical conductivity of composite at 5% of
LDH-CNTs in the presence and in the absence of IL.

The monitoring of the properties’ development of different hybrid epoxy formulations, during
low temperature curing and aging, was carried out by Frigione and co-workers [12]. The durability of
the produced hybrids was probed in comparison to the corresponding neat epoxies by glass transition
temperature (Tg) measurements. Flexural mechanical properties after exposure to different levels
of humidity and immersion in water and at temperatures slightly higher than the local ambient
temperature were also evaluated, in order to simulate the conditions encountered during summer
seasons in very humid environments. Their epoxy-based systems displayed significant advantages over
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the conventional epoxy resins used as structural adhesives or as matrices for fiber reinforced composites
in terms of higher Tg, better mechanical properties and enhanced durability in aqueous environments.

Piras and co-workers investigated the potential application of ammonium–chitosan grafted with
2-methyl-β-cyclodextrin (N+-rCh-MCD) as the functional macromolecular complexing agent for the
oral administration of the neuropeptide dalargin (DAL). The results of NMR characterization, UV and
fluorescence techniques, as well as biological in vitro assessments, indicated that N+-rCh-MCD forms
water-soluble complexes with DAL, with a prevalent involvement of Tyr or Phe over Leu and Ala
residues. The association constant of DAL with the polymeric derivative is one order of magnitude
higher than that with the pristine cyclodextrin (Ka: 2600 M−1 and 120 M−1, respectively). Additionally,
N+-rCh-MCD shields DAL from enzymatic degradation in gastrointestinal in vitro models with a
three-fold time delay, suggesting a future pharmaceutical exploitation of the polymeric derivative [13].

Aiming at understanding the relationship between the properties of the plastic objects and the
process conduction, and thus the evaluation of process parameters, such as the mold temperature,
Speranza et al. placed a thin electrical heater below the cavity surface in order to obtain rapid and
localized surface heating/cooling cycles during the injection molding process [14]. The modulation of the
cavity temperature was found able to control the distribution of relevant morphological characteristics,
thus, properties along the sample thickness. The crystalline degree slightly increased with the cavity
temperature, and this induced an increase in the elastic modulus when high temperatures were
adopted for the cavity surface. The cavity temperature strongly influenced the orientation distribution
that, on its turn, determined the highest values of the elastic modulus found in the shear layer.
In particular, they observed that, if the macromolecules spent adequate time at temperatures close to the
crystallization temperature, it was possible achieving high levels of structuring and, thus, high values
of elastic modulus.

With the purpose to fulfill higher standard prerequisites and properties in dental restorative
materials, such as high modulus, high hardness, and chemically inertness, Tammaro et al. developed
novel composites with multiple biofunctions [15]. They prepared light-cured Bis-GMA/TEGDMA
dental resin (RK)/layered double hydroxide intercalated with fluoride ions (LDH-F)/calcium bentonite
(Bt) hybrid composites, recording an improvement of the mechanical properties with respect to
the pristine resin. Furthermore, they observed, for the synthetized composites, antibacterial and
antibiofilm effects against three bacterial strains isolated from healthy volunteers’ saliva (Streptococcus
spp., Bacteroides fragilis, and Staphylococcus epidermidis) without affecting its ability to induce dental
pulp stem cells differentiation into odontoblast-like cells, thus making these materials a promising
strategy in preventive and restorative dentistry.

De Marco and Franco worked at the design and production of composite microparticles
with a prolonged drug release for oral delivery. The supercritical antisolvent (SAS) process was
used to coprecipitate Eudragit L100-55 (EUD) with diclofenac (DICLO) and theophylline (THEOP),
obtaining well-defined spherical microspheres with a mean diameter ranging from 3.75 and 5.93 μm.
After a wide characterization (scanning electron microscopy, differential scanning calorimetry, X-ray
microanalysis, FT-IR, and UV–vis spectroscopy), they carried out dissolution studies, showing the
potential of EUD to prolong the drug release, significantly, up to a few days [16].

In order to solve dark aspects related to the Polyfurfuryl alcohol (PFA) molecular structure
derived from the polymerization in acid environment, Tondi et al. carried out a wide spectroscopic
investigation [17]. Thanks to a multi-technique approach, involving Solid-State 13C-NMR, Attenuated
Total Reflectance (ATR), Fourier Transform Infrared (FTIR) spectroscopy, and UV-resonant Raman
spectroscopy at different excitation wavelengths, using both an UV laser source and UV synchrotron
radiation and simulations with first-principles and semi-empiric methods to evaluate their matching
with experimental ones, they concluded that, in addition to the major linear unconjugated
polymerization, the PFA structure consists of Diels-Alder rearrangements occurring after the opening
of some furanic units, while the terminal moieties of the chain involves γ-lactone arrangements.
The occurrence of head-head methylene ether bridges and free hydroxyl groups (from unreacted
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furfuryl alcohol, FA, or terminal chains) could be excluded, while the conjugated systems could be
considered rather limited.

In their work, Roppolo and colleagues presented new 3D printable materials based on the
introduction of different commercially available ionic liquids (ILs) in the starting formulations.
They evaluated the influence of these additives on the printability of such formulations through
light-induced 3D printing (digital light processing—DLP), as well as investigating the effect of ionic
liquids with polymerizable groups. The physical chemical properties of such materials were compared,
focusing on the permeability towards CO2 of the different ILs present in the formulations, showing the
possibility of 3D printing high complexity structures, which could be the base of new high complexity
filters for a more efficient CO2 capture [18].

Lazzara et al. have developed active, healable, and safely dissolvable alginate-pectin-based
biocomposites for possible applications in food packaging [19]. After morphological, mechanical,
thermal tests, they observed properties in the range of commercially available packaging films.
Furthermore, the prepared biocomposites exhibited higher hydrophobicity properties and antibacterial
properties against different bacteria, making them ideal for utilization as packaging material.

Continuing their study on biodegradable polymers, La Mantia and co-workers prepared irrigation
tubes by extruding polylactide/poly (butyleneadipate-co-butyleneterephthalate) (PLA/PBAT) blend
(Bio-Flex®) and Mater-Bi®. After rheological and mechanical characterization, the obtained pipes were
subjected to photoaging with continued exposure to UV radiation up to 22 days together with a soil
burial degradation test at 30 ◦C and 50 ◦C for up to 70 days. They observed that the degradation rate
of irrigation tube samples based on Mater-Bi® was higher at 30 ◦C and was stimulated after 14 days of
UV irradiation, thus concluding that higher temperatures or UV aging encouraged the disintegration
in soil of Bio-Flex®-based irrigation tubes [20].

Pizzi and co-workers studied the reaction among Soy protein isolate (SPI) and insoluble soy
flour polymeric carbohydrates with sodium periodate for the specific oxidation of vicinal –OH groups
aiming at investigate the reactions involved in this approach to soy flour adhesives. They observed
the generation of carbohydrate oligomer fractions presenting one, two or multiple aldehyde groups.
The reaction of periodate with soy protein isolate has been shown to generate some aldehydes too,
whilst when the mix of SPI and soy insoluble carbohydrates is treated with periodate, the majority of
the observed aldehyde carrying species appear to be higher molecular weight carbohydrate oligomer
fractions [21].

Two series of novel dumbbell-shaped polyhedral oligomeric silsesquioxanes (POSSs), fully
functionalized with phenyl groups at the corner of the silicon cages, were synthesized by Blanco et al.
to prepare, by the means of in situ polymerization, polystyrene (PS) nanocomposites. Thermal and
morphological properties were evaluated and compared among the nanocomposites obtained using
the two different series of dumbbell-shaped POSSs and with the net PS showing much higher values
when compared with those of neat PS, and highlighting significant differences when an aliphatic or
aromatic bridge was used to link the silicon cages [22].

A new formulation based on Diglycidyl ether of bisphenol A (DGEBA) mixed with Diethyltoluene
diamine (DETDA) and with a commercial daylight photocurable resin was prepared by Tosto et al.
to obtain printable materials in a liquid crystal display (LCD) 3D printer. After the calorimetric,
dynamic mechanical and rheology testing, the authors carried out 3D printing trials, thus determining
the best printing conditions [23].

In the first review of this Special Issue, Trotta and co-workers gave an overview of
cyclodextrin-based nanosponges research, focusing on the origin and key points of the historical
development in the last 50 years, progressing from relatively simple crosslinked networks in the 1960s
to today’s multifunctional polymers. They explored the historical evolution of nanosponges in order
to understand their role today, and imagine their future [24].

Another review by Siracusa et al. offered a rundown of life-cycle assessment (LCA) studies on
polymers, used in the most important production and commercial sectors, carried out in the last few
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years by Italians researchers in order to remark, in the role of researchers who have made polymers
and their derivatives their main research object, that a sustainable use of polymeric materials is not
only possible but is, above all, necessary [25].
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Abstract: Two series of novel dumbbell-shaped polyhedral oligomeric silsesquioxanes (POSSs),
fully functionalized with phenyl groups at the corner of the silicon cages, were used to prepare
polystyrene (PS) nanocomposites through the method of in situ polymerization. The percentage of the
molecular filler reinforcement was set as 5% w/w of POSS and was checked by 1H-NMR spectroscopy.
The obtained nanocomposites were characterized by thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). Thermal and morphological properties were evaluated and compared among the
nanocomposites obtained using the two different series of dumbbell-shaped POSSs and with the net
PS. The thermal parameters for the prepared nanocomposites were very high when compared with
those of neat PS, and they evidenced significant differences when an aliphatic or aromatic bridge
was used to link the silicon cages. SEM analysis results allow us to hypothesize a justification for the
different resistance to thermal degradation showed by the two series of molecular reinforcement.

Keywords: polyhedral oligomeric silsesquioxanes; nanocomposites; POSS; polystyrene; thermal
behavior; SEM analysis

1. Introduction

Since the middle of the last century, from common household goods to the important biomedical
devices, by way of food packaging or building materials, polymers have made our lives easier and
safer [1–5]. More recently, both for improving their properties and for reducing their environmental
impact, eco-friendly inorganic materials have been added to polymeric matrices, thus leading to
the production and commercialization of new polymer-based hybrid systems [6–8]. Literature has
evidenced that property improvements cannot be obtained by a simple addition of an inorganic
filler to the matrix [9], but a nanometric dispersion of the particles [10–12] and a good compatibility,
obtainable via filler particle functionalization [13,14] are necessary. In the last few years, following these
suggestions and by looking at the use of particular molecules like polyhedral oligomeric silsesquioxanes
(POSSs) [15–17], our research group has been engaged in the design, synthesis and utilization of
polymers reinforcement (polystyrene in particular) of POSSs [18–20]. This particular filler presents
a hybrid nature due to its inorganic cage of silicon and oxygen atoms linked to organic groups
by covalent bonds, thus making them molecules with the resulting advantages [21]. This aspect
allows researchers to best use their nano-sized cage structures, dimensionally comparable to the most
common polymer segments, thus producing an innovative chemical composition [22–25]. Starting
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from these considerations, we studied in the past several families of POSSs containing isobutyl,
cyclopentyl and phenyl groups, with the aim of investigating whether and to what extent the physical
properties of POSSs were modified by the introduction of these groups on the silicon cage [20,26,27].
We found that for phenyl-substituted POSSs, a higher resistance to the thermal degradation than
cyclopentyl derivatives, and, for these last ones, a higher thermal stability than isobutyl-substituted
POSSs. However, it has been well known in literature that the presence of phenyl groups increases the
thermal stability of silicon cages [28,29], but their presence in a matrix decreases their compatibility, in
comparison with aliphatic groups [30]. Hence, we had the need to verify how our POSSs, differently
functionalized, behaved in a polymeric matrix—in particular in the polystyrene (PS) selected by us for
this purpose. This need, combined with the aspiration to synthesize innovative POSS systems, which
the literature has dealt with in the meantime, called “bridged” or “dumbbell-shaped” POSSs [31–33],
induced us to verify the compatibility of this typology of hyper functionalized POSSs with a polystyrene
matrix. Dumbbell-shaped POSSs aroused our interest because their change of organic bridge leads to
a change of geometry, rigidity and symmetry of the obtained POSS, thus affecting their ability to be
dispersed at a nanometric level [12,13,21].

In the present work, we synthesized the PS-based nanocomposites which had two different series of
novel dumbbell-shaped POSS molecules (as fillers), fully phenyl functionalized in the periphery of the
cage but linked with different aliphatic and aromatic bridges. The prepared PS/POSS nanocomposites
were subjected to 1H NMR to check if the filler content fit with the desired one, whilst thermal stability
was evaluated by means of thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). Finally, scanning electron microscopy (SEM) was performed to gain information about the
POSSs dispersion within the polystyrene (PS) matrix, whilst Fourier transform infrared spectroscopy
(FTIR) was used to analyze the residue obtained from the TGA experiments.

2. Experimental

2.1. Materials and Methods

1,2-bis(triethoxysilyl)ethane and 4,4′-bis(triethoxysilyl)biphenyl have been acquired from Aldrich
Co. (St. Gallen, Switzerland) and used without further purification. A Na-benzophenone
mixture was employed to distill the tetrahydrofuran (THF). 1,6-bis(triethoxysilyl)hexane,
1,10-bis(triethoxysilyl)decane and 4,4′-bis(triethoxysilyl)phenyl ether were obtained by using an excess
of tetraethoxysilane (TEOS) in dry THF and the Grignard reagent according to the description reported
elsewhere [34]. Trisilanolphenyl POSS was acquired from Hybrid Plastics Co. (Hattiesburg, MS, USA)
and used without further purification. Styrene, 2,2-azobis (isobutyronitrile) (AIBN), methanol and
toluene were acquired from Aldrich Co. (St. Gallen, Switzerland) and purified in our laboratory:
Styrene was purified in an inhibitor removal column; AIBN was re-crystallised twice from dry ethanol
at temperatures less than 40 ◦C and in a dark light condition; toluene was stirred over calcium hydride
for 24 h and distilled in a nitrogen flow.

Dumbbell-shaped POSSs, (Tables 1 and 2), were synthesized according with the procedure
reported elsewhere [35]. A 5% w/w POSS/styrene mixture, in toluene, was used for in situ free-radical
polymerization: After being dissolved in toluene, AIBN was added to the POSS/styrene mixture, and
then we proceeded to freeze everything using liquid nitrogen; after degassing by using a vacuum
pump, we thawed it. This procedure was repeated three times, and thus the tube was sealed under
vacuum and heated at 70 ◦C for 24 h under stirring. Finally, we obtained a solution that was poured in
methanol, from which we collected, by filtration, the PS/POSS nanocomposite. The samples were then
dried at 40 ◦C, under vacuum, obtaining yields of 82%, 83%, 88%, 86% and 79% for samples 1, 2, 3, 4

and 5, respectively. PS, used for comparison, was prepared by using the same procedure.
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Table 1. (1), (2) and (3) dumbbell-shaped octaphenyl polyhedral oligomeric silsesquioxanes (POSSs)
structures, with aliphatic bridge, used in polystyrene (PS) nanocomposites.

C86H74Si16O24 (1) C90H82 Si16O24 (2)

 
 

C94H90 Si16O2 (3)

 

Table 2. (4) and (5) dumbbell-shaped octaphenyl POSS structures, with aromatic bridge, used in
PS nanocomposites.

C96H78 Si16O25 (4)

 

C96H78 Si16O24 (5)
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2.2. 1H NMR Spectroscopy

Varian Unity INOVA equipment (1H 500 MHz, Varian, Palo Alto, CA, USA) was employed
to check the exact filler content. Measurements were performed by using CDCl3 as a solvent and
tetramethylsilane (TMS) as an internal standard. The evaluation was carried out by taking into account
the ratio in the 1H NMR spectra among the POSS aromatic hydrogens and the polystyrene ones.

2.3. Scanning Electron Microscopy (SEM)

The nanocomposites morphology was studied by SEM (ZEISS EVO MA 15, EVO-ZEISS,
Cambridge, UK). In order to perform the analysis, an accelerating voltage of 15,000 KV was used. All
the samples were treated overnight in an oven at 120 ◦C to remove any traces of toluene (Figure 1).
Scans were carried out at different magnifications ranging from 500× to 25,000×.

 

Figure 1. SEM images of polystyrene before (left) and after (right) drying in a stove.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

A Perkin Elmer Spectrum 100 spectrometer was employed in the determination of the FTIR
spectra of the solid residues obtained from the TGA experiments at 700 ◦C. Spectra were carried out,
without treatments, directly on samples at room temperature. For this purpose, we used an attenuated
total reflectance (ATR) sampling accessory. Measurements were performed in the range from 4000 to
650 cm−1, with a resolution of 4.0 cm−1.

2.5. Differential Scanning Calorimetry (DSC)

Calorimetric investigations were performed, by using a Mettler DSC 1 Star System
(Greifensee, Swizterland), for the determination of the glass transition temperatures (Tg) of PS
and PS/POSSs nanocomposites. The calibration of the DSC apparatus was carried out following a
consolidated procedure [36], showing a very good agreement with the literature values of indium and
tin [36,37]. The DSC scans were carried out from room temperature up to 200 ◦C, at a heating rate of
10 ◦C·min−1, on samples of about 6.0 × 10−3 g, held in sealed aluminum crucibles.

2.6. Thermogravimetric Analysis (TGA)

Thermal degradations were carried out in a Mettler Thermogravimetric Analyzer TGA 1 Star
System (Mettler, Greifensee, Swizterland). For the equipment calibration, we considered the magnetic
properties change of three metal standards (Isatherm, Nickel-alloy and Trafoperm 86, Mettler, Greifensee,
Swizterland) at their Curie points (148, 355 and 750 ◦C), and we followed a consolidated procedure [38].
TGA scans were carried out by using 5 × 10−3 g of the sample at 10 ◦C·min−1 in the temperature
range of 25–700 ◦C in a nitrogen (flow = 0.02 L·min−1) and a static air atmosphere. The International
Confederation for Thermal Analysis and Calorimetry (ICTAC) Kinetics Committee recommendations
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were followed to correct the error in mass determination due to the reduction of the buoyancy
(Archimedes) force with the temperature increase [39]. The percentage of the non-degraded sample,
(1 − D)%, was reported as a function of the temperature, where D = (Wo −W)/Wo, and Wo and W were
the weights at the starting point and during the experiment, respectively. TGA scans were performed
in triplicate, and the average value was considered.

3. Results and Discussion

After the in situ polymerization of styrene in the presence of 5% of POSS, the obtained composites
were subjected to 1H NMR spectroscopy, with the aim to verify if the POSS percentage corresponded
to the desired one.

A difference between the actual POSS contents in the obtained samples and the theoretical content
was observed, which could be explained by an oligomers formation in the reactant mixtures [40].
These oligomers, which are soluble in methanol, remained in the solution, thus resulting in a richer
POSS. This occurrence justified the yields obtained and the POSS percentage in nanocomposites that
are reported in Table 3 together with the thermal parameters.

Table 3. POSS content (w/w), glass transition temperatures (Tg), temperatures at 5% mass loss
(T5%), residue percentage at 700 ◦C of PS, and nanocomposites in a static air atmosphere and in
flowing nitrogen.

Compounds POSS% Tg%
◦C

Static Air Nitrogen Flow

T5%◦C
Residue

%
T5%◦C

Residue
%

PS / 101.2 309.0 0 341.3 0
1 5.96 102.6 375.7 11.6 360.0 7.1
2 5.82 103.5 370.3 7.8 359.3 7.9
3 5.12 101.7 364.7 9.4 355.3 3.1
4 6.01 103.5 363.2 13.3 374.8 10.4
5 5.60 102.5 360.3 17.3 375.7 19.3

Thermogravimetric (TG) experiments on PS and prepared nanocomposites were performed
in dynamic heating conditions in the temperature range of 25–700 ◦C by using a scanning rate of
10 ◦C min-1, selected among the values normally used in this typology of experiments.

The degradations in inert environments were first performed, and the corresponding TG curves
are reported in Figures 2 and 3, whilst the TG curves obtained in oxidative conditions are reported in
Figures 4 and 5. Two parameters were considered for the assessment of the resistance to the thermal
degradation, namely the temperature at 5% mass loss (T5%) and the solid residue at 700 ◦C.

Both in the inert atmosphere and in the oxidizing one, the net PS reached complete degradation
more quickly in air than in nitrogen, whilst all the nanocomposites evidenced the formation of a stable
residue up to 700 ◦C (Figures 2–5), ranging from about 10% for PS-reinforced with aliphatic bridged
POSSs to about 20% for PS-reinforced by using phenyl bridged POSSs. The presence of a residue at
700 ◦C, a temperature at which PS was completely degraded in a quantity higher than the percentage
of POSS in the matrix (Table 3) allowed us to speculate about a good dispersion of the POSS molecules
in the matrix that resulted in an active interaction among the molecular filler and the PS.

SEM investigation confirmed this hypothesis, showing a good dispersion of the functionalized
silicon cages within the polymer (Figure 6). Probably due to the higher flexibility of the aliphatic
bridges in respect to the aromatic ones that joint the POSS cages used to reinforce the polymer, a better
dispersion of POSS 1–3 then for POSS 4 and 5 was observed within the matrix (Figure 7).
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Figure 2. Thermogravimetric curves, in an inert atmosphere, for PS and samples 1, 2 and 3.

Figure 3. Thermogravimetric curves, in an inert atmosphere, for PS and samples 4 and 5.
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Figure 4. Thermogravimetric curves, in an oxidative atmosphere, for PS and samples 1, 2 and 3.

Figure 5. Thermogravimetric curves, in an oxidative atmosphere, for PS and samples 4 and 5.
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Figure 6. SEM images of PS/POSS 2 nanocomposites.

 

Figure 7. SEM images of PS/POSS 5 nanocomposites.

POSS 4 and 5, with their spatially blocked aromatic bridges, probably did not permit the same
freedom of movement of the silicon cages in the dumbbell-shaped POSSs with aliphatic bridges,
thus leading to a different symmetric/asymmetric structure that facilitated POSS auto-aggregation
phenomena for samples 4 and 5 (Figure 7), which formed large block aggregates.
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The nanocomposites evidenced, both in nitrogen and in air, values of T5% higher than those of the
pristine polymer, ΔT5% ≈ +35 ◦C in nitrogen and ΔT5% ≈ +60 ◦C in air (Table 3). These high values
of T5%, indicative of a good resistance to the thermal degradation, highlighted an increment of the
thermal stability of the various nanocomposites in respect to the PS following the introduction of
dumbbell-shaped POSSs in the matrix.

The degradations in oxidative and in inert environments proceeded similarly—both in the
shape of TG curves and in the values at a temperature of 5% mass loss—that were comparable each
other, meaning that the different atmosphere did not affect the degradation mechanism. Derivative
thermogravimetric (DTG) curves are reported in Figures 8–11 and show a main degradation step
along with a second, smaller one at higher temperatures (550–600 ◦C) that was more evident for the
nanocomposites reinforced with the phenyl bridged POSS, thus leading us to think that this stage may
be due to POSS degradation.

Figure 8. Differential thermogravimetric curves, in an inert atmosphere, for PS and samples 1, 2 and 3.

Figure 9. Differential thermogravimetric curves, in an inert atmosphere, for PS and samples 4 and 5.
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Figure 10. Differential thermogravimetric curves, in an inert atmosphere, for PS and samples 1, 2 and 3.

Figure 11. Differential thermogravimetric curves, in an inert atmosphere, for PS and samples 4 and 5.

In order to gain information on the nature of the solid residue obtained at the end of TGA scans in
both used atmospheres, we performed FTIR analysis, which evidenced only the presence of the silica
characteristics peaks at about 1100 cm−1 (Figures S1 and S2).

Finally, the glass transition temperature was calorimetrically determined to better characterize the
obtained compounds. DSC curves are reported in Figure 12, and the Tg values are reported in Table 3,
showing a very small increment of the glass transition temperature for the nanocomposites in respect
to virgin PS. This behavior could be attributed, in our hypothesis, to the nature of the groups at the
POSS cage vertex. On considering that the incorporation of the POSSs on the polymeric chains change
the matrix topology and alter its dynamics [41], the use of a less reactive phenyl-substituted POSSs
during in situ polymerization may have had a mild effect on the reaction rate, thus not greatly altering
the degree of crosslinking [42] and keeping the Tg values of composites quite constant in respect to
that of neat polymer.
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Figure 12. Differential scanning calorimetry curves for PS and PS/POSS nanocomposites.

4. Conclusions

The novel dumbbell-shaped POSSs, easily synthesized by a well-established methodology, have
been proven as a valid reinforcement for the polystyrene matrix, showing a considerable improvement
of the resistance to the thermal degradation of the prepared nanocomposites. We have shown
encouraging SEM images regarding a good dispersion of the POSSs within the matrix, which has
not always been reported in the literature for POSSs with a completely phenyl functionalized cage′s
periphery. Finally, the environment in which degradation was performed (inert or oxidative) seemed
to not influence the degradation mechanism that proceeded with two different stages, the first relevant
one at a lower temperature than the second little one; this was attributed to the POSS degradation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/9/1475/s1.
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Abstract: Soy protein isolate (SPI) and insoluble soy flour polymeric carbohydrates have been
reacted with sodium periodate for the specific oxidation of vicinal –OH groups to investigate the
reactions involved in this approach to soy flour adhesives. The reactions have been shown to generate
carbohydrate oligomer fractions presenting one, two or multiple aldehyde groups. With the exception
of the small molecular weight heptanedial, the smaller molecular weight aldehydes generated from
mono- and disaccharides by the same reaction do not appear to form from the insoluble soy flour
carbohydrates, or have already reacted. The reaction of periodate with soy protein isolate has been
shown to generate some aldehydes too. When the mix of SPI and soy insoluble carbohydrates is
treated with periodate, the majority of the observed aldehyde carrying species appear to be higher
molecular weight carbohydrate oligomer fractions.

Keywords: soy flour; soy protein isolate; insoluble carbohydrates; periodate oxidation; aldehydes generation;
condensation reactions; soy adhesives

1. Introduction

Recently, to meet new environmental standards, a number of different approaches to the use
of natural materials have been used to prepare wood adhesives without the use of formaldehyde.
The use of carbohydrate oxidants is a long well-known practice for a number of different applications.
Thus, a number of different oxidation systems have been used to generate aldehydes from polymeric
carbohydrate, the literature on this being rather abundant. These include sulfoxide-carbodiimide
and related methods [1], nitroxyl radical mediated aqueous oxidation [2], special salts oxidation [3]
and more recently nitro-oxidation methods [4,5], this latter being well suited for nanocellulose
generation. Among these, the periodate specific oxidation of oligomeric carbohydrates is a well-known
system. Thus, such a system is reported from the older periodate oxidation literature on aldehyde
generation [6–8] to the more recent literature on nanocellulose generation by such a system followed
by ozonization [9]. Among the more recent applications, the use of specific oxidants of monomeric or
oligomeric carbohydrates in soy flour have shown particularly interesting results, allowing not only
the protein fraction but also the carbohydrate fraction to participate positively in the preparation of
wood panel adhesives [10–12]. In this approach, soy flour adhesives have been successfully prepared
by treating soy flour with either potassium permanganate or sodium periodate [12]. Sodium periodate
is a specific oxidant for carbohydrates reacting with adjacent vicinal hydroxyl groups to form
dialdehydes [6,12] according to the reaction:
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H2O

MIO4

While this reaction and outcome are better known for carbohydrate monomers [6,13] and
dimers [13] such as glucose and sucrose, equivalent reactions are known also for higher carbohydrate
oligomers up to cellulose itself [12,14,15]. In the case of cellulose and long carbohydrate oligomers
alone, the reactions that have been shown to occur are the condensation of the aldehydes formed with
other carbohydrate chains to yield crosslinking, leading to solid panels in the case of cellulose [15].
By increasing the level of oxidation with further periodate in the presence of an aldehyde-reactive
species such as a soy protein [12], a flavonoid tannin [13] or other reactive species, including lignin,
cross-linking can also occur, leading to feasible wood adhesives [12,13].

NaIO4

NaIO4

NaIO4

with or without

 

The oxidation with the periodate ion, resulting in a 1,2–glycol scission, is one of the most widely
used reactions in carbohydrate chemistry. The mild reaction and the aqueous solvent conditions for
periodate oxidation are particularly apt for use with water-soluble carbohydrates. The development
and wide application of the reaction are due to its high degree of selectivity [6,14,15].

Aldehydes are well known for reacting with the amino group on proteins [10–12]. The aldehydes
generated from the carbohydrate fraction of soy flour appear to react with the active sites of the
soy protein, leading to cross-linking and yielding adhesives bonding plywood panels that are very
encouraging for shear bond strengths, especially under wet testing conditions [12]. Equally, some of the
aldehydes generated by the periodate treatment of glucose and sucrose also react with a polyflavonoid
tannin, yielding equally encouraging plywood bond strengths [13].

In the case of Na periodate acting on glucose at 120 ◦C for 1 h, a number of different aldehydes
have been shown to be generated, for example:

 

However, other aldehydes, not only from the oxidative cleavage of the carbohydrates but also via
different mechanisms following the cleavage, have been shown to form [13]. The first class of these are
given by the recombination of the dialdehydes obtained from the cleavage by aldol condensation [13].
Aldol condensation can occur under acid or alkaline conditions [16]. Thus, due possibly to the acid
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environment induced by periodate, the aldol condensation reaction starting from the glyoxal formed is
for example:

 

Additionally, the following species have been found to be formed via aldol condensation [13]:

 
A third type of reaction has also been shown to occur due to water elimination between two

aldehyde groups [13]. Aldehydes in water are in general present as hemiacetals, these being due to the
reaction of an aldehyde with an alcohol or water [16]. This is the case, for example, of formaldehyde
forming hemiformals in water in the preparation of formaldehyde-based resins [17].

elimin

 

From this reaction of elimination, species such as follows were formed [3].

 
Compounds obtained by the combination of the three reactions outlined above have been shown to

occur even at higher molecular weights, but aldehyde groups are always present, thus maintaining the
reaction capacity of these compounds with any available reactive sites of other present compounds [13].
The reactivity of the higher molecular weight aldehydes is likely to be relatively lower than that of
more active, lower molecular weight aldehydes. It must also be noted that all the aldehydes involved
in subsequent reactions also have a very low volatility, eliminating the possibility of VOC emission.

However, in addition to the background given above and the reactions indicated, it has also been
deduced from applied bonding results [3] that: (i) the reactions do appear to occur with soy flour,
thus on insoluble polymeric carbohydrates and soluble sucrose and its alpha-galactosyl derivatives
reacting, after selective oxidation, with its proteic part; and (ii) even in the absence of carbohydrates in
soy protein isolates, the protein itself is able, alone, to cross-link once treated with sodium periodate,
yielding encouraging plywood results. The research work presented here is then aimed to investigate
(i) what aldehydes are formed via the action of periodate on the soy flour insoluble carbohydrates to
explain the already experienced cross-linking [12] of periodate-treated soy flour; (ii) what occurs in the
reactions of the cleaved polymeric carbohydrates with the soy protein in soy flour; and even more
importantly, (iii) what happens when the soy protein isolate is treated with periodate, in the absence of
carbohydrates, to make it cross-link.
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2. Materials and Methods

2.1. Preparation of Samples for Analysis

In the purification of the soy protein isolate the first step involves dispersing the native flour in
water at 10 percent solids, adjusting the pH to 8, centrifuging out the insoluble carbohydrates and
then adjusting the pH of the insoluble carbohydrates to 6.5 [12]. (a) 10 g of isolated insoluble soy
flour carbohydrates, (b) 10 g of soy protein isolate alone, and (c) 10 g of samples of a NaIO4-treated
mix of soy protein isolate + insoluble soy flour carbohydrates + sucrose in relative proportions by
a weight of 50:25:25 were all three treated with 1.5 g NaIO4. Controls of 10 g of soy protein isolate
+ 5% glutaraldehyde and 1% glutaraldehyde by weight were also prepared under the same conditions.
The mixtures were placed in an oven at 120 ◦C for 1 h, then cooled.

2.2. Matrix Assisted Laser Desorption Ionization (MALDI-TOF) Mass Spectrometry

All samples for the matrix assisted laser desorption ionization time-of-flight (MALDI-TOF)
analysis were prepared by first dissolving the (a) 5 mg samples of NaIO4-treated insoluble soy flour
carbohydrates, (b) 5 mg samples of NaIO4-treated soy protein flour, or (c) 5 mg samples of NaIO4-treated
soy protein isolate alone, in 1 mL of a 50:50 v/v acetone/water solution. Then, 10 mg of this solution was
added to 10 μL of a 2,5–dihydroxy benzoic acid (DHB) matrix. The locations dedicated to the samples
on the analysis plaque were first covered with 2 μL of a NaCl solution 0.1 M in 2:1 v/v methanol/water,
and pre-dried. Then, 1 μL of the sample solution was placed on its dedicated location, and the plaque
was dried again. MALDI-TOF spectra were obtained using an Axima-Performance mass spectrometer
from Shimadzu Biotech (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK) using a linear
polarity-positive tuning mode. The measurements were carried out making 1000 profiles per sample
with 2 shots accumulated per profile. The spectrum precision is of ±1 Da.

3. Results and Discussion

In the case of the periodate treatment of the insoluble polymeric carbohydrates of soy flour,
the cleavage of C–C bonds with vicinal –OH groups does yield aldehydes, but the peaks of the smaller
aldehydes, such as glyoxal, hydroxymalonic dialdehyde and dihydroxy succinaldehyde as obtained for
glucose [13] and in some cases for sucrose, are not observed, either because they are not formed (most
likely due to the polymeric nature of the insoluble carbohydrates), because they are lost due to their
volatile nature, or because they have already reacted in some manner. One peak already observed for
glucose, given by the recombination of small dialdehydes species by aldol condensation, is nonetheless
present. This sole peak, also present in glucose at 231 Da (calc. 231Da), including the Na+ enhancer,
appears to belong to the action of 15% sodium periodate at 120 ◦C on the insoluble carbohydrates.
It has already been reported for monomeric carbohydrates [13], and has the following structure:

This peak, corresponding to a pentahydroxy heptanedial, is very marked when the insoluble
carbohydrates are treated with periodate at 120 ◦C, while it is almost absent, showing just traces,
when the insoluble carbohydrates alone are heated for the same period at 120 ◦C. It is absent at 20 ◦C.

The other aldehydes, found when glucose and sucrose are treated with periodate as a consequence
of the other reactions outlined in the introduction, are not found for soy flour insoluble polymeric
carbohydrates. Different aldehydes of much greater molecular weight are instead formed (Figure 1a–c
and Table 1). Table 1 lists all the species formed, whether they carry aldehyde groups or not.
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(a) 

 
(b) 

 
(c) 

Figure 1. MALDI ToF spectra of insoluble soy flour carbohydrates after a treatment with sodium
periodate at 120 ◦C for 1 h. (a) 100 Da to 500 Da range. (b) 500 Da to 1000 Da range. (c) 1000 Da to
1500 Da range.
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In the insoluble carbohydrates treated with sodium peroxide and in the mix proteins +
carbohydrates + sucrose + periodate at 120 ◦C, there are a number of peaks that do not appear
in the carbohydrates control at 120 ◦C without periodate (Supplementary Material). These are listed in
Table 1, which lists all the species formed that carry aldehyde groups or not. Among these, several of
the species formed after the periodate treatment are noteworthy, as they present one or more aldehyde
groups. These are the peaks at 768 Da, 791 Da, 930 Da, 975 Da, 1031 Da, 1046 Da, 1053 Da, 1092 Da,
1135 Da, 1153 Da, 1176 Da, 1192 Da, 1198 Da, 1214 Da, 1230 Da, 1254 Da, 1362 Da, and 1416 Da.
All present at least one aldehyde group. Among all of these there are monoaldehyde species obtained
by different cleavage sites of one glucose, such as the species represented by the peaks at 768 Da,
791 Da, 1254 Da and 1416 Da:

 
768 Da 

 
791 Da 

There are species presenting two aldehyde groups due to the specific oxidation of two glucoses by
the periodate, such as those represented by the peaks at 1031 Da and 1053 Da:

 
1031 Da 

Finally, species presenting a multitude of aldehyde groups, such as several glucose pyran rings in
the carbohydrate oligomer, have been cleaved by periodate. Two examples of these are the species
represented by the peaks at 1214 Da and 1230 Da:

 
1214 Da 

1230 Da 
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Both species confirm the reactions brought about on cellulose and other carbohydrate oligomers
by previous work [6,7]. In the structures in Table 1 for the 1214 Da and 1230 Da species, the open
and oxidized forms of glucose can be placed anywhere and alternate in any manner in relation to the
non-oxidized glucose closed forms. Thus, the above structures and their structures in Table 1 represent
just one of the possible isomers. The 1230 Da peak is separated by 16 Da from the 1214 Da peak and by
32 Da from the 1198 Da peak. This means that these two species have respectively 1 and 2 –O-atoms
less than the 1230 Da one. These can have been lost in the MALDI analysis; carbohydrate chains are
known to do this [18], but it could also be due to similar but slightly different species.

The marked 1198 Da peak could be a case of 6 open units linked together: 176 × 6 = 1032 + 162
units =1194 Da. It is the nearest to 1198 Da. One could also imagine that it could be a peak obtained by
reactions of the small aldehydes such as glyoxal. The reactions of an aldehyde with an alcohol yields
reversible hemiacetals under acid conditions. However, better and more accurate explanations are
possible. Effectively, the group of peaks 1198 Da, 1214 Da, and 1230 Da are of interest due to their
relative height in the high molecular weights part of the spectra in Figure 1. Of these, the 1230 Da
and 1214 Da ones are interesting due to their multiple aldehyde groups. The 1198 Da species appears
to be the same as the 1214 Da or the 1230 Da ones, having lost just one or two –OH groups in the
MALDI analysis.

There are some peculiarities too. The peak at 1092 Da is also present in the SPI treated at
120 ◦C without periodate. Thus, one cannot be sure that the interpretation as an aldehyde carrying
carbohydrate oligomer is correct, and a doubt must logically persist.

Monoaldehydes of higher molecular weights are also noted, such as the one at 1416 Da:

1416 Da 

This indicates that even higher molecular weight oligomers containing aldehyde groups are likely
to be generated the longer the periodate treatment is.

All of the above information indicates that the specific oxidation of the periodate appears to be
able to also occur with polymeric carbohydrates, also generating aldehyde groups in high molecular
weight fragments of carbohydrate chains. Consequently, they are these high molecular weight
carbohydrate oligomers carrying periodate-generated aldehyde groups and the heptanedial aldehyde,
which contribute to the applied bonding results with the proteic part of soy flour already reported [12].
In particular, it must be noted that species presenting a number of active aldehyde groups such as
those represented by the 1230 Da and 1214 Da peaks can be a centre of tridimensional networking
by a reaction with the protein, but also (as already demonstrated) by a reaction with other present
carbohydrate chains [14,15].

Another interesting curiosity are the peaks at 975 Da (Calc. 976 Da) and 1135 Da (Calc. 1137 Da).
The species represented by these two peaks are associated with 2 Na+, the 975 Da corresponding to the
930 Da peak + 2xNa+, and the 1135 Da peak corresponding to 1092 Da + 2xNa+. The 959 Da peak is
the same as the 975 Da but has lost one –OH group in the MALDI analysis. The species containing two
Na+ in the MALDI analysis are relatively unusual but are not rare and have also been reported in the
previous literature [19].
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Table 1. The proposed oligomer species for the MALDI ToF spectra peaks in Figure 1a–c for the
reaction at 120 ◦C for 1 h of sodium periodate with insoluble soy flour carbohydrates. Note: the links
between the glucose units are alpha-glucosidic. They are represented as being beta glucosidic to shorten
the table.

231 Da (with Na+)

 
365 Da (calc. 365 Da) (with Na+)

527 Da (calc. 527 Da) (with Na+)

 
768 Da (calc.766 Da) (with Na+)

 
689 Da (calc. 689 Da) (with Na+)

768 Da (calc. 768 Da) (no Na+),
791 Da (calc. 791 Da) (with Na+)

930 Da (calc. 928 Da) (with Na+)

930 Da (calc. 930 Da) (no Na+)
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Table 1. Cont.

975 Da (calc. 976 Da) (= 930 Da but with 2xNa+)
1031 Da (calc. 1032 Da) (no Na+)

1053 Da (calc. 1054 Da) (with Na+)

1031 Da (calc. 1029 Da) (with Na+)

 
1046 Da (calc. 1043 Da) (with Na+)

 
1092 Da (calc.1089 Da) (with Na+)

1092 Da (calc.1092 Da) (no Na+)

 
1135 Da (calc. 1136 Da) (= 1092 Da but with 2x Na+)

1153 Da (calc. 1153 Da) (no Na+)
1176 Da (calc. 1176 Da) (with Na+)

 
1192 Da (calc. 1192 Da) (with Na+)
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Table 1. Cont.

1214 Da (calc. 1212 Da) (no Na+)

 
1230 Da (calc. 1231 Da) (with Na+)

 
1254 Da (calc. 1253 Da) (with Na+)

 
1297 Da = glucose octamer missing one –OH, (no Na+)

1362 Da (calc. 1364 Da) (with Na+)

 
1416 Da (Calc. 1415 Da)

 

It is more interesting to examine the behavior of the soy protein in the soy protein isolate (SPI)
when treated with sodium periodate. Notwithstanding that the amino acids and the peptides involved
in these reactions are always rather difficult to identify, the task is facilitated by the fact that the
relative abundance of each amino acid in the soy protein is known [20,21]. The results clearly show
that the protein is also affected by a periodate treatment. Thus, on observing the peaks of the soy
protein isolate + 15% peroxide present in the MALDI analysis as well as of the mix protein + soy
insol. carbohydrates + sucrose + periodate, there are peaks clearly coming from the protein itself.
This also shows the formation of aldehydes via the periodate oxidation of some sites of the protein
itself, thus explaining why the soy protein isolate alone + peroxide also yields good bonding results
without the presence of carbohydrates [12]. The main species formed that is coming from the protein
are a series of monoaldehydes but also one dialdehyde, as shown in Table 1 and Figure 2a–c, the rest
being difficult to assign. The question that must be answered is between which groups does the specific
oxidation cleavage occur in the protein primary skeleton, as vicinal –OH carrying carbons are not
present. The only possibility is that the peptidic bond itself is cleaved, as its C=O double bond is in
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reality delocalized with the vicinal –NH, the electronegativity being somewhat similar to that of the
vicinal –OH groups.

 
(a) 

 
(b) 

 
(c) 

m/z

Figure 2. The MALDI ToF spectra of the soy protein isolate after a treatment with sodium periodate at
120 ◦C for 1 h. (a) 100 Da to 500 Da range. (b) 500 Da to 1000 Da range. (c) 1000 Da to 1500 Da range.
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The location of the formed aldehyde groups seems to support such an idea. Table 2 lists the structures
of the species identified according to the peaks in Figures 2 and 3. Among these, several monoaldehydes
are present, namely those represented by the peaks at 377 Da, 408 Da, 455 Da and the dialdehyde at
659–660 Da, namely a serine–[alanine]5–glutamic acid dialdehyde +Na+with the following structure:

There could be several other aldehydes, but it is difficult to identify from the MALDI peaks the
structures formed in the case of a protein.

Table 2. The proposed oligomer species for the MALDI ToF spectra peaks in Figures 2a–c and 3a,b for
the reaction at 120 ◦C for 1 h of sodium periodate with the soy protein isolate.

377 Da = [alanine]4-aspartic acid monoaldehyde without Na+

409 Da (calc. 409 Da) = alanine pentamer monoaldehyde with Na+

But it could also be (but less likely)
409 Da = tyrosine-triptophane + Na+ (dimer)

455 Da (calc. 457 Da) = alanine hexamer monoaldehyde without Na+

 
OR455 Da (calc. 457 Da) = [alanine]2-[serine]3 monoaldehyde + Na+

659–660 Da = phenylalanine-triptophan-leucine-histidine + Na+ (tetramer)
659–660 Da = phenylalanine-triptophan-histidine-aspartic acid + Na+ (tetramer)

659–660 Da = serine-[alanine]5-glutamic acid dialdehyde + Na+

 
959 Da = phenylalanine-triptophan-leucine-histidine-phenylalanine-arginine + Na+ (hexamer)

959 Da = phenylalanine-triptophan-histidine-aspartic acid-phenylalanine-arginine + Na+ (hexamer)
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(a) 

m/z

 
(b) 

 
(c) 

Figure 3. The MALDI ToF spectra of the reaction of the mix by a weight of 50% soy protein + 25%
sucrose + 25% insoluble soy carbohydrates + 15% NaIO4 at 120 °C for 1 h. (a) 150 Da to 500 Da range.
(b) 500 Da to 900 Da range. (c) 900 Da to 1500 Da range.

It is of interest to observe the peaks present in the reaction of the reconstituted mix SPI + sucrose
+ soy insoluble carbohydrates + NaIO4 in Figure 3a–c. Among all the present peaks, the higher
molecular weight (hence less reactive) aldehydes generated by sucrose oxidation are at 365 Da, 393 Da,
and 523 Da. There are peaks from the protein-generated aldehydes, namely at 377 Da, 409 Da,
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453 Da, and 659 Da, and peaks from protein fragments without aldehyde groups, such as at 959 Da.
The generated aldehydes by oxidation of the insoluble soy carbohydrates are represented by the
peaks at 689 Da, 1036 Da, 1093 Da, 1135 Da, 1212 Da, and 1361 Da and the non-aldehyde fragment at
1297 Da. The DHB matrix enhancer are represented by the peaks at 312 Da, 361 Da, 536 Da, 550 Da and
698 Da. The question is now about which peaks that are present are due to the reaction of an aldehyde,
for which it does not matter how they were generated, and which are due to a reaction with amino
acids. First of all, it is clear that at a high molecular weight range, many species that are formed will be
out of the possible range. Second, the majority of species generated by a reaction with the amino acids
of aldehyde-generated species will be found in the middle of the examined molecular weight range.
Thus, the co-reacted species are those represented by the peaks that do not belong to any of the single
components at 555 Da, 559 Da, 585 Da, 619 Da, 729 Da, 780 Da, 819 Da, 849 Da 890 Da, 1389 Da and
1459 Da. These are due to the reaction of some generated aldehydes with some amino acids, and their
assignments are given in Table 3. The more interesting interpretable peak is the one at 585 Da. This is
obtained by the reaction of the sucrose-generated tri-aldehyde at 177 Da. While this peak is also present
in SPI alone representing just an amino acid, it is also a branched aldehyde generated from sucrose via
the aldol condensation of simpler sucrose-generated aldehydes. Thus, the 585 Da peak is due to the
reaction of three molecules of the most abundant SPI amino acid, namely glutamic acid, with:

To yield the two alternative structures at 585 Da, one is derived directly by the reaction of three
molecules of glutamic acid with the 177 Da tri-aldehyde and the second one is generated via the reaction
of three glutamic acid residues with glyoxal and a hydroxyl malonic aldehyde directly generated by
the specific oxidation cleavage by the periodate:

 

The same peak at 585 Da can also be assigned to an oligomer of:

Lysine-CHOH-CHOH-Lysine-CHOH-CHOH-CHOH-Lysine

As amino acids presenting at least two amino groups can form linear oligomers, the peaks at
554–555 Da, 619 Da, 728 Da, 780 Da, 819 Da, and 849–850 Da can be interpreted as linear oligomers of
the reaction of (mainly) lysine and arginine, with glyoxal and hydroxy malonic aldehyde generated by
periodate-specific oxidation from simple sugars such as glucose [3] and sucrose, as is indeed the case
for one of the assignments for the species at 585 Da (Table 3).
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Table 3. Some possible assignments from the MALDI ToF spectra in Figure 3a–c of the reaction of
SPI + sucrose + insoluble soy carbohydrates + NaIO4 for peaks not belonging to any of the single
periodate-treated constituent components.

554–555 Da, no Na+

Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–Lysine
585 Da, no Na+, two possible species from glutamic acid

 
and/or one from Lysine

Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–Lysine
619 Da, no Na+

Lysine–CHOH–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–Lysine
728 Da, no Na+

Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–Proline
780 Da, no Na+

Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–Lysine–CHOH–CHOH–Phenylalanine
819 Da, no Na+

Arginine–CHOH–CHOH–Arginine–CHOH–CHOH–Arginine–CHOH–CHOH–Cysteine
849–850 Da, no Na+

Lysine–CHOH–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–Lysine
and/or

Lysine–CHOH–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–Lysine–CHOH–CHOH–CHOH–glutamic
acid

985 Da, no Na+
Lysine–(–CHOH)3–Lysine–(–CHOH)3–Lysine–(–CHOH)3–Lysine CHOH–CHOH–Glycine

1388–1389 Da
Arginine–(–CHOH)2–Arginine–(–CHOH)2–Arginine–(–CHOH)2–Arginine–(–CHOH)2–Arginine–(–CHOH)

2–Tryptophan
Where the structure is not necessarily linear and can be better expressed as

[Arginine–(–CHOH)2–]5–Tryptophan
1459–1460 Da

[Arginine–(–CHOH)2–]5–Histidine–(–CHOH)4–CHO
or [Arginine–(–CHOH)2–]5–Histidine–(–CHOH)2–Alanine

4. Conclusions

To summarize, in the spectra of the reaction of SPI + sucrose + insoluble carbohydrates + NaIO4,
the following peaks ascribed to the action of periodate on SPI and insoluble soy flour carbohydrates
are present: 1053 Da, 1092–1093 Da, 1135 Da, 1153 Da, 1198 Da, 1212–1213 Da, 1230 Da, 1254 Da,
1361–1362 Da and 1416 Da coming from the insoluble carbohydrates, and 377 Da, 408–409 Da,
453–455 Da and 659–660 Da coming from the SPI. This shows that some of the carbohydrate aldehyde
species are no longer present when the SPI is present; hence, they have reacted with the SPI. Furthermore,
the co-reacted species are those represented by the peaks that do not belong to any of the single
components, at 555 Da, 559 Da, 585 Da, 619 Da, 729 Da, 780 Da, 819 Da, 849 Da 890 Da, 1389 Da and
1459 Da.

35



Polymers 2019, 11, 1478

The peak at 231 Da represents just traces (almost non-existent) in the insoluble carbohydrates at
120 ◦C without periodate, but it is a huge peak in the insoluble carbohydrates with periodate at 120 ◦C.
It does not seem to appear in the SPI + sucrose + insoluble carbohydrates +NaIO4. It could be that
with the protein present, the aldehyde groups of the species 231 Da have reacted very readily with SPI.
It is one of the best indications that the carbohydrates have not only formed an aldehyde (double here)
but also that this reacts with the SPI.

The following peaks coming from the periodate cleavage of the protein are present: 377 Da,
408–409 Da, 455 Da and 659–660 Da. Of these, the 408–409 Da, 455 Da and 659–660 Da could present an
aldehyde function due to the cleavage but could also be interpreted otherwise. However, they are most
likely carrying aldehyde groups, as without periodate these peaks do not seem to appear. However,
the peaks at 408–409 Da and 453–455 Da also appear, although small, in the case of the carbohydrates
at 120 ◦C without periodate, and in the SPI alone at 120 ◦C without periodate; thus, their interpretation
in favour of aldehyde formation is not at all certain. Thus, one cannot be sure at all that they come
from the protein.

The final conclusions for the reactions at 120 ◦C with and without periodate are then as follows:

1. There are clear indications that aldehydes are formed from the insoluble carbohydrates by periodate
specific oxidation and cleavage. There are carbohydrate oligomers presenting single, double and
multiple aldehyde groups coming from the cleavage of the soy flour insoluble carbohydrates.

2. There is only one, different, low molecular weight aldehyde at 231 Da, which is in considerable
proportion when the insoluble carbohydrates are treated with periodate but only in traces when
treated at 120 ◦C without periodate. This peak disappears completely when the SPI is present,
indicating that the aldehyde (a dialdehyde) has reacted with the SPI.

3. The peak at 231 Da is a dialdehyde derived by the aldol condensation of fragments issued by the
degradation of soluble and insoluble carbohydrates.

4. There are oligomeric peptides coming from the cleavage of the protein by periodate. However,
only one species (at 659–660 Da) could (we stress could) be ascribed to an oligomeric aldehyde,
as other interpretations, such as peptide oligomers without an aldehyde group, are also possible.

5. Thus, the clear indications are that the carbohydrates do form aldehydes that co-react with the
SPI and crosslink it.

6. There is at least one indication that aldehyde groups are formed in the cleavage of the protein,
but these are not clear and could also be interpreted otherwise.

7. In the SPI+ sucrose+ insoluble carbohydrates+NaIO4, several aldehydes are formed, as presented
in the Introduction and already reported in the literature [5].

8. In the SPI + sucrose + insoluble carbohydrates +NaIO4, mainly aldehydes generated from sucrose
by periodate-specific oxidation react with amino acids, showing that the cross-linking of the
protein oligomers by these aldehydes does indeed occur. This entails that at a higher temperature
or longer reaction times, the other aldehydes generated from the insoluble carbohydrates and
from the protein are also likely to react and contribute to cross-linking.

9. Finally, it must be noted that the peaks at 177 Da, 360–361 Da, 536 Da, 550 Da, 698–699 Da, 717 Da,
and 874 Da belong to the DHB enhancer used in the MALDI analysis.

What are the future prospects of this type of approach? The first interest is that an almost classical
reaction and cross-linking system based on aldehydes and a protein are generated, but with the
generated aldehydes being non-volatile and non-toxic. The second interest is that all parts of soy
flour, much cheaper than soy protein isolates, can be directly used for adhesives and can participate
in cross-linking. Third, while one can use soy flour, nothing impedes the use of a separate mix of
oligomeric and or monomeric carbohydrates to generate aldehydes via periodate specific oxidation
and then adding this to a soy protein isolate, another protein isolate (such as gluten for example),
or other aldehyde-reacting materials. In this respect, periodate oxidized carbohydrates could be used
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as hardeners for a variety of different natural materials, such as tannins, lignin, humins, etc., or possibly
even mixtures of these.

Supplementary Materials: The following are available in the Supplementary Material online at http://www.mdpi.
com/2073-4360/11/9/1478/s1, Figure S1: MALDI Tof Spectra of insoluble carbohydrates treated at 120 ◦C without
periodate: (a) 150 Da to 500 da range, (b) 500 Da to 900 Da range, and (c) 900 Da to 1200 Da range. Figure S2:
sucrose + 15% NaIO4 at 120 ◦C for 1 h: (a) 50 Da to 1000 Da range, (b) 50 Da to 500 Da range, (c) 300 Da to 500 Da
range, (d) 500 Da to 800 Da range, and (e) 800 Da to 1600 Da range.
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Abstract: Irrigation tubes based on biodegradable polymers were prepared via an extrusion-drawing
process by Irritec and compared to conventional pipes made of high-density polyethylene
(HDPE). A commercial polylactide/poly (butyleneadipate-co-butyleneterephthalate) (PLA/PBAT)
blend (Bio-Flex®) and Mater-Bi® were used. The polymers were characterized from rheological
and mechanical points of view. Irrigation pipes were subjected to photoaging with continued
exposure to UV radiation up to 22 days. The degradability in the soil of irrigation tube samples was
studied. The influence of temperature and UV irradiation on soil burial degradation was investigated.
A soil burial degradation test was carried out at 30 ◦C and 50 ◦C for up to 70 days. The degree
of degradation was evaluated from the weight loss percentage. The degradation rate of irrigation tube
samples based on Mater-Bi® was higher at 30 ◦C and was stimulated after 14 days of UV irradiation.
Higher temperatures or UV aging encouraged the disintegration in soil of Bio-Flex®-based irrigation
tubes. Furthermore, tube samples, before and after UV and soil burial degradation, were analyzed
by Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-FTIR) spectroscopy.

Keywords: biodegradable polymers; rheological properties; irrigation pipes; soil burial test;
polyesters; Bio-Flex®; Mater-Bi®; polymer degradation; photo-oxidation

1. Introduction

Nowadays, polymeric materials are widely used in agricultural field for several types of plastic
products (i.e., mulch films, containers, filaments, clips, pots, packaging, drip irrigation tubes,
greenhouse covers, etc.). Nevertheless, the widespread and increasing use of plastic materials in agriculture
and their persistence in the environment contribute seriously to environmental pollution due to plastic
wastes. Plastic items manufactured by traditional polymers, such as mulch films, have to be collected
after use and recycled or burned for energy recovery. The removal and disposal can be very expensive
and difficult to achieve; in addition, plastic residues can persist in the field with a negative environmental
impact. Recently, an interesting overview of agricultural plastic waste generation in Europe was published,
highlighting this great concern [1].

The worldwide increase in plastic wastes has involved a great deal of strategies aimed at minimizing
the negative impact of the cumulative production and consumption of polymeric materials.
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The reduction of fossil resources and waste accumulation problems have stimulated a growing
interest toward replacing conventional plastics by biodegradable ones, including in agriculture.
By using biodegradable items, in fact, both recovery and final disposal can be avoided, since they are
optimized to degrade in situ.

Biodegradable plastic systems can potentially replace commonly used PE ones in agriculture.
Biodegradable items must ensure the same performance of traditional ones, with the advantage
of being left in soil or disposed of in industrial composting plants as common organic waste.
Indeed, several commercially biodegradable polymers show rheological and mechanical properties
suitable for the production of irrigation pipes, as they can be easily processed in extrusion and can also
be drawn [2–4].

Aliphatic polyesters are among the most employed biodegradable materials in packaging
applications as well as in agricultural and sanitary fields [5]. Some studies have been carried
out on commercial biodegradable polymers to verify their applicability in mulching or irrigation
pipes [6,7]. However, the effect of UV on their performances and degradation rates in soil has not been
investigated in depth. In fact, both mulching and irrigation pipes, during their normal use, are exposed
to sunlight. Therefore, their photoaging becomes of utmost concern and can affect their performances
as well as their biodegradation rates.

The degradation of traditional plastic materials in nature is a very slow process that involves
environmental factors and microorganism activities. Polymer degradation implies different processes
stimulated by one or more environmental factors, such as heat, light, microorganisms, or chemicals
that deteriorate polymers, producing alterations in their properties. The degradation is the result
of irreversible structural changes that are usually undesirable or, in some cases, essential,
as in biodegradation, or are else induced to support structure determinations, such as in pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS) studies [8,9]. The biodegradation of polymeric
materials depends on several chemical-physical features (chemical bonds, composition, crystallinity,
morphology, etc.), environmental factors (oxygen, temperature, biological agents, microbial cells,
and enzymes), and their combined effect [10].

The degradability in soil of poly(vinyl alcohol) [11], copolyesters [12], and poly(ester amide) [13]
film samples has been investigated under controlled soil burial conditions. Despite extensive research
on materials, few studies have been focused on polymer degradation due to a combined effect of UV
irradiation and soil burial [6,7]. Briassoulis et al. evaluated the degradation behavior of MaterBi®-based
films and irrigation tubes under real field conditions [7]. However, laboratory tests under controlled
conditions can provide more reproducible data for both degradation mechanisms and kinetics.

Biodegradation can be schematically represented in three stages: in the first one, plastic is
depolymerized into monomers and oligomers; in the second step, the monomers and oligomers are
taken up as biomass; and in the third, the respiration of biomass consumes O2 and produces CO2

and H2O (under aerobic conditions). The measurement of reactant consumption (i.e., the plastic
material) does not allow us to prove whether the process has actually been completed or has stopped,
for example, at depolymerization. Therefore, all of the standardized methods for determining
biodegradation are based on the measurement of respiration, i.e., the conversion into CO2 of the
carbon initially present in the plastic through the use of the oxidant (O2). However, most of the papers
in the literature concerning polymer and composite biodegradation have been based on weight loss
measurements [10,14,15].

The aim of this work is to report the possible application of two different classes of biodegradable
polymers in pipes for irrigation. An evaluation of their performance is reported. Irrigation tubes
based on biodegradable polymer blends were prepared by IRRITEC through a proprietary process
and compared to conventional pipes made of high-density polyethylene (HDPE). A commercial
polylactide/poly(butyleneadipate-co-butyleneterephthalate) (PLA/PBAT) blend (Bio-Flex®) and
a commercial Mater-Bi® blend were used. The polymers were characterized from rheological
and mechanical points of view in order to investigate their suitability to be processed in an industrial
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apparatus to obtain pipes. Irrigation pipes were subjected to photoaging, and their degradability
in soil was studied. The influence of temperature and UV irradiation on soil burial degradation
was investigated.

2. Experiment

2.1. Materials

Two biodegradable polymer systems were used in this work: a Mater-Bi® CF04P grade (MB) made
by Novamont (Novara, Italy) and a Bio-Flex® F2110 grade (BF) made by FKUR (Willich, Germany).
The Mater-Bi® sample had a melt flow rate (MFI) of about 7 g/10 min at 160 ◦C (under a 5-kg load),
and the Bio-Flex® sample (BF) had an MFI of approximately 5 g/10 min (190 ◦C, 2.16 kg). The composition
of the Mater-Bi® biodegradable system was proprietary, and its formulation was based on a combination
of biodegradable aliphatic polyesters, biodegradable aliphatic–aromatic copolyesters, and starch [2,7].
The Bio-Flex® was a blend based on PLA and PBAT [16] (ratio ~3:1). A high-density polyethylene
(HDPE) sample, utilized for similar applications, was used for comparison. Carbon black (2%) was
added in all the compositions. For the soil burial test, tube portions of 2.5 × 5 cm (thickness about
290 μm) were cut. Specimens of 10 × 2.5 cm were used instead for the accelerating weathering test.

2.2. Rheological, Mechanical, and Structural Characterization

In order to assess if these two biodegradable polymers could be processed in industrial apparatuses
for the production of pipes, a rheological characterization was carried out both in shear and in nonisothermal
elongational flow. A rheological characterization was performed in shear flow in a rotational rheometer,
a TA (USA) Ares G2, and in a capillary viscometer (a Rheologic 1000 CEAST (Pianezza, TO, Italy)).

The flow curves were measured at T = 170 ◦C for the two biodegradable polymers and at 230 ◦C
for the HDPE.

The behavior of these polymers in nonisothermal elongational flow in this application was very
important because the emerging tube from the die extruder was drawn in a molten state to achieve
the final desired dimensions. Measures of the properties in nonisothermal elongational flow, of the melt
strength (MS), and of the breaking stretching ratio (BSR) were achieved according to procedures
described elsewhere [2–4].

MS is the force in the molten filament at breaking, while the BSR is the ratio between the drawing
speed at breaking and the extrusion velocity in runs in which the drawing velocity increases with
steady acceleration. The capillary has a length-to-diameter (L/D) ratio = 40. The reproducibility
of all of the results was good (±5%).

Mechanical properties, the elastic modulus (E), the tensile strength (TS), and the elongation
at break (EB) were measured in tensile tests with an Instron (USA) machine at room temperature.

Samples (10 mm/90 mm/~0.6 mm) for mechanical characterization and samples (D = 25 mm,
thickness about 2 mm) for rheological characterization in shear flow of the unprocessed materials were
prepared by compression-molded sheets obtained with a Carver (USA) laboratory press at a temperature
of ~170 ◦C for the two biodegradable polymers and of 230 ◦C for the HDPE. Attenuated Total
Reflection-Fourier Transform Infra-Red (ATR-FTIR) spectra were collected by using a Spectrum Two
spectrometer (Perkin-Elmer) using Spectrum software. Spectra were measured through 8 scans
at a 4 cm−1 resolution.

In order to compare the different effects of photo-oxidation and degradation in soil on the structures,
the area ratio between the sums of the peaks at 1550 cm−1 and 1850 cm−1 and at 2750 cm−1 and 3100 cm−1,
which were related to the stretching of the CH2 and CH3 groups, was evaluated for the virgin and
degraded samples.
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2.3. Production of the Pipes

The pipes were produced by Irritec (Capo d’Orlando, Italy) through an extrusion-drawing
proprietary process. The tube merging from the extruder was drawn to reach the desired dimensions
(thickness about 290 μm). The die temperature was ~170 ◦C for the two biodegradable polymers and
230 ◦C for the HDPE.

Mater Bi®-based pipes were named T1, and the Bio-Flex® ones were called T2.

2.4. Accelerated Weathering Test

Specimen portions were exposed to an accelerated weathering test. A QUV Panel system
(UVA lamps: λmax = 340 nm) at 60 ◦C was used (for up to 22 days). Irrigation pipes photo-oxidized
at different UV exposure times were selected for a soil burial test in triplicate.

2.5. Soil Burial Test

Tests were carried out at 30 and 50± 0.1 ◦C under moisture-controlled conditions. Triplicate specimens
at 30 and 50 ◦C of each irrigation pipe were placed in a series of darkened vessels containing a multilayer
substrate [13]. At 30 ◦C, the specimens of the irrigation pipe (initial weight 0.7 ÷ 1.2 g) were sandwiched
between two layers of a mixture of milled perlite (50 g) and commercial soil (200 g) moistened with
100 mL of distilled water (150 mL during the test at 50 ◦C). The bottom and top layers were filled with 60 g
(70 g at 50 ◦C) of perlite moistened with 120 mL (240 mL at 50 ◦C) of distilled water. Perlite was added
to increase the aeration of the soil and the amount of water retained. A flow of moistened air was supplied
from the bottom of each vessel every 12 h for 15 min (every 6 h at 50 ◦C). The specimens were removed
after regular intervals, brushed softly, washed with distilled water several times, and dried under vacuum
in the presence of P2O5 at room temperature to a constant weight [17]. The degree of degradation was
evaluated by weight loss (WL) by using the following equation:

WL (%) = (Wi −Wt)/Wi × 100, (1)

where Wi is the initial weight of the sample, and Wt is the weight after an established time. Filter paper
and polyethylene samples were used, respectively, as a positive and negative control.

3. Results and Discussion

3.1. Rheological and Mechanical Properties

The flow properties of the two biodegradable samples and of the reference HDPE are reported
in Figure 1.

Figure 1. Flow curves of the investigated samples in a rotational rheometer (full symbols) and a capillary
viscometer (open symbols).
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The flow curves obtained in the rotational rheometer and in the capillary viscometer were
superimposed, according to the empirical Cox-Merz rule, only for the HDPE sample, while this was
not true for the two biodegradable polymers. This phenomenon has already been reported in the
literature for similar systems and was in agreement with the results already found in other studies
on heterogeneous multiphases [2,18].

The flow curves, moreover, showed that the biodegradable samples present at these temperatures
had a viscosity slightly larger and a non-Newtonian behavior less pronounced than the conventional
HDPE in the shear rate range (about 100 s−1) typical of the extrusion process. However, this difference
can be considered acceptable for good extrusion in the production of pipes.

The melt strength (MS) and the breaking stretching ratio (BSR) of the same polymers are reported
in the Figures 2 and 3 as a function of the apparent shear rate. In the shear rate range typical
of the extrusion process, the melt strength of the biodegradable polymers was very similar to that
of HDPE. This means that it is possible to draw the melt to obtain films or pipes that are relatively thick.

Figure 2. Melt strength (MS) of the investigated samples.

Figure 3. Breaking stretching ratio (BSR) of the investigated samples.

High values of the BSR indicated that the molten polymer can be drawn in nonisothermal
elongational flow to produce thin films or tubes. All three polymers showed very similar values of the
BSR in the shear rate region of the extrusion. This means that the two investigated biodegradable
samples will show rheological behavior in the extrusion-drawing process that is very similar.

Mechanical properties, the elastic modulus (E), the tensile strength (TS), and the elongation
at break (EB) of the isotropic samples are reported in Table 1.
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Table 1. Mechanical properties: elastic modulus (E), tensile strength (TS), and elongation at break (EB)
of the isotropic samples.

Materials Modulus (MPa) Tensile Strength (MPa) Elongation at Break (%)

MB 81 12.5 400
BF 167 12.4 167

HDPE 316 21.3 700

The elastic modulus of HDPE was higher than that of the two biodegradable samples, and the MB
sample showed the lowest value. In addition, the tensile strength and the elongation at break of the
HDPE were higher than the biodegradable samples. However, while the TS values of the two
biodegradable samples were very similar, the EB value of the Mater-Bi® was much larger than that
of the Bio-Flex®.

3.2. Soil Burial Test

Soil burial degradation tests were carried out under moisture-controlled conditions at 30 ± 0.1 ◦C
and 50 ± 0.1 ◦C to evaluate the influence of temperature. Triplicate specimens of each irrigation tube
were placed in a series of darkened vessels containing a multilayer substrate [13,17]. The polymer films
were sandwiched between two layers of a mixture of milled perlite and commercial soil, which were
moistened with distilled water. The bottom and top layers were filled with perlite moistened with
distilled water. Perlite was added to increase the amount of water retained and the aeration in the soil.
A flow of moistened air was supplied from the bottom of each vessel every 24 h for 15 min.

In Figure 4a,b, the average values of the weight loss percentages as a function of degradation time
for the samples T1, T2, and HDPE at temperatures of (a) 30 and (b) 50 ◦C are compared. The carbon black
contribution was evaluated and subtracted. T1 (Mater-Bi®-based tubes) showed the highest weight
losses both at 30 and at 50 ◦C, with an almost linear trend at 50 ◦C. On the contrary, for the T2 specimens
(Bio-Flex®-based tubes), the WL values were remarkably higher at 50 than at 30 ◦C, reaching 4%
at 80 days. By increasing the degradation, the standard deviation grew due to the embrittlement
of the samples and the increasing difficulties in the removal of soil from the surface. Unsurprisingly,
the WL values for the HDPE specimens were close to zero and remained almost constant throughout
the test period. Overall (in agreement with the literature [6]), the higher temperature encouraged
the degradation of both biodegradable polymer-based tubes.

Figure 4. Cont.
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Figure 4. Weight loss (%) versus degradation time for the samples T1, T2, and HDPE at (a) 30 ◦C and
(b) 50 ◦C. T1 =Mater Bi®-based pipes, and T2 = Bio-Flex®-based pipes.

Table 2 shows some representative photos of the samples after different soil burial degradation
intervals and temperatures. Despite the T1 samples showing the highest WL values, macroscopic
degradative effects, such as embrittlement, were observed at 30 ◦C only after 70 days (Table 2).
T2 samples appeared to be stable for a longer time. In the T1 samples, degradation appeared to be
increasingly evident after 58 days at 50 ◦C. At 50 ◦C, the degradation of the T1 samples produced
embrittlement and longitudinal cracks after 68 days (Table 2).

Table 2. Representative photos of the film samples recovered after a soil burial degradation test at
different intervals and temperatures.

Temperature Test Degradation Time in Soil Sample

(◦C) (Days) T1 T2

/ 0

  

30

60

  

70
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Table 2. Cont.

Temperature Test Degradation Time in Soil Sample

(◦C) (Days) T1 T2

50

58

   

68

    

78

   

T1 and T2 samples photo-oxidized for 8 and 14 days were selected for the soil burial test at 30 ◦C.
Their weight losses (%) were evaluated for up to 70 days.

In Figure 5, the average values of the WL values were plotted as a function of degradation time at
30 ◦C for the samples (a) T1 and (b) T2, which were photo-oxidized for 8 and 14 days. For all the samples,
photodegradation favored successive degradation in the soil (but more significantly for the specimens
of T1) after 30 days of soil burial degradation. Additionally, the WL values increased with the time of UV
exposure. Reasonably, UV exposure yielded a molecular weight (MW) decrease producing oligomeric
chains, which are more susceptible to the attacks of microorganisms in the soil. In fact, it must be kept
in mind that biodegradation proceeds in three stages. Whenever WL is used to monitor the degradation
of polymer samples, just the first step is involved, i.e., macromolecular chain depolymerization into
monomers and oligomers that are eroded from the surface. UV irradiation enhances and accelerates
the formation of monomers and oligomers, increasing consequently the weight loss rate.

Figure 5. Cont.
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Figure 5. Weight loss (%) versus degradation time for the UV-treated and untreated (a) T1 and
(b) T2 samples. T1 =Mater Bi®-based pipes, and T2 = Bio-Flex®-based pipes.

The weight loss values that were lower for the T2 samples (i.e., the Bio-Flex®-based tubes)
than for the T1 specimens (Figures 4b and 5b) could have been related to the presence of PLA,
whose biodegradation is MW-dependent. It could be assumed that the higher temperature encouraged
the hydrolysis of ester bonds and that UV exposure induced bond-breaking within the macromolecular
chains. Consequently, the molecular weight reduction assisted the degradation process in the soil.
After the time needed to decrease the molecular weight, the oligomeric products were more easily
eroded from the surface of the tubes, and the weight loss values increased. On the other hand, the WL
trend at 50 ◦C, which was close to the Tg value of PLA, could have affected the weight loss data due
to the higher macromolecular chain mobility. The trend of weight loss % versus time with increasing
UV exposure (Figure 5) could suggest that chain scission overrules crosslinking reactions. In fact,
according to the literature, photo-oxidation gives rise to the rearrangement of polymeric chains, leading,
in the case of aliphatic-aromatic copolyesters, to polymeric chain crosslinking and the formation
of an insoluble polymeric gel fraction. On the contrary, PLA photochemical reactions produce chain
scissions instead of crosslinking [19,20].

Overall (and in agreement with the literature [6]), the photo-oxidation accelerated the soil burial
degradation. Therefore, in order to investigate the structural changes induced by the different types
of degradation, ATR-FTIR was carried out on virgin, photo-oxidized, soil-buried, and photo-oxidized
+ buried samples (see spectra reported in Figure 6a,b for T1 and T2, respectively). Unsurprisingly,
the spectra of the two samples showed that both photo-oxidation and degradation in the soil increased
the ratio of the area in the 1550–1850 cm−1 region (of carbonyl groups), as well as the area of the
functional groups at 2750 cm−1 and 3100 cm−1, which were related to the stretching of the CH2 and
CH3 groups. It has to be underlined that carbon back is a UV absorber, and its photostabilizing
action is due to the absorption of ultraviolet energy that then is no longer available for the formation
of radicals and for the consequent propagation of oxidation reactions [21]. This means that carbon
black does not interfere with the photo-oxidative mechanisms of different matrices, and its effect
is just to shift photo-oxidation toward longer times, increasing the induction time of the process.
Carbon black slows down molecular weight reduction and consequently the degradation process
in soil. The preliminary experimental data on the T2 samples without carbon black (data not shown)
confirmed our conclusions. The shift toward longer times to start photo-oxidation is relevant from
a commercial point of view above all in biodegradable polymeric systems whose performances could
be impaired by photo-oxidation processes more than traditional ones would be [6].
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Figure 6. Attenuated Total Reflection-FTIR spectra of virgin, photo-oxidized, soil-buried,
and photo-oxidized + buried (a) T1 and (b) T2 samples. T1 = Mater Bi®-based pipes,
and T2 = Bio-Flex®-based pipes.

To better follow this trend, in Figure 7 the dimensionless values of the area ratio are reported
for the two samples.

Figure 7. Dimensionless values of area ratio in the 1550–1850 cm−1 region for the two biodegradable
samples. T1 =Mater Bi®-based pipes, and T2 = Bio-Flex®-based pipes.
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According to these data (Figure 7), the Mater-Bi®-based sample (T1) showed similar behavior with
both photo-oxidation (14 days) and soil degradation (70 days). A synergistic effect of photo-oxidation
and soil degradation clearly occurred for both samples. Indeed, after photo-oxidation, the pipe
samples seemed much more prone to soil degradation (Figure 5). Interestingly, the Bio-Flex®-based
sample (T2) showed an apparently peculiar behavior. In fact, the CO increase was more evident in the
T2 sample whatever the degradation process, which could have been related to the presence of the
PLA component [22]. The increase of the carbonyl groups was an indicator of the photo-oxidation
progress as well as of hydrolytic reactions occurring during soil degradation. As a result, T2 was
clearly more susceptible to photo-oxidation than to hydrolysis. Even though the CO functional groups
increased, due to the combined photo-oxidation and soil degradation, there were more in the T2 sample
than in the T1 sample, and the UV irradiation did not accelerate the weight loss rate as it did in the
T1 sample (Figure 5). These results were in agreement with the biodegradation process and with our
choice of monitoring soil degradation through weight loss. Actually, the T1 sample was much more
prone than the T2 sample, since monomers and low-molecular-weight oligomers were originated and
removed in the erosion step faster than in the T2 sample.

4. Conclusions

The biodegradable polymer systems investigated in this work showed rheological properties both
in shear flow and in nonisothermal elongational flow similar to those of a typical polymer used in the
production of pipes for irrigation.

As for the mechanical properties, the high-density polyethylene sample showed higher values
of elastic modules and of tensile strength and elongation at break than did the two biodegradable
samples. However, the values of these mechanical properties were compatible with those required
by this application.

Soil burial tests showed that the Mater-Bi®-based irrigation tubes were more susceptible
to degradation in the soil than the Bio-Flex®-based ones were. The increase of the temperature
in the soil burial tests had a negligible effect on the Mater-Bi®-based tube degradation rate.
For the Bio-Flex®-based samples, the degradation in soil occurred faster at 50 ◦C rather than at 30 ◦C.
Additionally, for all of the samples, soil degradation appeared to be encouraged by UV exposure.
By comparing the changes in the CO groups measured by the ATR-FTIR spectra to the data of the soil
degradation, a larger increase of the CO groups was highlighted for the Bio-Flex®-based samples,
which showed a minor soil degradation kinetic. The combined results of the soil degradation tests and
the ATR-FTIR spectra suggest that the carbon atoms of both materials were oxidized but that the kinetics
of soil degradation were faster in the T1 pipe samples than in the T2 pipe samples, whose formation
and removal of oligomers containing carbonyl groups was slower.
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Abstract: Extensive usage of long-lasting petroleum based plastics for short-lived application such
as packaging has raised concerns regarding their role in environmental pollution. In this research,
we have developed active, healable, and safely dissolvable alginate-pectin based biocomposites that
have potential applications in food packaging. The morphological study revealed the rough surface
of these biocomposite films. Tensile properties indicated that the fabricated samples have mechanical
properties in the range of commercially available packaging films while possessing excellent healing
efficiency. Biocomposite films exhibited higher hydrophobicity properties compared to neat alginate
films. Thermal analysis indicated that crosslinked biocomposite samples possess higher thermal
stability in temperatures below 120 ◦C, while antibacterial analysis against E. coli and S. aureus
revealed the antibacterial properties of the prepared samples against different bacteria. The fabricated
biodegradable multi-functional biocomposite films possess various imperative properties, making
them ideal for utilization as packaging material.

Keywords: pectin; alginate; biocomposites; food packaging; degradable films

1. Introduction

Packaging has rapidly developed in different industries, especially in the food industry, because
many foodstuffs are being supplied in packages in developed countries. During the past decades,
polymers were used for food packaging extensively because they have advantages in comparison to
traditional material (e.g., glass, tin plate) [1]. Plastics have many different compositions which allow
designing appropriate packaging for each product specifically [2]. They are also inexpensive, thermo
sealable, and low weight materials that are able to print and fit in different shapes [2,3].

In the last few decades, the population growth has increased the use of petroleum based
non-biodegradable polymers enormously and this led to an increase in the amount of non-biodegradable
waste materials in our environment [4]. A big portion of this waste plastic will end up in the marine
and land ecosystem where it suffers degradation and fragmentation [5]. Microplastic debris (<5 mm),
such as microcapsules or microbeads proliferate, migrate and accumulate in natural habitats [6,7].
The debris can be dangerous for marine animals in the ocean and also immigrate from the ocean and
deposited on beaches [6].
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In the past few decades, many studies have been done about biodegradable materials for various
applications such as biomedical, packaging, agronomical, and textile industry. This is due to their
excellent advantages over non-degradable materials including biodegradation and biocompatibility.
They are also processable and eco-friendly [8]. Poly glycolic acid, poly lactic acid, and polydioxanone
are the poly(α-hydroxy acid) and most usual synthetic biodegradable polymers [9]. Furthermore, other
types of biopolymer that have attracted researchers include cellulose, chitosan, collagen, pectin, and
alginate [10].

Pectin is a hetero-polysaccharide composed of (1,4)-α-linked galacturonic acid and (1,2)-linked
rhamnose. There are also galactosyl and L-arabinosyl side chains in the pectin structure [11]. It is
found in plants which cause strength and pliability and is common in many fruits and vegetables.
This polysaccharide has several functions. For example, cell signaling, adhesion, proliferation,
and differentiation [12]. Pectin is applicable in foodstuffs production as a stabilizer and gelling
ingredient because of its gel-forming ability. Moreover, its good gelling properties, biocompatibility,
and biodegradability make it an interesting novel biomaterial for biomedical applications (e.g.,
pharmaceutic and cosmetic) [13,14]. Pectins can be low-methoxyl or high-methoxyl based on their
degree of methylation [15]. Properties of pectin such as gelation, solvability, and film formation are
dependent on the degree of methylation [16]. The origin and processing manners determine the degree
of methyl-esterification, and the main source of commercial pectins is apple pomace (low degree of
methylation = 24%) and citrus peels (high degree of methylation = 74%).

Alginate as a natural polysaccharide is isolated from brown algae, and its monomers are
α-L-guluronic acid and (1,4)-linked β-D-mannuronic acid [17]. This natural biopolymer is widely used
for producing films, gels, suspensions, and emulsions [18]. About 30,000 metric tons of alginate is
produced annually, originating from brown algae (genera Laminaria and Macrocystis) [19]. Alginate is
renowned for its biocompatible and biodegradable properties as well as its low price. An important
characteristic of alginate is the ability of functional groups (carboxyl and hydroxyl) of the G blocks to
react with polyvalent cations (e.g., Ca2+, Al3+, and Fe3+) [20]. Among the divalent ions, calcium ions
are commonly reacted with alginate to form a low solubility polymer. In general, G block longitude
characterizes the ability and selectivity of the alginate in forming these interactions, whereas M and
MG blocks are almost without selectivity. M and G blocks associate through ions to form a 3D structure
(“egg-box”) [21,22]. This triggers an anion exchange process in which the water-soluble alginate
exchanges its counter ions with Ca2+. This ionic crosslinking leads to cold-setting and heat-stable films.
Due to the hydrophilicity of alginate films, they are crosslinked for improvement of their resistance in
water, mechanical properties, and coherence [23].

Selecting convenient materials and packaging techniques are necessary for the maintenance of the
product freshness and modality. Therefore, packaging materials which react with the foodstuffs and
preserve them are of interest [2]. Active packaging is described as the packaging with components in the
material or packaging empty space which improves the performance of the package [24]. Antimicrobial
packaging has a great influence on the food packaging industry due to controlling the bacteria growth,
lengthening the shelf-life, and ensuring the health of foodstuffs [25]. In this system, antimicrobial
agents are embedded in the polymeric matrix. Biopolymers can be used for the construction of
a biodegradable antimicrobial packaging. Essential oils [26]), plant extract [27], bacteriocin [28],
enzymes [29], chitosan [30], organic acids [31], metallic nanoparticles [32], and chelating agents [33]
are the antimicrobial agents which have been used in biodegradable polymers.

Various antimicrobial agents have been incorporated in the pectin films to create antimicrobial
active packaging which prolongs the shelf-life and reduces the bacteria growth on the product
surface [34]. For instance, Grau et al. [35] prepared pectin and apple puree based films with
oregano, cinnamon, or lemongrass essential oil incorporated in them. Developed samples possessed
antimicrobial properties for E. coli bacteria, and the oregano edible film had most efficiency against
assayed bacteria. In the other study, Ravishankar et al. [36] incorporated cinnamaldehyde and carvacrol
in apple puree and pectin films at 0.5%, 1.5%, and 3% (w/w) and evaluated their antibacterial activity.
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Results revealed that films including carvacrol have stronger antibacterial activity against E. coli and
S. enterica in comparison to samples containing cinnamaldehyde.

On the ground of wide use of biopolymers and biocomposite in recent technologies, researchers are
interested in developing mechanisms which are capable of healing and repairing the bio-based material
after fracture, in order to restore the mechanical strength of primary material. The accustomed repairing
methods of bio-based materials are quite complicated and can be expensive and time-consuming [37,38].
Hence, a novel healing method which employs a simple, safe, and environmentally friendly approach
is highly desirable in order to bridge the damaged zones in bio-based materials by the formation of
new covalent bonds.

In this study, healable and safely dissolvable alginate–pectin based biocomposites have been
prepared. These films are applicable in the food packaging industry. Physico-chemical properties of all
biocomposites were extensively investigated with mechanical and thermal analysis and wettability
test. The morphological study was used to determine the structural properties. Tensile properties
indicated that the fabricated samples have mechanical properties in the range of commercially available
packaging films while possessing excellent healing efficiency. Biocomposite films exhibited highly
hydrophobic properties, while thermal analysis showed that crosslinked biocomposite films possess
higher thermal stability in temperatures below 120 ◦C. Biocomposite films exhibited antibacterial
activity against various bacteria. Therefore, this study deals with the development of biodegradable
films for foodstuff packaging application.

2. Materials and Methods

2.1. Materials

Pectin from the citrus peel (LM pectin, galacturonic acid, >74.0%) and lactic acid (ACS reagent, ≥85%)
were obtained from Aldrich (Saint Louis, MO, USA). Medium range molecular mass sodium alginate
(Manugel GHB, FMC Biopolymer, Ayrshire, UK, 37%(M)–63%(G)) was used as received. Ascorbic acid
(99%) and calcium chloride dehydrate (99+%) were obtained from ACROS Organics (Geel, Belgium), while
tri-sodium citrate dehydrate (294.10 g/mol, 99+%) was purchased from Merck (Darmstadt, Germany).

2.2. Preparation of Biocomposite Films

Aqueous alginate and pectin solutions containing 1 wt% of each biopolymer with mixing ratio of
1:1 was prepared by dissolving 0.7 g of pectin and 0.7 g of alginate together in 70 mL of deionized
water and stirring for 4 h (500 rpm) using a magnetic stirrer at room temperature. Then, 5 wt% AA
and 5 wt% LA, with reference to the total polymer weight, were added to the solution and stirred for
another 4 h. The resulting solution was poured into a glass petri dish (diameter, 15 cm) and was dried
in the oven for 24 h at 35 ◦C to form a thin film (Figure 1).

 

Figure 1. Schematic diagram explaining preparation of functionalized pectin–alginate films by solution
casting method.
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2.3. Crosslinking and Decrosslinking of Biocomposite Films

Samples were crosslinked in 2 wt% calcium chloride solution and then decrosslinked in 5 wt%
sodium citrate solution. The crosslinking time of 2 min was observed to be sufficient for complete
crosslinking of the biocomposite films. However, the decrosslinking time varied for different
compositions and has been reported.

2.4. Healing of Biocomposite Films

Separated strips of pectin-alginate based biocomposite films were healed and stuck together after
the tensile test. Briefly, strips were decrosslinked in a solution of 5 wt% sodium citrate and then, after
drying, a thin line of water applied on the edge of the films by a syringe. Then, the edge of the films
were pressed together (Figure 2). Samples were crosslinked again in 2 wt% calcium chloride solution
after drying.

 
Figure 2. Healing process of alginate–pectin (Alg–Pec) based samples.

2.5. FE-SEM Observation

Morphological information of biocomposite films were revealed with ultra-high resolution field
emission scanning electron microscope (Model SU8010, Hitachi, Tokyo, Japan). Before imaging,
the samples were coated with a thin layer of platinum (4–7 nm) using a Q150R S rotary-pumped
sputter coating system (Quorum Technologies, Lewes, UK) at 2.5 KV before being observed to prevent
electrostatic charging.

2.6. FT-IR Spectrometry

FT-IR spectra were recorded using a spectrometer (Model IS10, Thermo scientific, Waltham,
MA, USA) to investigate the chemical composition and interactions of the biocomposite films. All
spectra were recorded using a 0.4 cm−1 resolution with 32 scans per sample in the 4000 to 600 cm−1

wavelength region.

2.7. Hydrophilicity Analysis

The Water contact angle of the samples was measured with an optical device (Model 250, rame-hart
instrument, Succasunna, NJ, USA). After fixing the samples on a support surface, the water contact
angle was determined with the sessile drop method for 80 s. At least five measurements were performed
on each sample and the volume of the water droplet was 2 ± 0.2 μL.
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2.8. Thermogravimetric Analysis

The thermogravimetric analysis (TGA) is a thermoanalytical technique that provides a clear
picture of the thermal stability and the interaction of polymer blend components. TGA was performed
using a thermogravimeter (Model Q50, TA Instruments, New Castle, DE, USA). The weighed samples
(6 mg) were heated with a temperature range of 25–700 ◦C at a rate of 10/min under the nitrogen flow
60 cm3 min−1 for the specimen and 40 cm3 min−1 for the balance.

2.9. Tensile Property

Mechanical characterization of alginate, pectin, and their biocomposite samples was carried out by
tensile analyzer (Model 5982, Instron, Norwood, MA, USA) through stress-strain curves. Rectangular
samples (10.00 × 2.00 mm2) were prepared and the tensile test was performed at rate of 2 mm/min.
Tensile stress at the fracture point and elongation at rupture were determined. In addition, the tensile
properties of healed samples were obtained. The tensile measurements were repeated 3 times and
average values with standard deviation are provided. The healing efficiency (η) is defined as the ratio
of the tensile strength of the healed sample (σ healed) to that of pristine ones (σ pristine):

η =
σ healed
σ pristine

(1)

2.10. Antimicrobial Evaluation

Gram-negative Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 10145, and
Gram-positive Staphylococcus aureus ATCC 29213 were employed to test biocomposite films antibacterial
activity by disk diffusion method. All bacteria were cultured in nutrient broth (Merck, Darmstadt,
Germany) overnight at 37 ◦C. After absorption of each culture on the nutrient agar (Merck, Darmstadt,
Germany) for 15 min, prepared discs from biocomposite films (diameter = 6 mm) were placed on the
agar plate. The Diameter of inhibition zone was measured after an overnight incubation at 37 ◦C for
18 h to determine the inhibitory activity of the biocomposite films.

2.11. Calcium Concentration

The measurements of the calcium concentration in the crosslinked samples were performed by
inductive coupled plasma-optical emission spectrophotometer (Model Optima 8000, Perkin Elmer,
Waltham, MA, USA). Composite films (about 10 mg) were dissolved in 20 mL of a 2 wt% sodium
citrate solution and three measurements were carried out on each sample.

3. Results and Discussion

3.1. Dissolvability and Reusability Analysis

Dissolvability and reusability of casted films of pectin, alginate, and their biocomposites were
analyzed by a series of crosslinking and decrosslinking processes (Table 1). Samples were crosslinked
in 2 wt% calcium chloride solution and then decrosslinked in 5 wt% sodium citrate solution. It can
be seen that alginate samples can go through the crosslinking–decrosslinking process multiple times
without deterioration (>5 times), while they can fully dissolve in water after decrosslinking in less
than 20 min. Similarly, alginate–pectin (Alg–Pec) and Alg–Pec–AA–LA samples have the ability to be
crosslinked and then decrosslinked for several times while having the ability to completely dissolve in
water in 10 min. In contrast, pectin samples did not possess the ability to be crosslinked after the first
decrosslinking. Interestingly, these samples were able to be dissolved in the decrosslinking solution,
while this was not the case for other samples and they had to be taken to a beaker containing water to
start dissolving.
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Table 1. Dissolvability and reusability analysis of pectin, alginate, and their biocomposite films.

Sample
Thickness

(mm)
Crosslinking
Time (min)

Decrosslinking
Time (min)

Crosslinking
Repeatability

(times)

Decrosslinking
Repeatability

(times)

Complete Dissolving
after Decrosslinking

(min)

Alginate 0.043 ± 0.008 2 7 >5 >5 15
Pectin 0.038 ± 0.15 2 1 - - 2

Alg–Pec 0.043 ± 0.013 2 6 >5 >5 10
Alg–Pec–AA–LA 0.056 ± 0.01 2 6 >5 >5 9

Potential utilization and safe disposal of the fabricated alginate–pectin based films are illustrated
in Figure 3.

Figure 3. Potential utilization and disposal of Alg–Pec based films.

FE-SEM micrographs of crosslinked alginate, pectin, and their biocomposites are reported in
Figure 4. As shown in Figure 4A, alginate films have a semi-rough surface with obvious patches of
smooth surfaces, while high content of roughness can be observed all over the surface of the pectin films
(Figure 4B). In the case of Alg–Pec biocomposite films (Figure 4C) and Alg–Pec–AA–LA (Figure 4D) it
can be seen that the surface roughness in these samples are similar to the pectin samples. It has been
reported that surface roughness has a direct effect on the hydrophilicity of material [39]. Hence, it is
expected that an Alg–Pec biocomposite film possesses different degrees of hydrophilicity than pristine
alginate film.
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Figure 4. FE-SEM micrographs of (A) crosslinked alginate, (B) pectin, (C) Alg–Pec, and (D) Alg–Pec–AA–LA
biocomposite films.

3.2. FT-IR Spectrometry

The FT-IR spectra of crosslinked films of alginate, pectin, and their biocomposites are reported in
Table 2 and Figure 5. For a pure pectin film, a wide peak between 3600 and 3000 cm−1 is attributed to
the stretching of O–H because of hydrogen bonding interactions in the galacturonic acid [40]. Due to
bending vibrations of CH, CH2, and CH3, a mildly sharp peak between 3000 and 2500 cm−1 is observed.
Strong peaks at 1732 and 1605 cm−1 are assigned to the –CO of the methyl ester group (–COOCH3)
and asymmetric stretching of the carbonyl group of the carboxylate ion (COO−), respectively, and
a weaker peak can be seen at 1435 cm−1 due to the symmetric stretching of the carboxylate ion [40].
Stretching vibrations of C–O–C and C–C of the glucose ring appeared between 1360–800 cm−1 which is
the “finger print” region and is specific for each compound [41,42].

Table 2. FTIR-ATR main vibrational frequencies of pectin–alginate based films.

Band Frequency (cm−1)

Sample –OH COO− (asym) COO− (sym) COOCH3

Pectin 3378 1605 1435 1732
Alginate 3264 1591 1416 -
Alg–Pec 3300 1601 1417 1738

Alg–Pec–AA–LA 3282 1594 1417 1736
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Figure 5. FT-IR spectra of crosslinked (a) alginate, (b) pectin, (c) Alg–Pec, and (d) Alg–Pec–AA–LA films.

In the Alg–Pec samples, the shifting of –OH and asymmetric stretching vibrations of COO− peak
from 3378 to 3300 cm−1 and from 1605 to 1601 cm−1, respectively, is due to the hydrogen bonding
interactions between the polar groups of both polymers and polyglycerol. Actually, the shifting of the
vibrational peaks to the lower wavenumbers is due to the mixing of the miscible Alg–Pec blend which
leads to a balance between the enthalpy and entropy and consequently decreasing the free energy of
the system. This result revealed that hydrogen bonding interaction between polymers in the blend
system is more powerful in comparison to hydrogen bonding in the pure polymers [41,42].

3.3. Hydrophilicity Analysis

The water contact angle of biocomposite samples is shown in Figure 6. It was observed that the
water contact angle values of Alg–Pec films decreased in the presence of alginate which is attributed
to the hydrophilicity of Alg–Pec samples due to the hydrophilic functional groups such as hydroxyl,
carboxylate, and ether in the alginate structure. In addition, as described in the morphology analysis
section, pectin and Alg–Pec films possess higher surface roughness in comparison to alginate films;
hence, they have higher values of contact angle. It has been reported that surface roughness has a
direct effect on the contact angle of surfaces, and an increase in surface roughness will lead to an
increase in hydrophobicity of surfaces [39]. Moreover, the water contact angle decreased during
measurements due to the droplet absorption and extension. Similar results were reported for pectin
based biocomposites [43,44] and other biopolymers [45]. Alginate–pectin samples functionalized by
AA and LA had an insignificant increase in their surface hydrophilicity (50◦) in comparison to pristine
Alg–Pec samples (52◦), indicating that an incorporation of AA and LA did not have an effect on surface
properties of these samples.
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Figure 6. Water contact angle evaluation of alginate–pectin based films over time.

3.4. Tensile Property

Mechanical properties of the alginate, pectin, and their biocomposite films are presented in Table 3.
It can be seen that the alginate film exhibit higher tensile strength in comparison to the pectin and
Alg–Pec films, attributed to the stronger molecular structure and lower thickness. Oakefull et al. [46]
investigated the interaction between alginate and pectin through polyguluronate blocks and methyl
ester region that caused a rigid packed structure.

Table 3. Tensile properties of the alginate, pectin, and their biocomposite films before and after
crosslinking a.

Sample Crosslinking Time (min) Thickness (mm) Tensile (MPa) Elongation (%)

Alginate 0 0.024 ± 0.01 29.1 ± 3.1 8.16 ± 0.9
Alginate 2 0.043 ± 0.008 26.05 ± 4.7 7.3 ± 1.8

Pectin 0 0.035 ± 0.012 18.7 ± 3.2 3.9 ± 0.5
Pectin 2 0.038 ± 0.15 16.8 ± 2.4 3.5 ± 1.2

Alg–Pec 0 0.033 ± 0.014 20.1 ± 1.7 11.8 ± 1.5
Alg–Pec 2 0.043 ± 0.013 23.4 ± 0.9 9.7 ± 2.6

Alg–Pec–AA–LA 0 0.039 ± 0.14 19.3 ± 2.7 10.9 ± 1.3
Alg–Pec–AA–LA 2 0.048 ± 0.01 22.7 ± 1.8 9.1 ± 0.8

a Errors represent standard deviation for three independent measurements.

Tensile strength and elongation at break of alginate and pectin samples were decreased after
crosslinking perhaps due to the fact that a crosslinking reaction occurred in an aqueous solution
containing a crosslinking agent. Therefore, some water stayed in the interchain space in the network.
Indeed, crosslinked dry samples are thicker in comparison to uncrosslinked ones. Russo et al. [47]
reported a study about the crosslinking of alginate–polyglycerol with calcium ion that confirms the
mentioned hypothesis. The crosslinked samples lost their flexibility due to the reduction of chain
mobility resulting from crosslinking reaction. It should be noted that differences are significant
considering the experimental errors. Conversely, a small increase was observed in the tensile value of
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crosslinked Alg–Pec based films compared to the same uncrosslinked film. This could be attributed
to the fact that chain entanglement and connection parts in the blended film reduced the swelling.
Incorporation of AA and LA led to a small decrease in value of tensile strength and elongation of
Alg–Pec films.

3.5. Healing Property

In order to evaluate the heal-ability of these films, rectangular shaped strips of biocomposite
films of Alg–Pec with a size of 10.00 × 2.00 mm2 were pulled by the tensile machine until failure
and then un-crosslinked by being dipped in a 2% sodium citrate solution for 5 min. After drying,
both pieces of the film were patched together by applying a thing line of water, which acted like glue.
A FE-SEM micrograph of these healed films is illustrated in Figure 7. A smooth surface can be seen at
the patched line and intersection of both films, which indicates excellent adhesion between the surfaces
of both films.

Figure 7. FE-SEM micrographs of healed Alg–Pec films. Arrows are pointing at healed regions
and boundaries.

Healing efficiency of alginate and alginate–pectin based films is tabulated in Table 4. It can be
seen that the healing process is considered to be highly effective in providing the strong bonding
between two ruptured strips. This is due to the fact that the line of water applied to the decrosslinked
area of the sample dissolves the surface in contact on both samples and this surface provides new
bonding between samples after drying, which leads to impressive healing efficiency of the sample.
A pristine alginate film with 92.5% healing efficiency pretty much sustains its mechanical strength,
even after a process of crosslink–decrosslink. However, the pristine pectin film lost its rigidity after
the decrosslinking process. Hence, the healing efficiency of this sample was not obtained. Healing
efficiency of alginate–pectin based samples with (87.6%) or without AA and LA (84.1%) revealed high
healing capacity of these samples, indicating the high potential of these samples to be utilized in
packaging applications.
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In order to examine the repeatability of the healing process on alginate–pectin based films, tensile
strength was obtained from samples after every healing. As shown in Table 4, the value of tensile
strength gradually reduces after every healing. For instance, in pristine alginate film, the value of the
tensile strength decreased from 26 MPa to 16.4 after three healings. The noteworthy and interesting
observation was that these samples never break from the healed line, indicating that the healing process
completely bonds the separated pieces of the film after every breakage (Figure 8). Hence, the reduction
in tensile strength of the films was associated with elongation of the polymer chains which reduces
the overall strength of the samples. Even though the mechanical properties of these films reduced
after every healing, the heal-ability of these films could be beneficial for various applications, since it is
favorable for the environment and eliminates the costs associated with the replacement.

 

Figure 8. Repeated healing of alginate and alginate–pectin based biocomposites.
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Polymeric packaging can be damaged by the mechanical, chemical, and thermal stimulus [37].
Each year an overwhelming amount of foodstuff with damaged packaging is described due to
deterioration caused while transportation. Healable polymeric packaging material will effectively
prolong the usability and reusability of the packages, which directly reduces the food wastage
and plastic pollution (Figure 9). Since progress in healable materials is important for developed
societies, several researchers proposed healing mechanisms for packaging applications. For instance,
Andersson et al. [48] investigated specific microcapsules as self-healing agents in paperboard coatings.
The microcapsules were coated on the surface of paperboard and the healing agent was released
while external forces were applied during creasing and folding operations. Results indicated that
plasticization of the coating hindered the crack propagation while releasing the hydrophobic healing
agent from the microcapsules increased the hydrophobicity and consequently coating properties
were preserved.

Safely Healable 
Packaging Material

Toxicity-free 
Healing

Environmentally 
Friendly

Extends        
Shelf-life

Prolong 
Usability and 
Reusability

Figure 9. Features and functions of safely healable packaging materials.

3.6. Thermogravimetric Analysis

Figure 10 represents TGA curves of alginate, pectin, and their biocomposites before and after
crosslinking. The weight of the samples decreased in the range of 25–120 ◦C due to the removal of
moisture, followed by sharp weight loss at ca. 220 ◦C because of the biopolymer degradation. Lower
rate of weight loss can be seen in crosslinked samples from 25 to 120 ◦C, indicating that crosslinking
leads to an increase in thermal stability at temperatures below 120 ◦C and delays the degradation
temperature. The removal of water has caused the weight loss of crosslinked samples. Since the weight
loss below 120 ◦C is associated with the elimination of retained water, the crosslinked outer layer of the
films provides a barrier that reduces the amount of evaporation of these water molecules and therefore
diminishes the rate of mass loss.
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Figure 10. Thermogravimetric analysis (TGA) curves of alginate, pectin, and their biocomposites before
and after crosslinking.

Thermal properties of biocomposite samples are reported in Table 5. Crosslinked films of
Alg–Pec show the lowest value of weight loss at 100 ◦C which is important for packaging applications.
This indicates the stability of these samples and they can be used in the packaging of hot food and
beverages. In addition, the value of weight loss at 100 ◦C reduced for both alginate and Alg–Pec
samples after crosslinking, while the value of temperature at 5% weight loss increased. This indicates
the notable effect crosslinking on improving the thermal stability of these samples in temperatures
below 100 ◦C. In contrast, crosslinking did not lead to an improvement of thermal properties of
pectin samples.

Table 5. Thermal stability parameters of alginate, pectin, and their biocomposite films before and
after crosslinking.

Sample
Temperature at 5%
Weight Loss (◦C)

Weight loss at
100 ◦C (%)

Residual Matter at
700 ◦C (%)

Temperature at
Maximum Weight

Loss Rate (◦C)

Alginate 41.05 18.96 22.95 249, 587
Pectin 42.51 14.72 5.33 228, 498

Alg–Pec 49.10 12.98 29.10 229, 690
Crosslinked Alginate 51.18 15.13 12.07 203, 553

Crosslinked Pectin 40.97 20.17 10.67 232, 537
Crosslinked Alg–Pec 78.11 7.48 13.21 240, 527

Interestingly, studying the percentage of residual matter at 700 ◦C revealed that crosslinked
samples of alginate and Alg–Pec had lower values of residue char in comparison to their pristine
samples, while the opposite was true for pectin samples. This indicates that the existence of Ca
ions between the bonds of alginate leads to further degradation and reduces the thermal stability
at high temperatures in comparison to the pristine alginate sample. However, it was observed that
temperature values at maximum weight loss rate of crosslinked samples of pectin and Alg–Pec were
lower in comparison to their pristine samples, indicating that crosslinking improved the thermal
stability of samples containing pectin at high temperatures. It must be mentioned that the TGA result
of Alg–Pec–AA–LA samples was not included in the discussion since no major variation in the result
was observed in this sample in comparison to the pristine Alg–Pec sample.
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3.7. Antimicrobial Evaluation

Different bacteria were employed to test the antimicrobial activities of the alginate–pectin
biocomposite films containing AA and LA by disk diffusion method. As shown in Table 6, biocomposite
films were more effective against E. coli and S. aureus, while no antibacterial activity was observed in
the pristine Alg–Pec sample or Alg–Pec samples containing either AA or LA. It has been reported that
AA has effective antibacterial activity when it is used in combination with LA. In a study conducted
by Tajkarimi et al. [49], it was reported that the incorporation of 0.4% AA and 0.2% LA inhibited the
growth of E. coli O157:H7 in carrot juice, indicating their potential to be utilized as preservative. AA
absorbs the oxygen and prevents reaching of oxygen to E. coli O157:H7, while the synergistic effect of
AA and LA can be same as the synergetic effect of air, oxidizing agents, transition metal ions against
enteroviruses [49].

Table 6. Antimicrobial activity of functional biocomposite films.

Bacteria Diameter of Zone of Inhibition (mm)

E. coli 9.0 ± 1.5
P. aeruginosa 6.0 ± 2.0

S. aureus 8.0 ± 1.0

Varying antimicrobial effects of the biocomposite films were attributed to the different types of test
bacterial pathogens used for antimicrobial evaluation, particularly in terms of the pathogen microbial
structures. P. aeruginosa is known to be a heavy producer of extracellular matrices. Such matrixes blocks
and resists the movement of the antimicrobial component of the film towards the cells themselves [50].
Conversely, as S. aureus is the only gram-positive bacteria tested, it has a peptidoglycan cell wall that
enables it to avoid lysis upon damage of its sensitive membrane [51]. Being gram-negative, E. coli
and P. aeruginosa both posess outer membranes that coat their cells and enable them to further repel
antibacterial components away from the cells. These findings point towards the antibacterial potential
of the biocomposites rather than of its mode of action.

Non-polar components of the film, however, may also be antibacterial and hence only be visually
active upon direct cell contact with the film itself. This is because the disk diffusion assay employed
here depends largely on the polarity, size, and chemical structure of the tested compounds as the
agar medium comprises largely of water. S. aureus and E. coli are both inhibited (zones) by the film
away from the edges of the disk due to diffusion of antibacterial compounds of which at varying
concentrations, have a stronger effect against E. coli than S. aureus at a lower concentration (further
away from the disk). However, P. aeruginosa is resistant against the film.

3.8. Calcium Concentration

The calcium content of alginate, pectin, and their biocomposite films is shown in Table 7. Alginate
samples have more calcium content followed by composite and pectin samples. It should be noted that
differences are far above the statistical error (1%). These results are consistent with previous results
about the swelling and mechanical properties of the samples and augment the hypothesis that alginate
film was crosslinked more effectively in comparison to pectin sample. Same results were observed in
studies conducted by Sriamornsak et al. [52] and Da Silva et al. [53] in which alginate films had more
calcium in comparison to pectin films.
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Table 7. Calcium content of pectin, alginate, and their biocomposite films.

Sample Calcium Content (mg/g sample)

Alg 32.18
Pec 22.7

Alg–Pec 27.8
Alg–Pec–AA–LA 30.78

4. Conclusions

In this study, we have prepared active, healable, and safely dissolvable alginate–pectin based
biocomposites which have potential to be used in the food packaging industry. The morphological
study revealed the rough surface of these biocomposite films, while antibacterial analysis indicated
effective activity of functionalized films against various bacteria. Mechanical properties indicated
that the fabricated biocomposite films have mechanical properties in the range of commercially
available packaging films while possessing excellent healing efficiency. On the grounds of extensive
use of biopolymers and biocomposites in various applications, the ability to recover the mechanical
and physical properties of pristine materials after damage is an attractive feature. The fabricated
multifunctional biocomposites with simple, low-cost, and environmentally friendly heal-ability
properties proposed in this study have tremendous potential to be utilized in various applications
such as packaging material.
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Abstract: Here we present new 3D printable materials based on the introduction of different
commercially available ionic liquids (ILs) in the starting formulations. We evaluate the influence of
these additives on the printability of such formulations through light-induced 3D printing (digital
light processing—DLP), investigating as well the effect of ionic liquids with polymerizable groups.
The physical chemical properties of such materials are compared, focusing on the permeability
towards CO2 of the different ILs present in the formulations. At last, we show the possibility of 3D
printing high complexity structures, which could be the base of new high complexity filters for a
more efficient CO2 capture.

Keywords: ionic liquids; 3D printing; digital light processing; CO2 capture

1. Introduction

Public and political opinion is currently always more interested in global warming phenomenon.
Data collected through the last 150 years demonstrate that the greenhouse effect is the main reason of
the global temperature increase and carbon dioxide is one of the main gases involved in this effect.
The emission of a huge quantity of this gas (nearly 40 Gtonn/year in 2018 only from fossil fuels) [1]
is causing an abrupt increase of its concentration from 300 ppm in the 50s to more than 400 ppm
currently [2,3]. So, the capture of the gases present in the atmosphere is an urgent demand in order to
decrease the greenhouse gases emissions, in particular for carbon dioxide. In this context, different
technologies are available for CO2 capture (CC), such as pre-combustion, post-combustion and oxyfuel
capture [4–8]. These technologies can employ liquids, both in pre-combustion and post-combustion
processes [9,10], but also solid materials in form of beads and powders packed in columns, used as
gas contactors [11]. Such materials can undergo two main capture processes: physical adsorption
and chemical absorption. In the physical adsorption process, the capture is mainly due to Van der
Waals forces generated by the chemical potential and the affinity between the CO2 molecules and the
surface of the sorbents. The weak bond created guarantees a minimum amount of energy to be used
in the regeneration phase. The most used solid CO2 adsorbents are zeolites, activated carbons and
metal organic framework (MOF) [12–15]. The chemical absorption process is more employed in post
combustion processes, and involves the creation of strong irreversible chemical bonds that bring to
the creation of new chemical species. The main problem related to this process is the high amount of
energy required to break the chemical bonds to regenerate the CO2 absorbed molecules. Among the
most used chemical absorbents, there are the amine and lithium based materials [16–19].
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In the last years, ionic liquids (ILs) have gained a lot of attention in the application of CC
technologies [5,20–22]. They are salts with low melting point, usually under 100 ◦C and below
room temperature for RTILs (room temperature ionic liquids); they possess very low vapor pressure
with a consequent almost zero volatility. Furthermore, their cations and anions can be tuned and
engineered in such a way that their CO2 solubility can be increased. ILs have been largely used in
adsorbing liquid blends, like aqueous alkanolamines. The main differences of these systems consist
in a decreased degradation in oxidizing environments, minor corrosion rate and lower regeneration
energy [23]; nevertheless, the ILs present problems caused by their high viscosity and lower CO2

solubility compared with standard capturing liquid systems [24,25]. Supported liquid membranes
(SLM), solid membranes containing ILs, have been also proposed [26–29]. Among those, some are
formed of ionic liquids that were functionalized with reactive groups and used to create polymeric
chains, the so-called poly ionic liquids (PILs) [30–33]. In 2007 Noble et al. proposed for the first
time the use of PILs based membranes for CO2 capture, obtaining better results than the ones of the
relative neat ILs [34]. Merging the intriguing CO2 solubility ability of ILs with the handiness of solid
materials results extremely attractive for the development of CO2 capturing devices [35]; furthermore,
the possibility to shape the material with complex geometries could enable the production of smart
filters. In this perspective 3D printing can be a forwarding solution [36].

3D printing is a fabrication method that enables the direct fabrication of three dimensional objects
starting from a digital model [37]. Compared to traditional methods, 3D printing enables a higher level
of complexity, gathered with saving of raw materials and lower energy consumption [38]. ILs were
already used in 3D printing both for direct Ink Writing (DIW) [39–41], Fused Filament Fabrication (FFF)
technology [42] and in photopolymerization-based technologies (i.e., stereolithography—SL—and
digital light processing—DLP) [43]. The union between ILs and 3D printing was explored in many
applications, such as sensors [39,44], optical data storage systems [45], chemical [46] and biomedical
devices [47].

Among the different 3D printing technologies, DLP results particularly interesting for the
production of functional components, in which materials and design properties are gathered. DLP is
a vat polymerization 3D printing method that employs photosensitive liquid resins able to be cure
upon light irradiation. In a DLP equipment, a digital micromirror device (DMD) shines the light on a
photocurable formulation following a two-dimensional pixel pattern, which represents a single layer of
a digital model (CAD file), inducing the layer solidification. Repeating the same procedure along the z
axis, the object is built [48]. If compared to the other 3D printing technologies, DLP presents one of the
highest resolution together with high output [49]. The polymeric materials typically employed in DLP
are acrylic- and methacrylic- resins, which are cured by means of free-radical photopolymerization [50].
Considering the wide range of suitable resins, objects produced by DLP can now cover a wide range of
applications, from biomedical to mechanical, electronic, energy and many more [51].

In this paper, we present the development of polymeric formulations printable with the DLP
technique containing commercial available ILs. Those ILs are particularly suitable for DLP technology
due to their intrinsic characteristic: first, in DLP liquid photocurable formulations are processed, so
perfectly compatible with RTILs; second, cross-linked polymers are produced by this technology,
trapping ILs and possibly avoiding phase separation or leakage; third, DLP allows a higher shape
freedom and superior precision, which can be straightforward in order to produce complex devices
containing ILs [52]. Here, we selected six commercially available ILs (Bmim[BF4], Bmim[Tf2N],
Bvim[Tf2N], Amim[Tf2N], Bmim[ac] and C4NMA,11[Tf2N], Table 1) and we fabricated 3D printed
structures based on these compounds, both trapped and co-polymerized in the polymeric network.
First, a polymerization study showing the photo-rheological and infrared spectroscopy kinetics is
presented to assess the reactivity of the formulations containing different ILs. Second, the formulations
are loaded in the DLP system and 3D printed structures. The thermo-mechanical properties of the
printed structures were then investigated. Afterwards, CO2 permeability on photo-polymerized
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membranes is done to study their gas transport properties. At last, very complex geometries (gyroids)
are 3D printed.

2. Materials and Methods

2.1. Materials

Poly(ethyleneglycol)diacrylate (PEGDA, Mn. 575), (Bis(2,4,6-trimethylbenzoyl)-phenylph
osphineoxide (BAPO) and Reactive Orange 16 were purchased from Merck (Milan, Italy) and used as
received. Regarding the ionic liquids employed, 1-Butyl-3-Methylimidazolium tetrafluoroborate,
1-Butyl-3-Methylimidazolium bis (trifluorometilsulfonyl)imide, 1-Allyl-3-Methylimidazolium bis
(trifluoromethylsulfonyl)imide and 1-Butyl-3-Methylimidazolium acetate were purchased from
Merck (Milan, Italy); N,N,N,N-ButyldimethylMethacryloyloxyethylammonium bis(trifluoromethyl
sulfonyl)imide and 1,4-Butandiyl-3,3′-bis-1-vinylimidazoliumbis (trifluoromethylsulfonyl)imide were
purchased from Solvionic (Toulouse, France). The ionic liquids used are summarized in Table 1.

Table 1. Ionic liquids tested in this study.

Butyl-3-Methylimidazolium tetrafluoroborate
Bmim[BF4]

N,N,N,N-ButyldimethylMethacryloyloxyethyl ammonium
bis(trifluoromethylsulfonyl)imideC4NMA,11[Tf2N]

1-Butyl-3-Methylimidazolium bis
(trifluorometilsulfonyl)imide Bmim[Tf2N]

 

1-Allyl-3-Methylimidazolium bis
(trifluoromethylsulfonyl)imide Amim[Tf2N]

 

1-Butyl-3-Methylimidazolium acetate
Bmim[ac]

 

1,4-Butandiyl-3,3′-bis-1-vinylimidazoliumbis
(trifluoromethylsulfonyl)imide Bvim[Tf2N]

2.2. Formulation Preparation and Printing

A reference formulation (named PEGDA) was obtained by mixing Poly(ethyleneglycol)diacrylate
with Reactive Orange 16 at 0.2 phr (per hundred resin), as a dye, and BAPO at 2 phr as a photoinitiator.

The formulations containing the different ILs were produced by adding 0.4 mmol/g of each
IL to the reference formulation. These were named as P_Bmim[BF4], P_Bmim[Tf2N], P_Bmim[ac],
P_C4NMA,11[Tf2N], P_Amim[Tf2N] and P_Bvim[Tf2N] accordingly to the IL used. The influence of the
IL concentration was tested for Bmim[BF4] and for C4NMA,11[Tf2N], in this case multiples of 0.4 mmol/g
were added to the reference formulation. The samples were named as P_(ILname)_X, where X is the
multiple of 0.4 used.
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The different formulations were then printed using a DLP printer HD 2.0 (Robot Factory S.r.l.,
Venice, Itay), equipped with a projector as light source (X–Y resolution 50 μm corresponding to 1920
pixels × 1080 pixels, intensity 10 mW/cm2). The layer thickness was set to 50 μm and the layer exposure
time was set for each sample according to preliminary tests (values reported in Table 2). The obtained
samples were first washed, gently rinsing in ethanol, and then underwent a post curing process (5 min),
performed with a medium pressure mercury lamp also provided by Robotfactory equipped with a
rotating platform (intensity 10 mW/cm2).

2.3. Characterization

FTIR-ATR spectra were collected using a Tensor 27 FTIR Spectrometer (Bruker, Billerica, MA,
USA) equipped with ATR tool, 32 scans were collected with a resolution of 4 cm−1 from 4000 to
400 cm−1. Real-time photo-rheology measurements were performed using an Anton Paar rheometer
Physica MCR 302 (Graz, Austria) in parallel plate mode equipped with a bottom glass plate. For the
measurement a light source Hamamatsu Photonic LC8 lamp (Hamamatsu City, Japan) with visible
bulb and a cut-off filter below 400 nm equipped with 8 mm light guide) was placed below the glass
plate. The upper aluminum plate was placed at 0.1 mm from the glass one and the sample was kept at
a constant temperature (25 ◦C) and under constant shear frequency of 5 rad s−1 at 1% of amplitude
accordingly to preliminary amplitude sweep tests; light was turned on after 1 min in order to stabilize
the system. Dynamic mechanical thermal analyses (DMTAs) were performed with a Triton Technology
TTDMA (Mansfield, MA, USA). All of the experiments were conducted with a temperature ramp of
3 ◦C/min, applying a force with a frequency of 1 Hz and a displacement of 20 μm with a temperature
range between −80 and 30 ◦C. TGA analysis were carried out with a Themo Netzsch TG 209 F1
Libra (Selb, Germany) instrument with a temperature ramp of 10 ◦C/min in air. For the permeability
measurements, a single chamber Extrasolution Multiperm permeometer was used (Extrasolution,
Pieve Fosciana, Italy). For the CO2 uptake measurements, FT-IR was used to check the interaction
between the samples and the gas. The apparatus for CO2 atmosphere is composed by a pressurizing
test chamber connected with a CO2 cylinder and a vacuum pump used to clean the chamber and
regenerate the samples. A thin layer of the printable formulations (25 μm) was deposited on the silicon
wafer and photocured in nitrogen atmosphere. The samples were then degassed in vacuum (5 mbar)
for 24 h to desorb the gases adsorbed. The CO2 uptake phase was carried out by inserting the samples
in the CO2 unit for 4 h at a pressure of 4 bar. Afterwards, the samples were again subjected to a vacuum
cycle (24 h at 5 mbar) and a further heating (80 ◦C). After every step, the samples were tested by FT-IR
in order to check the CO2 peaks in the 2400–2200 cm−1 range.

3. Results and Discussion

In order to determine the printability of the different formulations, investigations on the
polymerization of the prepared mixtures containing the different ionic liquids were performed. The
photo-rheological measurements show how the liquid formulations behave during light irradiation; in
particular, the variation of the elastic modulus G′ vs. the irradiation time was investigated. The tests,
reported in Figure 1, showed that three of the chosen ILs (i.e., Bmim[BF4], Bmim[Tf2N] and Bvim[Tf2N])
do not influence the kinetic of polymerization of the monomer, indicating that neither the imidazole
cation nor the corresponding anions inhibit the polymerization process. Instead, C4NMA,11[Tf2N]
showed slightly slower kinetics, which led to a delayed plateau value of G′, probably due to the
ammonium-based cation, which could induce radical quenching [53]. Moreover, the IL Amim[Tf2N],
which bears an allyl group, slows the polymerization: this could be expected considering the poor
reactivity of allyl monomers [54,55]. At last, it was not possible to measure the polymerization of
P_Bmim[ac]: in this case no variation of the G’ modulus was observed, indicating that the acetate-based
IL completely hinders the reaction. The data obtained gave an indication of the required layer exposure
time during printing that was then experimentally adjusted (Table 2).
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Figure 1. Photorheology tests of PEGDA/ionic liquid (IL) formulations containing different ILs and
neat PEGDA as reference. Light irradiation starts after 12 s.

After this preliminary study, 3D printing tests were performed to create both planar films and
three-dimensional filter-like structures with cubical structures (Figure 2). The cubical hollow structure
was chosen both to prove the possibility to manufacture complex features with high resolution and to
create a structure with a high surface area to improve the gas contact with the material during the CO2

uptake analysis.

 

Figure 2. 3D printed complex structure (hollow cube).

The key parameters to control in the printing process are the layer thickness and the layer
exposure time. In fact, to adjust both parameters is essential to obtain the best printing performance,
resulting in increased-X, Y and Z resolution. The exposure times (Table 2) were empirically obtained
during the production of membranes and 3D printed parts, considering a good trade-off between
ease of handling and precision of printing (i.e., no over-polymerization); those values are in good
agreement with the trends obtained from photorheology tests, showing that all the samples containing
IL required layer exposure times similar to neat PEGDA monomer. The only exception was the sample
P_Amim[Tf2N], which needed longer exposure times for the polymerization in the form of membrane,
and it demonstrated unsuitability to obtain more complex shapes. Sample Bmim[ac] could not be
polymerized thus it was not further considered for the next experiments.
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Table 2. Layer exposure times needed for the samples.

Sample
Layer Exposure Time (s)

Membrane Cubic Filter-Like

PEGDA 1 2
P_Bmim[BF4] 1 1.7

P_Bmim[Tf2N] 1 2
P_C4NMA,11[Tf2N] 1 1.8

P_Amim[Tf2N] 2 Not obtained
P_Bvim[Tf2N] 1 1.7

FTIR-ATR analyses of the 3D printed ionic liquids blended with PEGDA were carried out in
order to further investigate the interaction of the different ILs with PEGDA matrix, in particular to
observe weather if the ILs containing double bonds (C4NMA,11[Tf2N], Bvim[Tf2N] and Amim[Tf2N])
co-polymerize. First, the FTIR-ATR spectra of all neat ionic liquids and PEGDA as reference were
collected (Figure S1 in Supplementary Materials), then the polymerized samples of each formulation
were analyzed before and after being washed in acetone for 24 h (Figure S2 in Supplementary Materials).
The spectra confirmed that C4NMA,11[Tf2N] and Bvim[Tf2N] copolymerized with PEGDA acrylic bonds,
proving that these ionic liquids remained linked to the polymer chains during the polymerization
reaction, being a part of polymeric network. So, the structures with these ILs could be used even
in liquid environment without leakage of the components. Instead, in the spectra of the samples
containing the remaining ILs (Bmim[BF4], Bmim[Tf2N] and Amim[Tf2N]), we observed that the peaks
related to the ionic liquids disappeared after solvent rinsing, demonstrating that they were only trapped
in the polymer matrix and no reaction occurred during polymerization. This confirms also that the
allyl group in Amim[Tf2N] was not reactive enough to react with photoactivated process. Moreover,
the weight of the samples was measured before and after the solvent washing. Table 3 reports the
values of the concentration of the ionic liquids in the samples and the loss in weight after solvent
washing. The results confirmed the considerations reported for FT-IR measurements.

The evaluation of the effect of the presence of the ILs on the thermo-mechanical properties
of the 3D printed structures was carried out by DSC and DMTA. The data are reported in Table 4
while the curves are reported in Figures S3 and S4 (in Supplementary Materials) in the supporting
information file. Starting from neat PEGDA as reference materials, it was possible to distinguish
two distinct behavior: while the ILs that do not react with PEGDA (Bmim[BF4], Bmim[Tf2N] and
Amim[Tf2N]) induced a decrease of the Tg, for the sample in samples in which copolymerization
occurred, an increase of Tg was evidenced. This could be explained considering that not polymerizable
ILs remained as liquid in the formulation, swelling the matrix and acting as plasticizers. On the other
hand, when the ILs entered in the polymeric network, the chain mobility decreased, leading to an
increase of Tg. The results followed a similar trend both on DSC and DMA, confirming the assumptions.
For DMTA, unfortunately, it was not possible to perform measurements on P_Amim[Tf2N] sample
due to brittleness and poor mechanical properties of this membrane.

According to literature [56], DMTA measurements were used also to calculate the cross-linking
density according to the Equation

E′ = υ·R·T (1)

where E′ (MPa) is the conservative modulus in the rubbery plateau, υ (mol/cm3) is the cross-linking
density, R (cm3 MPa/mol K) the gas constant and T the temperature in K at which the measure is
performed (in our case, 293 K for all the samples). The values (reported in Table 3) confirmed that
the ILs without reactive groups drastically reduced the cross-linking density, acting as swelling agent
in the polymeric matrix. A different behavior was measured for the IL with a single cross-linkable
moiety (C4NMA,11[Tf2N]): even in this case the cross-linking density decreased as expected, since a
monofunctional monomer was introduced in the network. On the other hand, the Tg slightly increased,
related to the fact that the IL was not anymore liquid but integrated in the network. This was measured
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even in the presence of Bvim[Tf2N]. Moreover, the sample P_Bvim[Tf2N] showed also an increase
of cross-linking density, related to the fact that this IL is bifunctional, thus introducing additional
cross-linking points.

Table 3. Ionic liquid content in the samples in relation to the weight variation after solvent treatment.

Sample
Ionic Liquid

Concentration (wt %)
Weight

Variation (wt %)
Tg (DSC;
◦C)

Tg (DMTA;
◦C)

υ

(mmol/cm3)

PEGDA 0 0 −19.9 −17 10.8
P_Bmim[BF4] 9 8.5 −22.6 −21.3 1.3

P_Bmim[Tf2N] 15.1 13.9 −22.5 −21.6 1.4
P_C4NMA,11[Tf2N] 17.5 0 −15.1 −12.8 1.6

P_Amim[Tf2N] 14.7 14.2 −44.8 Not
calculated -

P_Bvim[Tf2N] 14.7 0 −11.2 −10 12.2

Table 4. Calculated diffusivity (D), solubility (S) and permeability (P) values for 3D printed membranes
containing different ionic liquids.

Sample D ( cm2

s ) S P ( cm2

s×bar )

PEGDA 6.73 4.71 3.17
P_Bmim[BF4] 11.33 2.99 3.39

P_Bmim[Tf2N] 8.65 5.26 4.55
P_C4NMA,11[Tf2N] 4.46 4.22 1.88

P_Amim[Tf2N] 9.53 14.47 13.79
P_Bvim[Tf2N] 8.45 3.20 2.70

The first approach on the study of the interaction between CO2 and the polymerized structures
containing dispersed and linked ionic liquid species was to carry out gas barrier measurements on the
membranes. These experiments are fundamental for the evaluation of the gas transport properties such
as permeability, diffusivity and solubility. Furthermore, they are a first step towards the understanding
of the usage of these materials as supported liquid membranes (SLM) for CO2 separation. The
membranes were tested with the same IL concentrations (0.4 mmol/g) in order to evaluate the real effect
of each IL. The values of diffusivity, solubility and permeability, calculated from the CO2 transmission
rate curves of the membranes as described in a precedent work [57], are shown in Table 4. With the
addition of ionic liquids in the formulations, the diffusivity increases in all cases, with the exception of
C4NMA,11[Tf2N]. The best result is the one with Bmim[BF4] that presents a diffusivity value almost
double with respect the neat PEGDA. For what regards solubility, the only sample with a significant
variation from neat PEGDA is Amim[Tf2N] that unfortunately has got issues in the 3D printing process.
The characteristic that allows to evaluate the effectiveness of a SLM system is the permeability and,
among the analyzed samples, the most promising are the Bmim[BF4] and Bmim[Tf2N].

Afterwards, further permeability tests were conducted by increasing the amount of Bmim[BF4]
and C4NMA,11[Tf2N] in the printable formulations. The change in the amount of the two ILs did
not affect the printability of the resins and the same irradiation times were used for producing the
membranes to be tested. Those two ILs were selected among the others because they seemed to give the
best (Bmim[BF4]) and the worst C4NMA,11[Tf2N] performance when introduced in PEGDA. In Figure
S5 (in Supplementary Materials) of the supporting information the values of diffusivity, solubility
and permeability are displayed with the increase of the ILS concentration. Unfortunately, it is not
present a clear trend between the amount of the ILs and the gas permeation properties. Surprisingly,
increasing the amount of C4NMA,11[Tf2N] a great increase of both solubility and diffusivity was
measured, indicating that an optimization work could be performed individuating the most effective
amount of IL. This is part of ongoing studies.
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The interaction between polymers containing ILs and carbon dioxide was monitored also by
FTIR. As an example, in Figure 3, the absorption spectra of P_Bmim[BF4] in the range between 2300
and 2400 cm−1 after different steps was reported. While after the production step the two typical
peaks of this gas, related to the IR active ν3 vibrating mode centered at 2330 and 2360 cm−1 [58,59],
were not present in the sample, as expected, they appeared after the treatment in CO2 atmosphere.
The following treatment in vacuum produced a reduction of the absorbance in the range, indicating
desorbing of CO2. However, CO2 was still present in the film due to the interaction with the embedded
IL. A following thermal step led to a further but incomplete desorption of CO2, indicating that IL-gas
interaction is strong and could be used for gas trapping.

Figure 3. FT-IR of P_Bmim[BF4] in the CO2 absorption area after different absorption/desorption steps.

At last, taking advantage of the high printability of the developed formulations, we printed
components of very complex geometry like gyroids. In Figure 4 we reported gyroids of different sizes
printed with P_Bmim[BF4] formulation, but the same structures were obtained with the all the other
tested ILs except P_Amim[Tf2N]. This highly complex geometry applied to 3D printing offers improved
mechanical properties compared to other structures [60] and a high surface to volume ratio [61] that can
be exploited to create active filter for CO2 capture with improved gas/surface interaction. In particular,
these shapes present interconnected continuous channels that allow the passage of the gas without a
pressure drop but, at the same time, higher interaction with the structure for enabling gas adsorption.
Those complex shape components are at the moment under investigation as well and will be presented
in future works. In fact, different parameters should be taken into account in order to have an optimized
device including material properties, channel dimensions, tortuosity and available surface. In this
context 3D printing could be fully exploited integrating CAD design with formulation development.
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Figure 4. Gyroid-like structures printed with P_Bmim[BF4].

4. Conclusions

In this work, we tested different commercially available ionic liquids in order to develop 3D
printable formulations processable with DLP technology, with potential application in CO2 capture
technology. Six ionic liquids were tested (Bmim[BF4], Bmim[Tf2N], Bvim[Tf2N], Amim[Tf2N],
Bmim[ac] and C4NMA,11[Tf2N]) mixed with a bi-functional acrylate monomer (PEGDA). The
photo-rheological analyses carried out brought us to exclude Bmim[ac] since the acetate anion
inhibits the photopolymerization. Regarding the other ILs, we evidenced that imidazole based
cations as well as tetrafluoroborate and bis (trifluorometilsulfonyl)imide anions did not affect the
photopolymerization, while the other cations (containing ammonium salt and allyl group) slowed
down the process. Afterwards, a 3D printing test was conducted on the formulations to build simple
(membranes) and complex (hollow cubic) structures and to find the optimal printing parameters.
All the ILs samples allowed the fabrication of complex 3D structures, with the exception of the
samples containing Amim[Tf2N]. Moreover we demonstrated that the ILs bearing a reactive group
(C4NMA,11[Tf2N] and Bvim[Tf2N]) participated to the polymerization reaction entering in the polymeric
network, while it was possible to remove the other ILs by solvent extraction. This resulted even
in thermomechanical properties, with a plasticizing effect of the dispersed ILs. The samples were
then tested for the CO2 capture capacity by means of FTIR. The spectra showed the characteristic
peaks related to the vibrating modes of the CO2 molecule, demonstrating the physical adsorption
of the gas in the samples. Moreover an absorption/desorption experiment was conducted to check
the regeneration of the samples. Regarding the possible application of these materials as supported
liquid membranes (SLM) for CO2 separation, gas transport analyses were carried out to determine
the transport properties of the membranes, unfortunately resulting in not univocal trends. As a final
experiment, we 3D printed part with high complexity as gyroids in order to demonstrate the possibility
to produce complex geometries that could be employed as active filters for CO2 capture. The present
work successfully demonstrated the possibility to employ 3D printing for CO2 capture technologies,
opening the way to new investigations in which CAD design and materials properties could lead to
more efficient devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/12/1932/s1,
Figure S1: FTIR-ATR spectra of neat ILs and neat PEGDA; Figure S2: FTIR-ATR spectra of polymerized
formulations before (red) and after (blue) solvent washing; Figure S3: DSC analysis of the studied formulations;
Figure S4: DMTA analysis on the polymerized samples; Figure S5: Diffusivity, solubility and permeability values
of membranes containing increasing concentrations Bmim[BF4] (red) e C4NMA, 11[Tf2N] (green). The black line
indicates the value calculated for neat PEGDA.
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Abstract: Polyfurfuryl alcohol (PFA) is one of the most intriguing polymers because, despite its easy
polymerization in acid environment, its molecular structure is definitely not obvious. Many studies
have been performed in recent decades, and every time, surprising aspects came out. With the present
study, we aim to take advantage of all of the findings of previous investigations and exploit them for
the interpretation of the completely cured PFA spectra registered with three of the most powerful
techniques for the characterization of solid, insoluble polymers: Solid-State 13C-NMR, Attenuated
Total Reflectance (ATR), Fourier Transform Infrared (FTIR) spectroscopy, and UV-resonant Raman
spectroscopy at different excitation wavelengths, using both an UV laser source and UV synchrotron
radiation. In addition, the foreseen structures were modeled and the corresponding 13C-NMR
and FTIR spectra were simulated with first-principles and semi-empiric methods to evaluate their
matching with experimental ones. Thanks to this multi-technique approach, based on complementary
analytical tools and computational support, it was possible to conclude that, in addition to the
major linear unconjugated polymerization, the PFA structure consists of Diels-Alder rearrangements
occurring after the opening of some furanic units, while the terminal moieties of the chain involves
γ-lactone arrangements. The occurrence of head-head methylene ether bridges and free hydroxyl
groups (from unreacted furfuryl alcohol, FA, or terminal chains) could be excluded, while the
conjugated systems could be considered rather limited.

Keywords: furanic polymer; spectroscopy; solid-state 13C-NMR; FTIR; Raman; linear structure; ring
opening; γ-lactone; Diels-Alder

1. Introduction

The polymerization of furfuryl alcohol (FA) in acid environment to polyfurfuryl alcohol (PFA)
is a subject that has attracted the interest of many scientists between the 1950s and today. This dark
thermosetting polymer has been investigated in consideration of various synthetic and analytic
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perspectives, and new information about its structure has always jumped out. In Table 1, some of the
most important studies on PFA are summarized by presenting the molecular arrangements proposed
by the authors.

Table 1. Possible structural arrangements of PFA, their chemical formula and the related scientific
papers that first proposed them. Repetitive PFA core moieties are drawn in black, while furanic rings
in grey represent the terminal units.

Structure Arrangement Chemical Formula Reference(s)

1 Linear Dunlop & Peters—1953 [1]

2 Ring opening Conley & Metil—1963 [2]

3 α,β-unsaturated
γ-lactons Wewerka—1971 [3]

4 Methylene
bridge Chuang et al.—1984 [4]

5 Conjugated Buchwalter—1985 [5]

6 Diels-Alder Choura et al.—1996 [6]
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Table 1. Cont.

Structure Arrangement Chemical Formula Reference(s)

7 Ring-Opening +
Diels-Alder Present paper

The first investigation of this intriguing polymer was published by Dunlop and Peters in 1953 [1],
presenting the linear furanic polymerization through methylene (1) and di-methylene ether bridges.
This model explained the linear structures and attributed the crosslinking to other methylene bridges
obtained from the formaldehyde (coming from the head-head condensation of two molecules of FA).
During the early 1960s, Conley and Metil [2] performed their studies by means of FTIR spectroscopy,
where they identified the ring opening due to the formation of γ-diketones (2). A decade later,
Wewerka [3] proposed a polymerization pathway for the termination of the chains through formation
of a γ-lactone (3), which occurred for its alumina-catalyzed PFAs. Specifically, in the aforementioned
study, a large amount of low polymerized units were produced and an increased amount of γ-lactone
was observed. In 1984 Chuang et al. [4] first published 13C-NMR results on PFA, stating that the
presence of dimethylene ether bridges was very limited, as well as the substitution of C3 and C4 of
the furanic ring. The Chuang group observed a peak above 200 ppm, assigned to the presence of
γ-diketones due to ring opening and confirming the observation of Conley and Metil [2], and also a
small signal at 177 ppm that they attributed to levulinic acid. This study supported crosslinking through
formaldehyde-derived methylene bridges (4) first proposed by Dunlop and Peters [1]. One year later,
Buchwalter [5] published the 1H and 13C-NMR analysis on furfuryl acetate, and it was the first study
to propose a conjugated structure (5). Hence, in 1996, Choura et al. [6,7] published a systematic study
on the polymerization of FA using several model compounds [6]. In this study, which exploited FTIR
spectroscopy and 1H-NMR as analytic tools for the characterization of the polymers, the research
group concluded that the polymerization of FA occurs in two steps: the first was linear polymerization
though methylene bridges (as already proposed by Dunlop and Peters [1]), while the second was far
more complex than classically expected. In particular, the chromophore effect of the polymer was
attributed to the conjugation of the linear furanic chain, while the branching was expected to involve
Diels-Alder reactions between conjugated and unconjugated chains (6) [7]. These solid studies did
not involve 13C-NMR investigations, and therefore did not completely consider the possibility of ring
opening. In the 2000s, other scientists came across this polymer: Bertarione et al. [8] focused on the
polymerization of FA in confined spaces and studied this macromolecule with several vibrational
techniques, suggesting the polymerization mechanism to occur through carbocations. Guigo et al. [9,10]
studied the chemo-rheological kinetics of this polymerization, confirming again the two reaction steps
and attributing the curing step to Diels-Alder reactions. Barsberg and Thygesen [11] studied PFA
formation using Attenuated Total Reflectance (ATR) FTIR spectroscopy, supporting their spectral
attributions with theoretical predictions using density functional theory of the vibrational bands of
the most probable PFA model structures. The aforementioned study confirmed the dominance of
the methylene bridge formation in the initial polymerization phase and the formation of conjugated
systems in the second one, supporting the model of Buchwalter. PFA curing was also studied by
Raman spectroscopy, and in this field Kim et al. [12,13] analyzed the acid polymerization of FA focusing
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on the thermodynamics of the system and suggesting that, based on the comparison of measured
and calculated Raman spectra, the formation of a conjugated diene structures (the conjugation of the
furanic group) was preferred to the diketonic structures.

Recently, Falco et al. [14] presented a study in which major importance was given to the opening
of the furanic ring, confirming the presence of Diels-Alder crosslinking. Both the study of the group of
Gandini [6,7] and that of Falco agreed on the presence of Diels-Alder arrangements, but Falco et al. [14]
gave major importance to the ring opening and also confirmed the inter-chained methylene bridge
which was “almost” excluded by Gandini.

Overall, we can conclude that there is no general consensus on the possible structure(s) of PFA,
and more comprehensive studies are needed to further clarify the structure of the reaction products.
To shed more light on the PFA molecular structure after polymerization completion, we performed an
analysis of PFA synthesized through simple acid catalysis at room temperature by complementing
spectroscopic techniques, such as solid-state 13C-NMR, ATR FTIR and Raman spectroscopy with UV
laser excitation and using UV synchrotron light, with theoretical modeling.

2. Materials and Methods

2.1. Sample Preparation

PFA was prepared at room temperature by adding 0.1 mL of sulfuric acid (Merck) 32% in an
open test tube containing 2 mL FA (Transfuran chemicals, Geel, Belgium). The reaction started with
a darkening of the original yellow solution, which developed into an orange, then brown solution
that turned into a black solid after around 60–80 s through exothermal reaction. The solid polymer
was kept in an oven at 103 ◦C for 1 h to ensure the complete curing and then it was grinded into fine
powder. This powder was leached with water to remove the catalyst and the unreacted FA, and then
dried again at 103 ◦C for 4 h until constant weight. The material resulted almost completely insoluble
(only 2% was leached out) and the resulting dried powder was the subject of this study.

2.2. Solid-State 13C-NMR

The 13C-NMR spectrum of PFA powder was obtained with a Bruker Avance NEO 500 wide
bore system (Bruker BioSpin, Rheinstetten, Germany) at the NMR centre of the Faculty of Chemistry
at the University of Vienna. A 4 mm triple resonance magic angle spinning (MAS) probe was
used with a resonance frequency for 13C of 125.78 MHz, and the MAS rotor spinning was set to
14 kHz. Cross polarization (CP) was achieved by a ramped contact pulse with a contact time of
2 ms. During acquisition, 1H was high-power decoupled using SPINAL with 64 phase permutations.
The chemical shifts for 13C are reported in ppm and are externally referenced to adamantane by setting
the low field signal to 38.48 ppm.

The data elaboration was done with the software Top-spin 4.0.6 (Bruker) and OriginPro (OriginLab,
Northampton, MA, USA), while the calculations of the theoretical chemical shifts were done with the
software NMR-Predict developed by the University of Lausanne (L. Patiny) and the University of del
Valle (J. Wist) [15–17].

2.3. ATR-FTIR Analysis

The FTIR experiments were carried out at the Chemical and Life Sciences branch of the Synchrotron
Infrared Source for Spectroscopy and Imaging beamline (SISSI-Bio) at the Elettra Sincrotrone Trieste,
Italy [18].

PFA powder was measured by ATR-FTIR spectroscopy using the Platinum™ Single Reflection
ATR box (Bruker Optik GmbH, Ettlingen, Germany) with diamond internal reflective element (IRE).
Spectra were acquired using the Vertex 70 v in-vacuum interferometer (Bruker Optik GmbH, Ettlingen,
Germany) equipped with a wide band deuterated triglycine sulfate detector and silicon FIR-MIR
beamsplitter. ATR-FTIR spectra were collected from 6000 to 60 cm−1 in double side, forward/backward
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acquisition mode with a scanner velocity of 5 kHz. For each spectrum, 256 and 128 scans were averaged
with a spectral resolution of 2 cm−1 for the background and the sample respectively. Fourier transform
was carried out with Mertz Blackman-Harris 3-terms apodization function. Each sample was measured
5 times and the results averaged before comparison and further analyses. Background was collected
on clean diamond IRE. The spectra were cut in the 4000 to 400 cm−1 region, then baseline corrected
with the concave rubberband function (5 iterations) and finally vector normalized (4000 to 400 cm−1

region) and corrected for the offset with OPUS 7.5 (Bruker Optik GmbH, Ettlingen, Germany) software.
Peak assignment procedure was guided by second derivative analysis (Savitzky-Golay algorithm,
19-smoothing points) in order to enhance the separation of overlapping peaks.

2.4. Raman Investigation

UV Resonant Raman (UVRR) measurements were carried out at the IUVS beamline of the
Elettra Sincrotrone Trieste, Italy [19]. The synchrotron-based radiation source was employed to get the
excitation wavelengths of 226 nm and 249 nm, with a beam power reaching the sample of approximately
10 μW. A UV laser source has been adopted for the excitation wavelength at 266 nm with 100 μW beam
power. The Raman signal was collected in backscattering configuration. During the measurements,
the samples were continuously moved with oscillations of 1 Hz and 1 mm to avoid photodegradation
phenomena. A Czery-Turner spectrometer with focal length of 750 mm (Acton SP-2750, Acton,
MA, USA), coupled with a holographic reflection grating of 1800 g/mm and with a Peltier-cooled
back-thinned CCD (Princeton Instruments 7510, Acton, MA, USA), was employed to collect the
Raman signal. Spectral resolution (FWHM of the apparatus function) was set to 25 cm−1 for the
synchrotron-based Raman measurements and to 7 cm−1 for the UV laser-based Raman measurements.
Raman wavenumbers were calibrated by using cyclohexane spectra [20].

2.5. Computational Details

The starting geometries for the model structures (1), (2), (3) and (7) (see Table 1) were set up using
Marvin suite [21], and the structures were pre-optimized with Marvin’s molecular dynamics module
using standard settings. The resulting lowest energy conformer was used in all four cases for the
further steps. The pre-optimized structures were optimized with Turbomole [22] at the ri-DFT level
of theory [23] using the BP86 functional [24,25] together with the RI and MARIJ [23] approximations,
the def-SV(P) basis set [26,27] and standard settings otherwise. After geometry convergence, a single
point DFT calculation with tightened numerical convergence criteria ($denconv 0.1d–07 and $scfconf 8)
prior to the NMR shielding calculation with Turbomoles mpshift module was performed [28]. Relative
isotropic chemical shifts with respect to tetramethylsilane (TMS) were calculated (the computation of
TMS and its properties was performed in a fully analogous way) for all carbon atoms for the selected
(1), (2), (3) and (7) molecules. Intensities of 0.6 for (1), 0.1 for (2), 0.1 for (3), and 0.2 for (7), respectively,
were assigned to the signals (irrespective of the chemical connectivity of the carbon atoms) to obtain
rough 13C-NMR model spectra. All four model spectra were merged, and the merged spectrum was
folded with a Lorentzian line shape of 5 ppm half-width. Finally, the chemical shielding values were
scaled by a factor of 108/120 in order to obtain a match of the respective peak at 108 ppm in the
experimental 13C-NMR spectrum.

For the calculation of the IR model spectrum, the lowest energy conformer search for all four
structures from the DFT optimization has been performed with Grimme’s xtb method and the
“confscript” script using all standard settings [29]. For the obtained minimum conformers, a hessian
calculation using the hessian module and standard settings of xtb was performed to arrive at IR
frequencies and intensities. To obtain the model spectrum, as in the case of the NMR spectra, the four
individually calculated IR spectra were scaled and merged (0.6 (1) + 0.1 (2) + 0.1 (3) + 0.2 (7)), and
folded in this case with a Gaussian line shape of 0.05% of the full width of the spectrum (20 cm−1) as
half width.
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3. Results and Discussion

The numerous studies performed on PFA are fully justified, because this polymer cannot be
explained by simple chemistry. Almost all authors agreed that this polymerization does not follow
a single pattern, but many arrangements may occur simultaneously, and they also depend on the
procedure adopted. The approach we consider in the present paper consists of evaluating the proposed
arrangements summarized in Table 1, discriminating between those structures that are possible and
those that are not on the basis of the results obtained by 13C-NMR, FTIR and Raman spectroscopies on
our thermoset PFA sample, and finally comparing the registered spectra with the computational data
to strengthen the spectral interpretation.

3.1. Solid-State 13C-NMR

The solid-state 13C-NMR spectrum of PFA is reported in Figure 1.

Figure 1. Solid-state 13C-NMR spectrum of hardened PFA.

In Table 2, the interpretation of the 13C-NMR signals is summarized, and the presence of the
identified chemical moieties in the possible PFA structures of Table 1 is highlighted.

The 13C-NMR results, summarized in Table 2, suggest that all the presented structures contribute
to explaining the signals. However, the major contribution to the PFA structure is certainly given by the
linear structure (1). Indeed, the high intensities of the signals at 151, 108 and 27 ppm suggest that this
structure represents a major proportion of the whole macromolecule, even if it alone cannot justify the
presence of the other signals. The broad peak at 38 ppm can be attributed to Diels-Alder arrangements
(6,7) and to the methylene bridge structure (4) only, while the presence of a shoulder at around 49 ppm
can be attributed to the methylene bridge between furans and carbonyl groups (2,7). The latter are
certainly present due to the signals of the keto-carbonyl at 219 and 204 ppm. The signal at 142 ppm is
due to CH=CH inside the unsaturated ring, while the signal at around 88 ppm is due to quaternary
carbons. Both assignments can be attributed to Diels-Alder arrangements (6,7) and also to γ-lactone
formation (3). The presence of the bands at 13 and 172 ppm can be attributed exclusively to the methyl
and carbonyl groups of the lactone (3), which possibly occurs in the terminal units of the chain.
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Table 2. Summary of the attribution of the chemical shifts of PFA obtained by solid-state 13C-NMR.

Chem. Shift
Chemical Structures from Table 1

Attributions
1 2 3 4 5 6 7

219 No Yes No No No No Yes C=O diketones vicinal dienophyle
204 No Yes No No No No Yes C=O diketones
173 No No Yes No No No No γ-lactones or Levulinic acid/ester
151 Yes No No No Yes Yes No C2, C5 Furan
142 No No Yes No No Yes Yes C=C in Diels-Alder bicycle or lactones

126 No Yes Yes No Yes No No C=C in β between ketones or ester, C=C in the
conjugated furan ring.

108 Yes No No No No No No C3, C4 Furan
94 No No No No Yes Yes No -CH= Bridge in conjugated systems
88 No No Yes No No Yes Yes Quaternary C in Diels-Alder or lactones
49 No Yes No No No No Yes -CH2- Bridge between furans & C=O

38 No No No Yes No Yes Yes
Tertiary C in Diels-Alder, -CH- bridge in

methylene bridge (4)
27 Yes No Yes Yes No Yes Yes -CH2- bridge in between furans, -CH2- bridge (4)
13 No No Yes No No No No -CH3 in lactone structures

The relative intensities of these signals suggest that ring opening (2,7) and Diels-Alder (6,7) are
secondary structural arrangements of completely cured PFA, while γ-lactone (3) occurs in a lower
percentage. In addition, the assignments given in Table 2 also make it possible to postulate the presence
of conjugated structures (5, 6), since the region at around 126 and 94 ppm, presenting some broad
peaks, cannot be completely justified by the presence of γ-lactone structures (3) and ring opening
(2). Nevertheless, the more probable Diels-Alder occurrence pathway should be the one presented
in structure (7), with the γ-diketonic structure (2) being more abundant and more dienophilic than
conjugated furanic (5). We propose a mechanism that encompasses the ring opening of some furanic
rings, producing a double bond which promptly combines with the linear PFA to produce structure (7)
through Diels-Alder crosslinking (See Figure 2).

Figure 2. Diels-Alder crosslinking reaction between linear (1) and ring opened (2) PFA structures.

Moreover, the presence of structure (4) could not be excluded, since the broad signal at 38 ppm
might be due to both -CH- methyne bridged furanic rings in structure (4) and tertiary carbons in
Diels-Alder products (6,7), while, at the same time, the signal at 27 ppm of -CH2- methylene bridge
overlaps with the methylene bridge of structure (1). In this investigation, the presence of levulinic
derivatives, proposed by Chuang et al. [4], is less probable because simple acid and esters will be
leached out.

In summary, on the basis of the observations of the solid-state 13C-NMR spectrum of hardened
PFA, it is possible to assert that the dominant PFA structure is the linear one (1), while structures (2)
and (7) significantly contribute to the final composition of the polymer, and that structure (3) may occur
in the terminal part of the chains. Conjugated systems (5,6) and the methylene bridged structure (4)
could not be clearly identified and anyway their contribution to the final structure should be negligible
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with respect to the other proposed arrangements. At the same time, solid-state 13C-NMR excludes the
presence of: (i) dimethylene-ether bridges (head-head combination of FA molecules [1]); (ii) unreacted
FA; and (iii) opening of two consecutive furanic rings, since β-diketones signals were not detected.

3.2. ATR-FTIR Spectroscopy

The ATR-FTIR spectrum of PFA registered with conventional Mid-IR sources is reported in
Figure 3, while the attributions of most of the diagnostic peaks identified here are summarized in
Table 3, following the same organization scheme proposed in Table 2.

Figure 3. FTIR spectrum of hardened PFA in the spectral region 1850–450 cm−1. In the inset, the
spectral region 3550–2750 cm−1 is plotted, keeping the original intensity scale.

As a preliminary observation from the analysis of Figure 3, it is evident that the broad band that
characterizes the FA in the 3600–3000 cm−1 spectral region (see Supplementary data for FA spectrum),
associated with hydroxyl group stretching, is not present in the hardened PFA spectrum, confirming
that the percentage of unreacted FA is below the detection limit of the technique. At the same time, for
the same reason, it is possible to exclude the presence of levulinic acid.

Analyzing the proposed structures, we can observe that the signals expected for structure (1) are all
present and give major absorptions at 1560, 1420 and 780 cm−1, which is in agreement with the 13C-NMR
findings. Structure (2) is also certainly present, as proven by the signals of the α,β-unsaturated ketone
at around 1690 and 1670 cm−1

, assigned to the carbonyl group conjugated with the vicinal C=C,
and at 1615–1590 cm−1, related to the carbon-carbon double bond. The presence of structure (3) is
also possible. Indeed, the α,β-unsaturated γ-lactones generate two intense and characteristic peaks
in the range between 1790–1740 cm−1, due to the stretching of the carbonyl group, and two more
components in the 1345–1290 cm−1 spectral window, usually assigned to the C-O stretching of the
lactone ring [30]. Although the aforementioned signals are present, their intensities are quite low.
Therefore, structure (3) could be present only in small amounts, confirming this pattern as a possible
end-chain arrangement. Structure (4) with methylene bridges can also not be excluded, because the
aliphatic stretching region, between 3000–2800 cm−1, is composed of several subcomponents, which
may be explained by C-H stretching modes of different moieties, including the methyne and methylene
bridges. The signals possibly generated by the conjugated structure (5) have already been discussed in
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previous papers [11,12,31], but an unambiguous assignment of the vibrational modes to the peaks in
the infrared spectra has still not yet been established, even if vibrational analysis has been supported
by theoretical simulations. As a matter of fact, the peaks at 1650 cm−1 and 1600 cm−1 could be assigned
either to diene structures [31], or as reported in Table 3. Therefore, on the basis of the literature, FTIR
alone cannot exclude structure (5), and hence (6). At the same time, structures (2) and (7) explain
all the remaining peaks in the 1710−1520 cm−1 region. Specifically, the presence of the Diels-Alder
rearrangement product (7) seems to be very reasonable, due to the presence of two distinctive signals:
the isolated C=O stretching at 1710 cm−1 and the isolated C=C stretching at 1650 cm−1; formed after
the reaction between the furan ring (diene) and the carbon-carbon double bond of the structure (2)
(dienophile), accordingly with the reactions scheme proposed in Figure 2.

Table 3. Assignment summary of the hardened PFA ATR-FTIR absorption bands.

Wavenumber
(cm−1)

Chemical Structures from Table 1
Attributions [11,30,31]

1 2 3 4 5 6 7

3150–3050 Yes Yes Yes No Yes Yes Yes C-H stretching aromatic and vinyl
2950–2850 Yes Yes Yes Yes No Yes Yes C-H stretching aliphatic
1790–1740 No No Yes No No No No C=O stretching α,β-unsat γ -lactone
1720–1700 No No No No No No Yes C=O stretching (isolated)
1690–1670 No Yes No No No No No C=O vicinal to C=C (α,β-unsat. ketone)

1650 No No No No No Yes Yes
C=C stretching in D.A. (isolated) or

conjugated diene

1615–1590 No Yes No No No No No C=C vicinal to C=O (α,β-unsat. ketone) or
conjugated diene

1560 Yes No No No Yes No No C=C stretching (ring vibr.
2,5-disubstituted furans)

1510 Yes No No No Yes No No C=C stretching (ring vibr.
2,5-disubstituted furans)

1450–1345 Yes Yes Yes Yes No Yes Yes -CH2 scissoring and wagging
1345–1290 No No Yes No No No No C-O stretching γ-lactone

1230–1100 No No No Yes No Yes Yes

Complex network of several vibrational
modes associated with C-O ring stretching,

C-C furan stretching,-CH2 in plane
wagging.The peak at 1175 might be due to
the C-O-C stretching of the D.A. (difficult

to assign)

1100–1040 Yes No No No Yes No No =C-O-C= ring vibration (associated with
another peak in the range 1200–1120)

1012 Yes No No No No No No -CH in plane wagging 2,5-disubstituted
furan (Barsberg simulation)

980–900 No Yes No No No No Yes
-CH out of plane deformation vibration of
alkenes –CH=CH– (usually 2 peaks and

they are both present)

880–860 Yes No No No Yes No No Furan ring C-H out-of-plane deform.
vibration

810–745 Yes No No No Yes No No Wagging/twisting -CH-ring structure
745–700 Yes No No No Yes No No Furan ring -CH out of plane bend

677 No Yes Yes No No Yes Yes -CH out of plane bending, cis -CH=CH-
599 Yes No No No Yes No No Ring deformation vibration
550 No Yes Yes No No Yes Yes -CH out of plane bending, cis -CH=CH-

Finally, it is also possible to point out that all the signals present in the 1710–1520 cm−1

spectral window, mostly involving C=O and C=C vibrational modes, are directly correlated with the
polymerization reaction. Indeed, no signals are present for the FA spectrum in the aforementioned region
(see Figure S1), since they are due to the new chain formations and rearrangements. This highlights
that the ring opening (2) certainly occurs and that lactone arrangement (3) is reasonable.
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3.3. UV-Raman Spectroscopy

To verify the presence of conjugation inside the PFA sample, we performed Raman measurements
employing excitation wavelengths of 266 nm, 259 nm and 226 nm. The collected spectra are plotted in
Figure 4. At the chosen excitation wavelengths, resonance conditions with the aromatic compounds and
the conjugated part of the polymer are achieved. As a matter of fact, as reported by Asher et al. [32,33],
UV-Raman spectroscopy uses selective excitation in the UV absorption bands of molecules to produce
spectra of their chromophoric segments, enhancing the selectivity of the technique. Specifically,
conjugated π-bond systems act as chromophores, exhibiting an absorption wavelength the longer the
higher the conjugation degree. In addition, UV-Raman measurements of condensed-phase samples
excited below 270 nm are negligibly plagued by fluorescent interferences, further improving the
spectral quality.

Figure 4. UV-Raman spectra of hardened PFA collected with UV laser excitation at 266 nm (black curve),
and with synchrotron radiation excitation at 249 nm and 226 nm (blue and green curves respectively).
Red dotted line pinpoints the 1650 cm−1 wavenumber.

The careful comparison of our spectra with those obtained by Kim et al. [12,31] evidences important
differences, which can be addressed by a different polymer composition, possibly due to the curing
process. Specifically, the spectra in Kim et al. are characterized by well-defined vibrational peaks
with spectral widths lower than 50 cm−1 in the 1400–1700 cm−1 spectral region. In particular, the
Kim spectra are dominated by the vibrational mode centered at 1650 cm−1, which has been assigned
to conjugated C=C, and therefore to a conjugated-type PFA polymer. On the contrary, our spectra
show more broadened peaks, not so well defined as those of Kim et al. [12,31], which can therefore be
associated with a complex mixture of different PFA structures. Particularly relevant is the absence
of a well-defined, isolated intense peak at 1650 cm−1 at all the UV excitation wavelengths employed.
Even if, due to the peak broadening, the presence of C=C conjugated vibrational components could
not be excluded, at the same time, we can safely assert that the contribution of conjugated structure to
the final hardened PFA composition is negligible.
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3.4. Computational Results

To strengthen the conclusions drawn out complementing the spectroscopic results, a computational
effort was made in order to simulate both 13C-NMR and FTIR spectra of a mixture of the most probable
FPA arrangements, identifiable in the structures (1), (2), (3) and (7) of Table 1. It has to be clearly
stated that, due to the chemical complexity of the hardened PFA, as is certainly deducible from the
mosaic information obtained with 13C-NMR, FTIR and UV-Raman analyses, it is almost impossible
to precisely model the chemical arrangements of this macromolecule and their relative proportions.
For complex mixtures of partially known constituents that result in very broad multi-component FTIR
and 13C-NMR peaks, only speculative evaluations can be made. On these premises, the final aim of
the performed simulations is to demonstrate that our proposed chemical model does not contrast the
experimental results. Therefore, for the calculation of the simulated spectra, we tentatively considered
a model of the polymer constituted as follows: 60% linear (1), 20% Diels-Alder (7), 10% ring opening
(2) and 10% γ-lactone terminal moieties (3). In Figure 5, the 13C-NMR spectrum calculated on the
base of the proposed model (0.6 (1) + 0.1 (2) + 0.1 (3) + 0.2 (7)) is compared with the experimental
13C-NMR one.

Figure 5. Comparison of experimental and calculated 13C-NMR spectrum of PFA. With * the bands
due to the artifact of the model.

It can be appreciated that the simulated 13C-NMR spectrum of the model PFA structure is in good
agreement with the experimental one. In particular, the prominent furan-carbon signals at 108 and
151 ppm, as well as the methylene carbon signal at 27 ppm and the carbonyl carbon signals at 204
and 219 ppm, find their close counterparts in the simulated spectra. The greatest gap between the
calculated and experimental 13C-NMR is due to the signal at 60 ppm (marked by an asterisk) in the
simulated spectrum, which has no counterpart in the experimental spectrum. This signal most likely
originates from the two terminal furan-units of structure (7), the contribution of which is an artifact of
modeling the polymer by considering only a short moiety.

Similarly to the 13C-NMR spectrum, the simulated IR spectrum also does not contradict the
experimental FTIR one (See Figure 6).
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Figure 6. Comparison of experimental and calculated FTIR spectrum of PFA. With * the bands due to
the artifact of the model.

In brief, all peaks in the experimental FTIR spectrum also appear in the simulated one. The largest
discrepancy between the spectra lies in the two peaks of the simulated spectrum centered at 1350 and
1450 cm−1 (marked by asterisks in Figure 6), which do not have a counterpart in the experimental
spectrum. The two signals can be assigned to the C=C stretching mode of the two terminal furan
moieties in structure (1), and their prominent intensity is due to their overweight with respect to the
repetitive core, which is also an artifact of the modeling.

To summarize the outcome from the spectroscopic techniques exploited in this work, it is possible
to state that structure (1), as reported in literature, is the predominant species in this complex matrix.
This statement is confirmed by both the 13C-NMR and FTIR data. At the same time, the linear aliphatic
structure (1) might undergo ring opening, and therefore form the γ-diketonic structure (2). Both
13C-NMR and FTIR suggest that structure (2) can still be present in the final PFA product, even if at
much lower concentrations with respect to (1). Indeed, structure (2) likely reacts with structure (1)
through the Diels-Alder rearrangement, leading to the formation of structure (7). Also, this species is
highly probable, due to the presence of its characteristic peaks in both 13C-NMR and FTIR spectra.
The possibility to find conjugated structure (5) in this polymer is matter of controversial interpretations.
Both the FTIR and UV-Raman were unable to exclude it, since some signals due to this monomeric
unit are present. At the same time, these signals might be easily assigned to other species (see Table 3)
characterized by the presence of different C=C bonds, as in the case of structures (2), (3) and (7).
From the 13C-NMR analysis, one broad signal (94 ppm) with low intensity seems to be due to the
conjugated moiety. In any case, even if present, the concentration of the conjugated arrangement
is negligible with respect to structures (1), (2) and (7), and its eventual Diels-Alder product, (6), is
less probable than (7). Structure (3) has some characteristic peaks in the FTIR region due to the
α,β-unsaturated γ-lactones, as well as one peak (173 ppm) in the 13C-NMR spectrum. The intensities
of the aforementioned signals are low, suggesting only a minor presence of this species, possibly as
an end-chain of the polymeric mixture. Structure (4), characterized by the methylene bridge, is an
intriguing polymerization product but its presence is very difficult both to confirm and to deny. Indeed,
this structure does not generate any peculiar signal in any of the spectroscopic techniques used in this
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work so far. The aliphatic moieties (-CH and -CH2) are very common and highly repeated functional
groups all along the polymer, preventing saying anything about the presence or not of this chemical
unit as a product.

Moreover, it is possible to assert that no presence of unreacted FA could be detected, while the
possibility of having carboxylic acids in our hardened PFA polymer is also excluded, since there are no
signals in the 3600–3300 cm−1 region of the FTIR spectra.

Further confirmation of the interpretation reported by the authors comes from the simulated
13C-NMR and FTIR spectra. The good matching between the theoretical outcome and the experimental
data supports the chemical and structural interpretation of the polymeric PFA mixture just summarized.

4. Conclusions

Although this paper focuses its attention on a fairly simple polymerization reaction of a monomeric
unit (FA) in acid environment, the final product is not as straightforward as expected from both a
chemical and a structural point of view. As highlighted by other authors [9], the polymerization
conditions (such as temperature and acid amount) lead to different curing degrees and this affects
the relative proportions of the structures proposed in this article. The possible rearrangements and
reactions between FA monomers that might occur lead to a wide range of different products, making
it possible to postulate that even minimal variations in the synthesis parameters can affect the final
PFA composition. The complexity of the final product requires a multi-technique approach that
encompasses both experimental and theoretical methods.

By complementing 13C-NMR, FTIR and UV-Raman spectroscopies with spectra modelling, it
was possible to confirm the complexity of the heterogeneous final structure of the PFA polymer.
The interpretation of the data so far collected helped the authors to clarify the presence or not of some
structures and to propose a new one as a possible product. In particular, the linear aliphatic polymer
(1) is the dominant specie in our hardened PFA. At the same time, due to the acidic environment, this
structure might evolve into the γ-diketonic structure (2) after ring opening. The mutual presence of
these two products (1,2) suggests their Diels-Alder rearrangement in structure (7), which has never
been proposed before. The presence of structure (7) is supported and confirmed by both 13C-NMR and
FTIR techniques. At the same time, the presence in low concentration of the α,β-unsaturated γ-lactone
structure (3) seems to be probable as the terminal unit of the polymeric chains.

Despite that in this work three of the most powerful techniques (13C-NMR, FTIR, UV-Raman) for
investigating solid organic materials were exploited, it was still not possible to achieve an unambiguous
overall picture of the FA polymerization reaction. In particular, with respect to the presence of structure
(4) with methylene bridge, this was almost impossible to assert due to the lack of specific signals.
Likewise, from the 13C-NMR data, the conjugated structure (5) and the Diels-Alder outcome (6) seems
not to be so favorable, and the same holds true for FTIR and UV-Raman, although they could not
exclude their presence. This final remark further strengthens the need for multi-technique approaches
for the characterization of macromolecules, even in the case of well-known ones, such as PFA, the
complexity of which should never be underestimated.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/12/2126/s1,
Figure S1: FT-IR spectra of furfuryl alcohol and PFA.
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Abstract: In this work, the supercritical antisolvent (SAS) process was used to coprecipitate Eudragit
L100-55 (EUD) with diclofenac (DICLO) and theophylline (THEOP), with the aim of obtaining
composite microparticles with a prolonged drug release for oral delivery. Working at the optimized
conditions in terms of pressure and overall concentration in the liquid solution (10.0 MPa and
50 mg/mL), microparticles of EUD/DICLO 20/1 and 10/1 w/w were produced with a mean size of
2.92 μm and 1.53 μm, respectively. For the system EUD/THEOP, well-defined spherical microspheres
with a mean diameter ranging from 3.75 μm and 5.93 μm were produced at 12.0 MPa. The produced
composite systems were characterized by various techniques, such as scanning electron microscopy,
differential scanning calorimetry, X-ray microanalysis, FT-IR and UV–vis spectroscopy. Dissolution
studies showed the potential of EUD to prolong the drug release, significantly, up to a few days.

Keywords: SAS coprecipitation; controlled drug delivery systems; microparticles; eudragit;
supercritical carbon dioxide

1. Introduction

The inflammatory process is a defense response of body tissues against different harmful agents,
irritants or pathogens. Inflammation can be acute when a rapid resolution is possible, or chronic when
it is characterized by longer duration. Musculoskeletal disorders, such as rheumatoid arthritis and
osteoarthritis, are chronic inflammations for which long-term therapies are required [1]. Non-Steroidal
Anti-Inflammatory Drugs (NSAIDs) are generally used to reduce this kind of inflammatory conditions,
as well as for their painkilling and antipyretic effects. Among the different drug delivery routes, oral
administration is the preferred one because of its high patient compliance. Diclofenac (DICLO) is one
of the most frequently prescribed NSAIDs; however, due to its short half-life, high dosage and frequent
administration of diclofenac are necessary, resulting in many side effects, especially gastrointestinal
ones. Another example of chronic inflammatory diseases is asthma, which affects the respiratory tract,
due to an obstruction of the bronchi. Nowadays, the therapy goal is to achieve control of chronic
bronchial asthma with fewer drug dosages. Therefore, drugs to be taken daily are recently prescribed
in order to ensure long-term control of the symptoms and the maintenance of normal lung function.
Theophylline (THEOP) is included in this category of drugs. However, high drug concentrations
increase the risk of side effects (even toxicity effects), since the therapeutic range of this drug is very
narrow [2]; to overcome the consequent limitations, prolonged-release formulations are preferred.

A valid solution to reduce the frequency of administration and unwanted effects is represented by
controlled drug delivery systems. Generally speaking, the production of polymer/drug composite
particles has a relevant importance in the pharmaceutical industry. By selecting a specific polymer
as the carrier, it is possible to avoid the oxidation and/or the deactivation of the drug, to mask its
organoleptic properties (color, taste, and odor) or modify its release kinetics. As a consequence, the
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bioavailability of a poorly water-soluble drug can be enhanced, or a prolonged drug release can be
reached [3,4].

Spray-drying [5], freeze-drying [6], emulsification/solvent evaporation [7], centrifugal extrusion [8],
jet-milling [9], and coacervation [10] are only some of the traditional techniques employed to produce
polymer/drug coprecipitated powders. However, their application often involves the production
of irregular particles with a wide particle size distribution (PSD), low encapsulation efficiencies,
in addition to the possible degradation of the materials caused by mechanical or thermal stresses
and/or organic solvents residues in the product. On the contrary, supercritical fluids (SCFs) based
techniques seem to be a successful alternative to overcome these limits, especially when supercritical
carbon dioxide (scCO2) is used, being non-toxic, non-polluting and cheap with moderate critical
parameters (Tc = 31.1 ◦C, Pc = 7.38 MPa). Supercritical AntiSolvent (SAS) precipitation is one of the
most used supercritical fluids based techniques, which has been successfully employed to obtain drug
or polymer/drug nanoparticles, microparticles and expanded microparticles [11–16].

According to the SAS literature, in order to achieve a massive polymer/drug coprecipitation by
the SAS process, microdroplets have to be formed, and after the subsequent removal of the solvent by
scCO2, composite microspheres are produced.

However, the coprecipitation implies the formation of a quaternary system solvent + scCO2 +

polymer + drug with a complex phase behavior, which can lead to the failure of the coprecipitation [16].
Up to now, a few polymers allow reaching a successful coprecipitation in the form of microspheres
by the SAS process, namely, polyvinylpyrrolidone (PVP), poly (L-lactic acid) (PLLA), and recently,
zein [11,12,17–21].

Commonly used for oral dosage forms, Eudragits are methacrylic acid copolymers, a registered
trademark of Rohm Pharmaceuticals (Darmstadt, Germany). The various Eudragit polymers differ in
the ratios of dimethylaminoethyl methacrylates, methacrylic acid and methacrylic esters. Eudragit E,
RL, RS, and NE are polycations, because of the presence of dimethylamino groups or quaternary amino
groups; whereas, Eudragit L and S are polyanions, due to the presence of carboxylate groups [22,23].

To our knowledge, very few literature studies were focused on the use of Eudragit polymers using
the SAS process, although they are really interesting from a pharmaceutical point of view [13,14,24,25].
Indeed, they offer protection from moisture and masking of smells/flavors; moreover, they are
versatile, since the choice of a specific Eudragit can be made based on the type of desired drug release
(immediate, delayed or sustained). On the market, there are various kinds of Eudragits defined as
pH-sensitive polymers, because they are soluble at different pH values [26,27]. Among them, Eudragit
E100 and Eudragit EPO are soluble in the gastric juice up to pH 5.0, and therefore, are generally used
for immediate release delivery systems [28]. Eudragit L100-55 (EUD) promotes a controlled drug
release at pH higher than 5.5, starting from the first intestinal tract (duodenum), thus, protecting the
drug against the acid gastric fluid [29,30]. Eudragit L100 differs from Eudragit L100-55 only for the
presence of a methyl group instead of an ethyl group [31], which influences the slightly different
dissolution pH threshold for the two polymers. Eudragit S100 is soluble at pH above 7.0; it can be
used, in combination with other Eudragits, for colon-targeted oral drug delivery [32].

Montes et al. tried to coprecipitate Eudragit L100, which guarantees the drug release at pH values
above 6, starting from the central section of the small intestine (jejunum), with ibuprofen [13], and
naproxen [14] by SAS process. Eudragit L100/ibuprofen and Eudragit L100/naproxen particles with
mean sizes in the range 0.08–0.51 μm and 0.08–0.31 μm, respectively were precipitated. Low loading
efficiencies were achieved (0.94–7.88% for ibuprofen and 4.45–25.55% for naproxen), which can be
attributed to the nanometric dimension of the powders; indeed, it is presumable that the particles at
nanodimensions tend to precipitate separately, considering that it is difficult to obtain heterogeneous
nucleation. Similar results were obtained by the same authors in another study [33], coprecipitating
Eudragit L100 and ellagic acid at different polymer/drug ratios. From the shown FESEM images, it is
possible to observe that the precipitation of crystals occurred using Eudragit L100/ellagic acid ratios
equal to 1/1 and 2/1, whereas, coalescent sub-microparticles precipitated using a polymer/drug ratio
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of 4/1. Garay et al. processed Eudragit EPO using the gas antisolvent process [25]; using EtOH/H2O
mixtures as the solvent, they obtained micrometric particles with a wide particle size distribution.
Duarte et al. coprecipitated acetazolamide with Eudragit L100, Eudragit S100, and their mixtures [24];
the SEM images reported in the paper show the co-presence of crystals and microparticles; this suggests
that the polymer and the drug precipitated separately and that an effective coprecipitation did not occur.

Up to now, it would appear that SAS coprecipitation using Eudragit as the polymeric carrier
is not successful. Therefore, with the aim of obtaining prolonged drug delivery devices for oral
administration, Eudragit L100-55 was selected as the polymeric carrier for SAS coprecipitation. Firstly,
the effect of some process conditions on the micronization of Eudragit L100-55 (without the drug)
was studied to obtain spherical microparticles. Then, several SAS coprecipitation experiments were
performed using an NSAID (diclofenac) and a bronchodilator drug (theophylline) as model compounds.

2. Materials, Methods and Procedures

2.1. Materials

Eudragit L100-55 (EUD) was generously donated by Degussa (Darmstadt, Germany). Diclofenac
sodium salt (DICLO, average molecular weight 318.13 g/mol), anhydrous theophylline (THEOP, average
molecular weight 180.16 g/mol) and Dimethylsulfoxide (DMSO, purity 99.5%) were purchased by
Sigma-Aldrich (Milan, Italy). CO2 (purity 99%) was supplied from Morlando Group s.r.l. (Sant’Antimo
- NA, Italy). All materials were used as received. The solubility in DMSO at room temperature is
approximately 55 mg/mL for EUD, 150 mg/mL for DICLO and 25 mg/mL for THEOP.

2.2. SAS Apparatus and Procedure

The homemade laboratory plant used to perform SAS experiments is sketched in Figure 1.

Figure 1. A sketch of the supercritical antisolvent (SAS) laboratory plant. S1, tank for the CO2; S2,
organic solution; RB, refrigerating bath; P1, P2, pumps; V, vessel; M, manometer; TC, thermocouple;
MV, micrometric valve; LS, liquid separator; BPV, back-pressure valve; R, rotameter.

The precipitation vessel (V) is a cylindrical chamber with an internal volume of 500 cm3. The
CO2 is stored in a tank (S1) and feed to the vessel through a high-pressure pump (P1). The liquid
solution contained in a burette (S2) is co-currently injected into the vessel by another high-pressure
pump (P2), passing through a 100 μm internal diameter stainless steel nozzle. The temperature control
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(TC) is assured by a proportional integral derivative (PID) controller connected with electrically thin
bands and the pressure in the vessel is measured using a test gauge manometer (M) and regulated by a
micrometric valve (MV). At the bottom of the precipitator, the precipitated powder is collected on a
stainless steel filter (pores size of 0.1 μm), which also allows the passage of CO2—solvent solution.
Downstream the precipitation chamber, the liquid solvent is recovered in a second collection vessel
(liquid separator, LS) at a lower pressure (1.8–2.0 MPa) regulated by a back-pressure valve (BPV). The
flow rate of delivered CO2 is measured at the exit of the second vessel by a rotameter®.

A SAS test starts pumping CO2 at a constant flow rate in the precipitation vessel until the desired
pressure is reached; then, the antisolvent steady flow is established. After that, pure solvent (DMSO) is
injected through the nozzle in co-current mode with CO2, since the steady-state solvent/antisolvent
composition is reached. Then, the solvent flow rate is stopped, and the liquid solution (DMSO + solutes)
is injected into the vessel at the same flow rate as the pure DMSO with consequent precipitation of the
solute/solutes. At the end of the solution injection, the liquid pump is stopped, and only the scCO2 is
sent to the precipitation chamber to eliminate the solvent residues. The CO2 flow is stopped when
the washing step is completed, and the precipitator is depressurized up to the atmospheric pressure.
Finally, the precipitated powder can be collected and characterized.

All SAS experiments were performed using an operating temperature of 40 ◦C, DMSO as the
liquid solvent, a CO2 flow rate and a solution flow rate equal to 30 g/min and 1 mL/min, respectively.
At the selected temperature, the flow rates were chosen to obtain molar fractions on the right of the
mixture critical point (MCP) of the binary system solvent/antisolvent; i.e., at CO2 molar fractions
approximately equal to 0.98 that ensures the supercritical mixture conditions [34,35]. In the case of
EUD micronization, the effect of the operating pressure (P) and of the overall concentration in the liquid
solution (Ctot) on particles’ morphology, particle mean diameter (m.d.) and particle size distribution
(PSD) was studied; in the case of EUD/DICLO and EUD/THEOP coprecipitation, the effect of the
polymer/drug ratio, P and Ctot on morphology, m.d., and PSD was investigated.

2.3. Characterization Methods

The morphology of the samples was evaluated by a Field Emission Scanning Electron Microscope
(FESEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany). The powder was dispersed on
a carbon tab previously stuck to an aluminum stub (Agar Scientific, Stansted, United Kingdom) and
coated with gold-palladium (layer thickness 250 Å) using a sputter coater (mod. 108 A, Agar Scientific,
Stansted, United Kingdom). Mean dimensions and standard deviations of particles were measured
from FESEM photomicrographs by using an image analysis software (SigmaScan Pro, Jandel Scientific,
Bangalore, India), considering about 1000 particles for each sample. Particle size distributions (PSDs)
were determined by Microcal Origin Software (release 8.0, Microcal Software, Inc., Northampton,
MA, USA).

Fourier transform infrared (FT-IR) analyses were performed by M2000 FT-IR (MIDAC Co, Costa
Mesa, CA, USA). The scan wavenumber range was 4000–450 cm−1, at a resolution of 0.5 cm−1 and
16 scan signals were averaged to reduce the noise. Approximately 1 mg of the powder samples was
well-mixed with 100 mg of potassium bromide (KBr), which was used as an infrared transparent
matrix. The discs to be analyzed were prepared by compressing the powders in a hydraulic press.

Calorimetric analyses were obtained by means of a Differential Scanning Calorimeter (DSC, mod.
TC11, Mettler-Toledo, Inc., Columbus, OH, USA) using the Mettler STARe system. The accurately
weighed powders (5 ± 0.5 mg) were heated from 25 ◦C up to 300 ◦C, using a heating rate of 5 ◦C/min
and a nitrogen gas flow equal to 50 mL/min. Each analysis was performed twice.

An X-ray diffractometer (Bruker D8-Advance, Bruker AXS GmbH, Karlsruhe, Germany) with a
Cu sealed tube source was used to record the X-ray diffractograms (XRD) of samples. The measuring
conditions were: Ni-filtered CuKα radiation, λ = 1.54 Å, 2θ angle ranging from 10◦ to 60◦ with a scan
rate of 0.5 s/step and a step size of 0.08◦.
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In vitro drug dissolution was monitored using a UV/vis spectrophotometer (model Cary 50,
Varian, Palo Alto, CA, USA) at a wavelength of 276 nm and 271 nm for DICLO and THEOP, respectively.
An equivalent amount of drug equal to 5 mg was considered to compare the dissolution rate of
unprocessed drug and that of coprecipitated powders. The samples were suspended in 3 mL of
phosphate-buffered saline solution (PBS) at pH 7.4 and placed into a 12,000 Da molecular weight cutoff
dialysis sack, which was incubated in 300 mL of PBS, continuously stirred at 200 rpm and heated at
37 ± 0.1 ◦C. The value of the absorbance was measured by the instrument every minute from time
zero up to 5 h, then every hour until the maximum value was reached. Each analysis was performed in
triplicate: Considering that the difference between the triplicates was less than 1%, the mean release
profiles were reported in this paper.

3. Results and Discussion

A summary of several experiments performed at different process conditions is reported in Table 1,
indicating the obtained morphology (M), the mean diameter (m.d.) and the standard deviation (s.d.)
on a volumetric basis. In particular, some results reported in Table 1 are related to the micronization of
EUD alone, followed by coprecipitation studies on the systems EUD/DICLO and EUD/THEOP.

Table 1. A list of SAS tests for Eudragit L100-55 (EUD) micronization, EUD/ diclofenac (DICLO)
coprecipitation and EUD/ theophylline (THEOP) coprecipitation (C, crystals; NP, nanoparticles; MP,
microparticles; cMP, coalescing microparticles; EMP, expanded microparticles); when in a single test
more than one morphology is obtained, * indicates the one whose diameter is calculated.

# Polymer/Drug [w/w] P, [Mpa] Ctot [mg/mL] M m.d. ± s.d. [μm]

EUD

1 1/0 9 20 MP 1.99 ± 0.49
2 1/0 10 20 MP 1.69 ± 0.51
3 1/0 12 20 cMP 1.64 ± 0.72
4 1/0 10 40 MP 1.95 ± 0.54

EUD/DICLO

5 0/1 9 20 NP 0.14 ± 0.05
6 20/1 9 40 MP * + cMP * 2.16 ± 0.69
7 20/1 10 40 MP 2.47 ± 0.71
8 20/1 10 20 cMP -
9 20/1 10 50 MP 2.92 ± 0.81
10 10/1 10 50 MP 1.53 ± 0.45

EUD/THEOP

11 0/1 9 20 C -
12 20/1 10 40 C -
13 20/1 10 20 C +MP * * 6.79 ± 1.84
14 20/1 12 20 MP 5.93 ± 1.62
15 20/1 15 20 cMP 1.64 ± 0.32
16 20/1 12 40 MP 5.65 ± 1.66
17 10/1 12 40 MP * + EMP * 3.75 ± 1.08

3.1. Micronization of Eudragit L100-55

The first set of experiments (runs #1–4 in Table 1) was performed by micronizing EUD
alone, at different P and Ctot, in order to optimize the process conditions for the attainment of
polymer microparticles.

Effect of the Operating Pressure

The effect of the operating pressure was investigated setting a polymer concentration in DMSO
equal to 20 mg/mL and gradually increasing the pressure from 9 to 12 Mpa (runs #1–3 in Table 1).
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FESEM analyses revealed that well-separated spherical microparticles were obtained working
at 9 and 10 Mpa (Figure 2a,b, respectively), whereas, coalescing and more irregular in shape and
dimensions microparticles were formed at 12 Mpa (Figure 2c). Moreover, a slight increase of the
particle dimensions was observed by decreasing the pressure, as shown in the last column of Table 1.
Considering that it has been previously demonstrated that SAS coprecipitation is favored at pressures
in correspondence of which well-defined micrometric particles are produced, for the subsequent
experimentation the pressure of 12 Mpa was not considered [16].

  
(a) (b) 

 
(c) 

Figure 2. FESEM images of Eudragit particles precipitated from DMSO at 40 ◦C and 20 mg/mL. Effect
of the operating pressure. (a) 9 MPa; (b) 10 MPa; (c) 12 MPa.3.1.2 Effect of polymer concentration
in DMSO.

Then, fixing the pressure at 10 MPa, the polymer concentration in DMSO was increased at
40 mg/mL (run #4 in Table 1). Spherical microparticles were produced; the comparison of the
volumetric cumulative PSDs in Figure 3 (related to runs #2 and #4) demonstrated that the mean particle
size increased and the particle size distribution widened by increasing the EUD concentration in DMSO.
Indeed, the higher the concentration of the polymer in the liquid solution, the more the phenomenon
of growth prevails over that of nucleation.
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Figure 3. Volumetric cumulative particle size distributions (PSDs) of EUD precipitated from DMSO at
40 ◦C and 10 MPa; effect of the polymer concentration in DMSO.

3.2. Coprecipitation Using Eudragit as the Carrier

Once verified the attainment of EUD microparticles using the SAS process, the polymer
coprecipitation was attempted using diclofenac and theophylline as model drugs.

Preliminary experiments were performed by processing each drug separately at 40 ◦C, 9 MPa
using a solute concentration in DMSO equal to 20 mg/mL (runs #5 and #11 in Table 1). From FESEM
analyses, it is possible to note that SAS processed diclofenac (Figure 4a) precipitated in the form of
nanoparticles (mean diameter of about 0.13 μm). On the contrary, after processing theophylline alone,
no powder was found in the precipitation chamber, because it was probably extracted by the mixture
formed by the organic solvent and supercritical CO2. Long crystals (Figure 4b) were observed by
analyzing the very few granules that were recovered.

μ

  
(a) (b) 

Figure 4. FESEM images of the drugs precipitated from DMSO at 9 MPa, 40 ◦C and 20 mg/mL.
(a) DICLO; (b) THEOP.

In order to successfully coprecipitate the two model drugs with EUD, the effect of pressure, of
polymer + active principle concentration in DMSO and of polymer/drug ratio w/w on the morphology
and on the mean size of the produced composite particles was investigated.

105



Polymers 2020, 12, 234

3.2.1. Effect of the Operating Pressure on Coprecipitated Particles

Firstly, the effect of the pressure was investigated for the system EUD/DICLO by selecting 9
and 10 MPa as pressures, according to the previous results obtained by studying EUD micronization.
Moreover, an overall concentration of solutes in DMSO of 40 mg/mL and a polymer/drug ratio equal to
20/1 w/w were fixed. A less degree of coalescence of the particles was observed operating at 10 MPa
(run #7 in Table 1) with respect to 9 MPa (run #6 in Table 1), as it is possible to observe from the FESEM
images reported in Figure 5.

  
(a) (b) 

Figure 5. FESEM images of EUD/DICLO 20/1 particles precipitated from DMSO at 40 ◦C and 40 mg/mL.
Effect of the operating pressure. (a) 9 MPa (run #6); (b) 10 MPa (run #7).

Considering that the pressure of 10 MPa gave the best results in terms of sphericity and mean
diameter of the powders in the case of EUD micronization and for its coprecipitation with DICLO,
the preliminary tests with the system EUD/THEOP 20/1 w/w at 40 mg/mL (run #12) and 20 mg/mL
(run #13) were performed in correspondence of this pressure. Using this system, crystals and crystals
precipitated with coalescing microparticles (as shown in Figure 6a,b for run #13) were obtained at
40 mg/mL and 20 mg/mL, respectively. This outcome may be explained, taking into account the
thermodynamic aspects. Considering the temperature of 40 ◦C, the mixture critical point (MCP) of
the binary system DMSO/CO2 is located at 8.61 MPa [34]; it means that the operating point at 10 MPa
is above the MCP. However, the presence of the solutes can modify the high-pressure vapor-liquid
equilibria (VLEs) of the system, and the MCP of the quaternary system EUD/THEOP/DMSO/scCO2

could shift towards higher pressures with respect to the one of the binary system formed by the solvent
and the antisolvent. This shift of the MCP towards higher pressures is generally more evident by
increasing the concentration of the solutes in the liquid solution [36,37]. In this specific case, the
presence of THEOP probably modified the high-pressure VLEs; thus, the operating point at 10 MPa
could be below the MCP and lie in the biphasic region, from which a split of the precipitated solute in
two morphologies may occur; i.e., crystals and microparticles as in case of run #13.

In the following set of experiments, with the aim of shifting the operating point above the MCP, the
total concentration in DMSO was fixed at 20 mg/mL, and the effect of pressure in the range 10–15 MPa
(runs #13–15) was evaluated. Well-defined spherical microparticles (Figure 6c) were obtained in
correspondence of a pressure of 12 MPa, whereas, slightly coalescing microparticles precipitated
at 15 MPa (Figure 6d). Moreover, it was observed that the particles mean diameter decreased by
increasing the pressure, as shown by the comparison of the volumetric cumulative PSDs reported in
Figure 7.
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μ

Figure 6. FESEM images of EUD/THEOP 20/1 powders precipitated from DMSO at 40 ◦C and 20 mg/mL.
Effect of the operating pressure. (a) 10 MPa (run #13) filter; (b) 10 MPa (run #13) precipitating chamber;
(c) 12 MPa (run #14); (d) 15 MPa (run #15).
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Figure 7. Volumetric cumulative PSDs of EUD/THEOP 20/1 particles precipitated from DMSO at 40 ◦C
and 20 mg/mL; effect of the operating pressure.
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3.2.2. Effect of Total Concentration on Coprecipitated Particles

Since the pressure of 10 MPa allows the attainment of defined EUD/DICLO particles, the
influence of the overall concentration in DMSO at a polymer/drug ratio of 20/1 w/w was evaluated in
correspondence of that pressure. Coalescing particles (Figure 8a) precipitated at 20 mg/mL (run #8),
whereas, less coalescing particles were obtained by increasing the total concentration up to 50 mg/mL
(run #9), as shown in Figure 8b.

  
(a) (b) 

Figure 8. FESEM images of EUD/DICLO 20/1 particles precipitated from DMSO at 40 ◦C, 10 MPa.
(a) 20 mg/mL (run #8); (b) 50 mg/mL (run #9).

For the system EUD/THEOP 20/1 w/w, the effect of the overall concentration in DMSO was
evaluated at 12 MPa in the range 20 mg/mL (run #14)–40 mg/mL (run #16). Well-defined spherical
microparticles were obtained at 40 mg/mL, as well as at 20 mg/mL; no significant changes in terms of
particle diameters occurred by increasing the concentration.

3.2.3. Effect of Polymer/Drug Ratio on Coprecipitated Particles

For the system EUD/DICLO, the pressure was fixed at 10 MPa and the total concentration at
50 mg/mL; in correspondence of these conditions, the polymer/drug ratio was decreased from 20/1 to
10/1 w/w. Slightly irregular and coalescing microparticles were produced working at 10/1 w/w, and a
decrease of the mean diameter was observed by decreasing the polymer/drug ratio.

EUD/THEOP ratio w/w was instead decreased from 20/1 to 10/1 w/w, fixing the pressure at 12 MPa
and the total concentration at 40 mg/mL. Well-defined microparticles (Figure 9a) were obtained even at
10/1 w/w (run #17 in Table 1), with a lower average diameter than the particles produced at 20/1, as
shown from the comparison of the volumetric cumulative PSDs reported in Figure 10. The presence
of few larger particles (Figure 9b) with an internal structure characterized by holes was also noted
working at 10/1 w/w. This outcome can be ascribed to the stronger influence of theophylline on the
VLEs, since a higher concentration in the liquid solution can cause the MCP shift at higher pressures.

3.3. Characterization of Samples

Fourier transform infrared (FT-IR) analyses were performed in order to identify the presence
of the polymer and the drug in the composite powders and possible interactions between the two
compounds. FT-IR spectra of unprocessed drug, unprocessed and processed EUD, physical mixture
EUD/drug 10/1 w/w and SAS processed EUD/drug 20/1, and 10/1 are reported in Figure 11a,b for DICLO
and THEOP, respectively.
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(a) (b) 

μ

Figure 9. FESEM images of EUD/THEOP 10/1 w/w precipitated from DMSO at 40 ◦C, 12 MPa and
40 mg/mL (run #17). (a) Microparticles and (b) expanded microparticles.

0 2 4 6 8 10 12
0

20

40

60

80

100

V
ol

um
e,

 %

Diameter, μm

10/1
 20/1

Figure 10. Volumetric cumulative PSDs of EUD/THEOP particles precipitated from DMSO at 40 ◦C,
12 MPa and 40 mg/mL; effect of the polymer/drug ratio.
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Figure 11. FT-IR spectra for unprocessed and SAS processed Eudragit L100-55, unprocessed drugs,
physical mixture polymer/drug and SAS processed Eudragit/drug powders. (a) DICLO; (b) THEOP.
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FT-IR spectra of pure and unprocessed EUD is characterized by absorption bands at around
1157 cm−1, 1184 cm−1 e 1261 cm−1, corresponding to the ester vibrations, peaks at about 1701 cm−1 and
at 1736 cm−1 attributed to the C =O stretching of the carboxylic acid and the vibrations of the esterified
carboxyl groups, respectively; moreover, the presence of peaks at 1387 cm−1, 1479 cm−1 e 2979 cm−1

corresponded to CHX vibrations [29]. No changes were observed in the polymer at the level of the
functional group after SAS processing. FT-IR spectra of the physical mixture and SAS processed
EUD/DICLO powders clearly showed the characteristic bands of the polymer, since it is present in more
quantity, and few peaks related to DICLO as the C–Cl stretching at about 720 cm−1 [38]. In addition to
EUD characteristic peaks, FT-IR spectra of physical mixture and SAS processed EUD/THEOP powders
exhibited several absorption bands attributed to the theophylline, such as at 3120 cm−1 assigned to the
N–H stretching, at 3060 and 2989 cm−1 related to the C–H stretching, at about 1718 and 1667 cm−1

assigned to the carbonyl stretching and at 1307 cm−1 assigned to the C–O stretching [39–41].
DSC thermograms of the unprocessed drug, unprocessed and processed EUD and SAS processed

EUD/drug 20/1 and 10/1 w/w are reported in Figure 12a,b for DICLO and THEOP, respectively.

(a) (b) 

Figure 12. DSC thermograms of unprocessed and SAS processed EUD, unprocessed drugs, and SAS
processed EUD/drug coprecipitated powders. (a) DICLO; (b) THEOP.

The DSC curve of pure DICLO showed two endothermic peaks, the first one related to the
dehydration and the second one at about 288 ◦C corresponding to the melting point [42]. The DSC
thermogram of pure THEOP showed an endothermic peak at around 272 ◦C, which is its melting
point [43]. The thermogram of unprocessed EUD had two endothermic peaks, the first one, ascribable
to the loss of water and the other one at about 200 ◦C related to the melting of the crystalline portion of
the polymer [44]. Moreover, in agreement with the literature [45], unprocessed EUD is characterized
by a glass transition temperature (Tg) at around 119 ◦C, slightly shifted at a lower temperature
(around 112 ◦C) for SAS processed EUD, because of the scCO2 plasticizing effect in the presence of
semicrystalline polymers [46,47]. The thermal behavior of SAS coprecipitated powders is similar to the
polymer one. The absence of the melting point of the drug in the thermograms of the coprecipitated
powders can be ascribed to the amorphization. Moreover, because of the particle size reduction, a
slightly higher degree of amorphism is detected both in SAS processed polymer and SAS coprecipitated
powders with respect to unprocessed EUD, as observable from the less pronounced melting peak
linked to the crystalline portion of the polymer.

XRD patterns of the unprocessed drug, unprocessed EUD and SAS processed EUD/drug 10/1 w/w
are reported in Figure 13a,b for DICLO and THEOP, respectively.
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Figure 13. XRD patterns of unprocessed EUD, unprocessed drugs, and SAS processed EUD/drug
coprecipitated powders. (a) DICLO; (b) THEOP.

XRD analyses confirmed the outcomes deduced by DSC thermograms; i.e., the pure drugs were
in a crystalline state, the pure EUD showed a semi-crystalline pattern, whereas, the coprecipitated
powders were characterized by an amorphous behavior.

Dissolution tests were performed using UV-vis spectroscopy to compare the dissolution rate of
each unprocessed drug with the drug coprecipitated with EUD. The dissolution profiles in PBS of the
unprocessed drug, physical mixture EUD/drug 10/1 w/w and SAS processed EUD/drug 20/1, and 10/1
are reported in Figure 14a,b for DICLO and THEOP, respectively.
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Figure 14. Dissolution profiles in PBS at 37 ◦C and pH 7.4. (a) DICLO; (b) THEOP.

Pure DICLO and DICLO present in the physical mixture were completely released in about 4 h
and 10 h, respectively. The delayed effect of the drug release, due to the coprecipitation with the
polymer is evident since the complete dissolution is achieved for both SAS coprecipitated powders 20/1
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and 10/1 in about 100 h with a similar burst effect (about 45%) ascribable to the drug portion located
near/on the surface of the particles. In summary, the dissolution of DICLO coprecipitated with EUD
was about 28 times slower with respect to the unprocessed NSAID.

As for pure theophylline and the corresponding physical mixture, the time taken for the complete
release is practically the same (about 2.3 e 2.6 h, respectively). Differently, SAS coprecipitated
EUD/theophylline 10/1, and 20/1 w/w powders require for the complete drug dissolution about 118 h
and 130 h, respectively; therefore, also, in this case, the release was considerably prolonged using
EUD, up to about 57 times. Moreover, by increasing the polymer/drug ratio from 10/1 to 20/1 w/w, the
drug release burst decreased from 60% to 20%. The difference in the release of EUD/THEOP 10/1 and
20/1 w/w can be explained, according to the literature [48], to the size of the microparticles. Indeed,
increasing the powders’ diameter, the portion of the drug finely dispersed in the polymer microparticle
increased, and correspondingly, the portion of the drug disposed on the polymer surface decreased.
This corresponds to a reduction of the initial drug release burst observed in the case of EUD/THEOP
20/1 w/w.

Considering the obtained results, the coprecipitation was achieved only in part in the case of
DICLO, for which smaller and less-defined microparticles were generally obtained with respect to the
other studied drug; moreover, a burst-like effect of about 45% was observed. Well-defined spherical
microparticles EUD/THEOP were instead produced, assuring a massive coprecipitation with a burst
effect that reduced up to a value of 20% for EUD/THEOP 20/1 w/w. As reported in the literature [16],
in this work it was also observed that the polymeric carrier has a great influence on the precipitate
morphology, and by selecting the proper one, it is possible to coprecipitate even an active principle
which revealed to be a bad candidate for SAS micronization, as occurred with THEOP. Moreover,
different results were obtained with different drugs even using the same polymer, proving once again
that the interactions between polymer, active principle, scCO2, and liquid solvent can influence the
high-pressure vapor-liquid equilibria and modify the processability of materials.

4. Conclusions

In this work, it was demonstrated that Eudragit L100-55 is an effective carrier for SAS
coprecipitation as composite microspheres EUD/diclofenac and EUD/theophylline were produced; the
operating conditions have to be accurately selected depending on the drug used because the drug can
influence the high-pressure vapor-liquid equilibria. Dissolution tests showed that the release of the
drugs was significantly delayed, up to 28 and 57 times for DICLO and THEOP, respectively; therefore,
Eudragit L100-55 is suitable for applications focused on controlled-release to reduce the side effects,
due to drug overuse.
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Abstract: Resin-based composites are widely used as dental restorative materials due to their
excellent properties. They must have high modulus, high hardness, and be chemically inert while
minimizing moisture uptake. To fulfill these higher standard prerequisites and properties, continuous
improvements in each of their components are required. This study develops novel composites with
multiple biofunctions. Light-cured Bis-GMA/TEGDMA dental resin (RK)/layered double hydroxide
intercalated with fluoride ions (LDH-F)/calcium bentonite (Bt) hybrid composites were prepared.
The loading ratio of LDH-F to Bt was varied, ranging from 2.5/2.5 to 10/10 parts per hundred RK
and structural, mechanical, and biological properties were studied. The incorporation of even small
mass fractions (e.g., 2.5 wt% of LDH-F and 2.5 wt% of Bt) in RK dental resin significantly improved
the mechanical properties of the pristine resin. The synthetized materials showed antibacterial and
antibiofilm effects against three bacterial strains isolated from healthy volunteers’ saliva (Streptococcus
spp., Bacteroides fragilis, and Staphylococcus epidermidis) without affecting its ability to induce dental
pulp stem cells differentiation into odontoblast-like cells. The capability to balance between the
antibiofilm activity and dental pulp stem cells differentiation in addition with improved mechanical
properties make these materials a promising strategy in preventive and restorative dentistry.

Keywords: dental materials; composite resin; layered double hydroxide; calcium bentonite;
antibiofilm activity

1. Introduction

In recent years, numerous synthetic materials have been developed in the field of dentistry with
the aim of reconstructing and maintaining the oral function, health, and aesthetics of the patients [1,2].
Among these materials, resin-based composites are probably the most important from the aesthetics
and performance point of view [3,4]. Hard and chemically stable filler particles are generally dispersed
in these composites to provide the structural reinforcement necessary for dental applications [5].
Common fillers are glass particles or fibers, ceramic materials, and natural minerals. Among the natural
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minerals, bentonite clays are aluminum phyllosilicates with interesting properties [6,7]. They are
named based on dominant elements, such as potassium (K), sodium (Na), calcium (Ca), and aluminum
(Al). In the presence of water, bentonite easily swells and can be reduced to nanometric dimension
providing self-sealing and barrier properties [8,9]. Several researchers have demonstrated that the
incorporation of fillers such as montmorillonite into dental materials results in the increase of their
mechanical properties [10,11]. Atai and colleagues, indeed, reported the incorporation of nanoclay
into the dental adhesives as a solution to overcome the lower mechanical properties of the adhesive
layer and the problem of rapid sedimentation of particles into adhesives [12]. In addition, Nikolaidis
et al. reported the reinforcement of dental nanocomposite resins with different organo-modified
montmorillonite nanofillers [13]. Dental materials still suffer several significant problems, such as
polymerization shrinkage at the tooth–composite interface, which can lead to micro-leakage, and
secondary caries [14–18]. In 2007, Bernardo et al. [19] evaluated 1748 restorations and revealed that
the use of composites increased the risk of secondary caries by about 3.5 times as compared with the
use of amalgams. Different approaches have been adopted to improve the quality and performance
of these composites [20–22]. One of these is the development of fillers that can release substances
with antibacterial effects or buffer the acids produced by bacteria [23–26]. Fluorine-containing filler
particles have been introduced in order to eliminate the cariostatic demineralization effect produced
by the filling restoration. Soluble fluorine-based salts have been introduced in the formulation of
these composites in order to have a release over time. However, these salts present an initial burst
release and, when removed, tend to leave micropores in the bulk material with a consequent loss
of mechanical properties. These problems can be reduced by introducing fluorine, aluminum, and
silicate based fillers with less solubility. Fused modified fillers such as silica whiskers and dicalcium
phosphate anhydrous or tetracalcium phosphate have been proposed to release Ca and PO4 ions [27].

Despite the large amounts of ions released by these systems, their ability to prevent secondary
caries is questionable. Technological improvements are needed to increase and prolong the release of
active components during the working life of these dental composites. In our previous work, we report
the synthesis and characterization of fluoride-intercalated layered double hydroxide (LDH-F) showing
a long-term controlled delivery of micromolar amounts of fluoride. This material is able to elicit
beneficial effects on proliferation and mineralization of human dental pulp stem cells (hDPSC) [28],
as well as on the migration and differentiation of STRO-1+ cells, a DPSC subpopulation able to
differentiate into dental hard tissue-forming cells [29].

This study presents the synthesis of a light-cured Bis-GMA/TEGDMA dental resin (RK)/layered
double hydroxide intercalated with fluoride ions (LDH-F)/calcium bentonite (Bt), named RK-FBtx
(where x is the total mass fraction of LDH-F and Bt), as a new hybrid composite material for use
in dentistry. Here, we demonstrate that the addition of bentonite improves mechanical properties,
without influencing the bioactive properties of the composite. This result is of great importance in
dentistry by defining the ability of dental material to act effectively and safely over extended periods
of time. Moreover, we demonstrate the ability of RK-FBtx with the highest F/Bt rate (RK-FBt20) to elicit
antibacterial and antibiofilm effects, making it useful as dental material to prevent the formation of
secondary caries [30]. Indeed, recent studies have highlighted that secondary caries are increasingly
related to the development of bacterial biofilm [31,32]. The oral cavity represents the second most
complex microbiota in the body after the colon hosting around 1000 species [33]. These commensal
microbes in the oral cavity represent the principal source of the formation of biofilm in the root canal,
and colonize the numerous surfaces in the mouth, hydrating and feeding on the nutrients provided by
either saliva or gingival crevicular fluid, or dietary intake. The new synthesized material RK-FBt20
was able to release fluoride even in acidic conditions, inhibiting the formation of Streptococcus spp.,
Bacteroides fragilis, and Staphylococcus epidermidis (three bacterial strains isolated from saliva of healthy
volunteers) biofilm.
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2. Materials and Methods

2.1. Sample Preparation

Two clays were used for the preparation of the hybrid composites, a layered double hydroxide
intercalated with fluoride ions and a calcium bentonite. A fluoride-intercalated layered double
hydroxide (LDH-F) was prepared by intercalation of fluoride anions in LDH in nitrate form, using an
aqueous solution of fluoride sodium salt, NaF, (F/NO3 molar ratio = 1.3). The resulting precipitate
was collected, washed three times with deionized water and, finally, dried at rt over a saturated NaCl
solution. The material was characterized by XRD in order to verify the sample. The resulting LDH-F
has the following composition: [Mg0.65Al0.35(OH)2](F)0.35·0.8H2O [28]. Calcium bentonite (Bt) with the
following chemical composition: Na2O (0.2%), MgO (3.5%), Al2O3 (14.5%), SiO2 (71.9%), P2O5 (0.01%),
K2O (1.9%), CaO (1.6%), TiO2 (0.03%), MnO (0.01%), Fe2O3 (0.85%), and LOI (5.5%) was kindly supplied
by Laviosa Chimica Mineraria SpA (Livorno LI, Italy). Commercial light-activated restorative material
(RK), provided by Kerr s.r.l. (Scafati, Italy), consists of bisphenol-A glycidyl methacrylate (Bis-GMA),
tri-ethylene glycol dimethacrylate (TEGDMA), camphorquinone (CQ), ethoxylated bisphenol A
dimethacrylate (EBPADMA), and glass fillers. The inorganic solids LDH-F and Bt were used as fillers
and mixed into the dental resin system (RK) to obtain hybrid composites with three different total
filler concentration (5, 10, and 20 wt%). The composites containing only LDH-F or bentonite solids are
coded as RK-Fx and RK-Bty, where x and y are the percentages by weight of the LDH-F and bentonite,
respectively, in the neat resin RK. Composites containing both clays are named RK-FBtz, where z is the
percentage by weight of the total amount of the same content of the inorganic solids (LDH-F and Bt)
presents in the resin RK (e.g., RK-FBt5 means RK 95%, LDH-F 2.5%, and Bt 2.5%). The neat RK resin
was used as control material.

The neat resin and all the hybrid composites obtained were cured by photo-polymerization using a
visible light-curing unit with a light intensity of 550 mW/cm2 and an irradiation time of 60 s. Specimen
disks 20 mm in diameter and 1 mm thick were fabricated using steel molds.

2.2. Characterization and Evaluation

2.2.1. Wide-Angle X-ray Diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) patterns with nickel-filtered Cu Kα radiation (λ = 1.54050 Å)
were obtained at room temperature, in reflection, by an automatic Bruker diffractometer operating at
40 kV and 40 mA. The patterns were recorded from 2 to 40◦ of 2θ. The counting time was 3 s per 0.05◦
of 2θ step scan.

2.2.2. Gravimetric Measurements

To evaluate the effect of the moisture uptake on the composite properties, tests were carried
out according to ASTM 570. The test specimens, in the form of a disk 30 ± 3 mm in diameter and
2 ± 0.2 mm in thickness, were firstly dried in a vacuum oven for 24 h at 30 ◦C and, then, weighed to the
nearest 0.001 g. Specimens were then completely immersed in distilled water at 37 ◦C for about 1 year
and periodically taken out, wiped with a dry cloth and carefully weighed. The percentage weight gain
of the samples was then measured by using the following Equation (1):

Weight gain (%) = (P1 − P2)/P2 × 100 (1)

where P1 and P2 are the weight of the wet and dry samples, respectively. For each condition, at
least three different test specimens were prepared and measured in independent runs to confirm the
reproducibility of the data. Test results were accepted only if the results are within ± 0.05%.
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2.2.3. Dynamic Mechanical Analysis

The mechanical properties of the samples were tested using a dynamic mechanical analyzer
(DMA 2980, TA Instruments, New Castle, DE, USA). The samples were tested by applying a variable
flexural deformation in single cantilever mode. The displacement amplitude was set to 0.1%, whereas
the measurements were performed at the frequency of 1 Hz. Rectangular sample with dimensions
18 × 10 × 1 mm3 were cut from the specimen disks. The range of temperature analyzed was −50 to
150 ◦C with scanning rate of 3 ◦C/min.

2.2.4. Fluoride Release Study

Weighed disks of RK-FBt5, RK-FBt10, and RK-FBt20 were placed in a mineral medium with
composition similar to saliva (SAGF, 15 mL) at 37 ◦C under magnetic stirring. After specific time
intervals, free fluoride ion concentration (ppm) was determined using an ion chromatograph (DX 100;
Dionex, Camberley, UK) with suppressed conductivity as reported by Calarco et al. [34]. The analysis
was made in triplicate and averaged the values.

2.3. Biological Test Methods

2.3.1. Primary Cell Culture

The human dental pulp cell (hDPSC) were enzymatically isolated from impacted third molars
obtained from 10 adults (18 to 22 years of age), as previously described [28,35], in compliance with
Italian legislation (including informed consent and institutional review board approval of the protocol
number 7413). The cells were cultured with α-minimum essential medium (α-MEM) supplemented
with 15% fetal bovine serum (FBS), 2 mM L-glutamine, 100 mM L-ascorbic acid-2-phosphate, 100 U/mL
penicillin-G, 100 mg/mL streptomycin, and 0.25 mg/mL fungizone (HyClone, Milan, Italy) and
maintained in 5% CO2 at 37 ◦C. Proliferation, clonogenic potential, and stem cell markers were analyzed.
STRO-1+ stem cells were directly sorted from pulp cell at passage 3 with mouse anti-human STRO-1 IgM
(Life Technologies, Milan, Italy) with immune magnetic beads according to the manufacturer’s protocol
(Dynabeads; Life Technologies, Milan, Italy). After cell sorting, each of the following experiments was
performed in triplicate on pooled STRO-1 sorted cells (STRO-1+ cells).

2.3.2. Cytotoxicity Assay

The effect of synthetized materials on STRO-1+ cell viability was determined using Cell Counting
Kit-8. Briefly, STRO-1+ cells were plated at 1 × 104 cells/well on RK, RK-FBt5, RK-FBt10, and RK-FBt20
materials in 24-well flat-bottomed plates in culture medium. After 1, 3, and 7 days, CCK-8 solution
was added to each well followed by 3 h incubation at 37 ◦C. Absorbance was measured at 450 nm
using a microplate reader (Cytation 3; AHSI, Milan, Italy). Cells cultured on tissue culture polystyrene
were used as the control. The experiment was repeated 3 times and the mean value calculated.

2.3.3. Alkaline Phosphatase Activity

Alkaline phosphatase activity is a typical marker for early odontoblastic differentiation. Alkaline
phosphatase (ALP) activity was evaluated using ALP Assay Kit according to Tammaro et al. [28].
Briefly, STRO-1+ cells were cultured on RK-FBtx disks (RK, RK-FBt5, RK-FBt10, and RK-FBt20, 14 mm
diameter) for 1, 7, 14. and 28 days. Then, the cells were scraped into cold PBS, sonicated in an ice
bath and centrifuged at 1500× g for 15 min. ALP activity was measured in the supernatant using
p-nitrophenyl phosphate as a phosphatase substrate and alkaline phosphatase supplied by the kit as a
standard. The absorbance was measured at 405 nm and the amount of ALP in the cells was normalized
against total protein content.
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2.4. Microbiological Procedures

2.4.1. Bacteria

The bacteria used in this study, Streptococcus spp., Bacteroides fragilis, and Staphylococcus epidermidis
isolated from 3 healthy volunteers’ saliva as reported in Di Salle et al. [35], were grown at 37 ◦C in
nonselective Nutrient Broth (NB, Oxoid, Basingstoke, Hants, UK).

2.4.2. Direct Contact Test (DCT)

For this test, 10 μL of each bacterial suspension containing a microbial concentration of
approximately 2.0 × 108 cells/mL was placed on each disk surface and allowed to evaporate at
37 ◦C for 60 min to ensure close direct contact between the bacteria and the disk surface. Then, the
disks were placed in a 12-well plate, covered with 500 μL of NB, and placed in a microplate reader
(Cytation 3; AHSI, Milan, Italy). Bacterial growth curves were obtained recoding the absorbance at
600 nm (OD 600 nm) every 30 min during 48 h at 37 ◦C under orbital agitation.

2.4.3. Biofilm Development under Dynamic Conditions

The drip-flow reactor (M-DFR) employed in the present study was constructed as described in the
Webworks Laboratory of the Montana State University [36]. Briefly, a plastic storage box was modified
inserting rubber stoppers for the feed tubes, the air vent, and the waste tube (Scheme 1).

 

Scheme 1. Drip-flow reactor scheme.

The modified plastic box allows placement of five specimen disks 20 mm in diameter on the
bottom of the flow cells, ensuring complete immersion of disks’ surfaces in the flow medium. Before
the experiments, in order to minimize the risk of microbial contamination, the DFR was UV sterilized.
For each bacterial strain, biofilm formation was studied for 48 and 96 h simulating or not the formation
of salivary pellicle for 24 h. For simulation of salivary pellicle formation, before inoculation the
disks’ surfaces were completely covered with thawed sterile saliva and incubated at 37 ◦C for 24 h.
Successively, the supernatant was carefully removed. Biofilm was developed inoculating 10 mL of
each bacterial suspension in early log phase in the DFR flow cells to allow bacterial adhesion. After
4 h, a constant flow (9.0 mL/h) of NB was provided using a peristaltic pump and the temperature
maintained at 37 ◦C for 48 or 96 h.

2.4.4. MTT Assay

The metabolic activity of biofilms was determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay [37]. After 48 or 96 h of incubation ion DFR, the feed flows to the
selected flow cells were discontinued. The disks were removed, immediately washed with sterile PBS
to remove nonadherent bacteria and placed in a 12-well plate. Then, 500 μL of 0.3 mg/mL MTT was
added to each well and incubated at 37 ◦C in dark. After 3 h, the MTT solution was removed and the
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formed formazan crystals were dissolved by adding 500 μL dimethyl sulfoxide (DMSO). OD510 nm
was recorded using a microplate reader.

2.5. Statistical Analysis

All quantitative data are presented as the mean ± SD. Each experiment was performed at least 3
times. For DCT, data were statistically analyzed using Kruskal–Wallis test followed by Dunn’s post
hoc analysis. All the data were analyzed with the GraphPad Prism version 6.01 statistical software
package (GraphPad, San Diego, CA, USA).

3. Results and Discussion

3.1. Structural Investigation

The incorporation and dispersion of the inorganic solids into the dental resin was investigated by
X-ray analysis. The diffractograms of the LDH-F and Bt are displayed in Figures 1a and 1b, respectively.
The X-ray reflection of LDH-F at 2θ = 11.7◦ corresponds to an interlayer distance of 0.757 nm. The
second and third patterns at 2θ = 23.6◦ and 34.9◦, respectively, correspond to the higher harmonics of
the interlayer distance. All the peaks are sharp, and this indicates an ordered accommodation of the
inorganic fluoride anion within the interlayer regions.

θ

Figure 1. XRD patterns of (a) fluoride-intercalated layered double hydroxide (LDH-F) and (b) calcium
bentonite clay (Bt) powders. The curves are vertically translated for clarity.

Characteristic for bentonites is that they are mainly composed of smectites, a group of expandable
clay minerals with a wide range of chemical compositions. The X-ray spectra of the calcium bentonite
shows a main diffraction pattern at 2θ = 5.8◦ and other peaks at 17.5, 19.8, 21.9, 26.6, 30.2, and 36.1
degrees of 2-theta typical of a mixture of several minerals, such as kaolinite, quartz, montmorillonite,
and cristobalite. X-ray patterns of the pure resin RK and the hybrid composites are shown in Figure 2.
The broad pattern in Figure 2a is attributed to the reflection of amorphous RK, while the diffraction
spectra of RK/LDH-FBt composites (Figure 2b–d) show characteristic reflections of LDH-F powders
at 2θ = 11.68◦, 23.6◦, and 34.9◦ and Bt clay at 2θ = 5.8◦, (more evident for samples with higher
concentration of LDH-F and Bt), in addition to the broad reflection of pristine RK. The X-ray data
indicated that the obtained hybrid composites are a mixture of the resin RK with micro domains of
LDH-F and Bt.
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θ

Figure 2. XRD patterns of the neat resin RK (a) and the hybrid composites samples at different LDH-F
and Bt content, RK-FBt5 (b), RK-FBt10 (c), and RK-FBt20 (d).

3.2. Water Absorption

One of the most important aspects to be improved in the dental resins is represented by the
water permeability. In fact, epoxy resins are vulnerable to absorbing water, thus, leading to a strong
performance loss especially when used in heat and humid ambient. Figure 3 shows the weight gain
(Equation (1)) for all composite samples after immersion in water at 37 ◦C for a selected time. The neat
resin shows a gradual water uptake until about 0.7%. The equilibrium water uptake increases almost
linearly with the addition of bentonite clay. The increase in water uptake could be due to both the
hydrophilic nature of the bentonite and the interface volume formed around the bentonite particles.
The hydrophilic clay lamellae are less embedded in the resin and more available to the water molecules.
This generally induces an increase in the sample diffusivity. In addition, nanoparticles could produce a
lack of crosslinking, which makes easy the water absorption. An opposite behavior is observed for the
LDH-F based samples. In this case, the filler addition produces a gradual reduction in the quantity of
water absorbed. As mentioned above, this is an interesting result as the quantity of water absorption is
closely related to the composites performances. The absorbing curves show an initial time lag of about
10 days in which the sample weights change little with time. Probably, the introduction of fluorine
atoms into polymer systems has the effect of making the matrix more resistant to water molecules,
which is a desirable property for dental restorative materials. The hybrid composites containing both
clays (LDH-F and Bt) show an intermediate behavior. In addition, at higher filler concentrations, the
equilibrium water absorbed is only slightly larger than that of the neat resin.

An in deep analysis of the water sorption mechanism is crucial to understand the interactions
between the filler and the resin matrix [38]. The water molecules can be present in two states, as free
molecules evenly distributed between the polymer chains or linked to the molecular structure by
means of hydrogen bonding. When they are free to move, they can act as diluents, and thus lead to a
loss in the composite properties. The sorption process of liquids in resin matrices is usually assumed
to be a concentration independent Fickian diffusion process [39]. The following expression is generally
used to describe the diffusion process:

Mt

M∞
= 1− 8

π2

∞∑
j=0

1

(2 j + 1)2 exp

⎛⎜⎜⎜⎜⎝− (2 j + 1)2π2D
h2 t

⎞⎟⎟⎟⎟⎠ (2)
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where Mt is moisture uptake at time t and M∞ is the equilibrium moisture gain in the specimen
at saturation; h is the sample thickness and D is the sample diffusivity. Since the Fickian model
considers that the sorbed resides in the free volume and that no interaction is present (i.e., relaxation
or degradation effects on the polymer are not considered), it may not be completely accurate as a
predictive tool, especially when a strong bonding between water and epoxy groups is observed [40].
However, for the purpose of determining the diffusion coefficient of the epoxy it seems to yield
acceptable results. In Figure 4, the water uptake curves for all samples are in reasonable agreement
with the Fickian model (Equation (2)). However, the model overestimates the mass uptake at short
time. This suggests that the initial uptake behavior is contrasted by the ions release.

 

 

Figure 3. Weight gain as function of conditioning time in water at 37 ◦C for neat RK resin and all
hybrid composites.

  

 

Figure 4. Simulation of the absorption curves by Fickian model.
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In Figure 5 the equilibrium moisture concentrations, as well as the diffusion coefficients derived
according to Equation (2), are shown. These parameters strongly depend by the filler nature and
concentration. In samples containing bentonite clay, the diffusivity decreases with the filler addition. As
expected, the tortuous diffusion pathway produced by the impermeable filler reduces the diffusivity of
water molecules [38]. This hindrance effect, however, does not have an effect on the equilibrium water
uptake, which increases with the filler addition. Probably, the hydrophilic nature of the clay bentonite
favors the water molecules accumulation at the equilibrium. An opposite effect is observed with the
LDH-F samples, i.e., water uptake decreases and diffusivity increases with the filler concentration. In
this case, the presence of fluorine atoms provides water repellence. However, the presence on LDH-F
filler probably induces a lack in crosslinking density, and thus an increase in chain mobility with a
consequent increase in water diffusivity. The combined effect of the two fillers produces intermediate
values. In this case, both water uptake and diffusivity increase with the filler concentration increase.

Figure 5. Equilibrium moisture uptake and Fickian diffusivity for all tested composites.

3.3. Mechanical Properties

The mechanical properties were investigated in a wide range of temperatures by performing
dynamic mechanical analysis. Figure 6 shows the elastic modulus and the loss modulus for the pristine
resin and the resin containing 20 wt% of LDH-F/Bt mixture, as representative sample. As expected,
the addition of inorganic filler increases the elastic modulus of the resins in all the temperature range
investigated. This effect was observed in all dry samples and at almost all concentrations (Figure 7).

  
Figure 6. Dynamic mechanical analysis (DMA) results of RK (left) and RK-FBt20 (right).
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Figure 7. Storage modulus at 37 ◦C of all samples investigated, in wet and dry conditions.

The loss factor (also known as tanδ) of the resin and RK-FBt20 composite is also reported in
Figure 6. The height and the shape of the curve are strictly related to the molecular relaxation and
the crosslinking distribution of the composites. The filler addition produces a wide distribution in
the molecular relaxation with an apparent increase of the crosslinking density. In literature, the glass
transition temperature is generally identified as the maximum in the loss factor curve. This increase is
evident after the glass transition temperature.

The values of the glass transition temperatures are reported in Figure 8. We observed that the Tg

of the composite resins are consistently higher than the pristine resin. The observed reinforcement
increases when the filler concentration increases. As expected, as shown in many composite systems,
the deformation at breaking of the composite resin was found slightly lower than the pristine
resin. However, since the stress is increasingly higher in the composites, the toughness remained
almost unchanged.

 

Figure 8. Glass transition temperature of all samples investigated, in wet and dry conditions.
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The effect of the moisture on thermomechanical properties of the sample can be observed in
Figure 7 (wet samples). The elastic modulus, for almost all wet samples, shows an important decrease
in all the temperature ranges. This reduction is probably due to the presence of water molecules in the
interface between the polymer matrix and the filler that modify the constraints of the polymer chain
mobility near the reinforcements. In addition, the glass transition is affected by the environmental
humidity which can be due to a number of reasons, such as changes in reaction chemistry, lower
crosslink density, or a plasticizing effect of the water molecules entrapped in the resin-filler interface
regions. In particular, the rupture of the hydrogen bonding between polymer chains by water molecules
would produce an increment of the chain mobility during the glass transition region.

Composites samples containing fluoride-intercalated layered double hydroxide and bentonite
(RK-FBtx) show an interesting increase in the glass transition (Figure 8) because of the synergic effect
of the water repellence of LDH-F and the molecular mobility reduction due to the bentonite clay
(Figure 5).

3.4. Resins Biocompatibility and Differentiation

The success of dentin/pulp regeneration depends on the development of suitable scaffolding
materials as carriers for DPSCs. Stem cells derived from dental pulp (dental pulp stem cells, DPSCs)
represent an easy and accessible source of undifferentiated adult stem cells due to their noninvasive
collection procedures obtained from both human permanent and supernumerary teeth [41]. Several
studies have reported that DPSCs expressing STRO-1, a cell surface marker, represent a subgroup
able to differentiate into dental hard tissue-forming cells [42]. In fact, STRO-1+ sorted dental stem
cells exhibited a superior predisposition to undergo odontogenesis than unsorted cells establishing
reproducible and defined in vitro culture protocol for regenerative purposes. In a previous work,
we demonstrated that fluoride-containing resin elicit beneficial effects on STRO-1+ cells inducing
differentiation into functional odontoblast-like cells [34]. The new synthesized materials exhibited a
time-dependent fluoride release over 28 days of incubation in artificial saliva (SAGF). A slow fluoride
release that gradually increases until 21 days was observed for all tested materials (Figure 9) reaching a
concentration of fluoride ranging from 0.976 ± 0.116 ppm (RK-FBt5) to 1.826 ± 0.154 ppm (RK-FBt20).

Figure 9. Cumulative release profiles of fluoride ions from RK-FBt5, RK-FBt10, and RK-FBt20 measured
by ion chromatography method. Samples were put in mineral medium with composition similar to
saliva (SAGF) for 28 days. The bars represent means ± SD (n = 3).

As shown in Figure 10, no significant effect on proliferation was observed between resins (RK,
RK-FBt5, RK-FBt10, and RK-FBt20) and control group after one, three, and six days of culture.
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Figure 10. STRO-1+ cell viability assessed by CCK-8 assay on RK, RK-FBt5, RK-FBt10, and RK-FBt20
resins after 1, 3, and 6 days. The bars represent means ± SD (n = 3).

In order to determine the effect on STRO-1+ cells, the activity of alkaline phosphatase (ALP) an
early marker of immature osteoblast/odontoblast, was evaluated. Figure 11 shows that the ALP activity
gradually increased for 28 days in cells grown on RK-FBt5, RK-FBt10, and RK-FBt20 as compared with
cells cultured onto tissue culture polystyrene and RK. These results suggest that the resins exhibit
equivalent biologic activity.

Figure 11. Alkaline phosphatase (ALP) activity of STRO-1+ cells cultured for 28 days on RK-FBt
resins. Cell cultured onto tissue culture polystyrene (CTL) or on commercial light-activated restorative
materials (RK) were used as controls. * P < 0.05 versus CTL and RK; *** P < 0.001 versus CTL, RK, and
RK-FBt5; The bars represent means ± SD (n = 3).

3.5. Direct Contact Test (DCT)

The DCT, introduced in 1996 by Weiss et al. [43] is a quantitative and reproducible method that
simulates the contact of the test microorganism with composite resins inside the root canal and evaluates
the kinetics of bacterial growth. In particular, this method measures the bacterial growth kinetic and
detects the bacteriostatic (prevention of growth) and bactericidal effect of synthetized materials.

The results of the DCT for the time period of 48 h (Figure 12) demonstrated that only RK-FBt20
was able to inhibit the growth of all three bacterial strains, while a slight effect was observed for
RK-FBt10. Indeed, the intergroup comparisons between groups analyzed using the Kruskal–Wallis test
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followed by Dunn’s post hoc analysis demonstrated significant difference in overall bacterial kinetics
only for RK-FBt10 and RK-FBt20 (Table 1).

 

 

Figure 12. Antibacterial activity evaluated by DCT against Streptococcus spp., Bacteroides fragilis, and
Staphylococcus epidermidis of RK, RK-FBt5, RK-FBt10, and RK-FBt20. Single bacterial strain growth in
absence of composite resins was used as control (CTL). Each point on the growth curves is the average
of optical density measurements in 6 wells at any given time point.
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Table 1. Results of inter-group statistical significance of direct contact test (DCT) using Kruskal–Wallis
test followed by Dunn’s post hoc analysis.

Streptococcus spp. B. fragilis S. epidermidis

Test details P P P

CTL vs. RK n.s. n.s. n.s.
CTL vs. RK-FBt5 n.s. n.s. n.s.
CTL vs. RK-FBt10 0.0041 0.0044 0.0031
CTL vs. RK-FBt20 <0.0001 <0.0001 <0.0001

RK vs. RK-FBt5 n.s. n.s. n.s.
RK vs. RK-FBt10 n.s. n.s. n.s.
RK vs. RK-FBt20 0.0025 0.0033 0.0040

RK-FBt5 vs. RK-FBt10 n.s. n.s. n.s.
RK-FBt5 vs. RK-FBt20 n.s. n.s. n.s.
RK-FBt10 vs. RK-FBt20 n.s. n.s. n.s.

3.6. Antibiofilm Analyses under Dynamic Conditions

Biofilm architecture, as well as antimicrobial tolerance of biofilms, is dependent on growth
conditions, such as hydrodynamics, nutrients, and cell density [44,45]. For these reasons, different
microbiological models that recreate a diverse oral environment can lead to different results. The static
biofilm formation is the most widely used experimental model to determine the antibiofilm properties
of materials, although it is not very representative of the oral cavity environment, where adherence of
bacteria is subjected to a salivary flux with the simultaneously formation of salivary pellicle [46]. In
particular, the presence of the salivary pellicle, an acellular organic film that covers any type of surface
exposed to saliva, can have prominent effects on the biofilm formation and composition. Pellicle
proteins, such as lysozyme, histatins, α-amylase, cystatins, lactoferrin, and large salivary mucin, that
in vivo provide an array of potential receptors for the attachment of the early colonizer [47,48] in vitro
could inactivate the materials antibacterial activity acting as separation layer between bacteria and
material surface [46]. Furthermore, the composition of biofilms can be modified by the specificity
of the host or site, for example in presence of variations in the intensity of the fluid flow. Indeed,
several studies demonstrate that shear conditions enhanced the adhesion of both Escherichia coli and
Streptococcus gordonii in periodontitis [49].

Therefore, in this study a dip-flow reactor was used as a model system to generate a biofilm under
a laminar flow of nutrients close to the air–liquid interface, recreating in lab the dynamic conditions of
the oral cavity.

As shown in Figure 13, we observed a significant reduction in biofilm formation, regardless of
bacterial strain used and the presence or absence of salivary pellicle, only in RK-FBt10 and RK-FBt20
materials. In particular, the greatest effect was observed on Streptococcus spp. at 96 h for RK-FBt20 in
absence of salivary pellicle, inducing a 70% of biofilm inhibition with respect to a control (P < 0.001).
Furthermore, the presence of salivary pellicle did not significantly affect the antibiofilm properties of
composite resins for every bacterial strain.
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Figure 13. Antibiofilm activity of composite resins. Biofilm viability was evaluated by MTT assay,
simulating or not the formation of salivary pellicle, after 48 and 96 h of incubation at 37 ◦C in the
presence of Streptococcus spp. (A), B. fragilis (B), and S. epidermidis (C) as described in the Material and
Methods section. The absorbance of each well was read at 510 nm. Biofilm formation was reported
as a percentage in comparison with the maximum amount of biofilm produced by Streptococcus spp.,
B. fragilis, and S. epidermidis grown (positive controls). For each sample, six different experiments were
conducted, and the results expressed as the mean of the values obtained (mean ± SD). Statistically
significant variations: # P < 0.05, ## P < 0.01, and ### P < 0.001 versus positive control RK and RK-FBt5.

The fluoride concentration released from both RK-FBt10, and RK-FBt20 materials, after 48 h,
reaches already a micromolar amount capable of producing a significant antimicrobial effect (Figure 9).
The well-known antibacterial and antibiofilm activity [50,51] of fluoride is elicited via the following
three principal mechanisms: (i) the ability to form metal-fluoride complexes (i.e., with aluminum and
beryllium cations) that can interact with host F-ATPase and nitrogenase enzymes [52]; (ii) the formation
of hydrofluoric acid that interfere with the bacterial proton chain [53]; and (iii) the direct inhibition
of bacterial specific enzymes such as enolase, acid phosphatase, pyrophosphatase, peroxidase, and
catalase [54]. Indeed, fluoride concentrations lower than micromolar are able to inhibit the glycolytic
enzyme enolase interfering with a sustained bacterial growth [55].

4. Conclusions

In this paper, the influence of temperature, moisture, and their combination on thermal and
mechanical properties was studied for a dental resin filled with various filler. The water absorption
has an important effect on the mechanical properties and the Tg of the material. Probably, water
absorption causes plasticization in the material, which is associated with a decrease in resistance
and Tg. The addition of filler does not affect the trends of the properties, although all the observed
decreases are lower for the composites. The new synthesized materials (RK-FBt10 and RK-FBt20) are
able to modulate the differentiation of DPSCs expressing STRO-1 into odontoblast-like phenotype
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leading to an initial mineralization process. Moreover, the released fluoride could elicit antibacterial
and antibiofilm activity against three bacteria isolated from human saliva (Streptococcus spp., B. fragilis,
and S. epidermidis) and be involved in the formation of dental plaque and caries.

Taking together, these results make these materials a promising strategy in preventive and
restorative dentistry, preventing the initial bacterial adhesion and biofilm formation, the first two steps
crucial to the formation of dental caries.
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Abstract: The tailoring by the process of the properties developed in the plastic objects is the more
effective way to improve the sustainability of the plastic objects. The possibility to tailor to the
final use the properties developed within the molded object requires further understanding of the
relationship between the properties of the plastic objects and the process conduction. One of the main
process parameters that allow adjusting the properties of molded objects is the mold temperature.
In this work, a thin electrical heater was located below the cavity surface in order to obtain rapid
and localized surface heating/cooling cycles during the injection molding process. An isotactic
polypropylene was adopted for the molding tests, during which surface temperature was modulated
in terms of values and heating times. The modulation of the cavity temperature was found able to
control the distribution of relevant morphological characteristics, thus, properties along the sample
thickness. In particular, lamellar thickness, crystallinity distribution, and orientation were analyzed
by synchrotron X-ray experiments, and the morphology and elastic modulus were characterized by
atomic force microscopy acquisitions carried out with a tool for the simultaneous nanomechanical
characterization. The crystalline degree slightly increased with the cavity temperature, and this
induced an increase in the elastic modulus when high temperatures were adopted for the cavity surface.
The cavity temperature strongly influenced the orientation distribution that, on its turn, determined
the highest values of the elastic modulus found in the shear layer. Furthermore, although the sample
core, not experiencing a strong flow field, was not characterized by high levels of orientation, it might
show high values of the elastic modulus if temperature and time during crystallization were sufficient.
In particular, if the macromolecules spent adequate time at temperatures close to the crystallization
temperature, they could achieve high levels of structuring and, thus, high values of elastic modulus.

Keywords: injection molding; structure/properties relationship; cavity temperature fast modulation

1. Introduction

The injection molding process is one of the most commonly used plastic formation techniques
across myriad of industrial sectors, subject to the absolute ease and convenience provided by this
methodology. Statistics testimony to the aforementioned fact: global injection molded plastic market
size stood at 100 million tons [1]. The high automation, the short processing time, and the possibility
to obtain objects with high dimensional and geometrical accuracy are the major advantages of this
process [2]. Nowadays, growing interest is devoted to the increase of the sustainability of both the
process and the plastic products due to the problems related to the pollution due to the high amount of
plastic waste (microplastics) [3].

Generally, in order to improve the performance (mechanical, optical, etc.) of plastic products,
fillers are added in the polymeric matrix. For instance, colorants, plasticizers, lubricants, antioxidants

Polymers 2020, 12, 341; doi:10.3390/polym12020341 www.mdpi.com/journal/polymers133



Polymers 2020, 12, 341

are commonly used in plastic packaging [4–6], and flame retardants are commonly used in plastic
for electronics [7,8]. With the introduction of fillers during the process, the plastic part fulfills the
requirements for the use in specific applications, but, at the same time, it reduces the sustainability of
the plastic products [9]. In order to improve the sustainability of plastic products, it is important to
have the possibility to tailor the properties without introducing fillers. In other words, the appropriate
selection of the operating conditions must assure to tailor the properties developed in the final objects.
This would increase the sustainability of the final object, making it suitable for common recycle
processes [10,11].

Some attempts to tailor the properties of plastic part by the process was carried out by Turng and
coworkers [12] in the production of isotactic polypropylene (iPP) films by extrusion-based processes.
They found that the morphology, thus the properties, developed within the film strongly depended on
the elongation degree undergone by the polymer chains during drawing. Lamberti [13] found similar
behavior in the films made of iPP. Other authors proposed modification of exiting processes to tailor
plastic part properties. Wang et al. [14] proposed the water-assisted injection molding for inducing
the formation of fibrillar structures, which would improve the mechanical performance of the iPP
parts. Also, the foaming injection molding was introduced and adopted for making lighter plastic
parts adopted in the automotive field [15,16].

In the injection molding process, one of the main operating parameters that affect the properties
of the final object is the mold temperature [17,18]. Surface finishing, morphology distribution, and
possibility to produce micro and nano-structures on the molded surface strongly depend on the
temperature adopted in the mold and, in particular, on the cavity surface [19–23]. The mechanical
properties have been found to be dependent on the mold temperature; in particular, the tensile strength
of moldings made of polyether-ether-ketone increases with the mold temperature [24]. Similar results
have also been obtained in the case of polylactic acid bio-composites [25]. The impact energy and the
flexural modulus have been found to depend on mold temperature for blends made of polyethylene
terephthalate and polypropylene [26]. Also, the structure developed, in terms of crystallinity and
amounts of crystalline phase fractions, depends on the mold temperature [27], in particular, the
crystalline degree increases with mold temperature for moldings made of polypropylene.

Several methodologies can be adopted for controlling cavity surface temperature during the
injection molding process, such as proximity heating [28,29], infrared heating [30], and electrical
heating [31,32]. Another possibility to control the mold temperature was proposed by Minh and
coworkers [33], who developed an external gas-assisted mold temperature control for improving the
performance of thin rib parts.

In this work, a thin (220 μm thickness) electrical heating device was adopted to modulate the
temperature in the cavity during the injection molding process. The heating device was located just
below the cavity surface in order to maximize the heating/cooling rates and to realize a localized control
of the cavity temperature. Several temperature conditions, in terms of cavity surface temperature
and heating times, were realized by the aforementioned devices, with the aim of tailoring plastic part
structure and performance by the cavity temperature modulation. The structure developed, in terms
of morphology and crystallinity distributions, and the performance, in terms of mechanical properties,
within the molded objects were extensively investigated by advanced analytical techniques with the
aim of correlating structure and performance to the operative conditions. In particular, the adopted
techniques allowed characterizing the sample from the micrometric to nanometric level, allowing
an almost direct correlation among the structures (whose dimensions extend up to tens of microns)
and the mechanical performance. The thermomechanical history experienced by the polymer chains
was accounted for also by means of an advanced simulation software specifically developed for the
injection molding process.
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2. Materials and Methods

2.1. Injection Molding Test

The injection-molded samples were obtained adopting a commercial isotactic polypropylene,
T30G, supplied by Basell (Ferrara, Italy). An accurate characterization of rheology and crystallization
kinetics of the resin, in both quiescent and flow conditions, is reported elsewhere [34–36].

The injection molding tests were performed by a Negri Bossi 70 ton machine (Negri Bossi S.p.A.,
Cologno Monzese, Milano, Italy) with 220 ◦C melt injection temperature, 2.9 cm3 s−1 average volumetric
flow rate (the cavity filling time was about 0.7 s), and 25 ◦C mold temperature. The holding stage
was performed with a pressure of 720 bar held for 6 s. A thin heating device, whose description is
reported elsewhere [37], was located below the cavity surface, covering an area 12.7 mm wide and
70 mm long, realizing a localized control of the cavity surface temperature during the process. A thin
steel layer (100 μm thickness) covered the heating device, protecting it from the incoming melt; thus, it
was possible to state that the heating device was just below the cavity surface. The heating device
adopted was able to increase the cavity surface temperature with a rate of 100 ◦C/s, and, being very
thin (220 μm thick), it allowed a fast decrease in the temperature after deactivation. Passive tests
were performed adopting the heating device as an insulant; in this case, the whole mold was left
at 25 ◦C during the process. At least three samples for each condition were analyzed. In Table 1,
the conditions of cavity surface temperatures, T, and heating times, th adopted during the injection
molding experiments are reported.

Table 1. Operating conditions adopted during the injection molding experiments Passive, A and B
(T = temperature at the cavity surface; th = cavity surface heating time).

Test Name T Cavity Surface (◦C) th (s)

Passive 25 -
A 150 0.7
B 150 6

Five pressure transducers (type 6171BB and 6190 BA, Kistler, Milan, Italy) were located along the flow
path (namely P0, P1, P2, P3, and P4). In the position P2, a thermocouple (type T, Omega Engineering Ltd,
Manchester, UK) was also located for recording the cavity surface temperature evolution. Figure 1 shows
the cavity adopted for the injection molding experiments with the position of each pressure transducer
along the flow path. The darker area represents the area where the heating device is located.

Figure 1. Cavity adopted for the injection molding experiments. The dimensions are referred to in
millimeters. The position of each pressure transducer is also indicated along the flow direction.
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2.2. Optical Microscopy

Thin slices (100 μm) were cut along the flow-thickness plane by Leica slit microtome (mod. 625,
Leica Biosystem, Buccinasco, Milan, Italy) and observed by optical microscopy in polarized light by
an Olympus BX51 microscope (Olympus Italia S.R.L., Segrate, Italy) with crossed polarizer-analyzer.
Optical micrographs were taken with sample slices oriented at 45◦ with respect to the analyzer.

2.3. SAXS and WAXS

The slices observed by optical microscopy were also analyzed by small and wide-angle scattering
and diffraction apparatus (SAXS and WAXS, Diamond Light Source, Harwell Science and Innovation
Campus, Didcot, Oxfordshire, UK) for the analyses of the crystallinity and orientation distribution
along the sample thickness.

Two-dimensional WAXD patterns were circularly averaged to generate plots of diffracted intensity
as a function of the azimuthal angle q. The plot of the diffracted intensity was analyzed by a
deconvolution procedure, as described elsewhere [38]. The full spectrum was considered as a
superposition of reflections due to the presence of different crystalline fractions. A total of 11 reflections
were considered: 6 for the α phase (q = 0.99, 1.20, 1.31, 1.55, 2.03, 2.97), 1 for the mesomorphic form
(q = 1.06), 2 for the β form (q = 1.14, 1.50), 1 for the γ phase (q = 1.44), and 1 for the amorphous halo.
Each reflection was described by a Lorentzian function, and the area below each reflection, Ai, was
evaluated. The amount of each crystalline fraction, ξi, was evaluated as

ξi =
Ai∑11
i Ai

(1)

The overall crystallinity, Xc, was evaluated as the sum of the contribution of the crystalline
fractions (α, β, γ, and mesomorphic phase).

The error of the measurement was estimated as ±3% on the percentage of each phase.
The Herman’s orientation factors for (040) and (110) planes were calculated for each spectrum.

The Wilchinsky [39] equation allowed evaluating the orientation for each spectrum. The method of
Wilchinsky was applied to derive the c-axis orientation using the (110)α and (040)α reflections and the
angle of 72.5◦ between b-axis and the (110)α plane with:

< cos2σ > = 1− 0.901< cos2ϕ040 >− 1.099< cos2ϕ110 > (2)

The flow direction was taken as the reference direction. For a set of hkl planes, the average
orientation, expressed as 〈cos2ϕ〉hkl, was mathematically calculated using the equation

〈
cos2ϕ

〉
hkl

=

∫ π/2
0 I(ϕ) cos2ϕ sinϕ∫ π/2

0 I(ϕ) sinϕ
(3)

with ϕ being the azimuthal angle, and I (ϕ) being the scattered intensity along the angle ϕ. Herman’s
orientation function, f, was defined as

f =
3
〈
cos2ϕ

〉
hkl
− 1

2
(4)

with f having a value of −0.5 with the normal of the reflection plane being perpendicular to the
reference direction (ϕ = 90◦), a value of 1 with the normal of the refection plane being parallel to the
reference direction (ϕ = 0◦), and a value of 0 with the orientation being random.
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The lamellar size was also evaluated from SAXS analyses. In particular, the scattered intensity
was obtained as a function of the scattering vector q, which is given by:

q =
4π
λ

sen(θ) (5)

where θ is half of the scattering angle, and the wavelength λ = 1.54 Å. The measured scattering intensity
could be transposed into the 1D scattering intensity using Lorentz correction. If the electron density
differences in one direction are known, the average lamellar thickness lc could be obtained from [40]:

lc =
2π

qIMAX

Xc (6)

where qIMAX corresponds to the maximum of the Lorentz corrected scattering intensity, and Xc is the
crystalline volume fraction (see Section 2.3 SAXS and WAXS) [41].

2.4. HarmoniX AFM

Specimens cut along the flow thickness plane and chemically etched, according to the procedure
described in literature [42], were analyzed by atomic force microscopy equipped with HarmoniX
tool (Multimode Dimension V coupled with Nanoscope V, Veeco, Santa Barbara, CA, USA) for the
simultaneous characterization of the morphology and mechanical properties at the nanometrical
level. In the literature, this method was found in a good agreement with data obtained from
conventional mechanical analyses (namely dynamic mechanical analysis and micro–indentation) for
molded produced with the iPP adopted in this work [43,44]. Tests were performed with HMX probe
silicon cantilevers (Bruker, Billerica, MA, USA) with nominal radii of c.a. 10 nm. Cantilevers were
calibrated using a standard polystyrene/low-density polyethylene target. The calibration of the tip was
performed according to the procedure reported elsewhere [45]. The adopted vertical frequency was 44
kHz, and the torsional frequency was 1130 kHz. The cantilever vibration-free amplitude was of 750 mV,
in air. The force level was modulated, adopting the amplitude setpoint. The amplitude set point was
used for feedback control, as a reference value; ca. 60% of the free amplitude was selected. Imaging
was performed with 0.5 Hz scan rates, considering 20 harmonics. Vertical and torsional motions
were applied to the cantilever. The vertical movement allowed the acquisition of the topography; in
other words, the morphology developed along the sample thickness. The torsional movement due to
the tip-sample approach/withdraw generated force curves that allowed the evaluation of the elastic
modulus. The Bruker NanoScope software, version 7.30, allowed the elaboration of the data in order
to obtain maps of the measured properties. In particular, adhesion (force required to pull-off the tip
from the surface), dissipation (area under the negative part of the force withdrawal curve) and elastic
modulus maps (evaluated from force curves through the Derjaguin-Muller-Toporov model) were
acquired considering a scanning area of 10 μm × 10 μm. Elastic modulus profiles along the sample
thickness were obtained, using the software NanoScope Analysis version 1.80, averaging the elastic
modulus distribution over the considered scanning area.

2.5. Simulation of the Process

A simulation software, developed at the University of Salerno for the injection molding process [19,46],
was adopted for the description of the thermomechanical history undergone by the polymer.

3. Results

Figure 2a shows the temperature evolutions recorded at 15 mm downstream from the gate
(position P2 of Figure 1) with 150 ◦C cavity surface temperature and two values of the cavity surface
heating time, th = 0.7 s and 6 s (A and B). The temperature evolution recorded during the passive
test was also reported for comparison. Figure 2b shows the pressure evolutions of the same tests
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recorded in the same position. In both graphs, the time t = 0 corresponded to the time at which the
melt contacted the cavity in position P2.

  
(a) (b) 

Figure 2. (a) Temperature and (b) pressure evolutions recorded during injection molding experiments
performed with 150 ◦C cavity surface temperature and different heating times. The temperature and
pressure evolution of the passive test were also reported.

For the cases A and B, a first temperature increase, from 25 ◦C to 150 ◦C (Figure 2a), was obtained
activating the heating devices during the time, about 2 s, that the melt took to fill the sprue and the
runner; afterward, the melt came in contact with the cavity surface, inducing an additional increase
in the cavity surface temperature up to 210 ◦C. After the melt contacted with the cavity surface,
the temperature started to decrease toward the value set for the heating device (150 ◦C) (kept active
for 0.7 s for case A and 6 s for case B). At the heating device deactivation, the temperature started to
decrease toward the temperature set for the whole mold, 25 ◦C. With reference to the passive case, the
increase in temperature, due to the contact of the melt with the cavity surface, was significantly smaller
than the cases in which the heating device was activated, also the temperature decrease rate was smaller
with respect to those. In all the considered cases, the small inflection of the temperature evolutions,
taking place within the temperature range 50–80 ◦C, was determined by the heat of crystallization that
might partially overlap with the detachment of the polymer from the cavity surface (determined by
the polymer shrinkage). The effect of the temperature evolution on the pressure evolution, in the same
position where the temperature was recorded, is shown in Figure 2b. In the passive case, the pressure
reached 23 MPa at the end of filling (0.7 s), and the increase in the cavity surface temperature induced
a significant decrease of the filling pressure down to 16 MPa. For the passive and A cases, pressure
evolutions in P2 after the filling stage were essentially the same, and both curves showed a change in
the slope at 6 s due to the gate sealing [37]. When the cavity surface temperature was kept high for the
whole holding stage (case B), the decrease in pressure delayed by some tenths of a second.

The evolution of the cavity surface temperature could be adopted to modulate the morphology
and properties of the molded objects. Firstly, the morphology distribution along the sample thickness
was strongly influenced by the evolution of the cavity surface temperature. Figure 3 shows optical
micrographs of the slices cut in position P2, along the flow thickness plane, of the samples obtained
with the operating conditions reported in Table 1.
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Figure 3. Optical micrographs of the molded samples obtained with different cavity surface temperature
evolutions, from left to right: Passive, 150 ◦C kept for 0.7 s and 150 ◦C kept for 6 s (see Table 1 for
the operating conditions). The slices were cut along the flow-thickness plane, and only half-thickness
was shown.

Four regions could be detected along the thickness of the passive molding sample: the skin, close
to the sample surface, an oriented layer named shear, a spherulitic core in the inner part of the sample,
and a transitional region that could be identified between the spherulitic core and the shear layer.
The transitional region was characterized by a continuous transition from the fibrillar to the spherulitic
morphology. The samples A and B showed regions similar to those of the passive sample, with the
exception of the skin. The cavity surface temperature evolution had a significant effect on the width of
each layer. When the surface temperature was kept high, the shear layer’s thickness decreased, and
the transitional layer shifted toward the external part of the molding; when the heating time increased,
the spherulitic core covered most of the sample thickness.

A deeper understanding of the morphology developed within the samples was achieved by the
knowledge of distributions of both orientation and crystalline phase fractions within the molded
samples. Both these characteristics were evaluated by WAXS analyses, performed by synchrotron
acquisitions along the sample thickness of slices cut in the position P2, to which the morphologies
reported in Figure 3 were referred.

Figure 4a shows the cross-section orientation distribution along the passive sample thickness.
In particular, WAXS scattering images taken in different positions along the sample thickness (as shown
on the topmost of the optical micrograph) and Herman’s factors (as obtained from WAXS scattering
images) were reported versus the normalized distance (normalized with respect to the whole sample
thickness) from one sample surface.

The WAXS analyses showed that the orientation distribution, in terms of Herman’s factor
(see Figure 4a), was characterized by two maxima, located in the center of the shear layer regions
(d = 0.18 and d = 0.82), by a minimum in the inner part of the sample and intermediate values at the
sample surface. Figure 4b shows the crystalline phase fraction distributions (mesomorphic phase,
α-phase, β-phase, and γ-phase) along the normalized distance from one sample surface. As expected
for the adopted grade of iPP, the α-phase was the predominant phase, whereas only small fractions
of other phases were detected. Interestingly, the distribution of the γ-phase was quite similar to the
distribution of the orientation. This finding was consistent with the fact that the high orientation and
high pressure induce the formation of the γ-phase [47,48]. Small fractions of the mesomorphic phase
were concentrated at the sample surfaces. The β-phase fraction was found negligible over the whole
sample thickness.

Figure 5 shows the distribution of mesomorphic, α, β, and γ-phases fractions evaluated from the
WAXS analyses for the passive sample up to 0.1 normalized distance from one sample surface.
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(a) (b) 

Figure 4. (a) WAXS analyses of the passive molding in different positions along the sample thickness.
Each analyzed position is indicated on the optical micrograph. The distribution of the orientation
in terms of Herman’s factor was also reported. (b) Distributions of mesomorphic, α, β, and γ-phase
fractions along the sample thickness evaluated from the WAXS analyses.

 

Figure 5. Distribution of mesomorphic, α, β, and γ-phases fractions evaluated from the WAXS analyses
for the passive sample, up to 0.1 normalized distance from one sample surface.

The α-phase fraction increased from 0.30 to 0.45 in the interval 10–100 μm from sample surface
(0.005–0.05 normalized distance). The mesomorphic phase fraction reached 0.06 in the first 10 μm from
the sample surface, and it decreased down to 0.01 toward the inner parts of the sample (within the first
50 μm).

Similar analyses were performed on the samples obtained with a 150 ◦C cavity surface temperature,
and 0.7 s heating time (case A in Table 1). Figure 6 shows the orientation distribution (in terms of
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Herman’s factor) along the sample thickness, the WAXS analyses in different positions along the
sample thickness, and the optical micrograph of the sample along the flow thickness plane.

  
(a) (b) 

Figure 6. (a) WAXS analyses of the A molding in different positions along the sample thickness. Each
analyzed position is indicated on the optical micrograph. The distribution of the orientation in terms
of Herman’s factor was also reported. (b) Distributions of mesomorphic, α, β, and γ-phase fractions
along the sample thickness evaluated from the WAXS analyses

The orientation of sample A was smaller with respect to the passive case. The maxima of
orientation were located close to the sample surface, and the minimum was located in the sample
core. In the regions between the core and the shear layer, the orientation was found almost constant
and slightly lower with respect to the passive case. The distribution of the crystalline phase fractions
(Figure 6b) showed again that the α-phase was the predominant one, only a small fraction of γ-phase
was present, and it was mainly located close to the sample surface. The mesomorphic and the β-phase
fractions were found negligible (smaller than 0.02).

Similar analyses were performed on the samples obtained with a 150 ◦C cavity surface temperature
and 6 s heating time (case B, in Table 1). Figure 7 shows the orientation distribution (Herman’s factor)
and the crystalline phase fraction distributions along the sample thickness (Figure 7a,b, respectively).
The maxima of orientation were located in very narrow regions close to the sample surface, and,
differently from the passive sample, the reduction of the orientation at the sample surface was not
observed. It is possible to observe a significant decrease in Herman’s factor in the thin transition
region. In the wide spherulitic core, the orientation was found essentially constant and comparable
with the minimum values observed in the passive and A samples. The distribution of the crystalline
phase fractions (Figure 7b) showed again that the predominant phase was the α-phase, only a small
fraction of γ-phase was found and mainly located close to the sample surface, whereas neither the
mesomorphic nor the β-phase were detected in a significant amount.
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(a) (b) 

Figure 7. (a) WAXS analyses of the B molding in different positions along the sample thickness.
Each analyzed position is indicated on the optical micrograph. The distribution of the orientation in
terms of Herman’s factor was also reported. (b) Distributions of α, β, and γ-phase fractions along the
sample thickness evaluated from the WAXS analyses.

4. Elastic Modulus Distributions

In order to assess the influence of the morphology and the crystalline structure on the properties
of the molded samples, nanomechanical tests were performed. Figure 8 shows the AFM maps acquired
on the passive sample along the thickness at two different distances from the sample surface: 150 μm (in
the shear layer), 300 μm (in the transitional layer). Five maps were shown for each distance: the height
that allowed analyzing the morphology of the sample, the phase, the adhesion, the dissipation, and the
elastic modulus maps.

 
(a) 

 
(b) 

Figure 8. AFM maps of the height, phase, adhesion, dissipation, and elastic modulus, for the passive
sample, acquired along the sample thickness at different distances from the surface: (a) 150 μm, namely
the shear layer; (b) 300 μm, namely the transition layer.
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The height maps showed the morphology of the passive sample in different areas along the
thickness direction. At 150 μm distance from the surface, fibrillar morphology could be detected; at a
higher distance from the sample surface (namely 300 μm), the distance between the fibrils increased,
and the fibrils appeared to be thicker.

The phase-contrast microscopy, using AFM, is generally adopted to detect changes in composition
or viscoelastic properties of polymers [49]. A viscoelastic material would strain periodically when
subjected to periodic stress, such as the stress experienced during the AFM analysis in tapping mode.
However, the strain response lagged the stress by a phase angle that is characteristic of the material.
The presence of the regions with different values of phase lag could be attributed to the presence of
regions characterized by elastic/viscoelastic behavior. The viscoelastic behavior could be attributed
to the presence of parts with small crystalline fractions. This was confirmed by dissipation maps.
The dissipation was the energy that was dissipated by the AFM tip during the withdraw from the
sample. The dissipated energy and the adhesion were higher in the regions with a higher amount
of viscous-viscoelastic material. Obviously, the elastic modulus was higher in the regions where the
viscoelastic part was lower, i.e., in the shear layer.

Figure 9 shows the elastic modulus distributions obtained for the samples passive, A, and B.
The passive sample showed two maxima of the elastic modulus in the shear regions, the lowest

values could be detected at the sample surface and in the transition regions, and the core was
characterized by intermediate values of the elastic modulus. The samples A and B showed similar
trends of the elastic modulus distribution. Furthermore, they were characterized by higher values
of the elastic modulus with respect to the passive sample. The high values of the elastic modulus
characteristic of the shear region moved toward the sample surface, accordingly with the reduction of
the shear layer thickness due to the increase in the cavity surface temperature.

  
(a) (b) 

Figure 9. Cont.
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(c) 

Figure 9. Elastic modulus distributions measured with the HarmoniX technique along the thickness of
the (a) passive, (b) A, and (c) B sample.

5. Discussion

Figure 10 shows the WAXS analyses at different distances from the sample surface for the passive,
A, and B cases. The orange borders delimit the regions with a high orientation level.

Figure 10. WAXS scattering distribution of the passive, A, and B moldings at different distances from
one sample surface (the normalized distance is reported in the topmost of the figure). The higher
orientation regions are delimited by orange borders, whereas the region with poor orientation (close to
the surface of the passive sample) is delimited with the green borders.

The diffraction scattering intensity distribution consisted of five diffraction rings associated with
different lattice planes of iPP, namely (110), (040), (130), (111), and (−131), from inner to outer circles,
which were typical of the α-phase. An additional (300) lattice plane appeared in the transition layer,
corresponding to the reflection of β-phase. γ-phase (117) diffraction ring was also observed. It was
possible to detect traces of β-phase in sample A, where the β-phase ring was detectable up to 200 μm
distance from the sample surface. The formation mechanism of β-phase was related to the shear flow,
which could induce the formation of α-row structures. The surface of these row structures provided
nucleation sites for the β-phase. The portion of β-phase depended on process conditions: the β-phase
formed at low shear rates and low cooling rates, and its content in the moldings considered in this
work was negligible. At a high shear rate, strong shear flow induced highly oriented structures, i.e.,
shish-kebabs, formed by α-phase [50–52]. The γ-phase ring was visible in the passive sample and
in the sample A up to 450 μm from the sample surface. The γ-phase found in the regions close to
the sample surface could be attributed to both the intense flow and to the fact that in these positions,
the material experienced solidification under high pressure. The WAXS distribution showed on the
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left corner of the first line of Figure 10, highlighted with green color, was related to the skin region
close to the surface of the passive sample; in this region, the mesomorphic phase fraction achieved 6%,
whereas the mesomorphic phase fraction is negligible in the inner part of the sample. The observed
distribution of the mesomorphic phase is consistent with the distribution reported in the literature [53].
The formation of the mesomorphic phase took place as a consequence of fast cooling experienced by
the melt when contacted the cold surface of the mold [41,54,55]. As a further confirmation that the
formation of the mesomorphic phase occurred under fast cooling conditions, the samples A and B,
obtained with 150 ◦C cavity surface temperature, showed only a negligible fraction (smaller than 2%) of
the mesomorphic phase since, in those conditions, the cooling rate was smaller than in the passive case.

The lamellar size distributions, lc, were evaluated from the SAXS analyses, and their results are
shown in Figure 11. The information about the lamellar thickness allows understanding the structure
developed at a smaller level with respect to the observed morphology (spherulites or fibrils).

  
(a) (b) 

 
(c) 

Figure 11. Lamellar size distributions along the thickness of the passive (a), A (b), and B (c) samples.

In the three cases analyzed in this work, the lamellar size, lc, was found to range between 5 and 7
nm. The passive sample showed slightly smaller values of the lamellar size with respect to the other
two cases. In all the cases, lc was found larger at the sample surface, namely in the shear layers, and
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the values were almost constant in these regions. The width of the area in which the lamellar size was
constant depended on the evolution of temperature on the cavity surface. In particular, the width of
areas decreased with the increase in surface temperature and heating time. The transition regions were
characterized by the smallest values of the lamellar size, whereas the core showed intermediate values.

The shear rate at the surface oriented (and stretched) the polymer chains, thus determining an
entropy decrease within the system. Consequently, in the shear layer, the material crystallized at
higher temperatures, with respect to the quiescent condition, and the formation of thicker lamellae was
favored [56–59]. Sample B (obtained with high cavity surface temperature, 150 ◦C, kept for a long time,
6 s) showed a slight increase in the lamellar thickness, lc, especially in the core region, with respect
to the passive and A samples. It seemed that the higher temperature, 150 ◦C, kept for a long time, 6
s, during the process, enhanced the structuring of the polymer chains, determining the increase of
lamellar thicknesses.

A first attempt to find a relationship between structure and properties, especially mechanical
property, was done by comparing elastic modulus distributions with the data obtained by SAXS and
WAXS analyses for each molding condition. The WAXS analyses showed that the distributions of total
crystallinity fractions were essentially homogeneous along the sample thickness, and the α-phase was
the predominant crystalline phase, whereas only small fractions of the other phases were detectable.
Furthermore, the increase in the cavity surface temperature induced a small increase in the crystallinity
degree. Although small, the increase in the crystallinity degree could induce a small increase in
the elastic modulus. Furthermore, the distributions of orientation, also obtained by WAXS analyses,
appeared to be similar to the elastic modulus distribution. In particular, the maxima of the elastic
modulus and orientation occurred at the same distance from the sample surface. The orientation was
correlated with the stretch distribution that could be evaluated by the simulation software developed
at the University of Salerno. Figure 12 shows the stretch distributions along the sample thickness
calculated at the end of the process.

Figure 12. Distributions of the stretch, Δ, calculated by the simulation at the end of the process for the
passive case and for cases A and B.

The stretch distribution of the passive sample was characterized by the presence of a maximum
in the shear layer; beyond the shear layer, the stretch decreased down to the minimum in the core.
The regions characterized by these values of stretch were composed of tightly packed fibrils. In the
regions where the stretch decreased, a transitional layer characterized by a continuous transition from
the fibrils to the spherulites was found. The formation of these areas was due to weak flows and
slower cooling rates with respect to shear layers. The stretch distributions of the samples A and B are
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also shown in Figure 12. The stretch distribution of samples A and B showed a behavior similar to
the one showed by the passive sample, with a maximum of the stretch in the shear layer. However,
since the shear layer moved toward the sample surface, the maximum of the stretch was located closer
to the sample surface with respect to the maximum of the passive sample. Sample B showed the
lowest values of the stretch along the whole thickness according to the increase in the cavity surface
temperature and heating time duration. These results confirmed the hypothesis previously introduced
that the formation of the transitional areas was due to the weak flow, meaning small values of the
stretch and slow cooling rates.

It seemed that in the shear layer, the stretch behavior was the main responsible for the high
values of the elastic modulus. At the sample surface, even if the stretch assumed the highest value,
the fast cooling rate, undergone by the molecules, prevented the molecular structuring, and thus lowest
values of elastic modulus were found. The increase in the cavity surface temperature and heating
time duration induced a decrease in the width of the regions with higher values of stretch and, thus,
elastic modulus.

In the core region, elastic modulus distributions seemed to be not correlated to the orientation
and stretch profiles. Indeed, in the core region, orientation and stretch assumed minimum values in all
the considered cases, whereas the elastic modulus showed intermediate values. It seemed that the
elastic modulus followed the behavior of the lamellar thickness that was correlated to the structuring
during crystallization. Figure 13a,b shows the temperature evolution during the crystallization for two
samples, passive and sample B, at several dimensionless distances from the sample surface, evaluated
by the simulation software for injection molding developed at the University of Salerno.

  
(a) (b) 

Figure 13. The temperature during the crystallization for the samples passive (a) and B (b).

Figure 13a shows that, at the two distances (0.17 and 0.30 normalized distances) from the sample
surface, the evolutions of the temperature during crystallization were very close, although the distances
from the surfaces were different, this was because:

1. for given crystallization kinetics, crystallization temperature increased when cooling rate
decreased (which happened as the distance from the surface increased);

2. for a given cooling rate, crystallization temperature decreased when the shear rate (and thus
the molecular stretch) decreased (which happened as the distance from the surface increased).

As the distance from the surface increased, the effect of a decrease in cooling rate on the
crystallization temperature was partially compensated by the decrease in shear rate, and thus
crystallization took place at about the same temperature in the two positions 0.17 and 0.30.
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In the core region, the crystallization started at lower temperatures, and the temperature kept on
decreasing, from 100 ◦C to 60 ◦C, while the crystallization proceeded. Such a large difference in behavior
with respect to the regions close to the sample surface was due to the fact that the crystallization in the
core occurred after flow cessation, namely during the cooling, whereas in the regions close to the sample
surface, the crystallization occurred during the filling and the first instants of the packing. Vice versa,
when the temperature of the cavity surface was kept constant and high, at 150 ◦C, during filling and
packing (test B, Figure 13b), most of the molecular stretch relaxed over the whole cross-section before
crystallization and, consequently, the differences in crystallization temperature with the distances
from the surface (0.17, 0.3, and 0.5) were essentially due to differences in the cooling rates. Thus, the
sequence of the curves in Figure 13b followed the sequence of cooling rates, which decreased as the
distance from the surface increased. Minor effects might be due to the residues of molecular stretch
not yet completely relaxed. The evolution of temperature during crystallization was determined by a
balance between the local cooling rate and the rate of heat generation due to the crystallization rate.
In the core zone (the blue curve in Figure 13b), the crystallization temperature remained essentially
constant and high; there (being far from the surface), the heat was lost under a slow rate, and the
heat generation could slowly prevail, determining a small temperature increase. Thus, the time the
polymer remained in the high range of the crystallization temperature, and available for structuring,
was long in the whole cross-section, especially in the central zone. In previous work, the increase in the
elastic modulus was attributed to the possibility of the polymer chains of structuring [44]. It appears
that the longer is the time a molecule spends within the crystallization temperature range, the higher
would be the structuring level and, therefore, the higher would be the elastic modulus. Obviously, this
effect overlaps the effect of the molecular stretch. The higher values of the modulus in the core for
the passive sample and the high values of the modulus along the whole thickness of sample B were
consistent with the previous statements.

Summarizing, the increase in the elastic modulus in the core with respect to the transition areas
was due to a decrease in the cooling rate that, on its turn, allowed better structuring of the molecules.
The increase in the structuring level allowed an increase in the elastic modulus in the central part of
the sample, which was responsible for the mechanical behavior of the whole sample.

6. Conclusions

Injection-molded samples of isotactic polypropylene were produced, modulating cavity surface
temperature during the process, with the aim of tailoring the performance by the process. The samples
were deeply characterized by adopting several techniques. Final properties distributions along sample
thickness were obtained, adopting polarized optical microscopy, SAXS, WAXS, and HarmoniX atomic
force microscopy. Crystallinity degree was found essentially constant along the sample thickness
and close to 45% for all the analyzed samples; only a slightly increase of the crystallinity degree
was found on increasing the cavity surface temperature. The α-phase was the predominant phase.
Low fractions of mesomorphic phase were found only close to the sample surface, where it reached
6% for the sample obtained in conventional injection molding conditions, whereas, in the samples
obtained with the cavity surface temperature modulation, the mesomorphic fractions were found to be
negligible. The γ-phase fraction was found only in the shear layer, where it reached values smaller than
10%. The γ-phase fraction distribution was found quite similar to the distribution of the orientation.
The β-phase fraction was found negligible for all the analyzed samples.

The morphology developed within the samples was accurately characterized by both optical
microscopy and atomic force microscopy. Four areas were detected along the sample thickness: a skin,
characterized by poorly oriented and structured features, a shear layer, a spherulitic core, and a
transition layer between the shear and the spherulitic layers. The shear layer was composed of tightly
packed fibrils. This area was characterized by the highest values of the orientation; Herman’s factor
was close to 1 for all the tests reported in this work. The elastic modulus found in the shear layer
was the highest one, from 2.5 to 3.0 GPa, and it slightly increased with the cavity surface temperature
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and the heating time. The transition layer was characterized by fibrils that gradually evolve toward
spherulitic structures. The orientation in this area gradually decreased from the values of the shear
layer to the values of the spherulitic core. The elastic modulus showed the minimum values, from 1.7
to 2.2 GPa, in the transition. These values were close to the values found in the skin, 1.6 GPa. The
spherulitic core was characterized by isotropic structures, the spherulites, which showed the smaller
values of orientation, and Herman’s factor was close to zero. The values of the elastic modulus in
the spherulitic core were found to be intermediate between the values found in the shear and the
values found in the transition layer. Interestingly, the values of the elastic modulus in the spherulitic
core depended on the modulation of the cavity temperature; in particular, the higher were the cavity
surface temperature and the heating time, the higher was the elastic modulus. The lamellar thickness,
which was also evaluated from the SAXS analyses, showed distributions similar to the elastic modulus
distribution. The maximum values (6.5–7.0 nm) were found in the shear, and the minimum values
(5.0–5.5 nm) were found in the transition. The core showed intermediate values of lamellar thickness;
furthermore, the lamellar thickness increased in the core with the cavity temperature and heating time.

The distributions of the mechanical properties and orientation were compared with the stretch
the polymer chains experienced during the process, which was evaluated by the software developed
at the University of Salerno for the injection molding process. In the shear and transitional layers,
elastic modulus distribution showed a behavior similar to the orientation and stretch distributions.
In the core layer, high values of elastic modulus seemed to be related to the increase in lamellar
size. The interpretation of the aforementioned observation was given on the basis of the temperature
evolution during the material crystallization and calculated using the aforementioned simulation
software. In the core layer, even if the molecules did not experience high levels of orientation/stretch,
they spent a long time within the crystallization temperature range, reaching a higher level of structuring
and thus high values of elastic modulus. The skin layer, although characterized by the maximum level
of stretch, showed small values of the elastic modulus. In this area, indeed, the fast cooling limited
the structuring. Therefore, distributions of elastic modulus along the sample thickness seemed to be
correctly interpreted by combining stretch and level of structuring.
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Abstract: Cyclodextrin-grafted polymers are attractive biomaterials that could bring together
the host–guest complexing capability of pristine cyclodextrin and the pharmaceutical features
of the polymeric backbone. The present paper is aimed at characterizing the potential application
of ammonium–chitosan grafted with 2-methyl-β-cyclodextrin (N+-rCh-MCD) as the functional
macromolecular complexing agent for the oral administration of the neuropeptide dalargin (DAL).
Specific NMR characterization procedures, along with UV and fluorescence techniques, as well as
biological in vitro assessments have been performed. The results indicate that N+-rCh-MCD forms
water-soluble complexes with DAL, with a prevalent involvement of Tyr or Phe over Leu and Ala
residues. The association constant of DAL with the polymeric derivative is one order of magnitude
higher than that with the pristine cyclodextrin (Ka: 2600 M−1 and 120 M−1, respectively). Additionally,
N+-rCh-MCD shields DAL from enzymatic degradation in gastrointestinal in vitro models with
a three-fold time delay, suggesting a future pharmaceutical exploitation of the polymeric derivative.
Therefore, the greater affinity of N+-rCh-MCD for DAL and its protective effect against enzymatic
hydrolysis can be attributed to the synergistic cooperation between cyclodextrin and the polymer,
which is realized only when the former is covalently linked to the latter.

Keywords: chitosan; cyclodextrin; macromolecular complex; dalargin; enkephalin; chymotrypsin;
NMR; oral peptide delivery; peptide stability

1. Introduction

Natural or synthetic polymers are widely used in pharmaceutical technology as drug delivery systems
that are capable of protecting the active ingredients from possible degradation processes along the pathway
to the target [1]. For this purpose, covalent conjugation or noncovalent supramolecular interactions
between the drug and the controlled release platform can be exploited [2]. Moreover, polymeric materials
can affect the absorption rate of active ingredients by acting on the permeability of epithelial barriers [3].
For these reasons, polysaccharides are suitable candidates, taking into account their biocompatibility,
biodegradability, and relevant mucoadhesive properties. After exerting their role as drug transporters,
polysaccharides are easily degraded into well-tolerated molecules by the metabolism [4]. In order to
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further improve their desirable properties such as drug affinity and mucoadhesivity, it is possible to
modulate the physical and chemical properties of polysaccharides by modification of the constituent
glycosidic units. Among amino-polysaccharides, which are made by amino-sugars monomers, chitosan
(Ch) is facing fast-growing interest in the pharmaceutical industry [5,6]. It can be easily obtained by the
partial deacetylation of the abundant polysaccharide chitin. Due to the high molecular weight of chitosan,
and therefore a very high viscosity that hinders its use in biological applications, a first convenient
modification is the degradation of chitosan, producing reduced molecular weight chitosan (rCh), which is
carried out by chemical or enzymatic reactions [7]. Derivatizations of chitosan at –OH and/or –NH2

groups, such as in O- and N-carboxymethyl chitosan, 6-O-sulfate chitosan, and N-methylenephosphonic
chitosan have been reported [8]. The quaternarization of –NH2 is one of the most common and relatively
simple modifications, leading to a cationic polyelectrolyte that is soluble in water in a wide range of pH.
Ammonium chitosan (N+-rCh) has also shown enhanced mucoadhesivity provided by the interactions
with negative charges located on the mucous membrane [9–11]. To further improve its mucoadhesion
properties, ammonium chitosan modified with free or S-protected thiol groups have been proposed [12–16].
Such derivatives are capable of forming covalent bonds with the cysteine-rich subdomains of mucin,
which is a key component of the mucosal layers. The grafting of cyclodextrins into the chitosan backbone
constitutes another promising modification, which has not yet been fully explored [17].

Cyclodextrins are cyclic oligosaccharides that are endowed with cavities that are able to encapsulate
specific guests, on the basis of a convenient size fitting. The covalent conjugation of cyclodextrins
seems to play a specific role in the control of releasing and protecting active ingredients, compared
with the simple physical mixture of cyclodextrin/chitosan [18]. Properties of cyclodextrin–chitosan
conjugates can also be affected by modification of the macrocycle counterpart, as in the use of
methoxy- or ethoxy-β-cyclodextrins derivatives, the water solubility of which is remarkably enhanced
with respect to parent native cyclodextrin [19,20]. In particular, a degree of substitution (DS) of 0.5
(methyl per glucose unit, i.e., an average of one methyl per two units) guarantees the maximum
improvement of water solubility [19]. Aliphatic groups make the internal surface of the toroidal cavity
more water-repellent, favoring the inclusion of lipophilic molecules. Methyl-cyclodextrins grafted
on chitosan are hence responsible for a considerable acceleration of dissolution processes of poorly
water-soluble drugs [21].

The present work is aimed to determine the role of the cyclodextrin conjugation in ammonium-
chitosan grafted with 2-methyl-β-cyclodextrin (N+-rCh-MCD, Figure 1a) toward its binding ability to
dalargin (DAL, Figure 1b), in comparison with the physical mixture of parent ammonium-chitosan
and cyclodextrin (N+-rCh/MCD). The hexapeptide dalargin has demonstrated efficacy in the treatment
of ischemia, arrhythmias, gastric ulcer, and alcohol withdrawal syndrome [22–26]. However,
its administration is limited to i.m./e.v. injections, since it undergoes fast enzymatic degradation and
a loss of efficacy within the gastrointestinal tract, similar to most of the therapeutically active peptides.
Several approaches to protect peptides from enzymatic degradation have been proposed. The most
used one is the loading of peptides in nanosystems such as nanoparticles, liposomes, or self-emulsifying
drug delivery systems [27–29]. However, the realization of these nanosystems is very complicated,
and their industrial application may be limited by high production costs. For this reason, we have
thought of a much simpler system consisting of N+-rCh-MCD and DAL, which, in the aqueous
physiological fluids, could give rise to the formation of a soluble macromolecular complex, in which
N+-rCh-MCD could protect DAL from enzymatic degradation. Indeed, it is known that cyclodextrins
have the ability to stabilize peptides, thus protecting them from enzymatic degradation [30]. Therefore,
the protective role of the cyclodextrin in the polymer against the degradation by α-chymotrypsin
(CHT) has been evaluated with respect to the separate precursors. NMR proton selective relaxation
rate measurements have been exploited as a non-invasive investigation tool in order to compare
dalargin to polymer affinities. UV, fluorescence techniques, and biological in vitro assessments have
been also performed.
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Figure 1. (a) 2-methyl-β-cyclodextrin conjugates of ammonium chitosan (N+-rCh-MCD) and
(b) dalargin (DAL).

2. Materials and Methods

2.1. Materials

Chitosan was purchased from Faravelli (molecular weight = 300 kDa) (Milan, Italy). Sodium
nitrite, 2-diethylaminoethyl chloride hydrochloride (DEAE-Cl·HCl), α-chymotrypsin (CHT), dimethyl
sulfoxide (DMSO), 1,6-hexamethylene diisocyanate (HMDI), and triethylamine (TEA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA); dalargin ((D-Ala2)-Leu-Enkephalin-Arg) was purchased
from Bachem (Weil am Rhein, Germany); 2-methyl-β-cyclodextrin (DS = 0.5) was purchased from
Roquette, Lestrem, France); standard pullulans (642 ÷ 6.10 kg/mol) were purchased from the American
Polymers Standard Corporation (8680 Tyler Blvd., Mentor, OH, USA), and standard RC Dialysis
membranes (MWCO 12500) were purchased from Spectra/Por® (Sigma, Los Angeles, CA, USA). NMR
deuterated solvents, D2O e NaOD (30%), were purchased from Deutero GmbH (Kastellaun, Germany).

HMDI and DMSO were distilled under reduced pressure (65 ◦C/0.2 mbar and 24 ◦C/0.2 mbar,
respectively); TEA was refluxed over calcium hydride and distilled before use. MCD and DEAE-Cl·HCl
were anhydrified under vacuum at 37 ◦C.

Cell line Caco-2 was purchased from the American Type Culture Collection (ATCC® HTB-37™)
LGC standards, Milan, Italy) and propagated as indicated by the supplier; Minimum Essential Medium
(MEM), non-essential amino acid, 0.01 M pH 7.4 Dulbecco’s Phosphate Buffer (DPBS), bovine fetal
serum (BCS), glutamine, antibiotics (penicillin/streptomycin), and Hanks balanced solution were
purchased from Sigma, Milan, Italy; antimycotic was supplied from Invivogen, San Diego, CA, USA.
Cell proliferation reagent WST-1 was provided by Roche diagnostic, Milan, Italy.

2.2. Analytical Methods

GPC (Gel permeation chromatography) and HPLC analyses were carried out with a Perkin-Elmer
instrument (Perkin-Elmer, Waltham, MA, USA), consisting of a Series 200 LC-290 AT pump, Rheodyne
injector with a loop of 20 μL, UV-VIS SPD–6 AV detector, and Turbochrom Navigator software
(Turbochrom 6.1, Perkin-Elmer, Waltham, MA, USA ). For GPC analyses, the standard pullulans were
employed; the stationary phase was an X-stream H2O Mixed Bed 50 × 4.6 mm column, the mobile
phase was acetate buffer 0.5 M (pH = 2.9), and the wavelength of the detector was set to 237 nm.
For HPLC, the suitable mobile phase result was H2O:CH3CN = 70:30, the column was a C18 Aquapore
OD-300 (Perkin-Elmer, Waltham, MA, USA) 7 μm 4.6 × 250 mm, and the wavelength of the detector
was set to 227 nm.

NMR analyses were conducted on Varian INOVA600 spectrometer (Varian inc, Palo Alto, CA, USA)
operating at 600 MHz for 1H and at 150 MHz for 13C. The samples were analyzed in a solution of
D2O or phosphate buffer (50 mM, pH = 6.8). The temperature was controlled through Varian control
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unit (accuracy ±0.1 ◦C). 2D NMR spectra were obtained using standard sequences and the minimum
spectral width in both dimensions. Two-dimensional (2D) gCOSY (gradient COrrelated SpectroscopY)
maps were recorded with a relaxation interval of 1–2 s, 256–512 increments with 8–32 transients
each, and 2K data points. TOCSY (TOtal Correlation SpectroscopY) maps were recorded by using
a relaxation delay of 1 s, 256 increments of 4 transients, each with 2K points and a mixing time of 80 ms.
2D ROESY (Rotating-frame Overhauser Effect SpectroscopY) maps were recorded with a mixing time
of 50–200 ms, relaxation delay of 1 s, 256–512 increments with 16–32 transients, and 2K data points.
gHSQC (gradient Heteronuclear Single Quantum Coherence) and gHMBC (gradient Heteronuclear
Multiple Bond Coherence) maps were obtained with 256 or 512 increments of 128–256 transients each
and relaxation delay of 1.2 s. The gHMBC experiment was optimized for long-range J-coupling 1H-13C
of 8 Hz. The mono-selective and/or bi-selective relaxation rates were measured in the approximation of
the initial rate [31] through a 180◦ pulse set to one or two selective frequencies. After each incremental
delay, a 90◦ non-selective pulse was applied to follow the exponential decay of the selected frequencies.

2.3. Preparation of Quaternary Methyl-β-Cyclodextrin Ammonium–Chitosan Conjugate

High molecular weight commercial chitosan (Ch) was depolymerized following a procedure
previously reported [32]. Briefly, 5 g of Ch were dissolved in 2% acetic acid solution and reacted with
NaNO2 (0.1 M, 12.5 mL) at 30 ◦C for 4 h. Afterwards, the solution pH was adjusted to pH 7.8 by using
NaOH 10 M, and the obtained reduced molecular weight chitosan (rCh) was recovered by filtration,
washed with water, and vacuum dried. The rCh was alkylated on -NH2 groups via a reaction of
quaternarization optimized by Zambito et al. [2,11]: 2-methyl-β-cyclodextrin (MCD) was grafted on
N+-rCh, following a procedure [21] articulated into several steps: 350 mg of N+-rCh were solubilized
in 7 mL of DMSO under inert atmosphere (N2) overnight. Sequentially, N+-rCh (350 mg) and TEA
(0.056 mL, 0.40 mol) were added to a solution of HMDI (0.7 mL, 4.4 mmol) in DMSO (8 mL), and the
mixture was placed in an oil bath at 70 ◦C, under inert atmosphere. The reaction was maintained for
2 h and controlled steadily, until it became turbid. Thereafter, the polymer was precipitated in cold
diethyl ether (0 ◦C) and washed thrice, eliminating the supernatant, and then redissolved in 3 mL
of DMSO. MCD (2.38 g in 7 mL of DMSO) and 0.140 mL of TEA were directly used to dissolve the
recovered ammonium–chitosan grafted with HMDI spacers; afterwards, the mixture was heated at
70 ◦C for 3 h. Finally, the solution was quenched by adding it to deionized water at 80 ◦C, drop by drop,
under stirring, showing an initial effervescence. After 1 h, the mixture was dialyzed with deionized
water for 3 days. The insoluble portion of product was removed through centrifugation (Sorvall, MTX,
20.000 rpm, 30 min, 4 ◦C, thermo Fisher Scientific In, Waltham, MA, USA) and the supernatant portion
was dried, giving the cyclodextrin–polymer conjugate (N+-rCh-MCD).

2.4. Characterization of DAL Inclusion Complexes

2.4.1. Complexes Stoichiometry (Job’s Plot)

The complex stoichiometry of MCD and DAL, and polymers and DAL, were evaluated by the
continuous variation method (Job’s plot). Series of samples were prepared keeping constant the total
molar concentration (275 μM) of the binding partners (DAL and MCD), but varying their mole fraction
between 0 and 1. Similarly, complex stoichiometry was evaluated for MCD in the presence of N+-rCh
and for the MCD-grafted polymer (N+-rCh-MCD); the dilution specifications are reported in Table
S1 of the supplementary material). The absorbance of the solution sets was acquired by UV-VIS
(Perkin Elmer Precisely lambda-25) at time 0 min, 1 h, and 24 h from solution mixing, with solutions
kept at room temperature. The second derivative calculation was performed in order to lessen the
polymers’ nonspecific contribution. Job’s plot was built on the difference between 275 and 316 nm
absorbance values (ΔA). The plot displays the variation of ΔA·χ vs χ with χ = [DAL]/([DAL] + [MCD]).
The abscissa value corresponding to the curve maximum represents the complex stoichiometry as 1:2,
1:1, or 2:1 with χ = 0.33, χ = 0.5, or χ = 0.66, respectively.
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2.4.2. Evaluation of Complex Association Constant (Benesi–Hildebrand Method)

Complex association constant (Ka) was determined by spectrometric titration based on the
Benesi–Hildebrand method [33] and performed both by UV-VIS and fluorescence spectrometry.
Two sets of dilutions were prepared (Tables S2–S5, Supplementary material). In the case of UV
spectrometry, 275 μM DAL was kept, whereas MCD concentrations varied, either as MCD alone or as
conjugated (N+-rCh-MCD). The solutions were prepared and analyzed after being equilibrated for
1 h at room temperature. UV spectra in the range 220–325 nm were collected, and the intensity of
absorbance at 282 nm was normalized on the correspondent value at 247 nm. Diversely, for fluorescence
spectroscopy evaluations, DAL concentration was kept at 70 μM, and samples were analyzed by using
a PerkinElmer LS 45 fluorimeter, with excitation λ set at 270 nm and the emission spectrum collected
between 340 and 270 nm. The variation of fluorescence intensity was evaluated at 304 nm, and it was
normalized on 285 nm.

Ka was calculated from the ratio between the intercept and angular coefficient of the linear
regression of a modified Benesi–Hildebrand equation (Equation (1)) [34]:

1/(I − I0) = 1/{(I′ − I0) Ka} 1/[MCD] + 1/(I′ − I0) (1)

where [MCD] and [DAL] referring to the total amount of MCD and DAL in solution, I and I0 are
the intensities in the presence and absence of MCD, respectively, and I’ is the value when the DAL
molecules are all complexed with MDC.

2.5. Stability under Enzymatic Hydrolyses

Stock solutions of dalargin (1 mg/mL) either alone or as a 1:1 complex with MCD or polymers
were mixed with α-chymotrypsin (0.36 mg/mL) solutions to obtain 0.50 mg/mL and 0.18 mg/mL
(corresponding to 7.2 UI/mL) final concentrations, respectively [35]. All solutions were prepared in
phosphate buffer (pH = 6.8, 0.4 M), and the enzymatic hydrolysis was performed under thermostated
conditions (37 ◦C). All samples were analyzed after 5 min by interrupting the digestion with temperature
shock (4 ◦C) and extensive dilution (1:20 with cold HPLC mobile phase). Residual DAL was expressed
as the percentage of initial DAL as detected by the HPLC method.

DAL complexes were also prepared as solid powder by freeze-drying in a VirTis AdVantage
wizard 2.0, SP Scientific, lyophilizator. Samples were frozen at a temperature of −40 ◦C and sublimated
at a pressure of 30–40 mTorr, with an end point at 16 ◦C. The lyophilized samples containing DAL
either alone or in a 1:1 complex were redispersed in PB and submitted to α-chymotrypsin hydrolysis,
as already described.

2.6. Sample Preparation for NMR Studies

2.6.1. Affinity Studies

In the preparation of samples for the NMR analyses, the use of standardized solubilization
procedures is crucial, as pointed out in our precedent work [12]. As a matter of fact, the conformational
stabilization phenomena of polymeric material can occur over time, especially for high molecular
weight polymers, thus affecting the NMR relaxation parameters. For these reasons, the relaxation
rate measurements were repeated over time in order to avoid time-dependent effects on NMR
parameters. DAL concentration was fixed at 0.50 mg/mL (the same concentration was used in HPLC
degradation studies). On the basis of the knowledge of cyclodextrin content in the conjugated
polymer, an N+-rCh-MCD concentration of 3.60 mg/mL (corresponding to 2.50 mg of polymer into
the NMR tube) was selected in order to set the 1:1 grafted MCD/DAL molar ratio. Accordingly,
the ammonium–chitosan precursor concentration was 2.00 mg/mL (corresponding to 1.40 mg polymer
into the NMR tube).
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For NMR analyses, all polymers were dissolved in D2O at 40 ◦C in vortex (600 rpm) for 2 h.
After 1 h without stirring at room temperature, a solution of DAL was added to obtain the final ratio of
2.50 mg/0.33 mg for the mixture N+-rCh-MCD/DAL or 1.40 mg/0.33 mg for the mixture N+-rCh/DAL
into the NMR tube. The corresponding mixture was kept at 25 ◦C for 2 h in vortex and then for another
2 h motionless before NMR measurements. The DAL/MCD mixture was kept under stirring at room
temperature for 2 h and then kept for another further 2 h without stirring.

2.6.2. Enzymatic Hydrolyses

The same DAL/enzyme ratio and concentrations of components selected for HPLC were used in
NMR analysis at 37 ◦C through the entire digestion process. DAL and α-chymotrypsin stock solutions
were prepared in phosphate buffer (pH = 6.8) and mixed directly into the NMR tube containing
predissolved polymers at 40 ◦C for 2 h.

2.7. Biological Evaluation

2.7.1. Cell Viability

Cell viability in the presence of either solutions of DAL or solutions of DAL and polymers/
cyclodextrin was carried out using the human cell line Caco-2. Cells were grown in Minimum Essential
Medium (MEM) supplemented with 1% (v/v) non-essential amino acid in 10% (v/v) fetal bovine
serum, 2 mM glutamine, 100 U/mL penicillin, 100 g/mL of streptomicyn, and 0.2% (v/v) antimycotic.
A subconfluent monolayer of Caco-2 cells was trypsinized using a 0.25% trypsin and 1 mM EDTA
solution, centrifuged at 1000 rpm for 5 min, resuspended in growth medium, and counted. Caco-2
cells were seeded in each well of 96-well plates at a seeding density of 2 × 104 cells/well. Cells were
incubated at 37 ◦C, 5% CO2 for 24 h until 60%–70% confluence was reached. Then, the medium was
then removed from each well, washed with Hanks balanced solution (HBSS), and replaced with HBSS
containing the samples DAL, DAL/N+-rCh-MCD, DAL/N+-rCh, DAL/MCD, and DAL/N+-rCh/MCD,
all containing same amount of DAL (in the range 15–150 μg/mL) and prepared maintaining a 1:1
complex stoichiometry. After 3 h of incubation, DAL containing media were removed and substituted by
WST-1 reagent solution (according to manufacturer instructions), for 4 h at 37 ◦C, 5% CO2. Afterwards,
formazan dye absorbance was quantified at 450 nm with the reference wavelength at 655 by using
an Enspire 230 (Perkin-Elmer, Waltham, MA , USA) multilabel reader.

2.7.2. In Vitro Evaluation of Protection from Enzymatic Degradation

A Caco-2 monolayer was obtained by cell seeding (105 cells/well) on a polycarbonate membrane filter
(pore size 0.4μm, area 1.12 cm2) in Corning Transwell, 12-well plates (Sigma-Aldrich, Saint Louis, MO, USA).
Thereafter, 0.5 and 1.5 mL of culture medium was added to apical and basolateral compartments of the
transwell inserts, respectively; the culture medium was replaced every two days for 24 days. As a rule,
the experiments were performed with Caco-2 monolayers that have been grown on filter inserts for
21–29 days. By day 21, the monolayers have become differentiated with regard to the expression of
many transport proteins, enzymes, and brush border hydrolases [36]. The TransEpithelial Electrical
Resistance (TEER, Ωcm2) across the Caco-2 monolayer was determined by measuring the potential
difference between the apical and basolateral sides of the transwell using the Millicell-ERS (Millipore,
Milano, Italy). TEER was measured prior to each experiment to ensure the confluence of the monolayers,
during transport studies (every 30 min), and at 24 h from the samples’ removal to assess monolayer
stability recovery. Experiments were performed by using DAL-containing samples, which had either
DAL alone or the presence of polymers and cyclodextrin. Caco-2 monolayers were gently rinsed twice
with prewarmed HBSS and preincubated at 37 ◦C for 15 min with 0.5 mL and 1.5 mL of HBSS for the
apical and basolateral side, respectively. Afterwards, the sample solutions (0.5 mL), all containing DAL
50 μg/mL, were applied to the apical side of each of the transwell inserts. At the end of the experiment
(3 h), the apical chambers media were collected and analyzed by HPLC for DAL content evaluation.
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3. Results and Discussion

3.1. NMR Characterization

Five regions were distinguished in the 1H NMR spectrum of ammonium–chitosan N+-rCh
(Figure S1, Supplementary material). A quantitative NMR protocol developed for these specific
systems [2] was applied in order to determine the degree of acetylation (8.8%), degree of derivatization
(42.4%), and the ratio between the quaternary and neutral nitrogen of modified chains (n = 2.3).

Through GPC analysis, the molecular weights of the precursor (rCh, 134 kg/mol) and ammonium–
chitosan (N+-rCh, 184 kg/mol) were determined. Moreover, knowledge of the degree of acetylation and of
the molecular weight of rCh made it possible to estimate the average number of units (800) in N+-rCh.

The 1H NMR spectrum of cyclodextrin-grafted ammonium–chitosan polymer (N+-rCh-MCD)
(Figure 2) roughly corresponds to the superimposition of N+-rCh and MCD spectra. The degree
of methylation of the cyclodextrin (DS = 0.5) was checked by NMR analysis of MCD (Figure S2,
supplementary material). The use of a refined NMR quantitative analysis protocol (supplementary
material) of N+-rCh-MCD led to establishing that the N+-rCh-MCD polymer contains 22% w/w of MCD
and 18% w/w of spacer. Although the percentages of MCD and HMDI are almost equal, the conspicuous
difference in their MWs indicates that there are numerous spacer chains bonded to the polymer only
but unbound to the cyclodextrin. Excluding cross-linking phenomena, it was possible to estimate the
minimum molecular weight of the conjugate, knowing the percentage by weight of the precursor and,
therefore, the moles of conjugate, reporting a MW of 306 kg/mol, with 331 units of HMDI and 57 MCD,
which was testimony to the fact that there is so much free spacer. DAL (Figure 1b) was characterized
by 1H e 13C NMR spectroscopy (Figures S3–S5, Tables S6 and S7, supplementary material).

Figure 2. 1H NMR spectrum (600 MHz, D2O, 37 ◦C) of N+-rCh-MCD (3.7 mg/mL). Black and white
dots, squares and triangles refer to the corresponding protons marked on the structure.

3.2. Inclusion Complexes

3.2.1. Complexes Stoichiometry and Association Constant

The complex formation between DAL and MCD was investigated and compared to that of DAL
with MCD conjugated to the quaternary ammonium chitosan (N+-rCh-MCD) or in the presence of
plain N+-rCh (N+-rCh / MCD). In all cases, the χ value was 0.5, corresponding to the 1:1 complex
stoichiometry of DAL/MCD (Table S8, Supplementary material). The results evidenced that the
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quaternary ammonium polymer was not interfering with the formation of the complex neither when
dissolved together with MCD nor when covalently linked to MCD. Additionally, χ values were
not affected by the incubation time, indicating a prompt complexation between MCD and DAL
(Table S8, supplementary material).

The determination of the association constant (Ka) for complexes of DAL/MCD and of
DAL/N+-rCh-MCD was performed both by UV and fluorescence spectrometry. Both techniques
exploited the gradual variation of DAL absorbance or fluorescence in the presence of increasing
amounts of host agent. These variations were better monitored by using DAL fluorescence, whereas UV
spectrometry was poorly applicable to DAL/MCD complexes, which would have required an excessive
amount of the binding partners to reveal the absorbance variation. Differently, this latter technique
was successfully used only for the DAL/N+-rCh-MCD complex. The calculated Ka values are reported
in Table 1.

Table 1. Association constant (Ka) determined by UV absorbance or fluorescence spectrometry, for DAL
complexing with 2-methyl-β-cyclodextrin (MCD) or N+-rCh-MCD. Standard deviation (SD) and the
coefficient of determination (R2) of the linear regression are also displayed.

Absorbance Fluorescence

Ka (M−1) SD R2 Ka (M−1) SD R2

DAL/MCD - - - 120 10 0.999
DAL/N+-rCh-MCD 2326 406 0.999 2617 307 0.990

The good linearity of data regression confirmed the formation of a 1:1 complex in both cases,
DAL/MCD and DAL/N+-rCh-MCD. More importantly, the Ka evaluated for the peptide complexed to
the N+-rCh-MCD polymer was one order of magnitude higher than that calculated for MCD alone.
Despite the two different spectroscopic techniques, the values are consistent with each other.

It is worth mentioning that the spectrometric titration performed for the evaluation of Ka evidenced
a clear variation of DAL absorbance peak at 227 nm in terms of intensity and wavelength, as clearly
displayed by the overlay of the II derivative absorbance spectra of DAL/N+-rCh-MCD complexes
(Figure 3A). Similarly, the greatest fluorescence variation of complexed DAL was revealed at the
304 nm emission band (Figure 3B). Both phenomena can be related to a main variation of the chemical
environment surrounding Tyr residue, which appeared more pronounced for the DAL/N+-rCh-MCD
complex. As a matter of fact, the Tyr ABS peak at 227 nm is typically exploited for protein unfolding
studies [37], and Tyr fluorescence is predominant with λex 275 and λem peaks at 304 nm [38].

 
(A) 

Figure 3. Cont.
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(B) 

Figure 3. Complex titration by UV and fluorescence spectrometry. (A) Overlay of UV second derivative
spectra; (B) Overlay of emission spectra collected by excitation at λ 275 nm.

3.2.2. NMR Interaction Studies and Complex Stereochemistry

The interaction between a small molecule (G) and a macromolecule (H) can be described by the
simple equilibrium reported in Equation (2). In fast exchange conditions, the observable NMR parameters
(Pobs) represent the weighted average between the bound (Pb) and free (Pf) states (Equation (3)).

H + G� HG (2)

Pobs = χf Pf + χb Pb (3)

where χf and χb are the molar fractions of the ligand in the free and bound states, respectively. By virtue
of the marked difference between the molecular weights of H and G, it is necessary to operate with
a large excess of G with respect to H in order to obtain an observable NMR signal. In these conditions,
the molar fraction of the small molecule in its complexed form (χb) is negligible. Therefore, the choice
of sensitive parameters is required to detect significant changes in the bound state with respect to the
free state. Longitudinal relaxation rates represent an effective tool in the analysis of the interaction
between small molecules and macromolecules. In particular, proton mono-selective relaxation rates
(Ri

ms = 1/Ti
ms), measured by following the recovery of the magnetization of the selectively inverted

spin i, are remarkably more sensitive than non-selective ones [39]. Considerable increases of Rms are
expected when the small molecule undergoes a change in molecular dynamic from fast (ω2τc

2 	 0.6,
where ω is the Larmor frequency and τc is the rotational correlation time) to slow motion regimes
(ω2τc

2 
 0.6), which is typical when bounded to a macromolecule. The cross-relaxation term (σij),
referring to the spin i and j at rij distance, is another susceptible parameter to complexation phenomena.
σij can be experimentally obtained from the difference between the bi-selective relaxation rate (detected
by following the recovery of the magnetization of the nucleus i in conditions of simultaneous inversion
of the spin j, Rij

bs = 1/ Tij
bs) and mono-selective relaxation rate, as shown in Equation (4).

σij = Rij
bs - Ri

ms (4)

In the two limit cases of fast and slow -motion regimes, the expression of σij can be calculated by
Equations (5) and (6), respectively.

σij = 0.5 γ4 h̄2 rij
−6 τc (ω2τc

2 	 0.6) (5)

σij = −0.1 γ4 h̄2 rij
−6 τc (ω2τc

2 
 0.6) (6)
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Therefore, a negative σ indicates a slowdown of molecular motion, which is generated by the
interaction of the active ingredient with the macromolecule.

Due to the extensive superimposition between DAL and the polymers’ resonances, only the
selective relaxation rates of phenylalanine and tyrosine aromatic protons and methyl moieties of
leucine of DAL (0.5 mg/mL) were measured in solutions containing pure DAL or its mixtures with
polymers/cyclodextrin.

The mono-selective and bi-selective relaxation of DAL protons is collected in Table 2, along
with selected cross-relaxation terms. NMR measurements were performed both immediately after
preparation of the solutions and after one week, with negligible variations in the relaxation
parameters recorded.

Table 2. Mono-selective relaxation rates (Rms, s−1), bi-selective relaxation rates (Rbs, s−1), and cross-relaxation
terms (σ, s−1) of the proton pair H3/H4

Phe and H1/H2
Tyr of DAL (600 MHz, 25 ◦C, D2O, 0.68 mM).

δ (ppm)
R1

ms (s−1)

DAL DAL/MCD DAL/N+-rCh DAL/N+-rCh-MCD DAL/MCD/N+-rCh

H3
Phe 7.11 0.62 0.59 0.61 4.54 0.60

H4
Phe 7.22 0.54 0.54 0.52 4.35 0.50

H5
Phe 7.18 0.66 0.57 0.61 5.00 0.53

H1
Tyr 6.77 0.36 0.32 0.34 4.54 0.34

H2
Tyr 7.02 0.58 0.57 0.55 4.54 0.54

H4a
Leu 0.78 1.69 1.65 1.67 4.17 1.67

H4b
Leu 0.72 1.59 1.58 1.59 4.17 1.59

R1
bs (s−1)

H3
Phe 7.11 0.63 0.60 0.62 3.66 0.62

H4
Phe 7.22 0.55 0.55 0.54 3.47 0.53

H1
Tyr 6.77 0.39 0.35 0.36 3.92 0.37

H2
Tyr 7.02 0.61 0.60 0.57 3.92 0.57

σ (s−1)

H3/H4
Phe - 0.01 0.01 0.01 −0.88 0.02

H1/H2
Tyr - 0.03 0.03 0.02 −0.62 0.03

The presence of an equimolar amount of MCD did not produce any significant variations in the
relaxation parameters of DAL (Table 2), indicating minor drug/macrocycle interactions, according to
the very low amount of bound molar fraction (7%) at the concentration of 0.68 mM. The same trend
was found for the binary mixture DAL/N+-rCh, with negligible variations with respect to free DAL.
Importantly, the minimum impact of the presence of N+-rCh also rules out possible interfering effects
on relaxation parameters attributable to viscosity changes caused by the presence of the polymer, rather
than to chemical interactions with the macromolecule. On the contrary, outstanding increments in
relaxation rates were recorded when dalargin is mixed with ammonium–chitosan covalently conjugated
with MCD (DAL/N+-rCh-MCD), especially for aromatic moieties. As an example, R1

ms of H3
Phe

increases from 0.62 s−1 to a value of 4.54 s−1. Cross-relaxation rates respectively decrease to the values
of -0.88 s−1 and -0.62 s−1 for H3

Phe/H4
Phe and H1

Tyr/H2
Tyr proton pairs, due to the relevant slowing

down of the molecular motion of DAL consequent to its interaction with N+-rCh-MCD. Interestingly,
the simple physical mixture of ammonium–chitosan and cyclodextrin (DAL/N+-rCh/MCD) produced
negligible variations of the relaxation parameters compared to pure DAL, confirming the key role of
the covalent grafting of cyclodextrin to the polymer (Table 1).

To obtain a parameter that reflects the different degree of involvement of DAL fragments in the
interaction with polymers, normalized relaxation rates were calculated [|R| = (R1

mix − R1
free)/R1

free],
showing a major involvement of tyrosine and phenylalanine group (Table 3). The particularly high
value for the ortho-protons to hydroxyl group of tyrosine is due to the role of the polar group in the
interaction with the polysaccharide material.
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Table 3. Normalized relaxation rates (|R| = (R1
mix − R1

free)/R1
free) of selected protons of DAL in the

binary mixture DAL/N+-rCh-MCD.

DAL/N+-rCh-MCD

H3
Phe H4

Phe H5
Phe H1

Tyr H2
Tyr H4a

Leu H4b
Leu

|R| 6.32 7.06 6.58 11.6 6.83 1.47 1.62

The mixture DAL/MCD was employed as a model for investigating the nature of the interaction
of DAL with MCD. The study was carried out at 9.8 mM concentration, which guaranteed a significant
bound molar fraction of DAL (about 40%) on the basis of the value of the association constant DAL/CD
(120 M−1). Such a kind of investigation was not possible for the mixture DAL/N+-rCh-MCD due to the
extensive overlapping of polymer and cyclodextrin signals. An extended conformation of DAL was
found on the basis of the analysis of 1D ROESY spectra, where any significant dipolar interactions were
not detected between protons bearing different amino acidic residues. As an example, the selective
perturbation of Tyr protons produces negligible ROE effects on the adjacent Ala protons (Figure 4).

Figure 4. One-dimensional (1D) Rotating-frame Overhauser Effect SpectroscopY (ROESY) spectra
(600 MHz, D2O, 25 ◦C) of H2

Tyr and H2
Ala of DAL (9.8 mM).

In order to point out the nature of the DAL groups that were more involved in the interaction to
MCD, complexation shifts were calculated (|Δδ| = |δDAL/MCD – δMCD|, Hz). For this type of analysis,
TOCSY traces were accurately analyzed: starting from the anomeric protons H1 and H1′ of MCD,
resonances of the corresponding glucosidic rings protons were individuated. Complexation shifts
were remarkably higher for H3/H3′ and H5/H5, which were located inside the hydrophobic cavity of
MCD with a deep inclusion from the edge of larger diameter and supported by considerable values of
Δδ for H5/H5′ (Table 4).

Table 4. MCD (600 MHz, D2O, 25 ◦C, 9.8 mM) complexation shifts.

MCD |Δδ| (Hz) MCD |Δδ| (Hz)

H1 9.5 H4 4.2
H1′ 4.1 H4′ 1.2
H2 4.5 H5 41.8
H2′ 6.1 H5′ 49.2
H3 27.6 H6/H6′ 3.2
H3′ 25.3
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Detailed information on the stereochemistry of the inclusion were obtained from the ROESY map,
(Figure 5 and Figure S6, supplementary material), showing ROE effects mainly between the aromatic
protons of DAL and the H3/H3′ and H5/H5′ internal protons of the cyclodextrin.

In particular, H1
Tyr produces much more intense ROE effects on the H5/H5′ (narrower rim)

compared with the H3/H3′ (wider rim), while H2
Tyr showed an opposite trend, indicating that the

phenolic group is embedded in the cavity of the cyclodextrin deeply and confirming what was observed
with UV and fluorescence spectrometry.

Phenylalanine is also widely involved in the interaction with cyclodextrin, but the effects produced
at H3/H3′ and H5/H5′ frequencies have comparable intensities, which is probably because of aromatic
moieties mobility within the cavity of the cyclodextrin.

It is noteworthy that both methyl protons of leucine and alanine originated dipolar interactions
with the internal H3/H3′ protons and external methoxy protons of the cyclodextrin, thus revealing
superficial interactions at the wide rim of the cyclodextrin.

Therefore, taking into account that 1 to 1 complexation stoichiometry has been demonstrated, it can
be concluded that dalargin may originate multiple interactions with the cyclodextrin, involving the
deep inclusion of the aromatic groups of tyrosine or phenylalanine, as well as superficial interactions
of the alkyl groups of leucine or alanine at the wide rim of the cyclodextrin.

Figure 5. ROESY map (600 MHz, D2O, 25 ◦C, 9.8 mM) of DAL/MCD mixture between 6.6–7.3 ppm and
2.8–4.4 ppm.

3.3. Kinetic Studies of Dalargin Enzymatic Hydrolysis

The protective role of N+-rCh-MCD against DAL enzymatic hydrolysis was studied with two
orthogonal methods (HPLC and NMR). α-Chymotrypsin (CHT) was chosen as the model enzyme for
study of the degradation of DAL in the human body [35]. CHT belongs to the proteases and is capable
of breaking peptide bonds with preference for tyrosine, phenylalanine, and leucine residues [40]. Pure
DAL is stable in water at 37 ◦C for several days, as demonstrated by comparing 1H NMR spectra
recorded at different time after preparation: no differences were recorded neither in chemical shifts nor
in the peaks’ integrated areas.

The digestion of DAL by CHT was performed under controlled conditions to simulate the digestion
occurring in the intestinal environment. A first characterization was performed on freshly prepared
solutions of DAL, either alone or mixed with MCD, N+-rCh /MCD, or N+-rCh-MCD. The analysis
that was carried out 5 min after the addition of the enzyme evidenced that the peptide underwent
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a rapid degradation, with a reduction equal to 80% of the initial content. The degradation process
was merely slowed down in the presence of MCD, in an equal extent of MCD and MCD mixed with
N+-rCh. Diversely, when using the MCD-grafted polymer (N+-rCh-MCD), DAL suffers only a 45%
reduction. The results highlighted that only when MCD is covalently bound to the quaternary polymer
was there a significant protection from the enzymatic attack (Figure 6).

 
Figure 6. α-chymotrypsin (CHT) hydrolysis of DAL: Residual DAL % after 5 min of CHT activity on solutions
((  ); on lyophilized complexes ((  ). Error bars indicate the SD values of three independent experiments.

A similar digestion was conducted also on lyophilized samples that were freshly redispersed
in buffer before adding the enzyme. Similarly, plain DAL was rapidly degraded, but an extended
stability was observed for the DAL/MCD complex and even more for the complex DAL/N+-rCh-MCD
(Figure 4). Therefore, it was assumed that the conjugate was able to protect DAL from enzymatic
digestion, and that the lyophilization process strengthened the interaction of DAL with the cyclodextrin,
increasing its protection [41]. Despite the augmented stability due to the lyophilization process, the use
of the conjugated polymer N+-rCh-MCD led again to a significantly reduced digestion compared to
the use of N+-rCh/MCD mixture (p < 0.01).

By using the same DAL/CHT molar ratio selected for HPLC analysis, low and high frequency NMR
spectral regions of dalargin, pure (Figure 7a) and in presence of CHT (Figure 7b, c), were monitored
over time at 37 ◦C. In the binary mixture DAL/CHT, a rapid decrease of the original dalargin signals was
observed already after 5 min with the simultaneous formation of new peaks, which was attributable
to the digestion products. A comparison of integrated areas showed that the digestion was almost
complete after 14 min. In order to obtain a quantitative parameter, we refer to the lifetime of the drug
(tf), the specific time in which non-degraded DAL reached 6% with respect to the hydrolyzed products.
If the mixture is maintained at room temperature (25 ◦C), the tf of DAL is extended up to 45 min, owing
to a reduced activity of the enzyme.
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Figure 7. 1H NMR spectra (600 MHz, D2O, phosphate buffer, pH = 6.8, 37 ◦C) of pure DAL (0.68 mM,
(a) and of the DAL/CHT after 5 min (b) and 14 min (c).

Effects due to the presence of MCD and/or the modified chitosans on the rates of hydrolysis were
evaluated: as reported in Table 5, MCD, N+-rCh, or their physical mixture MCD/N+-rCh only slightly
affected the hydrolysis rate. On the contrary, conjugated chitosan N+-rCh-MCD produced remarkably
prolonged tf, confirming what was observed at a shorter digestion time with the HPLC technique.
It clearly appeared that the covalent binding of MCD to the chitosan backbone was essential to generate
a protecting effect against the DAL hydrolytic pathways.

Table 5. Complete hydrolyses times (tf, min) of DAL (0.68 mM) in fresh mixtures and lyophilized
mixture in the presence of CHT, as recorded by 1H NMR (600 MHz, 37 ◦C, phosphate buffer, pH = 6.8).

Mixture tf (min)

DAL/CHT/MCD 16
DAL/CHT/N+-rCh 18

DAL/CHT/N+-rCh/MCD 17
DAL/CHT/N+-rCh-MCD 61

3.4. Biological Evaluation

A quantitative evaluation of cell viability performed by WST-1 assay on a Caco-2 cell line (Figure 8)
indicated a high tolerability for the complex of DAL with N+-rCh-MCD, which was comparable to what
was observed for plain DAL and DAL complexed with MCD. Differently, N+-rCh polymer negatively
affected cell viability, reducing it drastically at the tested concentration. Such behavior was shielded by
the presence of MCD, especially when covalently conjugated as for the polymer N+-rCh-MCD.
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Figure 8. Caco-2 cells cell viability assay. Error bars indicating SD values of eight replicates.

DAL stability toward enzymatic degradation in the presence of N+-rCh-MCD polymer significantly
increased when tested on Caco-2 monolayers (Figure 9). After 3 h of incubation, DAL contents in the
apical chamber of plain DAL, DAL/MCD, DAL/N+-rCh, and DAL/N+-rCh/MCD physical mixtures
were not significantly different (in the range of 4.1–7.3 μg/mL, corresponding to 8%–15% of residual
DAL). The MCD-bearing quaternary polymer (N+-rCh-MCD) exhibited 16.7 μg/mL of DAL after 3 h of
incubation, confirming its stronger stabilizing effect also in a more complex biological environment.

The effect of cyclodextrin and polymer derivatives on monolayers permeability was monitored
by TEER measurements. TEER values exhibited the same trend of the untreated control layer until
1 h of incubation, followed by a plateau in the range of 86%–100% for the remaining contact time.
On the contrary, N+-rCh determined a significant reduction of TEER values after 2–3 h, reaching
64%. This finding is in agreement with our previous research studies [16], stressing that quaternary
ammonium chitosan acts as a loosening/opening agent for intercellular tight junctions, resulting in the
increased paracellular permeability of the monolayers, with the reversibility of the effect (Figure S7,
supplementary material).

 
Figure 9. Percentage of DAL remaining in the apical chamber after 3 h of incubation on Caco-2
monolayers. Error bars indicate the SD values of three experiments.

4. Conclusions

MCD grafted to quaternary ammonium chitosan (N+-rCh-MCD) has proved to be effective as
a host macromolecule for the short, labile, and therapeutically active peptide DAL. This finding,
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along with the previously performed investigations [21,42], suggests the suitability of MCD-grafted
quaternary chitosans as functional polymers for the oral administration of poorly bioavailable actives.

It has been demonstrated that the interaction of dalargin with MCD occurs through a deep
inclusion in the oligosaccharide cavity, involving mainly Tyr or Phe aromatic groups or, with minor
extent, the alkyl groups of the Leu and Ala units. Additionally, the covalent binding of MCD to
the mucoadhesive chitosan derivative is not hampering the complexing ability of MCD, but rather
further increasing the interaction with dalargin. The MCD grafting has a positive effect on polymer
cytocompatibility, and it has been demonstrated that the polymer behaves as a shield versus the
proteolytic attack of intestinal enzymes only when covalently linked to the MCD.

The mentioned features were described for water-soluble complexes of N+-rCh-MCD/DAL,
but the preliminary evaluation of lyophilized samples showed improved stabilization of the peptide,
indicating the perspective of using a processed powder for the preparation of solid dosage forms.

Supplementary Materials: Available online at http://www.mdpi.com/2073-4360/12/2/474/s1.
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Abbreviations

BCS bovine fetal serum
Ch chitosan
CHT α-chymotrypsin
DAL dalargin
DEAE-Cl HCl 2 diethylaminoethyl chloride hydrochloride
DMSO dimethyl sulfoxide
DPBS Dulbecco’s phosphate buffer
HMDI 1,6-hexamethylene diisocyanate
MCD 2-methyl-β-cyclodextrin
MEM minimum essential medium
N+-rCh reduced molecular weight ammonium chitosan
N+-rCh-MCD ammonium-chitosan grafted with 2-methyl-β-cyclodextrin
rCh reduced molecular weight chitosan
TEA triethylamine
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Abstract: Different hybrid epoxy formulations were produced and cold-cured, monitoring the
properties development during low temperature curing and aging. All systems were based on
silane functionalized bis-phenol A (DGEBA) resins (Part A), cured at ambient temperature with
two amine hardeners (Part B). The different components of the formulations were selected on their
potential capability to bring about enhancements in the glass transition temperature. The durability
of the produced hybrids was probed in comparison to the corresponding neat epoxies by monitoring
changes in glass transition temperature (Tg) and flexural mechanical properties after exposure to
different levels of humidity and immersion in water and at temperatures slightly higher than the
local ambient temperature, in order to simulate the conditions encountered during summer seasons
in very humid environments. The thermal degradation resistance of the hybrid systems was also
evaluated by thermogravimetric analysis.

Keywords: cold-cure; epoxy resins; organic-inorganic hybrids; sol-gel

1. Introduction

Polymer-based nanocomposites have attracted a great interest over the last few decades due
to their highly enhanced mechanical, electrical, thermal, barrier, and optical properties, derived
from synergistic combinations of polymer matrix and inorganic nano-dimensional reinforcing and
thermal resistant interpenetrating domains. From this advantageous combination new materials can be
produced, exhibiting enhanced properties that can be tailored according to application requirements [1].

This class of polymeric nanocomposites is usually referred to as organic-inorganic (O-I) hybrid
materials to denote a chemical and morphological structure consisting of nanoscale repeating units
between the organic and inorganic constituents of nanoscale dimensions [2]. In such nanostructured
systems, both the inorganic nano-dispersed component and the polymeric matrix are produced
concurrently by the sol-gel method, consisting of hydrolysis and condensation reactions to produce
three-dimensional interpenetrating networks. The very high surface area to volume ratio of the
inorganic and organic components is considered a major factor responsible for the enhanced properties,
which have successfully exploited in many applications, such as in the field of structural adhesives [3].

Many structural adhesive bonding applications make use of thermosetting resins (very often
epoxy type), where curing reactions are carried out at cold, either “on field” or the products are too large
to allow the use of high temperatures from typical sources of heat (ovens, lamps). Typical applications
of cold-cured epoxies include: i) Structural adhesives employed either in construction (resins for
injection) and in aeronautical/aerospace (“patch repair” technique) industries, and ii) matrices/adhesives
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for fiber-reinforced polymer (FRP) components to be used for the repairing and strengthening of
infrastructures [4,5].

As well, testified by different papers that appeared in the last decade [6–11], cold-cured adhesives
display intrinsic weaknesses, not only as a consequence of a hardening process carried out at cold and
under uncontrolled temperature conditions but also due to adverse weathering effects on properties.
Only moderate glass transition temperatures (Tg) can be achieved with such cold-cured resins: Never
greater than 55–60 ◦C even after very long curing times (in the order of several weeks), which can be
further reduced through the plasticization effect of liquid water or moisture in the atmosphere under
outdoor service conditions. These aspects raise great concerns about the long-term performance of
such cold-cured resins, even though these resin systems are already employed in many structural
applications as cold-cured epoxy adhesives and matrices for fiber reinforced composites. For such
applications, therefore, cold-cured polymer-based nanocomposite materials can offer significant
advantages over commercial resins [3,12].

Nanomaterials are not “unknown” in the construction industry. For instance, it has been shown
that concretes can be engineered by the incorporation of nanosized building blocks (e.g., nanoparticles
and nanotubes) to enhance their performance [13–15]. It is also possible to graft molecules onto
cement particles, cement phases, and aggregates (including nanosized additives) to provide surface
functionality, which can be adjusted to promote specific interfacial interactions.

In this framework, nanostructured hybrid systems, based on common epoxy resins containing
interpenetrating silica nanodomains, are expected to offer superior thermal (especially in terms of glass
transition temperature), mechanical, and adhesive properties and greater durability against moisture,
temperatures, hash environments, and fire over the commercial products. They are also expected
to provide enhanced mechanical properties in comparison to the pure polymeric matrix due to the
reinforcing effect of the inorganic nanodomains. Furthermore, the latter feature is likely to promote
the adhesion to the typical substrates encountered in infrastructures (concrete, masonry, steel, wood,
etc.). The use of such new cold-cured resins in the construction industry, therefore, would allow
improvements in performance of existing constructions (buildings, bridges, galleries, etc.) by avoiding
the demolishment and reconstruction of new ones. The use of nanomaterials as modifying agents,
therefore, would be make it possible to extend the longevity of the structures for longer periods.

O-I hybrids, characterized by a morphology consisting of co-continuous silica-domains in the
region of 5–20 nm of organic chains chemically linked to the inorganic phase, are obtained through
the sol-gel method [16–20]. Usually, the first step in the production of the organic-inorganic hybrids
is constituted by the silane-functionalization of the epoxy resin. Then, hydrolysis reactions of the
functionalized epoxy with an appropriate alkoxysilane component takes place in presence of water.
The final step of the synthesis of organic-inorganic hybrids is the simultaneous cross-linking of the
(organic) epoxy-based component of the mixture, upon the addition of a suitable curing agent, and the
condensation of the (inorganic) siloxane domains, leading to an in situ production of silica. In the case
of cold-curing epoxy-based hybrids, the latter two processes both occur at ambient temperature.

In previous studies, different epoxy-based nano-silica hybrids were produced [21–23]. In this
paper, the physical properties and durability characteristics of the hybrids developed in previous
studies are reiterated, adding also unpublished results, highlighting at the same time differences
between various new epoxy-based organic-inorganic hybrids. Although based on typical bisphenol
epoxy resins, the O-I hybrid systems in this work differed for the nano-silica contents, as well as for
the hardeners and the molar ratios. At the same time, changes are made regarding the alkoxysilane
ingredients as precursor for the silica component and the procedure used for the pre-functionalization
of the resin. Particularly novel is the use of a specific deep eutectic solvent (DES) as an auxiliary
component for property enhancement: To the best of our knowledge, DES systems have not been
used hitherto for epoxy hybrid compositions. The research investigated also the effects of different
curing agents, both suitable for cure at ambient temperature, including the addition of an accelerator,
and ammonium molybdate, as a siloxane network enhancer. The ingredients for the different hybrid
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systems were carefully selected with the view to reduce the curing times and improve the physical
properties, especially the glass transition temperature for cure performed at ambient temperature.
In particular, the present study compares the characteristics of different formulations, highlighting the
effect of any single component on the final cured system.

2. Experimental

2.1. Materials and production of Hybrid and Non-Hybrid Formulations

Different experimental two-part formulations, whose compositions are detailed in Table 1,
were produced using the following materials and procedures. In Scheme 1, the chemical structure of
all the components employed are summarized.

Table 1. Compositions of the produced systems.

System Resin (Part A)
Curing Agent

(Part B)
Amine/Epoxy

Ratio
SiO2 Content

(%)

B0 DGEBA PACM +M851 0.75/1 -
BSi DGEBA PACM +M851 0.75/1 7.5%

BSiMo DGEBA PACM +M851 +
(NH4)2Mo2O7

0.75/1 7.5%

Control DGEBA DGEBA PACM 0.75/1 -
Hybrid DGEBA DGEBA PACM 0.75/1 15.0%

Hyb-L-B DGEBA PACM 0.75/1 7.0%
Control Epoxy A DGEBA TETA 1:1 -

Hyb-L-A DGEBA TETA 1:1 5.1%

 

Scheme 1. Chemical structures of all the components employed.

173



Polymers 2020, 12, 476

In Scheme 2, the main steps that were followed for the production of the hybrids of this study
are illustrated.

Scheme 2. Schematic presentation of steps involved in the production of the epoxy-silica hybrids.

All systems were based on typical bis-phenol A (DGEBA) resins. For the systems Control B0,
BSi and BSiMo, a resin commercially known as NPEL 128E, obtained from Nan Ya Epoxy Resins was
employed, characterized by an epoxy equivalent weight of 184–190 g. The remaining systems were
produced with Epikote 828 (Resolution Performance Products), possessing the same epoxy equivalent
value (i.e., 184–190 g).

Step 1: Silane functionalization of epoxy resin. The procedure used has been described
elsewhere [24].

For the systems BiSi and BiSiMo, an amine-trialkoxysilane (supplied by Aldrich with a purity
greater than 95%) was employed as a coupling agent, as well as an alkoxysilane possessing a high
functionality, again supplied by Aldrich, as experimented in a previous study [24]. For the production
of the Hybrid DGEBA, Hyb-L-A and Hyb-L-B systems, the bisphenolic resin was functionalized with
bis-(γ-propyltrimethoxysilane) amine, commercially known as NPTEOS and purchased by Aldrich
(purity>90%). The production of Hyb-L-A and Hyb-L-B systems is the subject of a patent [25].
The resulting compounds constituted Part A for each two-part hybrid formulation.

Step 2: Hydrolysis of alkoxysilane precursors.
The second step consisted of a prehydrolysis of alkoxysilane precursors. Only in the case of

BiSi and BiSiMo hybrids, Tetra-ethoxysilane (TEOS, supplied by ACROS with a purity greater than
95%) was used in sufficient amounts to produce a 7.5 wt% nominal SiO2 content, based on the total
conversion of the alkoxysilane groups in the mixture [21]. For other hybrid systems (i.e., Hybrid DGEBA,
Hyb-L-B, Hyb-L-A), a mixture of tetra-ethoxysilane (TEOS) and glycidoxypropyltrimethoxysilane
(GOTMS) was used, both supplied by Aldrich (at a purity greater than 97%). A molar ratio 1:0.12 of
TEOS:GOTMS was used in all the three cases. For the production of Hyb-L-A and Hyb-L-B systems, a
deep eutectic solvent (DES) was added in the TEOS-GOTMS mixture. DES was obtained by mixing
choline chloride (ChCl) and urea (U) in a 2:1 molar ratio; the two chemicals were supplied by Iolitec
GmbH (Heilbronn, Germany) with a purity greater than 97%. The content of ChCl-U was set at 2.5
parts per hundred resins (phr), corresponding to 1.5% by weight of total mixture [23].

Step 3: Mixing of prehydrolyzed alkoxysilanes and functionalized epoxies.
This was carried out by mixing for 2 h the different solutions prepared in steps 1 and 2.
Step 4: Addition of the hardener.
Two hardeners were employed to cure the different hybrid systems, both suitable for the cure at ambient

temperature. The first one was a cycloaliphatic amine, i.e., the 4,4’-methylenebis-cyclohexaneamine (PACM)
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supplied by Aldrich. PACM amine, although requiring somehow longer cold-curing times, is reported
to produce superior elevated temperature performance. In all the formulations cold-cured by PACM,
a molar ratio epoxy/amine = 1:0.75 was used. This choice was derived from previous studies carried out
on cold-cured epoxy coatings, where the molar ratio 1:0.75 was identified as the optimum epoxy/amine
ratio for property enhancement in relation to glass transition temperature range and the stiffness of systems
cured at ambient temperature [26,27]. In the systems B0, BSi, and BSiMo, a small amount (<1%) of phenylen
bis-methylamine M851 accelerator (supplied by Leuna Hartze) was also added, as a possible means to
speed the curing reactions carried out at ambient temperature. In the BSiMo system, ammonium molybdate
powder (with chemical formula (NH4)2Mo2O7 and obtained from ACROS) and dibutyl tin dilaurate catalyst
(obtained from Aldrich with a purity greater than 95%) were mixed to PACM +M851 hardener at 6.0 and
1.0 wt%, respectively, with respect to the nominal SiO2 content of the hybrid formulation. The addition
of ammonium molybdate was expected to produce a denser siloxane network in the organic-inorganic
system and to increase the Tg of the organic phase [28,29]. Molybdate salts, acting as inhibitors, have been
previously added to the hybrid polymer coatings obtained via the sol-gel process for passivation of metals,
steels, alloys [30–33]. It should be noted that BSi and BSiMo were proprietary systems produced by SAFE
Marine Nanotechnologies (Ferentino, Frosinone, Italy), therefore some details in the compositions were not
provided by the manufacturer.

The second curing agent selected for the curing at ambient temperature was an aliphatic amine,
i.e., Triethylenetetramine, TETA, supplied by Elantas Italia S.r.l. (Italy) with the commercial name IG
824-K24. TETA curing agent was used without further modification. In all the systems cured with
TETA, a stoichiometric (i.e., 1:1) molar ratio epoxy:amine was used.

The unmodified or modified curing agents constituted Part B of the hybrid systems, as well as for
the control formulations.

Step 5: Cold-curing of hybrid (and non-hybrid) formulations.
Irrespective to the formulation examined (listed in Table 1), Part A and Part B were manually mixed

at ambient temperature for a maximum of 30 min in order to avoid premature gelation. The liquid
formulations were, then, poured in Teflon molds possessing different dimensions, depending on the
standard tests to perform on them. The specimens were cured at ambient temperature in a controlled
environment (23 ± 2 ◦C and 55% ± 5% relative humidity) for prolonged periods up to one year. The
long-term cold-curing process was carried out on “free” specimens, i.e., they were all removed from
the mold after few days of curing. During this last step of the process, the cross-linking reactions of the
epoxy component and the nano-silica condensation of the inorganic phase are taken to an advanced
stage, producing an interpenetrating network where organic and inorganic phases are interconnected
at nanosize level.

The nominal SiO2 contents of the cold-cured epoxy-siloxane hybrids are summarized in Table 1.
For comparison purposes, an epoxy-based non-hybrid control formulation, representative of commercial
cold-cured resins, was realized for each hybrid system.

2.2. Characterization of Hybrid and Non-Hybrid Formulations in Standard Conditions

The first parameter analyzed on all hybrid systems was the curing time. The effect of this
parameter on different physical properties developed by organic-inorganic epoxy-silica formulations
was, in fact, assessed, taking as reference the control non-hybrid systems.

As already explained, the main drawback of conventional cold-cured resins is the relatively “low”
glass transition temperature, even after very long curing times. The evolution of the Tg was monitored
by differential scanning calorimetry (DSC), using a Mettler Toledo DSC 822, on all the produced hybrid
systems during the cold-cure process performed in a controlled environment. Curing times up to a
year were analyzed. Dynamic DSC scans were carried out at a heating rate of 10 ◦C/min, from sub-zero
temperature up to 300 ◦C. The specimens (with thicknesses not greater than 0.8 mm and an average
mass of 10–14 mg) were placed in aluminum pans and analyzed under nitrogen atmosphere (flow rate:
60 mL/min), in order to avoid the occurrence of any undesirable oxidation reaction. The calorimetric
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runs were performed on three samples of each formulation and the results were averaged. The DSC
analysis allowed to calculate also the residual heat of reaction after different cold-curing periods.

Flexural tests and dynamic mechanical thermal (DMTA) analysis were used to characterize the
cold-cured hybrid materials. The flexural properties were measured in a three-point bending mode,
using a LR5K Lloyd Instruments Machine according to the ASTM D790 standard [34] on rectangular
specimens (100 × 10 × 4 mm3), with a span/thickness ratio of 16:1, and at a rate of 1.7 mm/min.
The systems analyzed were cured in controlled laboratory conditions for four months. The effect of
shorter curing times was also assessed on some of the produced systems. At least five specimens were
tested for each analyzed composition. According to Equations (1) and (2), the flexural strength (σfl)
and flexural modulus (Efl) were calculated as:

σ f l =
3× Fmax × L

2× b× h2 (1)

E f l =
F× L3

4× b× h3 × δ (2)

indicating with Fmax (N) the load at failure, L (mm) the span length, F (N) and δ (mm) the actual load
and its displacement below the elasticity limit, respectively, b (mm) and h (mm) the width and the
height of the tested specimen, respectively.

Dynamic mechanical thermal analysis was carried out on standard samples (40 × 10 × 1 mm3)
employing an ARES Rheometer (Rheometric Scientific) in the rectangular torsion configuration.
The DMTA tests were performed in the scanning temperature mode, using a constant heating rate
of 2 ◦C/min, in the range 30–150 ◦C, at a constant amplitude (1%) and frequency (1 Hz). Samples of
Control and Hybrid DGEBA systems were analyzed in a DMTA module after a seven-month cold-cure
carried out in controlled conditions. DES-based hybrids, and their respective controls, were cold-cured
and aged for four months in the same controlled conditions. The tests were run in triplicate on each
formulation and the results averaged for measurements of the storage and loss modulus values as
functions of temperature. The glass transition temperature was measured as the maximum of the loss
modulus (G”) curve.

Two scanning electron microscopies (a Zeiss EVO 40 SEM instrument and an ESEM, environmental
scanning electron microscope, Mod. XL 30) were used to examine the internal morphology of fractured
specimens. The specimens analyzed were fractured after a 1-min immersion in liquid nitrogen. The
internal surface of some samples fractured during the flexural tests were also examined. The ESEM
analyses were performed on samples without metallization, in “low vacuum” mode, with a pressure of
0.6 Torr, a beam accelerating voltage of 25 kV, and a working distance of 10 mm; secondary electron (GSE)
detector was used. Energy-dispersive X-ray spectroscopy (EDS), coupled to the ESEM microscope,
was applied to perform qualitative/quantitative elemental analyses on some of the produced hybrids.
The spectra were collected in spots (live time 30 s) and the related results are reported as the average
on five spectra. The EDS spectra were processed using the software Genesis Spectrum (version 6.2,
EDAX Inc., Mahwah, NJ, USA).

2.3. Characterization of Hybrid and Non-Hybrid Formulations After Aging in Severe Environmental Conditions

One of the expected advantages of the hybrid cold-cured epoxy-based resins is their higher
durability. In this study, this characteristic was determined by studying the effects of severe
environmental conditions on both Tg values and mechanical properties.

The flexural properties were measured on the produced cold-cured (B0, BSi, BSiMo) specimens
after their exposure to different levels of humidity (varying from 55% to 100%) for different times,
up to three months. Before the exposure/immersion tests, the specimens were cold-cured in air for one
month at ambient temperature and, then, dried to a constant mass for one additional month. The latter
step was performed in a desiccator containing silica gel (corresponding to 10%–15% R.H.) for a total of
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cold-curing/aging period of two months. On the same aged specimens, the Tg values (from the DSC
analysis) were also recorded as a function of exposure/immersion time.

Mechanical tests in flexural mode were also performed on cold-cured Hybrid DGEBA after
exposure to moisture/immersion in water, as well as employing a testing temperature slightly higher
(i.e., 50 ◦C) than the laboratory temperature, taking as a reference the control system. The choice of
this test temperature was made based on a previous experiment performed during summer in Lecce
(Italy) on a concrete component with the surface exposed to radiation of sun, in line with the typical
applications of such cold-cured epoxy resins, such as adhesives for concrete in a Mediterranean climate.
The temperature of this climatic condition for both inside and outside faces of the concrete component
can surpass 50 ◦C with the temperature of air around 40 ◦C [35]. All the specimens of Hybrid DGEBA
systems were cured at ambient temperature in a controlled environment (at 23 ± 2 ◦C and 55% ± 5%
R.H.) for at least four months, in order to perform the experiments on a stable system.

For the mechanical tests carried out after different aging regimes, the specimens of Control and
Hybrid DGEBA were exposed to a relative humidity of 75% ± 5% in a climatic chamber or immersed
in distilled water for prolonged times (up to about six months), and subsequently tested in flexural
mode. The results of flexural tests performed on the hybrid/control systems after the described aging
procedures were, then, compared to those measured on unaged specimens cold-cured for the same time.

Finally, the thermal oxidation characteristics, as an indication of the fire behavior of the resins,
was assessed by thermogravimetric analysis (TGA) on the hybrid/control Hyb-L-A and Hyb-L-B
systems (four-month cure), employing a TGA/DSC1 (Stare System, Mettler Toledo). The samples,
about 12–15 mg in weight, were placed in alumina pans and tested in air atmosphere from laboratory
temperature (about 23 ◦C) up to 800 ◦C, at a heating rate of 10 ◦C/min. The TGA experiments were
carried out in air to measure the decomposition temperatures of the produced systems to obtain an
indication of the thermal oxidative resistance of the resins in a fire event.

3. Results and Discussion

3.1. Evolution of Thermal Properties during the Cold-Curing

The progress of the glass transition temperature displayed by the different hybrids was monitored
during cold-curing times up to a year. In Figure 1, the average values of Tg (by DSC analysis) for all
the systems examined are reported as a function of the curing time at ambient temperature and in
the environmental conditions previously described. The general behavior of the cold-cured systems
can be characterized in terms of Tg increments during the first stage of curing, irrespective of the type
of formulation. In the later stages, when a stable state is achieved, on the other hand, the behavior
is strongly dependent on the composition. After vitrification any further (small) increase in the
degree of crosslinking can only be brought about by the diffusion of unreacted species present in the
network, possessing sufficient mobility to reach neighboring reactive sites. However, the contribution
to advancement of curing of these latter reactions is very limited and, practically, the Tg can be
considered to have reached its ultimate value, even though the system may not be fully cured at this
stage, which is manifested as residual heat of reaction in DSC thermograms [22].

The most notable features of these data are that the Tg values are significantly higher (as indicated
in the different graphs reported in Figure 1) than those found for the corresponding control resins,
alongside a reduction in the cure time required to reach a constant value for the Tg.

The lowest Tg values were registered for the systems BSi and BSiMo, reaching Tg values in the
region of 65 ◦C after about a two-month curing time. The attainment of stable systems within a
relatively short curing time (two months) confirms the advantageous role of the M851 accelerator in
speeding up the crosslinking reactions. The residual heat of reaction (ΔHres) of the B0 system was
found to decrease during the first weeks of cure and remained unchanged after curing times longer
than two months. This residual heat feature was substantially not visible for the BSi and BSiMo hybrids
(reported for BSiMo in Figure 2a). No exothermic phenomenon ascribable to residual cross-linking
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was observed in the DSC curve (Figure 2a); in addition, in the temperature range between 75 and
180 ◦C, a large endothermic peak, most likely due to the evaporation of alcohol formed during the
hybridization of the epoxy component, can hide the residual heat of reaction. The entrapment of alcohol
could have been responsible for the modest increase in Tg of BSi and BSiMo hybrids (never greater
than 65 ◦C); nevertheless, the Tg values result are still higher than that measured for B0 control system.

 
Figure 1. Glass transition temperature (Tg) values at different cold-curing times for hybrid and control
epoxy systems: (a) B0, BSi, BSiMo; (b) Control bis-phenol A (DGEBA), Hybrid DGEBA, Hyb-L-B
samples; (c) Control Epoxy A, Hyb-L-A samples.

 
Figure 2. Typical differential scanning calorimetry (DSC) curves found for: (a) B0 and BSiMo; (b)
Control DGEBA, Hybrid DGEBA, Hyb-L-B samples; (c) Control Epoxy-A, Hyb-L-A samples. All the
systems were cold-cured for prolonged (greater than two months) curing times.

It is confirmed, furthermore, the positive effect of ammonium molybdate over the unmodified
resin, reflected in the Tg values for the BSiMo hybrid being higher than those exhibited by the system
not containing this component, i.e., BSi. The effect on Tg of the molybdate component was explained in
terms of an acceleration of the development in Tg, as already observed in heat-cured hybrid systems [28].
From an applicative point of view, a crucial weakness noticed for these hybrid systems has been their
short shelf life (a few months), even when they are stored at temperatures close to zero. This latter
peculiarity, attributed to the effect of fast condensation reactions in presence of silanes [30,31,36],
contributed to hinder a commercial exploiting of such systems.

The Hybrid DGEBA formulation, containing neither the accelerator for crosslinking reactions
nor ammonium molybdate, developed a glass transition temperature even greater than 70 ◦C but
after a slightly longer cold-curing time, i.e., about four months. The hardener employed to cold-cure
this particular hybrid was the same employed in our previously studied systems (PACM). It is worth
noting that Tg values at around 70 ◦C are higher over the commercially available epoxy-based resins
reported in the literature [37–39]. As observable in Figure 2b, an exothermic peak, testifying that
the cross-linking reactions were not completed during the cold-cure, is clearly visible also in the
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thermogram of Hybrid DGEBA, even if it is appreciably smaller if compared to the control resin (see
Figure 3b). On the other hand, no evaporation of alcohol can be noticed from the same curves.

 
Figure 3. Final (a) glass transition temperatures (Tg) and (b) residual heat of reaction, (ΔHres),
measured on cold-cured systems: B0, BSi, and BSiMo; Control DGEBA, Hybrid DGEBA, Hyb-L-B;
Control Epoxy-A, Hyb-L-A systems.

Tg values greater than 70 ◦C were achieved also for the Hyb-L-B system, again cured with the
cyclohexaneamine PACM and containing a low amount nano-silica (7 wt%), after a prolonged cold-cure
(about 9–10 months). By comparing this system to Hybrid DGEBA, as illustrated in Figure 3a, it can be
concluded that the addition of choline chloride-urea brings about the same increase in Tg relative to
the control resin at only half the level of hybridization of the resin, even though the development of Tg

seems to be slower. It should be noted that the beneficial effect of DES is achieved with only small
amounts (1.5 wt%). Moreover, when compared to BSi, BSiMo hybrids, the Hyb-L-B system is capable
of developing a substantial greater Tg value, even though the SiO2 is the same, as shown in Figure 3a.
It is worth noting that the residual heat for cross-linking reactions, displayed in Figure 2b and in
Figure 3b, is very similar to that measured on the system Hybrid DGEBA. Again, no endothermic peak,
ascribable to evaporation of alcohol, can be observed in the DSC trace (Figure 2b).

The hybrid system containing DES and TETA aliphatic amine (i.e., Hyb-L-A) can be seen to display
a Tg value approaching 70 ◦C after a very long curing time (about one year). It cannot be excluded,
however, that the systems cured with TETA hardener, irrespective of whether it is used in the hybrid or
its control neat epoxy, did not reach the stable Tg state (plateau) even after one year-curing, suggesting
that it could continue to rise further at longer curing/aging times. The high Tg obtained in the Hyb-L-B
system, however, can be partly attributed to rigidity of the aliphatic ring in the PACM molecule [23].
Once again, evaporation was not observed in DSC curves of Hyb-L-A system (Figure 2c); furthermore,
it was possible to observe and measure a residual heat of reaction (Figure 3b), that was comparable
with that measured for Hybrid DGEBA and Hyb-L-B systems.

In Figure 3, the final Tg (Figure 3a) and residual heat of reaction, ΔHres (Figure 3b) measured on
the cold-cured, control and hybrid, systems analyzed, are summarized.

From the previous discussion and the observation of the data reported in Figure 3a, it can
be concluded that the produced cold-cured hybrid epoxy-silica resins are able to provide a
noticeable increase in the glass transition temperature with respect to commercial cold-cured epoxies.
This observed advantage seems to arise even in the presence of a low amount of silica (i.e., 7%) in the
hybridized epoxy, but in the presence of a DES component. The chemical formulation of each hybrid,
in terms of both the selected components and their amounts, has a relevant effect on the final Tg value,
as well as on the time required to attain a stable system. The use of a catalyst makes it possible to
achieve a stable system in shorter times at the expense of the final Tg of the hybrid.
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3.2. Mechanical Characteristics and Morphology in Standard Conditions

In Table 2, the results of mechanical tests are summarized, performed in flexural mode. These show
that in all cases the hybrids display general enhancements in both flexural strength and modulus in
comparison to the respective control resin. The hybrid systems cured for two months in the presence
of accelerator M851, i.e., BSi and BSiMo, however, displayed the lowest mechanical properties, even
lower than those measured on the control formulations. This could be attributed to the presence of
residual alcohol produced from the hydrolysis and condensation sol-gel reactions, bearing in mind the
thickness of the specimens used in the tests (4 mm) and the DSC curves presented in Figure 2a. The Tg

data in Figure 1, on the other hand, show that a stable high-Tg state is reached for the two-month cure
period. In the latter case, the residual alcohol can escape through small openings in the nonhermitically
sealed DSC cups used.

Table 2. Mechanical properties measured in flexural mode at ambient temperature on cold-cured
hybrid/non-hybrid formulations.

System Flexural Strength (MPa) Flexural Modulus (GPa) SiO2 Content (%)

B0 46.8 ± 2.9 1.2 ± 0.1 -
BSi 16.8 ± 0.7 0.5 ± 0.1 7.5

BSiMo 20.9 ± 5.4 0.8 ± 0.1 7.5
Control DGEBA (two-month cure) 26.2 ± 3.8 2.9 ± 0.1 -
Control DGEBA (four-month cure) 30.9 ± 4.5 2.2 ± 0.1 -
Hybrid DGEBA (two-month cure) 47.0 ± 5.1 3.0 ± 0.2 15.0
Hybrid DGEBA (four-month cure) 75.2 ± 4.7 3.6 ± 0.1 15.0

Hyb-L-B 61.8 ± 2.4 2.6 ± 0.1 7.0
Control Epoxy A 42.5 ± 2.0 2.3 ± 0.1 -

Hyb-L-A 64.4 ± 4.1 2.1 ± 0.9 5.1

Nevertheless, the SEM examinations performed on the BSi system (Figure 4) revealed the
presence of a homogenous structure through the entire thickness, with no occurrence of segregation
of components or formation of voids. The systems produced in absence of the molybdate salt
were completely transparent to the naked eye, while those containing the molybdate (BSiMo)
were found somewhat opalescent, which is attributed to the presence of undissolved ammonium
molybdate particles.

Appreciable improvements in mechanical properties, i.e., both in flexural strength (more than
60%) and stiffness (more than 140%) relative to the control resin, were found for Hybrid DGEBA cured
for four months, due to the efficient reinforcement of the inorganic phase (siloxane domains). It should
be noted that at the curing time used the Tg was in the plateau stage of the cure (see Figure 1b).

In order to assess the effect due to shorter cold-curing times, the mechanical properties of these
hybrid/control systems were evaluated also after a two-month cold-curing period. The results of
flexural tests, reported in Table 2, confirm that longer curing times, at least four months, are necessary
for a full development of mechanical properties, particularly in the case of the Hybrid DGEBA system.
Anyway, the superior performance of this hybrid epoxy-silica system, especially in terms of flexural
strength, is evident even for curing times below the plateau stage is reached.

In Figure 4, SEM micrographs for Control DGEBA and Hybrid DGEBA specimens fractured in
nitrogen are shown. These indicate that the control sample displays the typical topology of a brittle
epoxy resin, characterized by distinct fracture lines, and the hybrid system exhibits features that are
characteristic to organic-inorganic hybrids, consisting of a flat pattern with diffuse silica domains finely
dispersed within the organic matrix [40,41].
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Figure 4. SEM micrographs of the different hybrid systems produced, compared with control systems.
For some hybrid systems, EDS spectra or maps are also reported.

The hybrid systems cured for four months and containing the DES component exhibit a general
increase in strength relative to the control resin, even twofold when a cycloaliphatic curing agent was
employed (i.e., Hyb-L-B system). Only small increases in flexural modulus were observed in such
hybrids relative to control resins and, again, the greatest increase was measured for the Hyb-L-B system.
The flexural modulus value for the Hyb-L-B hybridized resin, on the other hand, was substantially
higher than that obtained for the Hyb-L-A formulation, possibly due to a combination of factors, such
as the rigid ring structure of the cycloaliphatic hardener and the lightly higher silica content in the
Hyb-L-B system.

The SEM observations performed on control and hybrid systems fractured during the flexural tests
are shown in Figure 4. Compared to the neat epoxies (Control DGEBA and Control Epoxy A), the hybrid
systems show a significantly different pattern. This is to say that the control systems displayed the
typical feature of brittle epoxy materials (i.e., long fracture lines) while no fracture lines were observed
in either hybrid systems. Furthermore, in the latter case, no macroscopic phase separation between
organic and inorganic phases are detectable, confirming that these are interconnected at nanoscale
dimension level.

The EDS analyses performed on BSi and BSiMo revealed the presence of C, O, and Si as the main
elements, while traces of Mo were found in BSiMo. In both samples, a homogeneous distribution
of the constitutive elements was observed. The spectra, acquired in different points, resulted as
repeatable and the content in each element (including Si), evaluated as weight percent, was uniform
along the specimen.
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As observed from the EDS map of the Silicon distribution in Hybrid DGEBA and Hyb-L-A samples
in Figure 4, the Si signal is homogenously displayed in each part of the analyzed sample. The EDS
analysis thus confirms that a homogenous distribution of silica is achieved also in these hybrids.

A comparison of flexural properties measured on the different hybrid systems produced suggests
that the amount of silica (reported for each hybrid system in Table 2) has a significant effect on
mechanical properties. A quantitative comparison, however, is not feasible since the procedures to
obtain the different hybrids are somewhat different.

The results of DMTA tests performed on representative hybrid systems of the present work are
presented in Figure 5.

Figure 5. Results ((a) tanδ and (b) storage modulus) of the hybrids cold-cured in presence of PACM or
TETA hardeners and of the Control DGEBA.

The storage modulus values at around typical ambient temperatures for potential outdoor
applications of the Hybrid DGEBA system are expectedly higher than those recorded for the unmodified
epoxy resin (Control DGEBA), as evident in Figure 5b. The increase in G’ modulus upon hybridization
of epoxy is even more pronounced in the rubbery-plateau region (one order of magnitude), which is
accompanied by a substantial depression of the viscous losses relative to Control DGEBA. Adding these
characteristics to an approximately 10 ◦C increase in Tg (calculated as the peak of tanδ curve, Figure 5a,
the performance enhancement exhibited by these Hybrid systems can be extended to applications
with higher service temperatures, such as hot water tanks, coatings or matrices for fiber composites.
The modulus at 100 ◦C for Hybrid DGEBA is equivalent to that of a typical medium density polyethylene
with an expected incremented resistance to viscoelastic creep. It is well known, in fact, that MDPE has
a Young modulus in the range 0.5–1.0 GPa [42]. The presence of co-continuous elastic siloxane domains
produces a very efficient reinforcement, as well decreasing the viscoelastic nature of the system.

Very similar results can be observed also for the cold-cured hybrid systems containing the DES
ChCl-U, i.e., Hyb-L-B and Hyb-L-A, shown in Figure 5a,b. The siloxane hybridization of the epoxy
resin containing ChCl-U produced a synergistic effect for the enhancement of the storage modulus over
the whole temperature range examined at half SiO2 content with respect to the Hybrid DGEBA system.
The increase in modulus G’ is again much more pronounced at high temperatures, i.e., the rubbery
plateau region. The lower G’ values of Hyb-L-A can be ascribed to the less rigid structure of this system
brought about by the aliphatic hardener compared to the cicloaliphatic hardener used for Hyb-L-B
system. A rise in the Tg values, estimated as tanδ peak, is observed for Hyb-L-B and Hyb-L-A systems
over the respective control resins (9 and 7 ◦C, respectively), alongside the depression of viscous loss at
around the glass transition region. The behavior of tanδ curves indicates a hindering of the molecular
motion of the organic chains brought about by the presence of silica nanodomains.
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3.3. Properties and Performance of Hybrid Formulations in Severe Environmental Conditions

In order to assess the durability of the proposed systems when exposed to outdoor conditions,
calorimetric and mechanical tests were performed on the produced hybrid systems after their exposure
to environmental agents to simulate realistic weathering conditions.

The tests have revealed a peculiar behavior of the hybrid systems during aging in moisture/water
environment. The expected deterioration in mechanical (flexural) properties, as well as in Tg, due to
water plasticization, typically observed for commercial epoxy resins when aged in water or exposed to
high levels of moisture [8,10,43], was not found in BSi and BSiMo cold-cured formulations, as illustrated
in Figure 6. Instead, an increase of the glass transition temperatures, Young modulus, and the ultimate
strength was recorded upon exposure to such environments. This unexpected behavior can be
explained in terms of an increase in the network density of the siloxane nanodomains formed within
the epoxy component of hybrids, resulting from a continuation of sol-gel reactions during the aging
under high humidity conditions. An appreciable increase in the Tg of the hybrid material is also
observed with increasing in the level of humidity in the atmosphere.

 

Figure 6. Variations in glass transition temperatures and in flexural mechanical properties (modulus
and yield strength) for systems B0, BSi, and BSiMo subjected to different aging procedures for up to
approximately three months.

After an initial decrease in Tg at shorter aging times upon immersion in water and/or exposure
to 75% R.H., the Hybrid DGEBA system experienced a complete recovery of the attained Tg value
after about six months aging, as shown in Table 3. Again, this can be ascribed to a continuation of
sol-gel reactions activated by the absorbed water, causing further densification of the siloxane network.
The superior mechanical performance of this hybrid system is confirmed from the results of the aging
tests at 75% R.H. and immersion in water (see Table 3).
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Table 3. Glass transition temperature (Tg) and mechanical properties (measured in flexural mode) on
cold-cured Hybrid DGEBA system after different environmental exposures.

Environmental
Exposure

Testing Temperature
(◦C)

Glass Transition
(◦C)

Flexural Strength
(MPa)

Flexural Modulus
(GPa)

75% R.H. 23 67.7 ± 1.5 66.3 ± 8.1 3.1 ± 0.1
Immersion in water 23 70.5 ± 1.8 58.5 ± 12.5 3.0 ± 0.3

None 50 - 45.9 ± 5.5 3.1 ± 0.1

The results show that the plasticization effects due to the absorbed water was appreciably reduced
by the silica nanodomains formed through sol-gel reactions, which hinder the long-range molecular
relaxations of the organic phase. This feature represents another important advantage of epoxy-silica
hybrids over conventional epoxy systems.

In Table 3, it shown also that the cold-cured Hybrid DGEBA exhibit satisfactory mechanical
properties even at 50 ◦C, which can be attributed to the acquired higher Tg (about 73 ◦C). It is worth
noting that the strength and the stiffness measured on this hybrid at 50 ◦C remained greater than
the same properties displayed by the control resin (see data reported in Table 2 for Control DGEBA).
This feature represents another outstanding advantage of epoxy-silica hybrids over commercial
cold-cured epoxies.

The behavior of the hybrid systems at very high temperatures is illustrated in Figure 7 with the
results of thermo-gravimetric analysis performed on some of the produced hybrids.

Figure 7. TGA curves of the hybrids cold-cured in presence of PACM amine and of the relative control.
In the inset the derivative of the TGA curves obtained for the same systems is shown.

Compared to the neat epoxy resin, the hybrid systems in Figure 7 exhibit a significant weight
loss between 100 and 300 ◦C, due to evaporation of volatiles (water and mostly alkanols) arising from
the condensation reactions within the siloxane domains. In the case of Hyb-L-B system, the observed
weight loss is also due to the thermal decomposition of ammonium cations associated with DES [23].

A high thermal resistance, also relative to the control resin, can be observed for both hybrid
systems (i.e., Hybrid DGEBA and Hyb-L-B). The peak temperatures of the thermal degradation
process measured for the three systems are respectively 366 ◦C for Control DGEBA, 383 ◦C for Hybrid
DGEBA, and 368 ◦C for Hyb-L-B. The upward shift of peak degradation temperature is, therefore,
very significant for the system with the highest silica content (15 wt% for Hybrid DGEBA).
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The observed enhancement in the thermal stability can be again attributed to the presence of the
inorganic siloxane component, which form siliceous interpenetrating barrier layers to both the infusion
of oxygen and the outer diffusion of volatile pyrolysis products. In concordance with the aging results,
the highest the level of hybridization, the better the thermal oxidation resistance.

4. Conclusions

Different organic-inorganic hybrid cold-cured epoxy-silica formulations were produced and
cold-cured, aiming to provide the basis for the development of new systems as efficient cold-cured
adhesives for structural applications. The study has evaluated the more relevant physical properties,
as well as the durability in different exposure regimes. It was found that these novel O-I epoxy-based
hybrids display significant advantages over the conventional epoxy resins used as structural adhesives
or as matrices for fiber reinforced composites in terms of higher glass transition temperatures, better
mechanical properties and enhanced durability in aqueous environments. The investigation has
examined also the effects of different amine curing agents, as well as the use of a typical accelerator
(M851), ammonium molybdate, and a deep eutectic solvent. These novel systems could provide a
viable solution to the well-known durability issues of the conventional cold-cured epoxy systems
employed for concrete repairing and structure strengthening applications. Ongoing studies are
examining the possibility of using such cold-cured epoxy-silica hybrids in conjunction with precured
fiber reinforced composites or other carbon fiber-based products suitable for retrofitting applications
in structural engineering.

5. Patent

Some of the systems presented in the paper were developed in the framework of the patent:
F. Lionetto, M. Frigione “Organic-inorganic hybrids polymerized in situ at room temperature”,
EP2977407 A1.
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Abstract: A Zn/Al layered double hydroxides (LDHs) hosting carbon nanotubes (80% of CNTs)
was synthesized and dispersed into a commercial biodegradable highly amorphous vinyl alcohol
polymer at different loading (i.e., 1; 3; 5; 10 wt %). In order to improve the degree of dispersion of
the filler into the polymer matrix, an ionic liquid (IL) based on 1-hexadecyl-3-methylimidazolium
dimethyl-5-sodiosulfoisophthalate was added to the composites’ mixtures. Structural characterization
of filler and polymeric composites was carried out. The analysis of thermal, mechanical and electrical
properties of the composites, resulted improved compared to the unfilled material, allowed to
hypothesize a good dispersion of the LDH-CNTs lamellar filler into the polymer matrix-assisted
by the ionic liquid. This was demonstrated comparing electrical conductivity of composite at 5%
of LDH-CNTs in the presence and in the absence of IL. The experimental results showed that the
electrical conductivity of the sample with IL is four orders of magnitude higher than the one without IL.
Furthermore, the percolation threshold of the whole system resulted very low—0.26% of LDH-CNTs
loading, which is 0.21% of CNTs.

Keywords: layered double hydroxides; carbon nanotubes; ionic liquids; electrical properties

1. Introduction

Polymers reinforced with different forms of nanostructured carbon, such as fullerenes, graphene,
nanoplatelets, nanotubes (CNTs), etc. are currently in increasing investigation. Due to their high aspect
ratio and the surface of contact with the matrix, CNTs have definite advantages for the realization
of composites with remarkable electrical conductivity and mechanical properties, such as hardness,
impact resistance, vibration damping and photo-protectors [1–5]. However, the conductivity obtained
so far is below the expectations based on the achievable mixing and high current carrying capability of
CNTs. This is mainly due to the CNTs tendency to agglomerate, determining a poor three-dimensional
structure of the conductive phase. The key parameters to control for the development of innovative
CNTs-based composites with improved mechanical and electrical properties are: (i) The effective
dispersion of CNTs (ii) the strong adhesion to the polymeric matrix leading to the formation of strong
interfacial bonding. Dispersion is a determinant factor to reach high conductivity, and for this reason,
chemical functionalization of CNTs was first tried. To achieve homogeneous dispersion and strong
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interfacial adhesion between CNTs and polymer matrix, a considerable number of studies have been
carried out based on the chemical functionalization of CNTs [6], in which activated organic groups were
grafted onto the surface of CNTs. These groups ought to promote the dispersion of CNTs in solvents,
as well as in polymer matrix. Moreover, it is expected that the groups also improve the compatibility
between CNTs and polymer matrix, resulting in the improvement of the interfacial property between
CNTs and polymer matrix [7–11]. The simplest way to obtain an organic group on CNTs is their mild
oxidation giving –COOH carbon nanotubes afterwards incorporated into resins. The presence of
–COOH chemical groups on the nanotube surfaces was expected to improve the dispersion into the
matrix, and therefore, to increase the electrical properties. Conversely, it was found that nanotube
functionalization with –COOH results in a remarkable increase of the percolation threshold, as well
as in a strong reduction of the conductance of the composite. This behavior was attributed to the
fact that the presence of the –COOH groups catalyzes a fraction of homo-polymerization, creating
a more adherent coating to the nanotubes that determines a higher tunneling resistance between
interacting CNTs, and therefore, a higher percolation threshold and the lower limit value of the
conductivity [12]. An alternative approach was the linking of the –COOH group to an anionic clay, zinc-
and aluminum-based layered double hydroxide (LDH) [13]. CNTs and LDHs were simply mixed and
incorporated into a silicone rubber matrix [14], produced as nano-hybrid from Mg/Al and incorporated
into a poly (amide-imide) [15] or self-assembled to generate a three-dimensional CNTs-NiCoAl LDH
hybrid by means of a urea-hydrolysis method [16]. Here we use the co-precipitation method to
synthesize LDH modified with CNTs-COOH, based on Zn/Al, and its dispersion into a novel material,
that is a highly amorphous ethylene-vinyl alcohol copolymer [17]. Different dispersants have been
used to avoid CNTs aggregation, in particular solid substances and volatile organic solvents. Recently,
ILs have been widely used as effective dispersants of nanofillers, such as CNTs [18–20], graphene [21],
fullerenes [22], as a compatibilizer in polymer blends [23,24], and to enhance the dispersion of petroleum
asfaltene [25]. In this paper, we report the fabrication of polymer composites based on a commercial
biodegradable highly amorphous vinyl alcohol polymer and layered double hydroxides hosting carbon
nanotubes. In order to improve the degree of dispersion of the filler into the polymer matrix, an ionic
liquid, based on 1-hexadecyl-3-methylimidazolium dimethyl-5-sodiosulfoisophthalate was used.

2. Materials and Methods

2.1. Materials

Zn(NO3)2·6H2O, Al(NO3)3·9H2O, NaOH were purchased from Sigma-Aldrich (Milan, Italy).
Carbon nanotubes, CNTs-COOH (3101 Grade), were purchased from Nanocyl S.A. (Sambreville,
Belgium) 1-methylimidazole, 1-bromohexadecane, 1,3-dimethyl 5-sulfoisophthalate sodium salt,
dichloromethane (DCM), ethyl acetate, tetrahydrofuran (THF), dimethyl sulfoxide-d6 (DMSO-d6),
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), were purchased by
Sigma-Aldrich (Milan, Italy). All the chemicals were high purity products and were used as received.
The polymer is a highly amorphous vinyl alcohol polymer (HAVOH), OKS 8049, kindly supplied from
Nichigo G-Polymer (Nippon Gohsei Europe GmbH, Düsseldorf, Germany).

2.2. Preparation of ZnAl-CNTs by Co-Precipitation Method

CNTs-COOH were co-precipitated with Zn(NO3)2 and Al2(NO3)3 giving a hydrotalcite-like solid
(LDH), in which carbon nanotubes were linked to the hydrotalcite sheets by ionic bonds. 150 mL of an
aqueous solution of Zn(NO3)2·6H2O (2.23 g, 7.5 mmol) and Al(NO3)3·9H2O (1.4 g, 3.75 mmol) were
added to 150 mL of a CNTs-COONa solution (3 g, 7.5 mmol) under stirring and under nitrogen flow.
The pH slowly reached the value of 9 by adding 1M NaOH. In the end, the precipitate was washed
with distilled water and left in the oven at 125 ◦C for 5 h, under vacuum [26].

Elemental analyses for the detection of Zn and Al atoms were carried out by an atomic absorption
spectrophotometer (Model Analyst 100, Perkin Elmer, Milan Italy) using solutions prepared by
dissolving the samples in concentrated nitric acid. The C and H atoms were analyzed by an Elemental
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Analyzer CHNS/O (Model Flash EA 1112, Thermo, Haan Germany), equipped by a thermoconductivity
detector. The values of relative percentages and molar ratio of Zn, Al, C and H are reported in Table 1.
The Zn/Al molar ratio of the starting solution of the Zn and Al nitrates was confirmed.

Table 1. Values for elemental analysis of ZnAl-CNTs.

Zn Al C H

% 7.2 1.4 60.4 0.82
Grams 7.2 1.4 60.4 0.82
Moles 0.11 0.05 5.03 0.82

Molar ratio 2.1 1.0 96.5 16

The chemical formula obtained from the elemental analysis was the following:
[Zn0.73Al0.35(OH)2]C33.7 O8.9·1.75H2O with the value of the molar fraction x = MIII / MIII + MII

of 0.32 and molecular weight of 668.57 g/mol; the amount of nanotubes in LDH-CNTs is 80 wt % of
the total weight. Therefore, almost all the aluminum is co-precipitated with the zinc ions to obtain a
solid with the stoichiometry of two Zn(II) atoms for each Al(III) atom. This corresponds to an ideal
arrangement of the brucite-like sheet with each aluminum atom surrounded by six zinc atoms [27].

2.3. Preparation of Ionic Liquid (IL)

The ionic liquid used is 1-hexadecyl-3-methylimidazolium dimethyl-5-sodiosulfoisophthalate
(HDmim+ DIMSIP-) C30H48N2O7S. Its chemical structure is shown in Scheme 1.

Scheme 1. Ionic liquid chemical structure.

It was synthesized in two steps.
The first one involved the alkylation of methyl imidazole with the formation of 1-hexadecyl

3-methyl imidazolium bromide. The second one was a metathesis reaction between the obtained IL
bromide and 1,3-dimethyl 5-sulfoisophthalate sodium salt.

2.3.1. 1-Hexadecyl-3-methyl Imidazolium Bromide (Hdmim Br) Synthesis

The synthesis of 1-hexadecyl-3-methyl imidazolium bromide was carried out, and added to an
ethyl acetate (4 mL) solution of 1-methylimidazole (1.56 mL, 20 mmol) 1-bromohexadecane (6.4 mL,
20 mmol). The mixture was stirred, under nitrogen, for 24 h at 65 ◦C. The compound was cooled down
to room temperature, obtaining white gelatin, which was filtered and washed several times with ethyl
acetate to remove unreacted initial compounds. The white solid obtained was dried under vacuum at
40 ◦C for 24 h (yield 95.0%).

1H NMR analysis: (200 MHz, DMSO-d6, δ ppm) 0.84 (t, 3H, CH3–C15), 1.23 (m, 26H, CH2), 1.77
(m, 2H, CH2–CH2–N), 3.85 (s, 3H, CH3–N), 4.15 (t, 2H, CH2–N), 7.72 (s, 1H, CH in imidazolium ring),
7.78 (s, 1H, CH in imidazolium ring), 9.15 (s, 1H, N–CH–N in imidazolium ring).
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2.3.2. 1-Hexadecyl-3-methyl Imidazolium Dimethyl-5-sulfoisophthalate (Hdmim DMSIP) Synthesis

1-hexadecyl-3-methyl imidazolium bromide (20 mmol, 7.77 g) dissolved in 40 mL of
dichloromethane (DCM) and a solution of 1,3-dimethyl 5-sulfoisophthalate sodium salt (20.9 mmol,
6.03 g) dissolved in 130 mL of water were put together in a separating funnel and vigorously shaken
(30 min) until no precipitate was present in the resulting two-phase mixture. The organic layer was
separated, dried over magnesium sulfate, and the residual solvent was removed under reduced
pressure. The obtained yellow viscous liquid was washed three times with ethyl acetate and dried
under vacuum at 40 ◦C for 24 h (yield 92.0%). To verify the complete exchange of the bromide
counter-ion, a silver nitrate test was performed on an aliquot of the organic layer. A new water solution
containing the dimethyl-5sulfoisophthalate sodium salt was exchanged with the organic layer if the
exchange was not complete.

1H NMR analysis (200 MHz, DMSO-d6, δ ppm): Signals of imidazolium ring and alkyl chain:
0.84 (t, 3H, CH3–C15 chain), 1.22 (m, 26 H, CH2), 1.75 (m, 2H, CH2–CH2–N), 3.83 (s, 3H, CH3–N), 4.14
(t, 2H, CH2–N), 7.69 (s, 1H, CH in imidazolium ring), 7.75 (s, 1H, CH in imidazolium ring), 9.10 (s,
1H, N–CH–N in imidazolium ring). Signals of benzene ring: 3.90 (s, 6H, CH3–O), 8.37 (d, 2H, CH,
orthoposition with respect to SO3− substituents), 8.42 (d, 1H, CH, paraposition with respect to SO3−
substituents).

2.4. Preparation of Composites

Composites based on HAVOH with 1% of IL and 1; 3; 5 and 10 wt % of nano-hybrid LDH-CNTs
were prepared by dissolving HAVOH in 30 mL of water at 100 ◦C for 30 min; after this time the
powder of LDH-CNTs, in weight ratio (HAVOH: LDH-CNTs) 97:3, 95:5, 93:7 and 90:10 and the IL at
1 wt % were added. The solution containing the nano-hybrid LDH-CNTs, the HAVOH, and IL was
then sonicated for 40 min. The mixtures obtained were slowly evaporated in Petri dishes. Films of
pure HAVOH and HAVOH/LDH-CNTs/IL for each percentage of nano-hybrid were obtained in the
same described experimental conditions. All films, having the same thickness ~300 μm, were dried
in a vacuum oven at room temperature for 3 days. In order to better evaluate the effect of the IL on
the degree of dispersion of the filler and the resulting physical properties, we prepared a composite
based on HAVOH and 5 wt % of LDH-CNTs without IL, using the same experimental conditions
described above.

2.5. Methods of Investigation

Scanning electron microscopy (SEM) was performed using an EVO MA 10 (Zeiss, Varese Italy)
microscope, working in high-vacuum mode.

X-ray diffraction (XRD) patterns were taken, in reflection, with an automatic Bruker diffractometer
equipped with a continuous scan attachment and a proportional counter, using nickel-filtered Cu Kα

radiation (Kα = 1.54050 Å) and operating at 40 kV and 40 mA, step scan 0.05◦ of 2θ and 3 s of counting
time (Karlsruhe, Germany).

Thermogravimetric analyses (TGA) were carried out in air atmosphere with a Mettler TC-10
thermobalance from 30 ◦C to 800 ◦C, at a heating rate of 10 ◦C/min (Mettler-Toledo GmbH, Greifensee,
Switzerland).

FTIR was performed using a Bruker spectrometer (Vertex 70, Milan Italy). Spectra were obtained
using 32 scans and a 4 cm−1.

The elastic modulus, E (Mpa), of the samples was evaluated, in tensile mode, using a dynamometric
apparatus INSTRON 4301 (Norwood, MA, USA). Experiments were conducted at room temperature
on pure polymer and composites’ films with a deformation rate of 2 mm/min. The specimens were
10 mm wide and �500 μm thick. The initial length of the samples was 10 mm. Elastic modulus was
derived from the linear part of the stress-strain curves, giving to the samples a deformation of 0.2%.
Data were averaged on five samples.
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Electrical measurements were performed in a Janis ST-500 cryogenic probe station (Janis Research
Company, LLC, 225 Wildwood Avenue, Woburn, MA, USA) connected to a Keithley 4200-SCS
semiconductor parameter analyzer (Tektronix, Inc., 14150 SW Karl Braun Drive, P.O. Box 500 Beaverton,
OR, USA). Direct current (DC) electrical measurements were performed at atmospheric pressure and
room temperature. Films of ~2 × 2 cm2 area and ~500–700 μm thickness were sputter coated with two
Au pads, on the top and bottom surfaces. The Au pad had a thickness of 200 nm and area around 8 × 8
mm2. The DC conductivity along the direction of the film thickness was obtained using a two-probe
configuration by measuring the current resulting from the application of a voltage in the range 0–5 V.

3. Results

3.1. Filler Characterization

Figure 1 reports the SEM analysis of pristine LDH (a), pristine CNTs (b) and LDH-CNTs (c). The
picture of pristine LDH reveals a layered plate-like morphology, typical of such kind of silicate. CNTs
show a typical morphology of aggregate nanotubes densely packed, with numerous thinner bundles
and single nanotubes coming out of the main bulk. For LDH-CNTs hybrid, it is evident the presence of
CNTs among the LDH structure.

 

  
(a) (b) 

 
(c) 

Figure 1. SEM analysis of (a) pristine layered double hydroxides (LDH), (b) pristine CNT and
(c) LDH-CNT.
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Figure 2 shows the TGA curves of the LDH in nitrate form, the CNTs and the hybrid LDH-CNTs.
The decomposition temperature of the CNTs is around 550 ◦C, which indicates that the acid-treated
CNTs are thermally stable up to this temperature. LDH-NO3 displays three mass-loss steps [28]: The
first one, centered at about 108 ◦C, is due to the loss of physically adsorbed water and water molecules
around metal cations, the second one, at about 250 ◦C, is attributed to the loss of the nitrate anions,
and the third one, above 400 ◦C, due to the de-hydroxylation process. For LDH-CNTs hybrids, three
stages of mass loss were also observed in the TG curves. The first mass loss, at approximately 160 ◦C,
is attributed to the removal of loosely bound water molecules from the LDH interlayer. The main mass
loss, in the at about 500 ◦C, is primarily due to the oxidation of CNTs.

 

Figure 2. The TGA curves of LDH in nitrate form, the CNTs and the hybrid LDH-CNTs.

Figure 3 reports the XRD of LDH in nitrate form, the CNTs and the hybrid LDH-CNTs. The
LDH-NO3 shows the diffraction peaks at 9.8◦, 19.8◦, 29.8◦ of 2θ corresponding to the basal order
reflections of (003), (006), (009), respectively. The peak at 2θ = 25.4◦ for CNTs is typical of (002)
basal reflection. The hybrid LDH-CNTs shows peaks of both pristine components, with an evident
amorphization of the pristine LDH, after CNTs substitution with nitrate groups.

 

Figure 3. The XRD of LDH in nitrate form, the CNTs and the hybrid LDH-CNTs.

Figure 4 reports the FTIR of LDH in nitrate form, the CNTs, and the hybrid LDH-CNTs. For
the LDH-NO3 the band at around 3600 cm−1 is attributed to the stretching of the –OH bond of the
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hydroxyl groups and H2O molecules. The weak band at 1630 cm−1 can be assigned to the H2O bending
vibration of the interlayer water. The strong peak around 1380 cm−1 is attributed to the anti-symmetric
stretching mode of the nitrate anion present between the LDH layers. The bands observed around
839 and 670 cm−1 can be assigned to the weak out-of-plane symmetric deformation mode and the
anti-symmetric deformation mode of nitrate, respectively. The FTIR spectrum of CNTs shows the
evidence the absorption band of C=O at around 1600 cm−1, and a strong absorption band centered at
about 3462 cm−1, attributed to the O–H stretching of carboxylic acid moieties from the surface of CNTs.
The spectrum of the hybrid LDH-CNTs shows the same peak of C=O and O–H recorded in the pristine
fillers, while the absence of the peak at 1380 cm−1 confirms the substitution of nitrate anion with the
carboxyl groups on the LDHs’ lamellae.

 

Figure 4. FTIR of LDH in nitrate form, the CNTs and the hybrid LDH-CNTs.

3.2. Composites Characterization

Figure 5 reports the XRD spectra of all the composites. Also, HAVOH with 1% of IL is reported.
The amorphous structure of the polymer in composites is retained, also after the mixing with the filler
in the presence of ionic liquid. The small peak at 2θ = 11.3◦ is related to the LDH-CNTs.

Figure 5. XRD spectra of HVOH and all the composites.
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Figure 6 reports the TGA curves for all the composites and the unfilled polymer with 1% of IL.
The first decomposition step is due to the loss of water, the second loss in weight is related either to the
decomposition of hydroxyl groups or to a split of a part of the polymer chains, a third one is attributed
to the decomposition of ethylene segments to carbon chains, and the last one to the volatilization of
oxygenated low molecular weight compounds. The introduction of the filler anticipates the second
decomposition step and delays the volatilization of low molecular weight compounds. The LDH
lamellae represent a barrier to oxygen diffusion into the heated polymer, due to the accumulation of
the oxides produced by thermal degradation of the LDH on the surface of the volatizing polymer. The
presence of carbon nanotubes, bonded to the lamellae, could also act as physical barriers and/or entrap
radicals formed during the decomposition process.

 
Figure 6. TGA curves for all the composites and the unfilled polymer.

Figure 7 reports the elastic modulus, E (MPa), as a function of filler loading. It increases up to 3%
of filler, due to the reinforcing effect of the LDHs lamellae, and reaches a plateau value up to 10% of
filler. Being the samples amorphous at any loading composition (see XRD), the reinforcement is only
due to the filler dispersion. The degree of load transfer after 5% of filler loading is almost the same for
all the composite, resulting in a constant response in mechanical behavior. The sample filled only with
5% of LDH-CNTs display an elastic modulus of 350 ± 20 MPa, higher than the composite filled with 5%
of LDH-CNTs and 1% of IL. This is expected because of the plasticizing effect of IL in polymer matrices.

 

Figure 7. Elastic modulus, E (MPa), as a function of filler loading.
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The DC electrical conductivity σ as a function of the filler loading is shown in Figure 8a. σ is
obtained from the I-V curves, shown in Figure 8b, using the formula:

σ = G
( t

A

)
(1)

where G = dI/dV is the sample conductance, that is the slope of the I-V curves of Figure 8b, while t
and A are the sample thickness and Au pad area, respectively. We note that the ohmic behavior of the
I-V characteristics, shown in Figure 8b, is typical of CNTs’ filled films and is often found in defective
insulators at low bias and high temperature owing to the hopping of carriers between close conducting
regions [29,30]. In our sample, hopping can occur between the conductive network LDH-CNTs. The
rapid growth of the conductivity with the increasing filler content, up to the maximum σm = 5× 10−5 S

m
at 10% loading, corresponds to the formation of a conductive pathway (percolation) throughout the
sample and is typical of composite materials with well-dispersed and electrically high-conductive
fillers. We also measured the electrical conductivity of the sample, based on HAVOH and 3% of
LDH-CNTs without IL. The value of electrical conductivity resulted in 2 × 10−9 S/m, four orders of
magnitude lower than the composite with IL. In order to support such hypothesis we performed SEM
analysis on both these samples. Figure 9a reports the SEM image of the sample filled with LDH-CNT
and ionic liquid, and Figure 9b the composite without IL. It is evident that the CNTs bonded, and not
bonded, to LDH lamellae are better dispersed in the composite with IL (Figure 9a), creating a favored
percolation pathway; whereas, in the case of the composite (with no ionic liquid), a separation of CNTs
is evident, explaining the lower electrical conductivity.

 

  
(a) (b) 

Figure 8. (a) Conductivity as a function of the filler loading. The inset shows the sample and
measurement setup; (b) I-V characteristics for different filler loading.

The lowest concentration of the filler at which the insulating material is converted into a
conductive composite is defined as the percolation threshold, which can be estimated from the
power-law equation [31]:

σ = σ0

(
η− ηc

1− ηc

)s
(2)

where σ and σ0 are the DC conductivities of the composite material and the filler, respectively, η is the
volume fraction of filler loading, ηc is the weight fraction at percolation (also known as critical weight
fraction), and s is the power law exponent.

The fit of Equation (2) to the data in Figure 9b (red line) yields ηc ≈ 0.26%, σc ~ 0.01 S/m and
s = 2.1. The so-obtained percolation threshold can be considered a very good result when compared
with typical values reported in the literature for CNTs based polymer composites [32], and confirms
the very good dispersion of the filler into the considered material. It is worth to note that the CNTs
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amount into the nano-hybrid filler is 80%. This means that the percolation threshold, if referred to the
only conductive nanoparticles, is even low.

 
200 200 

Figure 9. (a) SEM of the sample filled with 3 wt % of LDH-CNT and IL and (b) SEM of the sample
filled with 3 wt % of LDH-CNT without IL.

4. Conclusions

The paper reports the preparation of layered double hydroxides (LDHs) hosting carbon nanotubes
(80% of CNTs) synthesized by co-precipitation method. The obtained nano-hybrids, characterized
by SEM, XRD, FTIR, TGA and elemental analysis, demonstrated the substitution of the nitrate anion
with the carboxyl groups on the LDHs’ lamellae. Such nano-hybrid was dispersed into a commercial
biodegradable highly amorphous vinyl alcohol polymer at different loading (i.e., 1; 3; 5; 10 wt %).
In order to improve the degree of dispersion of the filler into the polymer matrix, an ionic liquid
(IL) based on 1-hexadecyl-3-methylimidazolium dimethyl-5-sodiosulfoisophthalate was added to the
composites’ mixtures. The structural characterization and the analysis of physical properties of the
obtained composites were carried out and compared to the unfilled polymer. The thermal degradation
analysis demonstrated that LDH lamellae produce a barrier effect to oxygen diffusion into the heated
polymer, due to the accumulation of the oxides produced by thermal degradation of the LDH on the
surface of the volatizing polymer. The presence of carbon nanotubes, bonded and adsorbed to the
lamellae, could also act as physical barriers and/or entrap radicals formed during the decomposition
process. Mechanical properties (i.e., elastic modulus) increased up to 3% of filler, due to the reinforcing
effect of the LDH lamellae, and reached a plateau value up to 10% of filler. The electrical properties,
evaluated in the range −5–5 V, showed a very low percolation threshold, at 0.26 wt % of nano-filler,
that is 0.21 wt % of carbon nanotubes loading, as a probe of the very good dispersion of the filler into
the considered biopolymer favored by the IL. The comparison between the electrical conductivity of
the sample filled with 5% of LDHs-CNT with IL and without IL showed a difference of four orders of
magnitude. The higher electrical conductivity of the composite with IL demonstrated the effect of such
additive in favoring a better dispersion of LDH-CNTs into the polymer matrix.
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Abstract: Tannin foams are green lightweight materials that have attracted industrial interest for the
manufacturing of sandwich panels for insulation purposes. However, the dimensions of the cells and
the presence of sulfur in the formulation developed until now have discouraged their upscaling. In
this work, we present the synthesis and the characterization of the more promising small cell and
sulfur-free materials. It was observed that, with respect to standard ones, foams catalyzed with nitric
acid present similar physical properties and more phenolic character, which favors the absorption of
ionic pollutants. Conversely, the foams blown with aliphatic solvents and surfactants present smaller
pores, and higher mechanical and insulating properties, without affecting the chemical properties or
the heating value. The combined foam produced with nitric acid as a catalyst and petroleum ether as
a blowing agent result in sulfur-free and small cell material with overall improved features. These
foams have been produced at 30 × 30 × 3 cm3, with high homogeneity and, to date, they represent
the most suitable formulation for industrial upscaling.

Keywords: polyphenols; flavonoids; furanics; sulphur; bio-polymers; pentane; heating value

1. Introduction

The most commonly applied foams for the insulation of buildings in the European market are
made of polystyrene or polyurethane [1–3]. Even if, nowadays, the interest in sustainable solutions
is growing, the alternative foams under investigation are aerogels or bio-based polyurethanes [4,5].
Nevertheless, the tannin foams have been constantly monitored for a decade now, for their structure
and morphology [6–8], and their chemical and physical properties [9–11]. Tannin foams have shown
remarkable properties: they are based on natural resources [12,13]; they are very light, and can be
produced with different heating systems [14,15]; they are fire and water resistant [16]; they can be
modified and functionalized [17–19]; they can be easily combined with different top layers [20]; and
they can even be reused at the end of their working life [21].
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Despite the upscaling projects performed [22], there are still some technological drawbacks to be
considered: (i) the consistent presence of sulfur in the formulation due to a sulfur-based catalyst (traces
of sulfites due to the extraction process could still be present), and (ii) the morphological inhomogeneity
occurring during the upscaling process, which affects the properties of the foams. For filling the
remaining gap between the material properties and the industrial requirements, in the present work
we aim the overcome these drawbacks by using alternative formulations.

2. Materials and Methods

2.1. Materials

The extract Weibull AQ, provided by the company Tanac (Montenegro, RS, Brazil), and furfuryl
alcohol from Transfurans Chemicals (Geel, Belgium), were the basis for every formulation. The blowing
agents used were diethylether (DEE), pentane (Pent), and petroleum ether (PE), while the catalysts
were sulfuric acid (SA) and nitric acid (NA) from Roth (Karlsruhe, Germany). The surfactant Tween80
and the water pollutants methylene blue and sodium dodecyl sulfate (SDS) were purchased from VWR
(Darmstadt, Germany).

2.2. Synthesis of the Tannin Foams

Tannin powder, furfuryl alcohol, water, surfactant, and blowing agent were mixed until a highly
homogeneous emulsion was obtained with the proportions reported in Table 1. Then, the catalyst was
added and vigorously stirred for 30 s. The formulation was poured into a preheated Medium Density
Fiberboard (MDF) mold, and this was laid into a Höfer (Taiskirchen, Austria) press at 90 ◦C. The foams
were blown and hardened in 5 min, and then they were removed from the mold and conditioned at
20 ◦C and 65% relative humidity for one week before testing.

Table 1. Formulation description in percentage by weight.

Formulations Acronym Tannin (%)
Furfuryl

Alcohol (%)
Blowing

Agent (%)
Tween80

(%)
Catalyst (%)

Standard SA-DE 42.0 25.9 DEE 5.5 0.0 SA 5.8
Nitric Acid NA-DE 42.0 25.9 DEE 5.5 0.0 NA 4.5

Pentane SA-Pent 39.1 25.5 Pent 5.5 1.3 SA 5.7
Petroleum Ether SA-PE 39.1 25.5 PE 5.5 1.3 SA 5.7

Nitric Acid-Petroleum
ether NA-PE 39.1 25.5 PE 5.5 1.3 NA 4.5

Note: The remaining part was water. Every formulation was prepared in tiles, five 10 × 10 × 3 cm3 and two 30 × 30
× 3 cm3.

2.3. Intrinsic Physical Characterization

2.3.1. Bulk Density, Skeletal Density, and Porosity

The bulk density (d) was calculated by measuring the length (l), width (w), height (h), and weight
(m) for each cube, according to Equation (1).

d =m/(l ×w × h) (1)

The skeletal density of the different formulations was measured by He-pycnometry, using the gas
pycnometer Quantachrome Instrument (Boynton Beach, FL, USA) Ultrapyc 1200e, and the porosity
(P) of the material was calculated with Equation (2), where d is the bulk density and ds is the
skeletal density.

P = 1 − (d/ds) (2)
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2.3.2. Cell Dimensions and Orthotropicity

The cell size dimensions were measured with a reflected light microscope (Nikon SMZ 1500, Tokio,
Japan). For each formulation, at least 50 measurements in length and 100 in width were carried out in
the direction parallel to the growth on three samples. The average foam cell diameter (Av.D) has been
calculated with Equation (3), where D is the average of 150 measurements.

Av.D = (π/4) × D (3)

Orthotropicity (o) was calculated by using Equation (4), where Av.l is the average length and Av.w
is the average width.

o = Av.l/Av.w (4)

2.3.3. X-ray Tomography Acquisitions

From the center of each foam block, a cube of 3 × 3 × 3 cm3 was extracted. Those samples were
imaged at the Tomolab laboratory, at the synchrotron facility of Elettra Sincrotrone Trieste.

The X-ray source was a sealed microfocus Hamamatsu X-ray tube (model L12161-07) with a
Tungsten target, which can operate at voltages between 40 and 150 KV and at a maximum power of
75 W. The tube voltage was set to 40 keV and the current to 100 μA. The focal spot size was set to 5
μm. The detecting system consisted of a Hamamatsu CMOS camera (C12849-102, Hamamatsu, Japan)
with a pixelsize of 6.5 μm and an active area of 20.482 pixels2. The sample-to-detector distance was
120 mm, while the source-to-detector distance was 370 mm. Considering the magnification factor ~3,
the equivalent pixelsize of the acquired projection was equal to 2.1 μm, and the corresponding imaged
volume was approximatively equal to 80 mm3. For each sample, 1800 equi-angular projections over
360◦, with an exposure time of 2 s per projection, were acquired. Axial slices were reconstructed with
an isotropic voxel size of 2.1 μm3, using the standard FDK algorithm [23] for cone-beam geometry.
Prior to volume rendering, digital slices were processed with a 3D median filter algorithm for noise
reduction. For each foam, a volume of interest of nearly 5 mm3 was selected for the 3D rendering done
with Avizo®9.3.

2.3.4. Heating Value

The low heating value on a wet basis (PCIw), and high heating value on a dry basis (PCS0) of
ground, tannin-based foam samples were calculated following the methodology described in the ISO
standard 18,125 [24]. The high heating value of the samples as received has been measured using
an IKA (Staufen, Germany) C-200 calorimeter. As indicated in the ISO standard, the average of two
replications was calculated, and the repeatability limit did not differ by more than 140 J/g.

2.4. Intrinsic Chemical Characterization

Attenuated Total Reflectance Fourier-Transform Infrared (ATR FT-IR) Spectroscopy

The five foams were crushed into powder, dried, and finally scanned using a Perkin Elmer
(Perkin-Elmer, Waltham, MA, USA) Frontier FT-IR spectrometer, equipped with an ATR Miracle
accessory, with the same procedure applied in the previous work of the group [25]. Sixteen scans
were performed for each sample, at a resolution of 4 cm−1, in the range of 4000 to 600 cm−1, and this
was repeated in triplicate. Bio Rad KnowItAll (BioRad, California, CA, USA) software was used for
normalizing and averaging the spectra.
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2.5. Extrinsic Physical Characterization

2.5.1. Compression Strength

The compression strength was measured with the universal testing machine Zwick Roell Z250
(Zwick-Roell, Ulm, Germany) on samples 3 × 3 × 3 cm3, according to the standard DIN 52,185 [26].
Nine specimens were tested parallel to the growth direction. The rate was set to 2 mm/min. If a clear
break of the material appeared within 10% of specimen deformation, that value was taken as the result.
If no clear break occurred within this range, the value at 10% of the deformation of the tested sample
was taken as the maximum compression strength.

2.5.2. Thermal Conductivity

The thermal conductivity was measured with a λ-Meter Lambda-Messtechnik EP500e (Dresden,
Germany) device on samples with dimension 25 × 25 × 3 cm3. The measurements took place at three
different temperatures (10, 25, and 40 ◦C) by applying 10K of temperature difference to the upper
heating plate for each temperature.

2.5.3. Fire Resistance

Conditioned cubes of 2 cm per side of foam were held on a lab-made device laying on an analytical
balance. The samples were exposed to 3 min of direct conical blue-flame at a distance of 3 cm from the
Bunsen burner, and the weight was registered every 30 s during the burning phase (3 min), and during
the glowing phase (2 min), before self-extinguishing. Five samples for each formulation were tested,
and the percentage of mass loss was presented as average.

2.6. Extrinsic Chemical Characterization

2.6.1. Acid Recovery

The produced foams were pulverized and dried at 103 ◦C. Afterwards, 5 g of dry tannin-foam
powder was added to 250 mL water and magnetically stirred for 3 min. The solution was then filtrated
through a paper filter with a pore size of 12–25 μm and washed with a total amount of 750 mL of water.
The pH-value of the solution was measured with a WTW inoLab pH 720 m (Xylem, New York, NY,
USA). The process was done in triplicate.

2.6.2. Pollutant Absorption

The pollutant adsorption capacity test was set up by exposing 4 mg of the leached tannin
foam powders to 20 ppm solutions of: (i) methylene blue, and (ii) sodium dodecyl sulfate for 48 h
under stirring conditions, and 24 h under stationary conditions, at room temperature and in a dark
environment, following the procedure reported by other sources [21,27,28].

These solutions were filtered with a vacuum glass filter of 16–40 μm (Por.3), and then the intensity
of the signal of the solutions was measured with a Shimadzu UVmini 1240 UV-VIS spectrophotometer
(Shimadzu, Kyoto, Japan) at 656 nm.

3. Results

The five foams, subject of the present study, have been characterized for their intrinsic and extrinsic
properties from a physical and chemical point of view. In Figure 1, the different appearance of the
standard (SA-DE) and the petroleum ether (NA-PE) foams are reported.
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(a) (b) 

Figure 1. Optical appearance of the standard (SA-DE) (a) and high performing petroleum ether (NA-PE)
foams (b).

3.1. Intrinsic Physical Properties

The intrinsic physical properties that have been considered for the foams are summarized in
Table 2.

Table 2. Bulk density, porosity average diameter, and orthotropicity of the tannin-based foams.

Foams Bulk Density [kg/m3] Porosity [%] Diameter [μm] Orthotropicity

Standard (SA-DE) 62.3 (9.6) 95.5 (0.7) 172 (55) 1.41 (0.32)
Nitric acid (NA-DE) 68.4 (11.3) 95.3 (0.8) 174 (73) 1.53 (0.32)
Pentane (SA-Pent) 82.5 (6.7) 94.0 (0.5) 118 (36) 1.30 (0.25)

Petroleum ether (SA-PE) 83.8 (9.7) 93.9 (0.7) 113 (37) 1.31 (0.26)
Nitric Acid-Petroleum ether

(NA-PE) 76.3 (5.4) 93.8 (0.4) 110 (33) 1.25 (0.18)

The measurements presented in this section are in line with the findings of previous studies of
the group. Free expansion tannin foams reached density values down to 23 kg/m3 [29]; porosities of
92.5% to 96.9% were found for the formaldehyde-reinforced foams [16]. A previous study showed
generally higher cells dimensions (81 to 428 μm) and orthotropicity (1.46 to 1.99) [6]. However,
by systematically comparing these foams, we can state that the foams produced with diethylether
(standard and nitric acid) present a sensibly lower density and bigger diameter. As expected, the
skeletal density (1380 kg/m3) was similar for all the foams, with a consequently slightly higher porosity
and orthotropicity for the surfactant-free foams. Generally, the foams with the surfactant presented
more homogeneous cells dimensions, resulting in a more homogeneous material.

The computed tomography analysis highlighted a sensibly different morphology for the foams.
In Figure 2, the structure of the cell wall is depicted for the standard foam (SA-DE), for the sulfur-free
one (NA-DE), and for the one produced with aliphatic blowing agent (SA-Pent).
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Figure 2. Three-dimensional Structures of the tannin foams (rendered volume ~5 mm3): standard,
nitric acid and pentane (left to right).

The features presented in Table 2 are confirmed by the CT analysis, so the SA-DE and the NA-DE
are very similar: they exhibit very high porosity, lower pore homogeneity, and larger pore diameter than
SA-Pent foams. Indeed, the foam formulated with aliphatic blowing agents is denser, characterized
by more homogeneous and smaller pores. The porosity of the volumes represented in Figure 2 was
calculated by performing a thresholding procedure, and then computing a ration between the walls and
the total volume. The porosity values obtained were 95.9%, 95.4%, and 94.3%, for the standard, nitric
and pentane formulations, respectively. These results are in good agreement with the experimental
values of Table 2.

In view of a possible energy valorization of the tannin foams at the end of their life, their heating
values were analyzed. The five foams presented similar calorific values, as reported in Table 3.

Table 3. Moisture content and heating values of the powdered foams.

Foams Moisture Content [%] PCIw [MJ/kg] PCS0 [MJ/kg]

Standard (SA-DE) 12.50 18.89 22.77
Nitric acid (NA-DE) 9.69 20.30 23.57
Pentane (SA-Pent) 11.11 19.41 22.97

Petroleum ether (SA-PE) 10.55 19.22 22.61
Nitric Acid–Petroleum

ether (NA-PE) 10.04 19.80 23.12

The foams showed a similar moisture content, and in particular the sulfur-free formulations
(NA-DE and NA-PE) registered slightly lower values. These foams also showed slightly enhanced high
heating values, which represents a further advantage for the end-life of these materials. As expected,
these PCS0 were intermediate between the mimosa tannin (=20.25 MJ/kg), and the polyfurfuryl alcohol
(=27.89 MJ/kg).

3.2. Intrinsic Chemical Properties

In Figure 3, the FT-IR spectra of the foams are reported.
From the chemical viewing angle, the FT-IR spectra show similar absorption bands, but the relative

intensity is affected by the used catalyst. The polymers produced with sulfuric acid have more intense
spectral bands in the regions between: (i) 1220 and 1150 cm−1 and (ii) 920 to 820 cm−1. The considered
bands can be assigned to furanic signals [30]. In the foams catalyzed by nitric acid, a significant
increment in the intensity of the bands between: (i) 1480 and 1220 cm−1 and (ii) 1150 and 1050 cm−1

are registered; both these regions are dominated by the absorption of phenolic components [31]. These
observations suggest that the foams produced with nitric acid have lower furanic character than the
standard foams catalyzed by sulfuric acid.
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Figure 3. Attenuated Total Reflectance Fourier-Transform Infrared (ATR FT-IR) spectra of the five
tannin-based foams between 1800 and 600 cm−1.

3.3. Extrinsic Physical Properties

The five foams were tested for their mechanical, thermal and fire resistance properties.

3.3.1. Compression Strength

In Figure 4, the resistance against compression of the foams is summarized.

Figure 4. Compression strength of the foams against density.
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The compression strength registered in this study can be compared with the previous studies
on tannin foams: lightweight formaldehyde-free tannin foams of 50 kg/m3 showed around 0.03 MPa,
while heavier ones of 180 kg/m3 reached up to 0.45 MPa [13,22].

The foams produced with aliphatic blowing agents show higher values of compressive strength
independently of the density. Generally, the mechanical resistance of tannin foams has been reported
to increase by increasing their density. Nevertheless, in the present study, a major role seems to be
played by the dimension of the pores. In fact, foams with smaller and more homogeneous pores have a
higher compression resistance. For instance, a pentane or petrol ether foam of around 70 kg/m3 density
(0.15 MPa) has around three times the strength of a standard or nitric acid foam with the same density
(0.05 MPa).

3.3.2. Thermal Conductivity

The thermal conductivity of these foams is very similar for every formulation (Figure 5), and
it ranges from 33 to 41 mW/m.K. These measurements enhance the results registered in previous
studies, where the thermal conductivity was between 45 and 55 mW/m.K [22,32]. In particular, the
foams with aliphatic blowing agents (SA-Pent, SA-PE, and NA-PE) show significantly improved
insulation capacity.

Figure 5. Thermal conductivity of the foams against cell diameter.

The effect of the foam density on the thermal conductivity is even more modest than the one it
has on the compression strength, while the cell dimension is the dominant parameter: the smaller the
cells are, the lower the thermal conductivity.

3.3.3. Fire Resistance

Tannin-furanic foams generally show a self-extinguishing behavior—which was already previously
described for formaldehyde-reinforced foams of similar density—which extinguished in around 80
s [6], and for alkaline tannin foams, when the self-extinguishing occurred instantaneously [33]. The
fire behavior of these formaldehyde-free formulations is presented in Figure 6.
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Figure 6. Mass loss of the tannin foams during direct flame exposure: burning and glowing phases.

The graphic shows the mass loss of the foams during the burning and the glowing phase. After an
initial 1-minute steep mass loss, due to the release of solvents, of water, and the burning of the surfaces,
the foams stabilize their mass loss rate, showing their reticence for burning and never keeping the
flame during glowing. All foams show a similar trend, but the NA-PE appears to be more fire sensitive
by showing around a 10% increase of mass loss in the initial burning phase.

Even if the difference might be statistically less important (an average of five samples), the different
behavior of the NA-PE foam can be due to the presence of solvents in some closed pores. This presence
may contribute to higher mass losses due to the further feed for the flame. Even in the final part of the
glowing phase, there is a slightly higher slope in the mass loss, which can be attributed to the sudden
increase of oxygen due to the opening of some closed regions.

3.4. Extrinsic Chemical Properties

The first extrinsic chemical property considered is the percentage of acid recovery. When the
foams come into contact with water, the catalyst remaining on the foam surface of the foam is leached
out, and it is possible to determine the pH value of the water, and hence the percentage of acid recovery.
In Figure 7, the measured pHs are reported.

It can be seen that the pH of the solutions is always similar, and stays between 2.49 and 2.75.
The use of nitric acid produces a less acidic environment, which could be due to different type and
concentration of the acid, to its partial evaporation, but also to the different release after leaching.
Numerically, 17.8% to 23.4% nitric acid could be recovered against the 29.6% to 39.7% for sulfuric acid.
These higher values can be related to the lower phenolic character of the sulfuric acid catalyzed foams
(SA-DE), suggesting the weaker interaction of the catalyst, which will be released more easily.

Further, the capacity of the material to act as a filter against organic and emerging pollutants such
as methylene blue and sodium dodecyl sulfate [34,35] is evaluated and reported in Figure 8.
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Figure 7. pH of the water after foam leaching.

Figure 8. Pollutant adsorption of tannin foams.

It was observed that the foams are able to recover from 42% to 55% of methylene blue and from
15% to 27% of SDS. These results confirm the previous study of the group [21], but they highlight
a marked increase in adsorption when nitric acid is used as a catalyst, carrying the absorption of
methylene blue over 50% and SDS over 25%, increasing their absorption capacity.

According to the FT-IR analysis, the nitric acid-catalyzed foams seems to have a higher phenolic
and a lower furanic character. Hence, the improved absorption of methylene blue and SDS with nitric
acid confirms the higher importance of the tannin part in the absorption process.

4. Conclusions

An extended number of different formulations for the preparation of formaldehyde-free tannin
foams are available, and some of them have gained industrial interest. In this work, we have presented
sulfur-free foams produced using nitric acid as catalyst. They show less furanic character, less acid pH,
and a higher absorption capacity for cationic and anionic pollutant by keeping the physical properties
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of the standard foams. Moreover, the foams obtained with the aliphatic blowing agent produce more
homogeneous, smaller pores; more mechanically resistant; and are more insulating in respect to
the standard ones, while maintaining the same intrinsic and extrinsic chemical properties. Finally,
sulfur-free foams blown with petroleum ether have shown more homogeneous morphology, higher
mechanical resistance, and lower thermal conductivity by keeping the higher phenolic character of
the nitric acid catalyzed foams. Due to these properties, the NA-PE foam represents a very attractive
sulfur-free product for the building insulation market, with higher chance to be industrially upscaled.
Studies are currently running to further enhance the end-life opportunities for these materials.
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Abstract: Polymer films based on biodegradable polymers, polyethylene (PE) and modified PE with
oxo-degradable additive were prepared by film blowing. Carbon black (1%) was added to all the
films. Commercial biodegradable Ecovio® and Mater-Bi® samples were used. Mechanical properties,
soil burial degradation and surface wettability were investigated, before and after UV irradiation.
Chemical modifications induced by UV and soil degradation, or a synergic effect, were highlighted by
Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-FTIR). Photo-oxidized film samples
with an elongation at break equal to 50% and 0.5 the initial value were selected for the soil burial
degradation test at 30 ◦C. Weight loss measurements were used to follow biodegradation in soil.
Predictably, the degradation in soil was higher for biodegradable polymer-based films than for the
PE-based ones. UV irradiation increased surface wettability and encouraged the disintegration in soil
of all the samples. In fact, photo-oxidation produced a molar mass reduction and hydrophilic end
groups, thus increasing surface erosion and weight loss. This paper not only supplies new criteria to
evaluate the performance of biodegradable films in agriculture, before and after lifetime, but also
provides a comparative analysis on the soil burial degradation behaviour with traditional ones.

Keywords: biodegradable polymers; mulch films; soil burial test; Ecovio®; Mater-Bi®; polylactide;
poly(butyleneadipate-co-butyleneterephtalate); polyethylene; polymer degradation; photo-oxidation

1. Introduction

Polymer films are widely applied in agriculture [1]. The main applications of plastic films
are for greenhouses and mulching. The more extensively used polymers for these applications
are polyethylenes (LDPE and LLDPE) and the copolymer poly(ethylene-vinyl acetate) (EVA).
The importance of these films consists in the protection of the cultures and creation of a microclimate
that strongly improves the yield of the plants. The principal problem of these films is their short,
or relatively short, life and the consequent frequent necessity to eliminate them in huge amounts from
the ground. Indeed, the photo-oxidation strongly worsens the mechanical and optical properties of the
polymers and, nevertheless the strong stabilizing systems used, the lifetime is no more than three-four
years. Anyway, at the end of the service life, all these films must be collected to avoid the dissemination
in the ground with a negative environmental impact [2]. Recycling of these films is relatively simple
because of the easy differentiated collection for the similar composition. However, the properties of the
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recycled materials are relatively poor for the photo-oxidation undergone during their use. The recycling
is more complicated for the mulch films as their very low thickness (15–50 micron) implies many
difficulties during their washing and the fragmentation. For these films, then, the use of biodegradable,
compostable polymers could be a good opportunity [3,4]. The films are mixed with the soil and buried
in the ground during the ploughing. The successive biodegradation process gives rise to compost that
is a fertilizer for the ground.

Aliphatic polyesters are the most adopted biodegradable materials in food packaging as well as in
agriculture and medical fields [5]. Diverse studies on commercial biodegradable polymers have been
performed to verify their performance in mulching or irrigation pipes [4,6,7]. Nevertheless, both plastic
mulch films and irrigation pipes, during their service life, are exposed to sunlight. Thus, the occurrence
of photo-aging can modify their properties and performances as well as their biodegradation rates.

The degradation of plastic materials, traditional and biodegradable, involves different processes
promoted by one or more environmental factors (i.e., heat, light, microorganisms) or chemicals.
The degradation produces irreversible structural changes that are mostly unfavourable or, in some
cases, necessary, as in biodegradation processes, or are further generated to determine polymer
structure, such as in pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) studies [8,9].

The degradability in soil of poly(vinyl alcohol) [10], copolyesters [11] and poly(ester amide) [12]
film samples has been investigated under controlled soil burial conditions. However, the influence
of UV on degradation rates in soil has been limited investigated. In fact, despite extensive research
on biodegradable materials, only some studies have been aimed on polymer degradation related
to a synergistic effect of UV exposure and soil burial [6,7,13–16]. Briassoulis et al. evaluated the
degradation behaviour of MaterBi®-based films and irrigation tubes under real field conditions [6,7].
Kijchavengkul et al. studied the degradation of an aliphatic-aromatic biodegradable polyester film
under solar exposure and soil burial in a tropical area [13]. Recently, we investigated the photo-oxidative
and soil burial degradation of irrigation tubes based on biodegradable polymer blends under controlled
conditions [14]. Actually, laboratory tests supply more reproducible data for both degradation
mechanisms and kinetics.

It should be always kept in mind that biodegradation is schematically a three step process: in the
first one, macromolecular chains are depolymerized into monomers and oligomers; in the second stage,
the monomers and oligomers are taken up as biomass; and finally in the third step, the respiration of
biomass there consumes O2 and produces CO2 and H2O (under aerobic conditions). The measurement
of the plastic material consumption does not allow to ascertain whether the process has actually been
completed or has prevented, for example, at depolymerisation. As a result, all the standardized methods
for determining biodegradation are focused on the measurement of respiration, i.e., the conversion
into CO2 of the carbon initially present in the plastic through the use of the oxidant (O2). On the other
hand, most of the papers in the literature concerning polymer and composite biodegradation are based
on weight loss [17–19] that is considered a measurement of plastic film biodegradability.

Aim of this work is to study the degradation behaviour in soil of a couple of biodegradable
polymer systems after a photo-oxidative aging that simulates the real conditions of the service life of
the film samples to be used in agriculture. For comparison, films of conventional polyethylene (PE)
and PE-modified with an oxo-biodegradable compound have been used. A very interesting issue of
the present work is that the films have not been aged under UV irradiation for the same time before the
soil burial test. In particular, they have been aged until the elongation at break (EB) reached a given
value, i.e., when the EB arrived at one half of the initial value, according to an international rule for
the use of much films [20], as well as at the value of 50%. The elongation at break has been chosen to
monitor the degradation of these films because it is a property of the polymers very sensitive to the
changes of structure and morphology. In addition, it is very important for the use of these films as they
must remain flexible during their use.

By blow film extrusion, we have prepared film samples based on biodegradable polymers
(Ecovio® and Mater-Bi®), PE and PE modified with oxo-degradable additive. Soil burial tests were
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carried out and weight loss used to monitor biodegradation rate. Mechanical properties determined.
Remarkably, the films have been photo-oxidized up to the EB reached the value of 50% and one half of
the initial value. We compared mechanical properties, weight loss due to burial degradation in soil
and surface wettability, before and after UV irradiation. Structural modifications induced by UV and
soil degradation, or a synergic effect, were checked by Attenuated Total Reflection (ATR)-FTIR.

2. Materials and Methods

2.1. Materials

The samples investigated in this work were three films produced in our laboratory and a
commercial one. Sample codes of the films, thickness and extrusion temperature are reported in Table 1.
PE is a film made by a blend of 80% LDPE (FC 30, Versalis, San Donato Milanese, Italy) and 20% LLDPE
(FG20, Versalis); this composition has been chosen because is used in the manufacturing of mulch films.
PE-OXO is made by the same polymer blend by adding 1% wt/wt of an oxo-biodegradable masterbatch,
d2w (Symphony Environmental, Hertfordshire, UK). B1 is a film prepared by ECOVIO F23B1 (Bayer,
Leverkusen, Germany), a biodegradable blend poly(butyleneadipate-co-butyleneterephtalate) (PBAT)
with small amount of polylactide (PLA), containing about 12% of insoluble, inert particles. This amount
has been determined after a Soxhlet extraction in tetrahydrofuran. B2 is a commercial film based on
Mater-Bi EF04P by Novamont. This biodegradable polymer system is a blend constituted by corn
starch and a biodegradable thermoplastic copolyester, Origo BI (Novamont, Novara, Italy), containing
about 8% of insoluble, inert particles. Carbon black (1%) was added to all the films. The first three
films were produced in a Brabender single screw extruder (D = 19 mm, L/D = 25) equipped with a
head for film blowing.

Table 1. Sample code, extrusion temperature of the three samples produced in laboratory scale and
thickness for all the investigated films.

Sample Code Film Thickness (μm) Extrusion Temperature (◦C)

PE 20 180
PE-OXO 20 180

B1 13 190
B2 15 —

2.2. Methods

2.2.1. Accelerated Weathering Tests

The films were exposed to accelerated weathering tests in a Q-UV Panel system (Q-Labs Corp.,
Westlake, OH, USA) containing eight UVB lamps with a peak at 313 nm. The accelerated weathering
tests were carried out using continuously the following cycle: a period of UV irradiation for 8 h at
70 ◦C followed by a steam condensation (deionized water spray) for 4 h at 55 ◦C. Film samples were
removed from the chamber at different aging intervals.

2.2.2. Mechanical Properties

Stress-strain curves were measured using a universal testing machine mod. 3365 (Instron,
Norwood, MA, USA). The elastic modulus was measured at a speed of 1 mm/min until the deformation
was 10%. Then, the crosshead speed was increased to 100 mm/min until the specimen breaks. The values
of elastic modulus, E, tensile strength, TS, and elongation at break, EB, were calculated as average of
10 experimental values.
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2.2.3. Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-FTIR)

ATR-FTIR spectra were measured by using a Spectrum Two spectrometer (Perkin-Elmer, Waltham,
MA, USA) with the Spectrum software. Spectra were recorded with 8 scans and 4 cm−1 resolution.
In order to compare the different effects on the structures of photo-oxidation and degradation in soil,
the carbonyl index (CI) was evaluated for the virgin and degraded samples. In particular, the CI
was calculated from the ratio of the total area of the absorption bands between 1808–1550 cm−1 or
1801–1487 cm−1 (carbonyl region) and 3029–2749 cm−1 (stretching of the CH2) respectively for the B1
and B2 samples, from the ratio of the total of the peaks in the range 1826–1550 cm−1 (carbonyl region)
and that 2983–2662cm−1 (stretching of the CH2 and CH3 groups) for the PE based films.

2.2.4. Soil Burial Test

Tests were carried out at 30 ± 0.1 ◦C, under moisture-controlled conditions. Triplicate specimens
of film samples were placed in darkened vessels containing a multi-layer substrate [12]. Filter paper
and polyethylene samples were used, respectively, as a positive and negative control. Film portions
of 2 cm × 2 cm were cut. Specimens of film (initial weight 7–8 mg, filter paper ~29 mg; Mettler
Toledo MX5, d = 1 μg) were sandwiched between two layers of a mixture of milled perlite (50 g) and
commercial soil (200 g), moistened with 100 mL of distilled water. The bottom and top layers were
filled with 60 g of perlite moistened with 120 mL of distilled water. Perlite was used for increasing
aeration to the soil and the amount of water retained. A flow of moistened air was supplied from
the bottom of each vessel every 24 h for 15 min. Film samples were removed after regular intervals,
brushed softly, washed with distilled water several times and dried under vacuum in the presence
of P2O5 at room temperature, to constant weight [21]. The degree of degradation was evaluated by
weight loss (WL) by using the following equation:

WL (%) = (Wi −Wt)/Wi × 100, (1)

where Wi is the initial weight of the sample and Wt is the weight after the established time.

2.2.5. Contact Angle

The surface wettability values of samples were measured at room temperature using a contact
angle goniometer (OCA15EC, Dataphysics, Filderstadt, Germany). Static contact angle (CA) were
determined dropping 2 μL of water from a micro syringe onto the film surfaces and analysing by
software (SCA 20) the images taken by the connect video camera. To eliminate interference, the sample
was previously equilibrated for 30 min and then CA was measured. The films were kept flat using a
film sample holder that allowed their correct positioning and stretching. Five measurements were
carried out for each sample in order to ensure repeatability of the experiments.

3. Results

3.1. Mechanical Properties

The values of the elongation at break (EB0), tensile strength and elastic modulus of the virgin
films are listed in Table 2. The dimensionless elongation at break vs. photo-oxidation time curves of
all the samples are reported in Figure 1. The dimensionless values of the elongation at break were
obtained by dividing the values of the elongation at break recorded for each photo-oxidation time by
the corresponding initial value (EB0).
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Table 2. Mechanical properties of the virgin films.

Sample Code
Elastic Modulus, E

(MPa)
Tensile Strength, TS

(MPa)
Elongation at Break, EB0

(%)

PE 206 ± 19 19.5 ± 1.1 586 ± 12
PE-OXO 183 ± 23 15.9 ± 1.4 582 ± 32

B1 186 ± 16 8.6 ± 2.2 460 ± 11
B2 129 ± 6 21.1 ± 2.0 392 ± 22

Figure 1. Dimensionless elongation at break vs. photo-oxidation time of all the samples.

Figure 1 highlights that the photo-oxidation affects the elongation at break of the two biodegradable
polymers much more than that of the PE-based film samples. Of course, the presence of a pro-oxidant
system strongly increases the kinetic of photo-oxidation of the PE matrix. As for the two biodegradable
polymers, the photo-oxidation kinetics are slightly more rapid for the B1 samples.

In Figure 2 the photo-oxidation times at which all the films reach the elongation at break equal to
50% (EB1) and to one half (EB2) of the initial value (EB0) are reported.

 
Figure 2. Photo-oxidation times (hours) of different samples when the elongation at break reaches the
value of 50% (EB1) and one half of the initial value (EB2).
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From this plot, it is well evident as the useful accelerated lifetime of the biodegradable films is
significantly shorter than that of the PE samples. In particular, considering the values of the elongation
at break 50% as the lowest value compatible with the use, the lifetime—as measured in these accelerated
aging experimental conditions—of the PE sample is about 2400 h, while it is 42 and 56 h for the two
biodegradable polymer systems. The presence of the pro-oxidant additive in the PE matrix considerably
reduces the useful lifetime to about 225 h.

3.2. Soil Burial Degradation

Soil burial degradation tests were carried sandwiching the polymer films between two layers of
a mixture of milled perlite and commercial soil to simulate soil degradation after their use lifetime.
Perlite was used to increase the amount of water retained and accelerate degradation in soil.

Figure S1 summarizes the photo-oxidation and soil burial degradation intervals, together with
some representative photographs of the film samples recovered after the burial test. Except for the B2
sample photo-oxidized (56 h), all the film portions appeared almost intact.

In Figure 3 the average weight losses of the virgin and photo-oxidized samples are reported
vs. the soil burial time. Of course, the WL increases and kinetic of biodegradation decreases with
burial degradation time. Additionally, the WL values increased because of UV exposure, as recently
evidenced in soil burial degradation of photo-oxidized irrigation tubes based on biodegradable
polymer blends [14]. Reasonably, UV exposure yielded a molecular weight (MW) reduction producing
oligomeric chains, bearing hydrophilic chain ends, which are more easily removed from the film
surface and susceptible to the attacks of microorganisms in the soil. In fact, it must be kept in mind that
biodegradation proceeds in three stages. Whenever WL is used to monitor the degradation of polymer
samples, just the first step is involved, i.e., macromolecular chain depolymerisation into monomers
and oligomers that are eroded from the surface. UV irradiation enhances and accelerates the formation
of monomers and oligomers, via random main chain scission, increasing consequently the WL rate.

Figure 3. Average weight loss values (%) vs. degradation time for all the film samples—virgin
and photo-oxidized.
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The positive control (paper) and B2 sample photo-oxidized for 56 h were totally disintegrated
(WL = 100%) respectively after 65 and 125 days of soil burial test (Figure 3). The complete disintegration
in soil of the B2 sample photo-oxidized for 56 h suggests that the photo-oxidation is not limited to the
surface but occurred throughout the matrix bulk, in agreement with the literature [13]. WL values of
B1 (Figure 4a) are remarkably lower than that of B2 (Figure 4b) samples. The photo-oxidized samples
of all the films show a more pronounced WL than the corresponding virgin samples (Figures 4 and 5).
This holds also for the PE-based films, but the final values of the WL are almost negligible although
the photo-oxidized PE-OXO film (Figure 5a) shows WL values slightly larger than that of the pure PE
(Figure 5b). On the contrary, the weight losses of the two biodegradable samples are quite similar for
the virgin films. WL curves of B1 and B2 photo-oxidized samples shows a comparable trend with an
induction period (40 days) and then a rapid increase.

Figure 4. Average weight loss values (%) vs. degradation time for the film samples (a) B1 and (b) B2,
virgin and photo-oxidized.
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Figure 5. Average weight loss values (%) vs. degradation time for the film samples (a) polyethylene
(PE)-OXO and (b) PE, virgin and photo-oxidized.

3.3. Wettability of the Film Surfaces

The wettability of the film surfaces submitted to UV irradiation was determined by contact
angle measurements. In fact, chemical modifications on the surface of the thin films, induced by UV
irradiation and/or soil degradation, increase plastic samples wettability, highlighted by CA decrease
(Figures 6 and 7) and, consequently, the microbial susceptibility is encouraged. The UV induced
increase in surface wettability is more pronounced for photo-oxidized and buried B1 (Figure 6) samples
(CA ~68◦) as well as for photo-oxidized B2 films (CA ~70◦, Figure 6). CA decrease is reasonably related
to the formation of hydrolytic chain ends. In photo-oxidised and buried B1 samples the CA is quite
similar to that of B1 buried (Figure 6). This could be related to the surface erosion and the removal of
the oligomeric species produced by hydrolysis.

In a similar way, the increase in the wettability of the irradiated PE (Figure 7) and PE-OXO
(Figure 7) samples can be attributed to the formation of hydrophilic groups on the polymer surface by
photo-oxidation, which occurs by the exposure of PE to UV irradiation in the presence of air [22,23].
The photo-degradation of PE samples, promoted by the oxo-degradable additive, induces a more
marked decrease in the contact angle because of the introduction of carbonyl groups (Figure 7).
However, wettability is higher in photo-oxidized and buried PE sample (CA ~79◦, Figure 7) than in
photo-oxidized and buried PE-OXO (CA ~91◦, Figure 7). This can be reasonably due to the higher WL
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and thus faster surface erosion of oligomers, bearing hydrophilic chain ends, in the PE-OXO (Figure 5a)
than in PE sample (Figure 5b).

Figure 6. Average contact angle values for the film samples B1 and B2, virgin, buried (125 days)
and photo-oxidized. After 125 days of soil burial test, photo-oxidized B2 samples were completely
disintegrated and it was not possible to carry out the contact angle (CA) measurements.

 

Figure 7. Average contact angle values for the film samples PE-OXO and PE, virgin, buried (125 days)
and photo-oxidized.

3.4. UV and Soil Burial Induced Modifications

Both UV and soil burial degradation induced chemical modifications on the surface of all the
polymeric films. Then, to check the structural changes caused by the different types of degradation,
ATR-FTIR analysis was performed on virgin, photo-oxidized, soil buried and photo-oxidized + buried
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film samples. In Figures S2 and S3, ATR-FTIR spectra are reported as examples of the trend of variations
in functional groups on the film surface. Overall, degradation produced a broadening and a change of
the peak area more noteworthy in B2 (Figure S2b) and PE (Figure S3b) samples compared respectively
with B1 (Figure S2a) and PE-OXO (Figure S3a). A significant decrease in peak intensity between
photo-oxidized and photo-oxidized + buried B2 sample was more evident (Figure S2b). Remarkably,
it is in accordance with the higher surface erosion of oligomers produced by UV irradiation and the
resultant weight loss values increase.

The increase of the carbonyl groups was a marker of the photo-oxidation evolvement as well
as of hydrolytic reactions taking place during soil degradation. Unsurprisingly, in agreement with
the literature [13,14], the spectra of the two biodegradable polymer-based films show that both
photo-oxidation and degradation in soil increase the CI (Figure 8a). Remarkably, the area ratio
of photo-oxidized + buried B1 and B2 sample is lower than that photo-oxidized and similar to
the not photo-oxidized and buried ones. This result suggests that the oligomers, bearing carbonyl
groups, have been partially removed from the surface during the soil burial test. However, B1 films
were clearly more vulnerable to photo-oxidation than to hydrolysis; photo-oxidation products were
removed by degradation in soil and CI of “B1 photox + buried” was lower than “B1 photox” sample
(Figure 8a). Compared to the virgin samples, the increase of CO functional groups, due to the combined
photo-oxidation and soil degradation, was significantly more evident in the B2 than in the B1 samples;
in fact, the UV irradiation did not accelerate the WL rate as it did in the B2 films (Figure 4). These
results were in agreement with the degradation process and the choice of monitoring degradation
in soil through weight loss. Actually, the B2 films were much more prone than the B1 ones, since
monomers and low-molecular-weight oligomers were originated and removed in the erosion step
faster than in the B1 sample.

The carbonyl index values show similar trends in PE-OXO and PE samples. Photo-oxidation
provides an increase in the area ratio, significantly more marked for PE than for PE-OXO (Figure 8b),
due to the formation of ketones, aldehydes and/or esters groups. The successive degradation in soil on
photo-oxidized PE films produces a low CI decrease reasonably related to a limited surface erosion of
oligomers highlighted by WL (Figure 5b). The small CI decrease in photo-oxidized PE-OXO and PE
after soil burial test for 125 days is in agreement with the literature and was attributed to a minimal
consumption of CO groups by microorganisms [23].

It has to be underlined that carbon back is a UV absorber and its photo-stabilizing action is due to
the absorption of the ultraviolet energy that, then, is no more available for the formation of radicals
and for the consequent propagation of the oxidation reactions [24]. This means that carbon black
does not interfere with the photo-oxidative mechanisms of the different matrices and the effect is
just to shift towards higher times the photo-oxidation increasing the induction time of the process.
Carbon black slows down the molecular weight reduction and consequently the degradation process
in soil. The shift towards higher time to starting photo-oxidation is relevant on a commercial point
of view above all with biodegradable polymeric systems whose performance can be impaired by
photo-oxidation processes more than the traditional ones [4].
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Figure 8. Carbonyl index values for (a) the two biodegradable and (b) PE based film samples.
CI (B1) = A(1808–1550 cm−1)/A(3029–2749 cm−1); CI (B2) = A(1801–1487 cm−1)/A(3029–2749 cm−1);
CI (PE and PE-OXO) = A(1826–1550 cm−1)/A(2983– 2662 cm−1). B1 = Ecovio®-based and B2 =Mater
Bi®-based films.

4. Conclusions

A comparative investigation on the degradation behaviour in soil of traditional and biodegradable
polymer films for agriculture, before and after photo-oxidation, have been accomplished. The two
polyethylene-based samples showed the better mechanical properties, while the Ecovio®-based films,
named B1, displayed a lower value of the tensile strength and the Mater-Bi®-based films, called B2,
had the lowest values of the elastic modulus and elongation at break. However, all the samples
showed high values of the elongation at break that strongly decreases with the photo-oxidation time,
in particular for the biodegradable films. Interestingly, the film samples have been aged under UV
irradiation until the elongation at break reached the value of 50%, according to an international rule for
the use of much films, as well as at one half of the initial value.

Soil burial degradation tests were carried sandwiching the samples, virgin and photo-oxidized,
between two layers of a mixture of milled perlite and commercial soil to simulate degradation in soil
after their use lifetime as mulch films. Weight loss measurements showed that the Mater-Bi®-based
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films were more susceptible to soil degradation than the Ecovio®-based ones were. Additionally,
for all of the samples, soil degradation was accelerated by UV irradiation. The positive control (paper)
was biodegraded in soil within 65 days, while photo-oxidized Mater-Bi®-based films were fully
disintegrated in soil after 125 days at 30 ◦C. These results suggest that the photo-oxidation was not
restricted to the surface but occurred throughout the bulk. Chemical structure changes induced by UV
exposure affected wettability of films, as highlighted by contact angle decrease. A relevant increase
intensity in carbonyl peaks and carbonyl index was highlighted in photo-oxidized biodegradable
and PE film samples. Carbonyl index values of photo-oxidized biodegradable and PE film samples
decreased after soil burial test because of surface erosion of monomers and oligomers.

This paper not only supplies new criteria to evaluate the performance of biodegradable films
in agriculture, before and after lifetime, but also yields a comparative analysis on the soil burial
degradation behaviour with traditional ones. However, accelerated weathering test does not provide
real lifetime. Further studies will be addressed to establish a correspondence between accelerated
weathering time and aging time in real conditions.
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Abstract: The correlation between the vibrational dynamics, as sensed by the Debye-Waller factor,
and the primary relaxation in the presence of secondary Johari-Goldstein (JG) relaxation, has been
investigated through molecular dynamics simulations. Two melts of polymer chains with different
bond length, resulting in rather different strength of the JG relaxation are studied. We focus on the
bond-orientation correlation function, exhibiting higher JG sensitivity with respect to alternatives
provided by torsional autocorrelation function and intermediate scattering function. We find that,
even if changing the bond length alters both the strength and the relaxation time of the JG relaxation,
it leaves unaffected the correlation between the vibrational dynamics and the primary relaxation. The
finding is in harmony with previous studies reporting that numerical models not showing secondary
relaxations exhibit striking agreement with experimental data of polymers also where the presence of
JG relaxation is known.

Keywords: polymer melt; primary and secondary relaxations; Johari-Goldstein relaxation; bond
reorientation; vibrational dynamics; molecular-dynamics simulations

1. Introduction

If polymers and liquids avoid crystallization during cooling or compression, they freeze into a
microscopically disordered solid-like state, a glass [1]. On approaching the glass transition, molecular
rearrangements occur via both the primary mode, referred to as structural or α relaxation, and the faster
secondary (β) processes as evidenced by mechanical, electrical, and thermal properties of materials [2–4].
Although it has been at the focus of a large number of phenomenological and theoretical studies,
as well as of experiments and simulations [4–10], there is still no definitive microscopic description
available for the β relaxation. In particular, there is a special class of secondary relaxations involving
translation or reorientation of the molecular unit as a whole, well different from the trivial ones,
related to intramolecular degrees of freedom, such as the motion of pendant groups in polymers. This
special class of β processes, called Johari Goldstein (JG) to honor the researchers that first noticed
it [5], is universal in glass formers [4,6,7] and has been shown [6] to have strong relation to structural
α-relaxation, being both governed by intermolecular interactions. A number of experimental results
indicate that this β JG relaxation is sensitive to the thermodynamic variables underlying the glass
transition [4,7], mimicking the α relaxation, being strongly pressure dependent and showing the
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invariance of the ratio τα/τβ to variations of pressure and temperature, keeping τα constant. β JG, for
these reasons, can be considered as the precursor to structural relaxation, having a slower dynamics
due to cooperativity involving many body dynamics [6,8].

The purpose of the present paper is to investigate if the presence of well resolved secondary
relaxation could disprove the universal correlation between the vibrational dynamics and the primary
relaxation observed by experiments and numerical simulations in highly viscous liquids [11], for a
recent mini review see Reference [12]. We are motivated by the fact that the timescale of the secondary
relaxation (τs) is intermediate between the vibrational timescale (t*), a few picoseconds, and the structural
relaxation time of the primary relaxation (τp) which reaches about hundreds of seconds close to the
glass transition:

t∗ 	 τs < τp (1)

The exact definitions of the symbols in Equation (1) will be given in Section 3. Here, we are
interested in the secondary relaxation observed in the main chain of linear polymers without side groups.
This class fits the definition of Johari-Goldstein (JG) relaxation [7]. There is consensus that in linear
chains the JG process involves local motion of the polymer backbone.

Recently, the investigation of JG relaxation by using MD simulations has been facilitated by the
development of coarse-grained models of linear polymers having fixed bond length and bond angles
constrained to 120◦ [13–15]. We also mention studies of the JG relaxation in asymmetric diatomic
molecules [15,16].

2. Model and Numerical Methods

We investigate two coarse-grained models of linear polymer chains. The melts are constituted by
Nc = 512 linear chains made of M = 25 monomers each, resulting in a total number of monomers N =
12800. Non-bonded monomers at a distance r interact via a Lennard-Jones potential:

ULJ(r) = ε
[(
σ∗
r

)12
− 2
(
σ∗
r

)6]
(2)

where σ* = 21/6σ is the minimum of the potential, ULJ(r = σ) = −ε. The potential is truncated at r =
rc = 2.5σ for computational convenience. Adjacent bonded monomers interact with each other via
the harmonic potential Ubond(r) = kbond(r − l0)2, where the constant kbond is set to 2000ε/σ2 to ensure
high stiffness. We consider two distinct cases, corresponding to rest bond length l0 set to either l0 =
0.48σ or l0 = 0.55σ. The rationale behind our choice of the two bond lengths relies on the finding that
previous Molecular-Dynamics (MD) simulations of the present model [14], investigating the rotational
dynamics, revealed the steep increase of the separation between the primary and the JG relaxations
by decreasing the bond length below l∗0 = 0.5σ (corresponding to 2Å in Figure 3 of Reference [14]).
Therefore, one anticipates that the JG relaxation is much more apparent if l0 = 0.48σwith respect to l0 =
0.55σ. A bending potential Ubend(α) = kbend (cos α − cos α0)2, with kbend = 2000ε/σ2 and α0 = 120◦, is
introduced to maintain the angle α formed by two consecutive bonds nearly constant (see Figure 1 for
typical chain conformations) [17].

All the data presented in this work are expressed in reduced MD units: length in units of σ,
temperature in units of ε/kB, where kB is the Boltzmann constant, and time in units of τMD = (mσ2/ε)1/2.
We set σ = 1, ε = 1, m = 1 and kB = 1.

Simulations were carried out with the open-source software LAMMPS [18,19]. Equilibration runs
were performed at constant number of monomers N, constant vanishing pressure P = 0 and constant
temperature T (NPT ensemble) [20]. For each state the equilibration lasted at least for 3τee, being τee

the relaxation time of the end-to-end vector autocorrelation function [21–28]. Production runs have
been performed within the NVT ensemble (constant number of monomers N, constant volume V and
constant temperature T). Additional short equilibration runs were performed when switching from
NPT to NVT ensemble. No signatures of crystallization were observed in all the investigated states.
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As a final remark, we point out that our adoption of a monodisperse polymer model where all
the chains have equal length is not expected to limit our conclusions. In fact, the vibrational scaling
collapses in a single master curve both the MD results of monodisperse polymer models and the
experimental data on polymers which, expectedly, refer to polydisperse systems [11].

 

Figure 1. Pictorial view of the two kind of polymeric chains under consideration. L0 denotes the bond
length. The time axis signal, in a qualitative way, the location of the dynamical processes of interest.
The size of the dot of the secondary relaxation is proportional to the strength of the relaxation. The
exact definition of the symbols is given in Section 3.

3. Results and Discussion

3.1. Bond Reorientation

Since in linear chains the JG process involves local motion of the polymer chain backbone [4,7],
we focus on the most elementary relaxation process, that is, the reorientation of the bond linking two
adjacent monomers of the same chain. Let us define a suitable average bond correlation function
C(t) [29]. To this aim, we consider the unit vector along the m-th bond of the n-th chain at time t:

bm,n(t) =
1
l0
(rm,n(t) − rm+1,n(t)) (3)

where rm,n (t) denotes the position of the m-th monomer in the n-th chain at time t. We define the
correlation function C(t):

C(t) =
1

Nc

1
M− 1

Nc∑
n=1

M−1∑
m=1

〈bm,n(t)·bm,n(0)〉 (4)

The brackets 〈· · · 〉 denote a suitable ensemble average. C(t) decreases in time (by definition
C(0) = 1), finally vanishing at long times when the bond orientation has explored all the unit sphere.

Figure 2 plots the correlation function C(t) for the two polymer melts with chains having
different bond length. In agreement with previous studies [13,14], it is seen that the chains having
shorter bond length exhibits a characteristic two-step decay, signaling the presence of two distinct
relaxation processes.
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Figure 2. Temperature dependence of the bond correlation function of the chains with different bond
length. If l0 = 0.48, a two-step decay—evidencing two distinct relaxations—is observed.

To gain more insight, the correlation function C(t) was analyzed under the assumption that it is
represented by the weighted sum of two components, that is, a fast secondary process and a slower
primary one:

C(t) = Ap fp(t) + As fs(t) (5)

where fp(t) and fs(t) are two decaying functions with amplitudes Ap and As, respectively. The explicit
form of fi(t) is taken as a stretched exponential:

fi(t) = exp

⎡⎢⎢⎢⎢⎣−
(

t
τi

)βi
⎤⎥⎥⎥⎥⎦, i = p, s (6)

where τi denotes the relaxation time and βi the stretching exponent (as normally βi ≤ 1). We fit the
MD data concerning the correlation function C(t) with Equation (5) excluding the time window t ≤ t̂
where the decay of the function is controlled by the ballistic motion of monomers (0.6 ≤ t̂ ≤ 1 with t̂
decreasing slightly by increasing T).

The analysis in terms of a sum of two stretched exponential decays, Equation (5) and Equation (6),
conforms with most studies of primary and secondary relaxations in MD simulation [13–15,30,31] and
in some experiments done in time domain [32,33]. Then, it facilitates the comparison between our
results to those present in literature.

We have considered also the use of alternative functions to fit the secondary relaxation. For
instance, we tested the Mittag Leffer function (with 2 fitting parameters like the stretched exponential),
corresponding to the time-domain counterpart of the Cole-Cole function and usually used in studies of
dielectric spectroscopy to describe the secondary process [34,35]. Yet, no significant differences have
been found in terms of relaxation times and strengths with respect to the analysis with the sum of
stretched exponentials.

Figure 3 shows the result of the best-fit of C(t) with Equation (5) and Equation (6) for a representative
state of the model. For comparison, the best-fit with a single stretched exponential decay is also
shown. The residuals CMD(t) − Cfit(t) plotted in the inset of Figure 3 prove the poor performance of the
single-relaxation curve to fit the MD data.
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Figure 3. Illustrative example of the best-fit results via the double-relaxation function Equation (5).
The best-fit with the single-relaxation function A0 f 0 with f 0 in the form of Equation (6) is also shown.
Inset: residuals of the best-fit with the double- and single- relaxation functions.

Figure 4 presents the temperature dependence of the parameters extracted from the best-fit of data
with Equation (5) and Equation (6). It is seen that reducing the bond length has two major effects: (i)
increased separation of the relaxation times τs and τp (ii) enhanced amplitude of the secondary relaxation
with respect to the primary one. It is also worth noting that the primary relaxation is less stretched
in the model where the secondary relaxation is more apparent (l0 = 0.48) with respect to the case in
which it is weak (l0 = 0.55). The differences are small but significant, that is, larger than the errors on
the stretching exponents. Stretched relaxation is usually associated with the presence of dynamical
heterogeneities, namely the spatial distribution of mobilities, which may differ of orders of magnitude
in regions only a few nanometers away. In this framework, our results suggest that the presence of a
not negligible secondary relaxation process slightly decreases the degree of dynamical heterogeneity of
the system. We plan to address this aspect in future works.

 

Figure 4. Plots of the temperature dependence of the best-fit parameters by using Equation (5) and
Equation (6) (color codes as in Figure 1). From left to right: apparent relaxation times, relaxation
strengths and stretching exponents.

To get rid of the temperature dependence of the stretching exponent β, we define the average
relaxation time for the primary and the secondary relaxations, τp and τs respectively, as the time-integral
of the corresponding relaxation function (fp and fs) leading to

τi =
τi
βi

Γ
(

1
βi

)
, i = p, s (7)
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The temperature dependence of the average relaxation times of the two polymer models are
shown in Figure 5. For both systems the primary relaxation time (left panel in Figure 5) grows more
than three orders of magnitude in the range of temperature from T = 2.0 to T = 0.85, exhibiting a
non-Arrhenius upward concavity which is typical of fragile glassformers [36]. Conversely, the growth
of the secondary relaxation time (right panel in Figure 5) is less pronounced (approximately two and
a half decades in the same temperature range) and the deviations from an Arrhenius behavior are
weaker, in particular for the system with stronger secondary relaxation (l0 = 0.48, red symbols).

 
Figure 5. Arrhenius plots of the average relaxation times of the primary (τp, left) and secondary (τs,
right) relaxations. Color code as in Figure 1.

3.2. Monomer Mobility

With the aim of further characterizing the dynamics of the two polymer melts with chains having
distinct bond lengths, we now consider the monomer mobility, as quantified by the mean square
displacement (MSD)

〈r2(t)〉 = 1
N

N∑
i=1

〈‖xt(t) − xi(0)‖2〉 (8)

where xi (t) is the position of the i-th monomer at time t. Figure 6 shows MSD curves for the two
systems at all the investigated temperatures. At very short times (ballistic regime) MSD increases
according to 〈r2(t)〉 � (3kBT/m)t2. At later times a quasi-plateau region becomes apparent when the
temperature is lowered. This signals the increased trapping of a particle in the cage of its neighbors.
Once escaped from the cage, due to the presence of the chain connectivity, the monomers undergo
a sub diffusive motion 〈r2(t)〉 ∝ tδ with δ < 1 (Rouse regime) [21]. At very long times, monomers
displace in a diffusive way (δ = 1). Diffusion is hardly seen in our simulations since, due to the length
of the chains, it occurs at the limit of the accessible timescales.
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Figure 6. Monomer mean square displacement (MSD) of the two polymer melts with chains having
bond lengths l0 = 0.48 (left) and l0 = 0.55 (right). Inset: corresponding MSD slope Δ(t), Equation (9).
The vertical dashed lines mark the time t* ≈ 1 where Δ(t) reaches the minimum, locating the time where
caging is more effective. t* is found to independent of both the system and its physical state. The black
circles indicate the values of 〈u2〉, Equation (10).

3.3. Cage Dynamics and Correlation with Primary and Secondary Relaxations

To identify a characteristic time-scale of the cage dynamics we consider the slope of MSD in the
log-log representation

Δ(t) ≡ ∂ log 〈r2(t)〉
∂ log t

(9)

The slope Δ(t) is plotted in the insets of Figure 6. Δ(t) tends to 2 at very short times, due to the
ballistic motion. Then, it drops to a minimum value signaling effective trapping in the cage. Later, Δ(t)
increases—staying less than 1 due to the Rouse sub-diffusion—with a progressive approach to the unit
value characterizing the diffusive regime. The minimum occurs at t∗ ≈ 1 independently of both the
system and its physical state. It offers a convenient definition of the monomer Debye-Waller (DW)
factor 〈u2〉 as the MSD at t∗ [11,12]:

〈u2〉 ≡ 〈r2(t = t∗)〉 (10)

The position of 〈u2〉 is marked in Figure 6 with black circles. We remind that the DW factor
provides a measure of the rattling motion of the monomer in the cage of the first neighbours. The
temperature dependence of DW is reported in Figure 7. The dependence is not linear evidencing
that, even at very short time scales, that is, t∗ ≈ 1 (corresponding to a few picoseconds [11], see also
Reference [37]), the rattling of the monomer in the cage is not harmonic. Notably, the two systems
exhibit different curves for 〈u2〉. In particular, at fixed temperature the system with chains having
longer bond length exhibits larger DW factor.

We are now in a position to test the correlation between the vibrational dynamics and the
relaxation. Recently, this correlation has been examined in great detail as far as the primary relaxation
is concerned [11]. It was found that numerical models not providing appreciable secondary relaxations
exhibit striking agreement with experimental data of polymers where the presence of JG relaxation
is known, like 1,4 Polybutadiene, Polyvinylchloride and Polymethylmethacrylate [4,6,7,38]. This
finding needs clarification since the secondary relaxation acts at an intermediate time scale between
the fast vibrational dynamics and the primary relaxation and it could, in principle, interfere with
the correlation.
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Figure 7. Temperature dependence of the Debye-Waller factor 〈u2〉. Color code as in Figure 1.

To address this aspect, Figure 8 plots the correlation between the average relaxation times and
the DW factor. As major result of the present paper, it is clearly seen that the correlation between the
fast vibrational dynamics and the primary relaxation is not affected by the presence of the secondary
relaxation, in the sense that the data concerning the systems exhibiting either strong (l0 = 0.48) or weak
(l0 = 0.55) secondary relaxation exhibit the same master correlation curve τp vs. 〈u2〉. Notably, this
coincidence takes place even if the correlation curves τs vs. 〈u2〉 do depend on the bond length.

 

Figure 8. Average relaxation times τp and τs versus the inverse Debye-Waller factor. The correlation
between the vibrational dynamics and the primary relaxation time τp is unaffected by the changes of
both the strength and the relaxation time of the secondary relaxation, see Figure 4. Color code as in
Figure 1.

It seems proper to comment on a feature of Figure 8. The correlation between the primary
relaxation and the DW factor of distinct systems is usually seen in terms of the reduced DW factor
〈u2〉/〈u2

g〉 to get rid of specific system-dependent aspects, 〈u2
g〉 being the DW factor at the glass transition

temperature [11]. Figure 8 shows that the correlation of the two systems under study is rather high by
considering the unscaled DW factor. This suggests that, even if the glass transition of the two systems
is different due to the different temperature dependence of the primary relaxation times, see Figure 5
(left), the DW factor at the glass transition of the two systems is equal within the errors.

3.4. Alternative Probe Functions of Secondary Relaxation

The present study reveals the JG relaxation via the bond correlation function C(t), Equation (4). We
pose the question of the JG sensitivity of alternative relaxation functions. We focus here on the familiar
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intermediate scattering function (ISF) [11,39] and the torsional autocorrelation function (TACF) [14].
ISF is defined as [11,39]:

Fs(q, t) =
1
N
〈

N∑
i=1

eiq·(xi(t)−xi(0))〉 (11)

In an isotropic liquid, ISF depends only on the modulus of the wavevector q =
∣∣∣∣∣∣q∣∣∣∣∣∣ and features

the rearrangements of the spatial structure of the fluid over the length scale ∼2π/q. As alternative
relaxation function, the segmental relaxation has been characterized by TACF [14]:

TACF(t) =
1

Nc

1
M− 3

Nc∑
n=1

M−3∑
m=1

〈
∣∣∣∣θm,n(t)

∣∣∣∣
∣∣∣∣θm,n(0)

∣∣∣∣〉 − 〈∣∣∣θm,n(0)
∣∣∣〉 2

〈
∣∣∣θm,n(0)

∣∣∣2〉 − 〈∣∣∣θm,n(0)
∣∣∣〉 2 (12)

where
∣∣∣θm,n(t)

∣∣∣ is the modulus of the m-th dihedral angle of the n-th chain at a given time t [40].
Figure 9 compares the bond correlation function C(t), Equation (4), with ISF and TACF at the

lowest investigated temperature (T = 0.85, where the primary and the JG relaxation are expected to
have the largest separation). A distinctive feature of C(t) at that temperature is the presence of the step
at t ∼ 4·103, signalling the secondary relaxation, see Figure 2, left. The step is clearly visible when C(t)
drops ∼40% only. Figure 9, left, shows that the same step is also observed in TACF but when more than
∼90% of the decay has been completed. Namely, it is harder to be observed. Figure 9, right, plots ISF
for different wavevectors in a range including q = qmax ∼ 2π/σ, corresponding to the maximum of the
static structure factor. It is seen that there is no evidence of the two-step decay observed in the bond
correlation function C(t) at the same temperature, see Figure 2, left. The results presented in Figure 9
are not unexpected. Previous MD studies [13] performed by using the same model of the present work
(dubbed FRC model in Reference [13]) reported that ISF needs lower temperatures to reveal a two-step
process in the relaxation. This suggests that ISF has lower JG resolution.

The ability to resolve in a limited time and temperature range both primary and secondary
relaxation is related to their relative separation in time scale as well as relative strength. Concerning ISF,
timescale separation is possible exploring high wavevector q, in order to be more sensitive to local and
restricted dynamics, but the relative strength is also affected by this choice [41]. As recently shown [42],
the microscopic density correlation function is dominated at short times by spatial fluctuations of
some molecules within the cage formed by the nearest neighbours, that is, by rattling motions within
the cage, while at longer times part of the relaxation strength is related to large spatial fluctuations
extending at least up to the intermolecular distance, that is, outside the cage. The faster type of motion
has been identified as the secondary, while the slower and more intense is the primary one. Timescale
separation is usually larger for orientational dynamics, that entails for primary motions a much larger
timescale than the intermediate scattering functions (as shown also in Figure 9). In contrast, for the
secondary relaxation only local and fast rearrangements are probed by both observables (if the correct
wavevector q is chosen). Again, C(t) is much more sensitive than ISF to the presence of secondary
relaxation because the relative strength is dominant. Indeed, secondary processes are characterized by
rare (but not negligible) and fast rearrangements, resulting in large-amplitude angle motions, which
bring a considerable decorrelation of the orientation function [15]. For these reasons orientational
correlation function is usually much more sensitive to detect and resolve secondary motions with
respect to what happen for intermediate structure function or density autocorrelation function. This
has been demonstrated by experiments and numerical simulation studies [43–45].
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Figure 9. Left: comparison between the torsional autocorrelation function (TACF) and the
bond-orientation correlation function, C(t) for the system with stronger secondary relaxation (l0
= 0.48) at the lowest investigated temperature (T = 0.85). Notice the step observed in both functions at
t ∼ 4·103, signalling the secondary relaxation, see Figure 2, left. The step is much more apparent in C(t),
occurring when the latter is dropped of ∼40% only. The same feature is observed in TACF when more
than 90% of the decay has been completed. Right: corresponding intermediate scattering function (ISF)
for different wavevectors in a range including q = qmax, corresponding to the maximum of the static
structure factor. No apparent two-step decay is seen.

4. Conclusions

We have studied by MD simulations two melts of polymer chains with different bond length,
resulting in rather different strength of the secondary JG relaxation. Our interest is the correlation
between the fast vibrational dynamics, as sensed by the Debye-Waller factor, and the slow primary
relaxation in the presence of JG relaxation. Multiple relaxation processes were searched by using
the bond-orientation correlation function, C(t) which proved higher JG sensitivity with respect to
alternatives provided by TACF and ISF functions. We find that changing the bond length alters both
the strength and the relaxation time of the secondary relaxation, as well as the correlation with the DW
factor. On the other hand, it leaves unaffected the correlation between the vibrational dynamics and
the primary relaxation. This finding is in harmony with previous studies reporting that numerical
models not showing secondary relaxations exhibit striking agreement with experimental data of polymers
where the presence of JG relaxation is known [11].

The present result fits into the context of the recent debate about the universality of the correlation
between fast and slow degrees of freedom. Actually, a relation between viscous flow and vibrational
properties in glass-forming materials has been found in recent studies examining the fragility and the
nonergodicity factor, as obtained from scattering techniques in the glassy state [46] and extrapolated to
the glass transition region [47]. These two quantities were found strongly correlated only once the
effect of secondary relaxation processes, if present, was correctly accounted for. With regards to this
issue, it is noteworthy to mention that DW factor as defined in Equation (10) is the best definition of
cage vibration amplitude, devoid of any further decorrelation due to JG relaxation.

Author Contributions: Conceptualization, A.T., F.P., S.C. and D.L.; methodology, validation, formal analysis,
investigation, A.T., F.P. and D.L.; software, A.T. and F.P.; writing—review and editing, A.T., F.P., M.M., S.C. and
D.L.; supervision, F.P. and D.L.; funding acquisition, S.C. and M.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by University of Pisa grant number PRA-2018-34 (“ANISE”).

Acknowledgments: A generous grant of computing time from IT Center, University of Pisa and Dell EMC® Italia
is gratefully acknowledged.

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

236



Polymers 2020, 12, 761

Abbreviations

ISF Intermediate scattering function
JG Johari-Goldstein
MD molecular-dynamics
MSD Mean square displacement
DW Debye-Waller
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Abstract: UV-LED curable coatings represent an up-to-date attractive field due to the high curing
efficiency even in the presence of high filler loadings, as well as to the absence of infrared wavelengths
that may negatively impact on heat-sensitive substrates. The addition of carbonaceous materials,
such as biochar (BC) and/or multiwalled carbon nanotubes (MWCNTs) could positively improve both
the rheological and thermal properties. In this study we report on the synthesis and characterization
of carbon-reinforced films containing nanometric (MWCNTs) and micrometric (BC) carbon-based
materials. We analyze the rheological properties of the UV-LED curable dispersions, as well as the
thermal and optical properties of the resulting films, establishing some correlations between filler
dispersion/loading with the main observed properties.

Keywords: UV-LED curing; epoxy-acrylate resin; biochar; multiwalled carbon nanotubes; composites

1. Introduction

Photoinduced polymerization processes are very well-established curing methods that exploit
high energy radiations for transforming a liquid system into a solid 3D network. This occurs in
a very short time (i.e., a few seconds are enough for completing the curing process), with a low
energy consumption (necessary just for triggering the curing reaction; unlike thermally-induced
processes, there is no need to heat the bulk of the curable system and the process is carried out
at room temperature) and without using solvents (as the recipes of photocurable systems usually
already comprise reactive diluents that are able to adjust the viscosity while taking part to the
curing reactions) [1–7]. As a result, photocuring processes have found several uses for different
industrial applications, comprising varnishes, printing inks and protective coatings on a variety of
substrates, including paper, wood, metals, plastics and fabrics. Besides, several high-tech and electronic
applications have been thoroughly investigated and also developed at an industrial scale: they include
the use of coatings on optical fibers, wave guides and optical recording media, and the fabrication of
printed circuit boards [8,9].

UV radiation sources were the first to be designed and fabricated; they are still being employed for
several advanced applications, mainly in the field of functional coatings and inks. However, they show
some limitations concerning the low efficiency in photocurable pigmented systems or UV-curable
composites containing high loadings of filler or reinforcing agent. In fact, all these additives, if the
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UV-curable recipe is not well tailored and suitable mixtures of photoinitiators are employed, can absorb
most of the incident radiation on the sample surface, hence lowering the quantum efficiency and
leading to incomplete curing.

This drawback can be overcome by using UV-LED curing systems: unlike UV (i.e., mercury arc)
lamps, UV-LED units deliver a monochromatic UV radiation (its wavelength is usually approximately
about 400 nm or slightly shorter), displaying almost Gaussian distribution with a relatively narrow
bandwidth. Besides, they are mercury-free and they do not generate ozone and therefore they determine
a very low environmental impact. Furthermore, the “cold” radiation provided by UV-LED curing
systems, mostly due to the absence of output in the infrared region, can be successfully exploited for
applications on heat-sensitive substrates (such as wood and fabrics, among a few to mention) [10].
Last but not least, the electrical-to-optical conversion efficiency of UV-LED units is much higher with
respect to standard UV lamps and the former can be switched off instantly, hence saving from around
50–75% of electrical power.

To the best of the authors’ knowledge, the number of scientific articles dealing with the use
of UV-LED curing processes for the preparation of thermosetting composite systems is at present
very limited. Zhang and coworkers studied the effects of the UV-LED exposure dose on the cure
homogeneity and interlaminar shear strength of composite laminates derived from prepregs made of
E-glass fibers and a mixture of acrylic monomers and oligomers [11].

In another quite recent paper, Faes et al. [12] designed a novel 3D printing method that combines
syringe extrusion and UV-LED curing: this way it was possible to produce high density ceramic
components, after firing and sintering 3D printed UV-LED curable acrylic systems containing zirconia
at different loadings (from 22.5 to 55 vol%).

In a recent work, it was possible to prepare UV-LED curable epoxy-acrylate nanocoatings
containing intercalated phyllosilicates with enhanced thermal and thermomechanical features, as well
as improved barrier properties towards oxygen diffusion [13].

As the incorporation of micro-to-nano-fillers in photocurable systems has clearly demonstrated
its suitability for designing novel materials with improved mechanical, thermal, electrical and barrier
properties with respect to the unfilled counterparts, in this work we investigated the effects of the
presence of two selected carbon materials, namely multiwalled carbon nanotubes (MWCNTs) and
biochar, on the rheological, thermal and optical properties of epoxy-acrylate UV-LED curable systems.
Indeed, the scientific literature clearly highlights the exploitability of 1-3D carbonaceous fillers in
various fields, as they can approve the properties of a plethora of nanocomposites [14–17].

The choice of these two carbon-based materials was driven by two main reasons: the first is that
biochar is currently emerging as a cheap, functional material already useful for several applications
(i.e., as storage for volatile nutrients, as an adsorber in functional clothing, as an insulating material in
the building industry, as energy storage in batteries, among a few to mention) and represents a way
for recovering wastes at the end of life, providing them with a new added-value [18]. The second
reason refers to the shuttle effect that biochar, according to its structure and morphology, may exert on
MWCNTs, favoring the dispersion of the latter into a polymer system.

In this work, each carbon-based filler was dispersed in bisphenol-A-ethoxylate-diacrylate
(i.e., a commercially available resin, here used as the model system) at different loadings (ranging from
0.01 to 1.0 wt%), by means of a tip sonicator; further, the two additives were also premixed keeping
1:1 weight ratio and added to the resin, aiming at assessing the effect of their concurrent presence on
the overall performances of the resulting UV-LED curable systems.

In particular, it was possible to establish some correlations between the rheological, thermal,
optical properties of the composite systems and the structure and level of dispersions of the fillers used.
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2. Materials and Methods

2.1. Materials

Exhausted coffee powder was selected as a real case study. It was collected from Bar Katia (Turin,
Italy) supplied by Vergnano Spa (Torino, Italy) and corresponds to an Arabica mixture. The exhausted
coffee was collected and dried at 105 ◦C for 72 h. Coffee samples (100 g) were pyrolyzed using a
vertical furnace and a quartz reactor (heating rate: 15 ◦C/min) and kept at 800 ◦C for 30 min in argon
atmosphere [19–21].

A commercially available epoxy-acrylate resin, Ebecryl 150 (bisphenol-A-ethoxylate-diacrylate
hereinafter coded as EB150) was kindly supplied by Allnex (Brussels, Belgium).
2,4,6-Trimethylbenzoyl-diphenylphosphineoxide, herein after coded as TPO, was kindly supplied by
IGM Resins (Mortara, Italy) and used as photoinitiator for the UV-LED curing.

MWCNTs (NC7000TM, produced via the Catalytic Chemical Vapor Deposition (CCVD) process) were
purchased from Nanocyl SA (Sambreville, Belgium). Carbon purity: 90%; surface area: 250–300 m2/g,
as indicated in the datasheet provided by the supplier.

2.2. Preparation of the UV-LED Curable Mixtures

Biochar was grinded using a mechanical mixer (Savatec BB90E) for 10 min at 300 rpm at room
temperature in order to decrease the particle size according to Giorcelli et al. [20].

The carbonaceous materials (MWCNTs, Biochar) were dispersed in EB150 with final concentrations
of 0.01, 0.10, 0.50 and 1.0 wt%, using a tip Sonics Vibra-cell ultrasonicator (Sonics and Materials, Inc.,
Newtown, CT, USA) for 15 min. In order to avoid the instantaneous temperature rise, ultrasounds were
pulsed with cycles of 10 s alternating to 10 s pause to favor a better heat diffusion. Another set of samples
was prepared mixing MWCNTs and biochar (1:1 weight ratio) using the same filler loadings employed
for each single carbon material. Then, 6 wt% of TPO was added to the UV-LED curable mixture.

The stability of the resulting liquid dispersions was monitored by visual inspection up to 4 days
after the ultrasonication process: no sedimentation of the fillers was observed during this time.
Then, the dispersions were coated on glass plates using a wire-wound applicator: the thickness of
the obtained coatings was about 150 μm. The coated glass plates were then subjected to the UV-LED
curing process, using a Heraeus Noblelight UV-LED NC1 unit (Cambridge, UK), working in dynamic
conditions (belt speed: 1 m/min), at 395 nm, with radiation intensity on the sample surface of about
4.8 W/cm2.

2.3. Characterization Techniques

The completeness of the UV-LED curing reaction was assessed by means of a Perkin Elmer
Spectrum 100 spectrometer (Shelton, Connecticut, USA) equipped with an attenuated total reflection
(ATR) diamond probe. FTIR spectra were recorded at wavelengths from 700 to 4000 cm−1, with 4 cm−1

resolution; 16 scans were collected.
The morphology of all the samples was investigated using a FESEM—Field Emission Scanning

Electrical Microscope Zeiss Supra-40 (Carl Zeiss IMT, Oberkochen, Germany).
Rheological measurements were performed using an ARES (TA Instrument, New Castle, DE,

USA) strain-controlled rheometer in parallel plate geometry (plate diameter: 25 mm). Strain sweep
tests were carried out at 30 ◦C and ω = 1 rad/s. The complex viscosity and storage and loss moduli
were measured performing frequency scans from 10−1 to 102 rad/s at 30 ◦C. The strain amplitude was
selected for each sample in order to fall in the linear viscoelastic region. At least two specimens for
each system were tested and the results were averaged (standard deviation < 5%).

Differential scanning calorimetry (DSC) analyses were performed using a QA1000 TA Instrument
apparatus (TA Instrument Inc., Waters LLC, New Castle, DE, USA). All the experiments were performed
under dry N2 gas (flow: 50 mL/min) using samples of about 10 mg in sealed aluminum pans. All the
films underwent the following cycle: (1) heating from 0 to 160 ◦C at 10 ◦C/min; (2) cooling down to
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0 ◦C at 10 ◦C/min and (3) heating from 0 to 160 ◦C at 10 ◦C/min. The glass transition temperature (Tg)
was measured as the midpoint of heat capacity changes. Calibration was performed using indium as
standard (Tm = 156.4 ◦C; ΔHm = 28.15 J/g).

Thermogravimetric analyses (TGA) were performed using a Pyris1TGA apparatus (Perkin Elmer,
Waltham, MA, USA; experimental error: ±0.5 wt%, ±1 ◦C). Samples (about 10 mg) were placed in
alumina pans and runs were carried out in the range 50–700 ◦C, with a heating rate of 10 ◦C/min,
under both N2 and air flow (35 and 25 mL min−1, respectively). T5%, T10% (i.e., the temperatures,
at which 5% or 10% weight loss, respectively, occurs) and Tmax values were calculated; besides, the final
residue at 700 ◦C was measured.

Thermal conductivity measurements were carried out with TPS 2500S apparatus (Hot Disk AB,
Göteborg, Sweden), equipped with a Kapton sensor (radius 3.189 mm), using the transient plane
source (TPS) method [22]. The test temperature (23.00 ± 0.01 ◦C) was controlled by a silicon oil
bath (Haake A40, Thermo Scientific Inc., Austin, TX, USA) equipped with a temperature controller
(Haake AC200, Thermo Scientific Inc., Austin, TX, USA).

UV-Vis spectroscopy measurements were performed on the UV-LED cured films by using
a Shimadzu UV-Vis spectrophotometer UV2600 series (Shimadzu Italia Srl, Milano, Italy);
wavelength range was set between 200 and 1200 nm.

3. Results and Discussion

As first point of discussion, a schematic overview on the radical polymerization mechanism of
EB150 is shown in Figure 1.

Figure 1. Scheme of UV-LED curing of EB150. The system undergoes a radical polymerization
promoted by the generation of primary radicals derived from the photolysis of the photoinitiator as a
consequence of the exposure to the UV-LED radiation.

The curing kinetics is very fast, due to the high efficiency of TPO photoinitiator and the high
intensity of the UV-LED unit, whose emission spectrum well matches the absorption spectrum of

244



Polymers 2020, 12, 796

TPO; besides, the adopted experimental conditions for the photocuring process were suitable for
achieving the completeness of the double bonds conversion, as revealed by FTIR-ATR spectra before
and after the exposure to the UV-LED radiation. As an example, the typical spectra for the system
containing 0.50 wt% of biochar, before and after UV-LED curing are shown in Figure 2: the complete
disappearance of the band at 1630 cm−1 (attributed to the acrylic double bonds [23]) is evident.

Figure 2. FTIR-ATR spectra of EB150 containing 0.50 wt% of biochar, before (A) and after (B) exposure
to the UV-LED radiation. The disappearance of the band of the acrylic double bonds, located at about
1635 cm−1, is a clear indication of the completeness of the UV-LED curing process.

The thickness of the obtained films estimated though FESEM technique, irrespective of their
composition and filler loadings, was about 180 μm as shown in Figure 3.

 
Figure 3. FESEM capture of unfilled UV-LED cured EB150 film on the transversal plane.
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3.1. Morphological Characterization of the Fillers

The carbonaceous fillers used were very different in both size and morphology, as clearly shown
in FESEM images presented in Figure 4.

Figure 4. FESEM captures of BC (a,b) and multiwalled carbon nanotubes (MWCNTs; c,d) at different
magnifications. It is worthy to note the highly porous structure of Biochar

BC was produced by carbonization of exhausted coffee following the procedure previously
reported [14]. The resulting material showed a sponge-like porous structure with a grain size around
200–300 μm, average radius about 10–15 μm and a wall thick between 1 and 2 μm. According to
Giorcelli et al. [20], the structure of BC is quite disordered and does not show residual functional
groups (i.e., hydroxyl, quinoid and carboxyl functionalities). The employed MWCNTs are highly
packed with an average diameter highly variable in the range from 10 to 50 nm with a length of several
micrometers. This network structure deeply affects their dispersibility in organic matrix. Nonetheless,
ultrasonic procedures can be effectively exploited to achieve good dispersion within the epoxy-acrylate
resin [24]. Besides, using pulsed ultrasounds generated by the tip sonicator allowed achieving good
dispersion without compromising the size of MWCNTs. On the other hand, ultrasonication always
leads to a sized reduction of biochar, as proved by Bartoli et al. [25], who tested several biochars with
different shape and size. However, an acceptable dispersion in EB150 was achieved for both the fillers
and their mixtures as shown in Figure 5.

The unfilled UV-LED cured resin shows very smooth surfaces without the presence of any
appreciable defects. The addition of MWCNTs at 1.0 wt% (Figure 5c–d) revealed some persistent
aggregation but a good embedding of the nanofiller into the polymer matrix. The biochar-containing
samples (Figure 5e–f) show a very good dispersion of the particles that, during sonication, underwent a
disruptive process, showing surfaces very similar to the neat resin. Interestingly, when BC was
mixed with MWCNTs, an improvement of MWCNTs dispersion was achieved as clearly presented
in Figure 5g–h. This could be reasonably due to the shuttle effect of micrometric particles of biochar.
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In particular, in the very first stage of the mixing process, MWCNTs strongly interact with BC surface
through π–π stacking: a similar behavior was observed by Ismail et al. [26] using a mix of CNTs and
carbon black. In a subsequent step, BC particle are reduced in size due to the sonication process
and the surface interacting MWCNTs are homogeneously dispersed within the resin. This beneficial
effect could explain the increased uniformity of filler dispersion, accompanied by the decrease of
MWCNTs length.

Figure 5. FESEM captures of UV-LED cured films (filler loading: 1 wt%): unfilled EB150 (a,b);
EB150 + MWCNTs (c,d); EB150 + biochar (e,f) and EB150 + biochar/MWCNTs (g,h). All the filled
UV-LED cured films show a good dispersion of the two carbonaceous fillers.
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3.2. Rheological Behavior

Figure 6a–c shows the trends of complex viscosity as a function of frequency for EB150 and its
mixtures with biochar, MWCNTs and biochar/MWCNTs at different filler loadings. First of all, it is
worthy to note that the systems loaded with MWCNTs exhibit a high increase of complex viscosity
compared with unfilled resin; the only exception is for the liquid dispersion containing 0.01 wt% of
MWCNTs. This finding can be ascribed to the highly entangled structure taking place between π

orbital system of MWCNTs and bisphenol A rings, hence to increasing interactions occurring between
the oligomeric chains and the nanofiller. Conversely, 0.01 wt% of MWCNTs is too low for ensuring the
occurrence of these interactions and the related complex viscosity curve is shifted downwards.

Conversely, for the systems containing biochar at different loadings, the complex viscosity curves
shift towards lower values with increasing the filler loading. This finding clearly indicates that
biochar exerts a lubricating action on the oligomeric chains, which is more pronounced as the filler
loading increases.

Further, a balance in between these two opposite rheological behaviors is shown by the mixtures
that combine together biochar and MWCNTs (Figure 6c). In this case, at low loadings (i.e., 0.10 wt%) the
complex viscosity trend was mainly driven by the lubricating effect of biochar, as the complex viscosity
values were lower or comparable with those of unfilled EB150. At variance, for higher fillers loadings,
MWCNTs became prevalent on determining the rheological behavior of the dispersions: in fact, the
complex viscosity curves approach those obtained for the systems containing MWCNTs only.

  

 

Figure 6. Complex viscosity vs. frequency curves for unfilled EB150 and EB150 + MWCNTs (a),
EB150 + biochar (b) and EB150 + biochar/MWCNTs (c) at different loadings ranging from 0.01 to
1.00 wt%.
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3.3. Properties of the UV-LED Cured Films

3.3.1. Thermal Properties

First of all, DSC analyses were performed on all the prepared systems, in order to (i) confirm
the completeness of the UV-LED curing reaction (1st heating up—absence of exothermic peaks above
the glass transition temperature) and (ii) measure the glass transition temperature (2nd heating up).
Figures 7–9 plots the typical DSC traces for UV-LED cured EB150 and for all the prepared composite
films, together with the Tg values measured as the midpoint of heat capacity steps.

First of all, it is worthy to note that no exothermic effects are detectable in any 1st heating up
for UV-LED cured EB150 and its composites: this finding further supports the FTIR-ATR results as
far as the completeness of the curing reaction is considered. Therefore, it can be concluded that the
experimental conditions adopted for the UV-LED curing (i.e., radiation intensity on the films surface
and belt speed) are adequate for promoting the formation of a fully cured network, even in the presence
of the fillers. Conversely, the first heating up traces show the enthalpy relaxation (i.e., the endothermic
peaks shown in Figures 7–9—1st run), which superimposes to the specific heat step associated with the
glass transition of the polymer network. The presence of this phenomenon is likely to be attributed
to the speed of the UV-LED curing process that freezes the macromolecules in a non-equilibrium
thermodynamic state. Then, the 2nd heating up allows the free macromolecule segments between
cross-links to rearrange in a more stable conformational structure and enthalpy relaxation disappears.
This phenomenon has been already observed for similar systems containing different ZnO fillers [27].

From an overall point of view, the presence of the different carbon fillers at different loadings
did not significantly affect the Tg values of the UV-LED cured polymer network, which were usually
within 70 and 77 ◦C.

Figure 7. Differential scanning calorimetry (DSC) traces (1st and 2nd heating up) for UV-LED cured
EB150 and its composites with different biochar loadings.
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Figure 8. DSC traces (1st and 2nd heating up) for UV-LED cured EB150 and its composites with
different MWCNTs loadings.

 
Figure 9. DSC traces (1st and 2nd heating up) for UV-LED cured EB150 and its composites with
different MWCNTs loadings.

Then, all the UV-LED cured films were analyzed through thermogravimetric (TG) analysis carried
out in nitrogen and air, in order to investigate the effect of the carbon-based fillers on the thermal and

250



Polymers 2020, 12, 796

thermo-oxidative stability of the UV-LED cured resin, respectively. The collected data are summarized
in Table 1.

Table 1. Thermal and thermo-oxidative stability of the UV-LED EB150 film and its composites *.

Filler

Atmosphere: N2 Atmosphere: Air

Filler
Loading

(wt%)

T10%

(◦C)
T50%

(◦C)
Tmax

(◦C)

Residue
@Tmax

(wt%)

Residue
700 ◦C
(wt%)

T10%

(◦C)
T50%

(◦C)
T1max

(◦C)
T2max

(◦C)
T3max

(◦C)

Residue
700 ◦C
(wt%)

- 0.00 395 439 448 34.6 3.6 349 439 382 438 557 0.3

MWCNTS

0.01 393 439 447 35.5 3.6 341 437 382 436 556 0.2
0.10 394 440 449 33.7 3.7 342 440 383 439 559 0.3
0.50 392 434 441 37.5 4.1 331 441 378 440 565 0.8
1.00 395 438 444 39.0 5.0 335 434 379 438 558 0.8

Biochar

0.01 393 438 445 36.5 3.4 346 440 382 437 559 0.3
0.10 393 438 447 34.1 3.2 342 438 380 438 557 0.4
0.50 391 437 445 37.4 5.1 350 437 387 437 557 0.4
1.00 383 432 441 36.2 4.8 340 439 373 439 557 0.7

Biochar/MWCNTs

0.01 394 439 448 34.4 3.6 346 440 382 437 559 0.3
0.10 391 437 445 36.7 3.5 342 438 380 438 557 0.4
0.50 390 438 443 40.3 4.8 339 437 377 438 559 0.6
1.00 388 434 440 38.9 4.7 340 439 373 439 557 0.7

* experimental error: ±0.5 wt%, ±1 ◦C.

In nitrogen atmosphere, degradation occurs according to a single step. Comparing the behavior of
the unfilled cured resin with that of its composites, the presence of a filler, irrespective of the type and
loading, did not affect the thermal stability of the cured polymer network. In fact, the changes of T10%,
T50% and Tmax (i.e., the temperatures, at which 10% and 50% weight loss occurs and corresponding
to the maximum weight loss rate in derivative—dTG—curves, respectively) in the presence of the
different fillers are practically negligible, despite an increase of the residues of the filled systems at the
end of the test as compared to UV-LED cured EB150.

In air atmosphere, the degradation occurs according to three successive steps. The first one,
taking place at about 375 ◦C, can be related to the decomposition of low molecular weight
structures, such as dimer and trimers present in the polymer network. Then, at higher temperatures
(i.e., about 440 ◦C), the main degradation of the polymer network occurred. Finally, during the last
stage (at about 560 ◦C), the degradation products of the previous step were further oxidized, giving rise
to the formation of CO and CO2. Comparably to what was already observed in nitrogen, the presence
of the different carbonaceous filler did not affect the thermo-oxidative stability of the UV-LED cured
networks, apart from an increase of the residues at the end of the tests.

Figure 10a–c shows the thermal conductivity values as a function of the filler type and loading.

Figure 10. Cont.
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Figure 10. Thermal conductivity of UV-LED cured EB150 and its composite films as a function of filler
loading: (a) with MWCNTs, (b) with biochar and (c) with biochar/MWCNTs. Different trends can be
observed, according to the filler type and loading.

The thermal conductivity data clearly shows a different effect provided by MWCNTs and by
biochar. More specifically, the addition of increasing amounts of MWCNTs increased the thermal
conductivity that reached a maximum corresponding to 0.10 wt% loading; then, for higher filler
loadings, it monotonically decreased. Conversely, the addition of biochar to the UV-curable system
determined a monotonically increase of the thermal conductivity, which approached 0.165 Wm−1K−1 for
the highest filler loading. Clustering phenomena occurring with increasing the nanofiller concentration
might explain the trend of the thermal conductivity of the films containing MWCNTs: these phenomena
have already been observed in FESEM analyses. The latter have also pointed out that biochar shows a
very homogeneous dispersion within the polymer network, irrespective of its loading: as a consequence,
the thermal conductivity shows a monotonic increasing trend. Finally, the concurrent presence of
the two carbon fillers was affected by the different morphology of biochar and MWCNTs in UV-LED
cured EB150. In particular, at low fillers loadings, the prevailing effect is exerted by biochar, so that
thermal conductivity increases; then, the worse dispersion and clustering tendency of MWCNTs
becomes predominant and the thermal conductivity significantly decreases approaching that of unfilled
EB150 [28].

3.3.2. Optical Properties

The transmittance over a wide wavelength range of self-standing composite films was evaluated,
assessing the effect of the different fillers and of their loadings on the optical properties of UV-LED cured
blank counterparts. To this aim, UV-Vis spectroscopy measurements were performed; the obtained
data are shown in Figure 11a–c.

Figure 11. Cont.
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Figure 11. UV-Vis spectra of films containing (a) MWCNTs, (b) BC and (c) BC/MWCNTs in
concentrations ranging from 0.01 to 1.00 wt%.

From an overall point of view, it is worthy to note that the ease of dispersibility of the fillers
within the polymer network significantly affected the transmittance of the resulting composite films,
especially when the filler loading was quite high. In particular, unlike MWCNTs, for which the
transparency was maintained at very low filler loadings (i.e., 0.01 wt%) only because of clustering
phenomena, biochar-containing films were able to keep 50% transmittance at the highest loading
(i.e., 1.0 wt%). Finally, the combination of the two fillers did not provide significant enhancements in
transmittance, probably due to the light scattering of MWCNTs that limit the beneficial effects provided
by biochar.

4. Conclusions

In this work, UV-LED curing was exploited for designing new epoxy-acrylate films containing
different amounts (ranging from 0.01 to 1.0 wt%) of carbon-based micro and nanofillers, namely biochar
and MWCNTs. The UV-LED curing performed in dynamic configuration allowed achieving the
completeness of the double bond conversion, even in the presence of the highest fillers’ loadings.
The rheological behavior of the UV-LED curable dispersions, as well as the morphology, the thermal
and optical properties of the resulting UV-LED cured films were thoroughly investigated and correlated
with the type of filler and its loading. In particular, unlike MWCNTs, which beyond 0.01 wt% were
prone to clustering, biochar, irrespective of the used concentration, turned out to easily disperse into the
UV-LED curable resin, as assessed by FESEM analyses. Besides, the presence of the fillers, regardless of
the type and loading, did not affect the thermal and thermo-oxidative stability of the cured films;
furthermore, Tg values were almost unchanged. According to their ease of dispersibility within the
polymer network, MWCNTs and biochar showed a different effect on the thermal conductivity of the
prepared films: in particular, increasing loadings of biochar providing a monotonic increasing trend of
this parameter.

Finally, all the prepared UV-LED films exhibited a high transparency only at low filler loadings;
however, the very homogeneous distribution of biochar in the cured resin allowed maintaining high
transmittance (about 50%) even at 1.0 wt%, over a wide wavelength range.

Table 2 summarizes all these findings for an easier comparison of the obtained results for the
different systems investigated.
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Table 2. Main outcomes from the investigated systems.

BC MWCNTs BC +MWCNTs

Completeness of the
UV-LED curing process Achieved Achieved Achieved

Dispersibility in EB150 Good Average; tendency to form
aggregates beyond 0.01 wt%

Good; shuttle effect on
MWCNTs exerted by BC

Rheological behavior of
the liquid dispersions

Lubricating effect at
any loading

High increase of complex
viscosity beyond 0.01 wt%

Driven by BC at
low loadings

Effect of the filler on Tg Negligible Negligible Negligible

Effect on
thermal stability Negligible Negligible Negligible

Effect on
thermal conductivity

Monotonic
increasing trend

Maximum achieved at 0.10
wt% filler loading

Prevailing effect of BC at
low filler loadings

Effect on transmittance 50% transmittance kept
at 1 wt% loading

High transmittance only
below 0.01 wt% loading

Scattering phenomena
provided by MWCNTs

Author Contributions: Conceptualization G.M.; methodology, V.S., A.T., M.B.; formal analysis, V.L., P.J.;
investigation, V.S., P.J. R.A.; resources, G.M., A.T.; data curation, V.L., P.J., R.A.; writing—original draft preparation,
M.B.; writing—review and editing V.S., P.J., G.M., M.B., A.T.; supervision, G.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Dietliker, K.K.; Oldring, P.K.T. Chemistry and Technology of UV and EB Formulation for Coatings, Inks and Paints;
SITA Technology: London, UK, 1991; Volumes 1–5.

2. Pappas, S.P. Radiation Curing Science and Technology; Plenum Press: New York, NY, USA, 1992.
3. Fouassier, J.P.; Rabek, J.F. Radiation Curing in Polymer Science and Technology; Chapman and Hall: London, UK,

1993; Volumes 1–5.
4. Roffey, C. Photogeneration of Reactive Species for UV Curing; Wiley: New York, NY, USA, 1997.
5. Hoyle, C.E.; Kinstle, J.F. Radiation Curing of Polymer Materials; ACS Symposium Series 417; American Chemical

Society: Washington, DC, USA, 1990.
6. Fouassier, J.P. Photoinitiator, Photopolymerization and Photocuring; Hanser: Munich, Germany, 1995.
7. Scranton, A.C.; Bowman, C.N.; Peiffer, R.W. Photopolymerization Fundamentals and Applications; ACS

Symposium Series 673; American Chemical Society: Washington, DC, USA, 1997.
8. Davidson, S. Exploring the Science, Technology and Applications of UV and EB Curing; SITA Technology: London,

UK, 1999.
9. Decker, C. Photoinitiated crosslinking polymerisation. Prog. Polym. Sci. 1996, 21, 593–650. [CrossRef]
10. Landry, V.; Blanchet, P.; Boivin, G.; Bouffard, J.F.; Vlad, M. UV-LED curing efficiency of wood coatings.

Coatings 2015, 5, 1019–1033. [CrossRef]
11. Zhang, X.; Duan, Y.; Zhao, X.; Li, D. UV stepwise cured fabrication of glass fiber/acrylate composites:

Effects of exposure dose on curing uniformity and interlaminar shear strength. J. Comp. Mater. 2016, 50,
1395–1401. [CrossRef]

12. Faes, M.; Vleugels, J.; Vogeler, F.; Ferraris, E. Extrusion-based additive manufacturing of ZrO2 using
photoinitiated polymerization. CIRP J. Manufact. Sci. Tech. 2016, 14, 28–34. [CrossRef]

13. Malucelli, G. Synthesis and Characterization of UV-LED Curable Nanocomposite Coatings. Curr. Org. Chem.
2017, 21, 1–8. [CrossRef]

14. Lee, Y.S.; Lee, S.Y.; Kim, K.S.; Noda, S.; Shim, S.E.; Yang, C.M. Effective Heat Transfer Pathways of Thermally
Conductive Networks Formed by One-Dimensional Carbon Materials with Different Sizes. Polymers 2019,
11, 1661. [CrossRef] [PubMed]

254



Polymers 2020, 12, 796

15. Cseri, L.; Baugh, J.; Alabi, A.; AlHajaj, A.; Zou, L.; Dryfe, R.; Budd, P.; Szekely, G.
Graphene oxide—Polybenzimidazolium nanocomposite anion exchange membranes for electrodialysis.
J. Mater. Chem. A 2018, 6, 24728–24739. [CrossRef]

16. Liang, X.; Dai, F. Epoxy Nanocomposites with Reduced Graphene Oxide-Constructed Three-Dimensional
Networks of Single Wall Carbon Nanotube for Enhanced Thermal Management Capability with Low Filler
Loading. ACS Appl. Mater. Interfaces 2020, 12, 3051–3058. [CrossRef] [PubMed]

17. Roy, N.; Sengupta, R.; Bhowmick, A.K. Modifications of carbon for polymer composites and nanocomposites.
Prog. Polym. Sci. 2012, 37, 781–819. [CrossRef]

18. Schmidt, A.P. 55 Uses of Biochar. Ithaka J. 2012, 1, 286–289.
19. Arrigo, R.; Jagdale, P.; Bartoli, M.; Tagliaferro, A.; Malucelli, G. Structure–Property Relationships in

Polyethylene-Based Composites Filled with Biochar Derived from Waste Coffee Grounds. Polymers 2019,
11, 1336. [CrossRef] [PubMed]

20. Giorcelli, M.; Bartoli, M. Development of coffee biochar filler for the production of electrical conductive
reinforced plastic. Polymers 2019, 11, 1916. [CrossRef] [PubMed]

21. Jagdale, P.; Ziegler, D.; Rovere, M.; Tulliani, J.M.; Tagliaferro, A. Waste Coffee Ground Biochar: A Material
for Humidity Sensors. Sensors 2019, 19, 801. [CrossRef]

22. Log, T.; Gustafsson, S.E. Transient plane source (TPS) technique for measuring thermal transport properties
of building materials. Fire Mater. 1995, 19, 43–49. [CrossRef]

23. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; Wiley: New York,
NY, USA, 2004.

24. Cheng, Q.; Debnath, S.; Gregan, E.; Byrne, H.J. Ultrasound-assisted SWNTs dispersion: Effects of sonication
parameters and solvent properties. J. Phys. Chem. C 2010, 114, 8821–8882. [CrossRef]

25. Bartoli, M.; Giorcelli, M.; Rosso, C.; Rovere, M.; Jagdale, P.; Tagliaferro, A. Influence of Commercial Biochar
Fillers on Brittleness/Ductility of Epoxy Resin Composites. Appl. Sci. 2019, 9, 3109. [CrossRef]

26. Ismail, H.; Ramly, A.; Othman, N. The effect of carbon black/multiwall carbon nanotube hybrid fillers on the
properties of natural rubber nanocomposites. Polym. Plast. Technol. 2011, 50, 660–666. [CrossRef]

27. Malucelli, G.; Fioravanti, A.; Francioso, L.; De Pascali, C.; Signore, M.A.; Carotta, M.C.; Bonanno, A.;
Duraccio, D. Preparation and characterization of UV-cured composite films containing ZnO nanostructures:
Effect of filler geometric features on piezoelectric response. Prog. Org. Coat. 2017, 109, 45–54. [CrossRef]

28. Antar, Z.; Feller, J.-F.; Noel, H.; Glouannec, P.; Elleuch, K. Thermoelectric behaviour of melt processed carbon
nanotube/graphite/poly (lactic acid) conductive biopolymer nanocomposites (CPC). Mater. Lett. 2012, 67,
210–214. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

255





polymers

Article

Electrically-Conductive Polyketone Nanocomposites
Based on Reduced Graphene Oxide

Esteban Alejandro Araya-Hermosilla 1,*, Marco Carlotti 1, Francesco Picchioni 2,

Virgilio Mattoli 1,* and Andrea Pucci 3,4,*

1 Center for Micro-BioRobotics, Istituto Italiano di Tecnologia Viale Rinaldo Piaggio 34, 56025 Pontedera (PI),
Italy; marco.carlotti@iit.it

2 Department of Chemical Product Engineering, ENTEG, University of Groningen, Nijenborgh 4,
9747AG Groningen, The Netherlands; f.picchioni@rug.nl

3 Dipartimento di Chimica e Chimica Industriale, Università di Pisa, Via Moruzzi 13, 56124 Pisa, Italy
4 CISUP, Centro per l’Integrazione della Strumentazione dell’Università di Pisa, Lungarno Pacinotti 43,

56126 Pisa, Italy
* Correspondence: esteban.araya@iit.it (E.A.A.-H.); virgilio.mattoli@iit.it (V.M.); andrea.pucci@unipi.it (A.P.);

Tel.: +39-050-883417 (E.A.A.-H.); +39-050-883417 (V.M.); +39-0502219270 (A.P.)

Received: 25 March 2020; Accepted: 13 April 2020; Published: 16 April 2020

Abstract: In this work, we investigated the functionalization of polyketone 30 (PK30) with
glycyl-glycine (Gly-Gly) via the Paal–Knorr reaction with the aim of homogenously dispersing
two types of reduced graphene oxide (rGO, i.e., lrGO and hrGO, the former characterized by a
lower degree of reduction in comparison to the latter) by non-covalent interactions. The functional
PK30-Gly-Gly polymer was effective in preparing composites with homogeneously distributed rGO
characterized by an effective percolation threshold at 5 wt. %. All the composites showed a typical
semiconductive behavior and stable electrical response after several heating/cooling cycles from 30
to 115 ◦C. Composites made by hrGO displayed the same resistive behaviour even if flanked by
a considerable improvement on conductivity, in agreement with the more reduced rGO content.
Interestingly, no permanent percolative network was shown by the composite with 4 wt. % of lrGO
at temperatures higher than 45 ◦C. This material can be used as an ON–OFF temperature sensor and
could find interesting applications as sensing material in soft robotics applications.

Keywords: reduced graphene oxide; polyketone functionalization; electrically-conductive
nanocomposites

1. Introduction

Graphene has called high attention thanks to its excellent mechanical properties, thermal
conductivity, and electronic transport properties [1–4]. However, the lack of high quality samples,
elevated cost of production, poor dispersibility in solvents, and irreversible aggregation in several
media have limited its use [5]. Instead, graphene oxide (GO) has replaced graphene in many
applications due to low cost of production and dispersibility in water and polar organic solvents [6,7].
As graphene, it possesses a 2D structure but some of the carbons atoms lost the sp2 character being
involved in the covalent linkage with hydroxyl, epoxide, and carbonyl groups generated during
the oxidation of the graphene layer [8–10]. These differences are enough to affect the conjugation
properties of the former and thus GO behaves as an insulator [11,12]. The electric properties of
GO can be recovered by reduction treatments (producing reduced graphene oxide (rGO)), which
partially restores the graphitic network of sp2 carbons [13,14]. Notably, the residual functional groups
remained in the rGO structure make its dispersion easier in organic solvents [15] and increase the
number of effective interactions also with several polymer matrices thus helping their homogeneous
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distribution in the solid matrix [16,17]. One can therefore take advantage of these features for the
preparation of functional polymer nanocomposites [18–20] where rGO can provide enhanced electrical
and mechanical properties [21–25]. In this sense, these materials have found a variety of applications
such as supercapacitor electrodes [26], chemical sensor [27], and antibacterial scaffolds [28]. However,
despite the better results when compared to graphene, obtaining good dispersions of rGO into the
polymer matrices is still challenging: the absence of highly interacting functional groups in several
polymers causes rGO aggregation, which limits the ultimate application of the derived composites [29].

Conversely, functional polymers able to provide strong and reliable non-covalent interactions
with rGO, can result in composites characterized by enhanced mechanical, electrical, and thermal
properties even at low filler content [30]. Our group has recently reported the high exfoliation ability of
polyketone functionalized with aromatic [31] and hydroxyl pendant groups [32] towards multiwalled
carbon nanotubes (MWCNTs): the resulting nanocomposites showed an effective percolation network
at low MWCNTs concentration and high stable electrical response after several heating/cooling cycles,
making them promising materials for temperature sensors. Based on these findings, we decided to
investigate the dispersion of rGO in a polyketone functionalized by the Paal–Knorr reaction (Figure 1).
Polyketones are a promising starting polymer for the synthesis of functional polymers through the
chemical modification approach due to the presence of highly reactive 1,4-di-carbonyl moieties that
react with primary amines yielding water-resistant N-substituted pyrrole units [33]. The Paal–Knorr
is a versatile reaction as it can be carried out in bulk, without catalysts, with high yields and with
water being the only by-product [34]. In addition, it may be also performed without solvent or in
various organic solvents depending on the physical and chemical properties of the amine compound.
It is tolerant to a number of primary amines making this easy synthesis a fast, cheap, and appealing
approach to create polymers with almost any desired pendant functional group [31,32,35,36]. The
resulting functional polymers find use in different applications such as self-healing materials [37,38],
emulsions with adhesive properties [39,40], and coating materials [41].

 
Figure 1. Scheme of Paal–Knorr reaction held by polyketone 30 (PK30) and glycyl-glycine (Gly-Gly).

The present work focuses on the synthesis of a functional polymer by chemical modification of
alternating aliphatic polyketone with glycylglycine (Gly-Gly) via the Paal–Knorr reaction. The amide
and carboxylic groups of Gly-Gly, along with the formation of the pyrrole groups, enable the polymer
matrix to interact with rGO via non-covalent interactions (e.g., H-bonding and π–π interactions), thus
promoting the formation of the nanocomposite without any chemical conversion of the functional
moieties [42,43]. We, therefore, prepared a series of nanocomposites comprising different amount and
types of rGO and characterized their final morphology and electric properties also in terms of the
resistive behavior as a function of temperature.
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2. Experimental

2.1. Materials and Methods

Aliphatic polyketones composed by ethylene, propylene, and CO were synthesized according
to a reported procedure [44,45] yielding a polyketone with the aliphatic part comprised of 30 mol%
ethylene and 70 mol% propylene (PK30, Mw 4670 Da). Glycyl-glycine (Gly-Gly) (Sigma Aldrich, Milan,
Italy, 97%) and 2,5-hexanedione (Sigma Aldrich, Milan, Italy, 98%) were used as received. Different
reduced graphene oxide (rGO), i.e., lrGO and hrGO, respectively, were kindly provided by Abalonyx
(Oslo, Norway). Briefly, rGO was prepared by introducing the dry graphene oxide powder into a
quartz tube tubular oven (about 1 g/min). The graphene oxide flashes in the hot zone and is then
transported out of the tube by means of a continuous flow of air and collected on a filter. Residence
time in the hot zone is estimated to be about 2 s. The oven temperature was set at 430 and 625 ◦C,
for lrGO and hrGO, respectively. Elemental analysis: lrGO = C 68.84%, H 1.41%, O 29.14%, and N
0.48%; hrGO = C 74.64%, H 1.09%, O 23.12%, and N 0.64%.

2,5-hexanedione was prepared as a model compound and aimed at the correct assignment
of 1H-NMR signals after the Paal–Knorr synthetic process with Gly-Gly. The reaction between
stoichiometric amounts of Gly-Gly and 2,5-hexadione was carried out in a 100 mL round-bottomed
flasks equipped with a magnetic stirrer, a reflux condenser and a Heat-On™ Block System (Radleys
Shire Hill, Saffron Walden, Essex, United Kingdom). First, 1.45 g of 2,5-hexadione (0.013 mol) and
1.72 g of Gly-Gly (0.013 mol) were placed in the flask. The reaction was carried out in ethanol at 80 ◦C
under stirring (700 rpm) for 48 h in order to ensure reaction completeness. The solvent was removed
at reduced pressure and the recovered material introduced in an oven at 40 ◦C for 48 h for complete
dryness. 1H-NMR (400 MHz δ, CDCl3) = 2.2 ppm (s, 6H), 4.0 ppm (d, 2H, J = 5.8), 4.5 ppm (s, 2H),
5.8 ppm (t, 1H, J = 5.7 Hz), 5.87 ppm (s, 1H) [46].

2.2. Polyketone Modification

The functionalization of PK30 with Gly-Gly was carried out to reach 30% of conversion of
polyketone di-carbonyl groups (Table 1). First, 47.192 g of PK30 were dissolved in 75 mL of ethanol in
a 250 mL round-bottomed flasks equipped with a magnetic stirrer, a reflux condenser and a Heat-On™
Block System. Afterward, 14.21 g of Gly-Gly were added to the polymer solution. The reaction was
carried out at reflux for 36 h. The polymer was filtered to collect the unreactive amine, re-dissolved
in ethanol and filtered again and the procedure repeated three times. The solvent was removed at
reduced pressure, and then placed in an oven at 40 ◦C for 48 h for complete dryness. The carbonyl
conversion (Cco), i.e., the molar fraction of 1,4-dicarbonyl units reacted via the Paal–Knorr reaction,
was calculated on the basis of elemental analysis as the following:

Cco =
y

y + x
× 100% (1)

where x and y are the di-ketone and pyrrolic moles after conversion, respectively. y was determined as
follows:

y =
wt(N)

Am(N)
(2)

where wt(N) are the grams of N of the product as determined by elemental analysis and Am(N) is the
atomic mass of N. x was then determined as follows:

x =
gprod − y×My

w

Mpk
w

(3)
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where gprod is the gram of the product, My
w the molecular weight of the pyrrolic unit and Mpk

w the
molecular weight of a 1,4 di-ketone unit. From the ratio between Cco and the corresponding amount in
alimentation (C f eed

co ), the conversion efficiency η con be calculated as the following:

η =
Cco

C f eed
co

× 100% (4)

where C f eed
co corresponds to:

C f eed
co =

Molamine
Mold−CO

× 100% (5)

with Molamine are the moles of amine and Mold−CO the moles of di-carbonyl units in alimentation.

Table 1. Elemental analysis of pristine PK30 and PK30 after functionalization with Gly-Gly.

Sample x(%) y(%) Cco(%) 1

PK30 100 - -
PK30xGly-Glyy 70.8 29.2 29.2

1 Di-carbonyl conversion (CO %) obtained from EA.

2.3. Preparation of rGO/PK30-Gly-Gly Composites

The rGO/PK30-Gly-Gly composites were prepared by mixing PK30-Gly-Gly and lrGO or hrGO at
different weight concentration (wt. %). First, PK30-Gly-Gly was dissolved in a round bottom flask
containing 20 mL of chloroform under vigorous stirring at 50 ◦C for 20 min. The corresponding 4–8 wt.
% for lrGO or 5–6 wt. % for hrGO amounts of rGO with respect to PK30-Gly-Gly was added to 20 mL
of chloroform and tip sonicated for 5 min in an ice bath to avoid the loss of solvent. Afterward, the
dispersion was added to the polymer solution and the system vigorously stirred at 50 ◦C for 24 h.
After cooling to room temperature, the solvent was removed and the recovered rGO/PK30-Gly-Gly
composite dried completely at 40 ◦C for 24 h.

2.4. Characterization

The elemental composition of rGO and polymers was determined by using an Elementar Vario
Micro Cube for nitrogen, carbon and hydrogen.

1H-NMR spectra were recorded at room temperature in CDCl3 solution with a Bruker Avance DRX
400 spectrometer (Bruker, Billerica, MA, USA), using the residual solvent peak as internal reference.

ATR–FT–IR spectra were recorded by means of a Perkin-Elmer Spectrum One (San Francisco, CA,
USA), within the 4000–650 cm−1 and averaged over 32 scans.

Differential scanning calorimetry (DSC, TA Instruments, New Castle, DE, USA) was carried out
by means of a TA DSC250 under N2 in agreement with previous studies [32,35].

Gel Permeation Chromatography (GPC) measurements were performed with an HP1100
Hewlett-Packard (Hewlett-Packard, Wilmington, Philadelphia, PA, USA) and in agreement with
procedures previously reported [32,47].

Scanning transmission electron microscopy (STEM, Thermo Fisher Scientific, Hillsboro, Oregon,
USA) was performed on rGO samples using a FEI Quanta 450 ESEM equipped with a field emission gun.
Particle analysis was performed using the public domain ImageJ 1.52k software (National Institutes of
Health, Bethesda, MD, USA).

Thermal degradation of rGO was analyzed via thermogravimetric analysis (TGA) with a
Mettler Toledo TGA/SDTA851 instrument (Mettler Toledo, Columbus, OH, USA) under nitrogen flux
(80 mL/min). All samples were tested in agreement with procedures previously reported [48,49].
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Raman spectroscopy has been performed using a Horiba Jobin Yvon Xplora ONE confocal Raman
microscope (Horiba Scientific, Horiba Italy, Roma, Italy). The wavelength of the excitation laser was
542 nm and the power of the laser was kept below 1 mW without noticeable sample heating.

Microscopic morphology of the composite samples was observed by Scanning Electron Microscopy,
by using a Dual Beam FIB/SEM Helios Nano-Lab 600i (Thermo Fisher Scientific, Hillsboro, OR, USA),
10 kV accelerating voltage and variable magnification. For SEM imaging, the samples were prepared
by Au deposition (layer about 40nm) using AC sputtering.

The electrical measurements of the lrGo and hrGO solid dispersions were carried out according to
literature reports [50,51].

The temperature dependent resistivity measurements were performed on square 6 mm × 6 mm
samples with 1.05 mm of thickness, connected with two copper electrodes to the opposite edge of
the square: the temperature control was obtained by placing the sample on a thin ceramic plate
substrate (0.3 mm) equipped with a gold resistance (on the bottom side, not in direct contact with
sample) connected to a controllable power supply module. The temperature was monitored with a
k-thermocouple brought in contact with the sample; the resistance was continuously measured using a
High precision multimeter (Model 187, Fluke, Fluke Corporation, Everett, WA, USA) connected with
the copper electrodes. Measurements were performed modulating the temperature by changing the
current applied to the ceramic heater and waiting for the temperature stabilization.

3. Result and Discussion

3.1. Polyketone Functionalized with Gly-Gly Groups via the Paal–Knorr Reaction

We prepared PK30-Gly-Gly by chemical modification of polyketone 30 with Gly-Gly via the
Paal–Knorr reaction. The functionalization of polyketone yielded a Cco of 29% as established from
elemental analysis data (Table 1). The total di-carbonyl efficiency can be calculated by elemental
analysis (x + y) using the relative content of nitrogen in the products. Moreover, PK30 shows a weight
average molecular weight of 4670 with a dispersity index of 1.7, that are supposed to be mostly
unchanged the functionalization process in agreement with the recent literature [47]. Nevertheless,
attempts at measuring the molecular weight of the functionalized PK30 were not successful due to
significant aggregation phenomena among the macromolecules during chromatography.

The PK30 functionalization with Gly-Gly is confirmed by ATR–FT–IR and 1H-NMR spectroscopies.
Figure 2 shows the 1H-NMR spectra of PK30 before (B) and after (A) functionalization. The signals
of the pyrrole rings closely correspond to those of the model compound that we described in the
experimental section (Section 2.1). The success of the grafting process is indicated by the proton
signals at 5.7 (H1), 2.0 (H2), and 3.97 (H3) ppm that we attributed to the pyrrole ring formed during
the Paal–Knorr reaction, the methyl group, and methylene groups adjacent to it, respectively [34].
The methylene proton of the functional group was assigned at 4.15 (H6) and 4.51 ppm (H4), and
the proton of the amide group at 4.75 ppm (H5), whereas the remaining signals between 2.3 and
2.9 ppm were attributed to the unreacted PK aliphatic part comprised of 30 mol% ethylene and
70 mol% propylene.
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Figure 2. 1H-NMR spectra of (A) PK30 functionalized with Gly-Gly and (B) pristine PK30 in CDCl3.

Figure 3 shows the ATR–FTIR spectrum of PK30 and PK30-Gly-Gly. After the Paal–Knorr reaction
has occurred, the intensity of the carbonyl group signal (1700 cm−1) decreases, due to the disappearance
of the 1,4-dicarbonyl moieties. In addition, two peaks appeared for PK30-Gly-Gly very close to
1700 cm−1 that correspond to the carbonyl groups of the carboxylic acid at 1745 cm−1 and the amide
moiety at 1670 cm−1. The appearance of these two peaks, together with the decrease in intensity of the
signal associated with the PK carbonyl indicates the successful modification of the starting polymer. We
also assigned the wide weak peak from 3650 to 2000 cm−1 in PK30-Gly-Gly to the hydrogen bonding
of the carboxylic groups. Moreover, the peak associated to the pyrrole units was found at 3100 cm−1

(C=C–H) whereas the N–H and C–N stretching of the secondary amide can be found at 3397 and
1209 cm−1, respectively. The weak signal at 1540 cm−1 may correspond either to stretching of C=N
and C=C bonds or to both. Finally, stretching bands of aliphatic C–H of PK backbone and functional
groups appeared between 2969 and 2873 cm−1 [46].

A

B

Figure 3. FT-IR spectra of (A) PK30 functionalized with Gly-Gly and (B) pristine PK30.

Another evidence that the chemical functionalization was successful can be found in the higher
glass transition temperature (Tg) we measured for PK30-Gly-Gly (31.6 ◦C, Figure S1) compared to its
precursor PK30 (−17.7 ◦C). This is possibly due to a combination of effect: a) the formation of pyrrole
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units after the Paal–Knorr reaction and the presence of hydrogen bonds between the Gly-Gly groups of
different polymer chains [35,37], both contributing in the rigidity enhancement of the polymer matrix.

3.2. Preparation and Characterization of rGO/PK30-Gly-Gly Composites

We used PK30-Gly-Gly as supporting polymer matrix for two types of rGO (i.e., lrGO and hrGO)
that were obtained from GO by means of thermally reduced processes at different temperatures, i.e., 430
and 625 ◦C, for lrGO and hrGO, respectively. PK30-Gly-Gly (Figure 1) was specifically designed
as to show the presence of pyrrole rings along the backbone and the amide + carboxylic acid as
pendant groups thus possibly allowing a strong and effective (H-bonding) interactions with graphitic
fillers [32,52]. In particular, lrGO was characterized by a lower degree of reduction in comparison to
hrGO, according to the different reduction temperature. This was confirmed by the different carbon
content as determined by elemental analysis. Notably, on passing from lrGo to hrGO, the amount
of carbon increased from 68.84% to 74.64%. Moreover, thermogravimetric analysis (TGA, Figure S2)
evidenced a different degradation behaviour of the two types of rGO as well as a distinct residual
mass. The weight loss is directly correlated to the amount of residual oxygen-containing groups, thus
rGO with a larger reduction extent should display a lower weight loss. Indeed, lrGO had a residual
mass of 68.9% in comparison with the 74.9% of hrGO, in strict agreement with the elemental analysis.
Moreover, lrGO showed an inflection point at 218 ◦C that corresponds to the thermal decomposition of
the oxygen-containing residual groups [53], which resulted much less pronounced in the hrGO sample.
The surface size of the flakes for the two rGOs was evaluated by STEM (Figure S3) and found to be
2.95 ± 0.35 and 2.52 ± 0.74 μm2 for lrGO and hrGO, respectively. Raman spectroscopy is a versatile
technique used for the structural characterization of graphitic materials including graphene, graphene
oxide, and reduced graphene oxide. It is well reported that the most prominent features in a Raman
spectrum of rGO are the G and D bands (Figures S4 and S5). The G-band at about 1580 cm−1 is an
intrinsic feature of graphene and related to the planar vibration of carbon atoms in most sp2 graphitic
materials. Conversely, the disorder-induced D-band at about 1340 cm−1 is attributed to the scattering
from defects breaking the basic symmetry of the graphene sheet [54,55]. The large contribution at
about 2900 cm−1, is possibly attributed to the combination of the first overtone of the D band (2D band)
and D + G band. Notably, the ratio of D and G bands peak intensities (ID/IG) is a common index for the
extent of defects on different qualities of rGO. On passing from lrGO (Figure S4) to hrGO (Figure S5) it
was found that the ID/IG ratios of rGO samples changed from 1.09 to 1.20 even if the contribution of
the 2D + G + D bands did not substantially change. This result was attributed to the combination of
two opposite phenomena: the first is the increased reduction extent on passing from lrGO to hrGO
that favors the restoration of a larger amount of ordered graphitic structure, thus enhancing the ID/IG

ratio. The second is the loss of carbon content that possibly occurs for thermally-activated reduction
processes at higher temperature that, in turn, adversely affects the graphitic layer extent [56]. This last
hypothesis is in agreement with the average surface size determined by STEM experiments.

The different reduction extent between lrGO and hrGO was also reflected on their electrical
conductivity. Aliquots (100 μL) of rGO chloroform dispersions were drop-cast onto gold plated
electrodes supported on a Kapton® film and the electrical resistance was measured after the complete
evaporation of the solvent. Electrical resistances, determined as the average of three distinct depositions,
of 81.7± 15.41 MΩ and 38.11± 2.11 MΩ were measured for lrGO and hrGO, respectively, thus confirming
that the larger reduction degree is associated to a higher graphitic conductive extent.

rGO/PK30-Gly-Gly composites were then prepared by solvent-aided mixing of the polymer with
different amounts of rGO and characterized by means of various techniques. DSC experiments of
PK30-Gly-Gly composites comprising lrGO or hrGO showed that they have a higher Tg in comparison
to PK30-Gly-Gly alone (Figure S1 shows the experimental curves used to derive the data). Figure 4
shows the Tg increase for the lrGO/PK30-Gly-Gly composites as a function of the filler concentration.
The rGO/PK30-Gly-Gly composites with hrGO displayed a similar trend with Tg values of 52.7 ◦C and
53.5 ◦C for the 5 and 6 wt. % content, respectively. According to the literature, the increase of the Tg in
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nanocomposite is tightly related to the enhanced system viscosity due to the interfacial interaction
between the polymeric matrix and the filler [57,58]: in our case the pendant functional groups and
the pyrrole rings of the polymer both effectively interact with the rGO, thus limiting the polymer
mobility [59–61]. Overall, these results prove the good affinity between the filler and the polymer.

(
)

Figure 4. Glass transition temperature (differential scanning calorimetry (DSC)) of pristine PK30-Gly-Gly
and of the respective composites containing lower degree of reduction graphene oxide (lrGO) as the filler.

We also evaluated the morphology of the composite material and the dispersion degree of rGO by
SEM microscopy (Figure 5). Pictures in Figure 5 show a constant morphological change of the material
as the amount of lrGO increase. The composite with less content of lrGO (4 wt. %) displays a smoother
surface as also revealed at higher magnifications (Figure 5A,A1). As soon as the lrGO content increases a
more porous structure is evidenced, especially at the highest 7 and 8 wt. % (Figure 5C,D). Nevertheless,
the SEM micrographs do not evidence the presence of a significant phase separation between the
composite components and lrGO appears as homogeneously distributed graphitic filler within the
PK30-Gly-Gly matrix. More than that, at the highest magnification lrGO appears homogeneously
distributed within the interacting PK30-Gly-Gly thus possibly suggesting the formation of effective
percolation pathways (Figure S6). The composites comprising 5 and 6 wt. % of hrGO show similar
morphology (Figure 6) and appear similar to those prepared with the same concentration of lrGO as
well (Figures 5B,C and S7).
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Figure 5. Scanning Electron Microscopy (SEM) micrographs at different magnification of the
nanocomposite composed by PK30-Gly-Gly and lrGO at different weight percentage. (A,A1) 4 wt. %,
(B,B1) 5 wt. %, (C,C1) 6 wt. %, (D,D1) 7 wt. %, and (E,E1) 8 wt. %. Left pictures scale bar 500 μm, right
pictures scale bar 20 μm.
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Figure 6. SEM micrographs at different magnification of the nanocomposite composed by PK30-Gly-Gly
and hrGO at different weight percentage. (A,A1) 5 wt. % and (B,B1) 6 wt. %. Left pictures scale bar
500 μm, right pictures scale bar 20 μm.

Figure 7 summarizes the resistivity of the samples composed by PK30-Gly-Gly and lrGO.
As expected, the resistance decreased when increasing the rGO content dispersed into the polymer.
While the composite with 4 wt. % of lrGO displayed a surface resistivity higher than 500 MΩ/sq
at 30 ◦C, an effective percolation pathway was reached with 5 wt. % of lrGO. Moreover, significant
decrease in terms of surface resistivity occurred on going from 5 to 8 wt. % of the graphitic filler up to
values of 250 kΩ/sq.

To evaluate the effect of different degrees of reduction in the rGO filler, we tested samples
containing 5 and 6 wt. % of hrGO with a similar procedure. The results are summarized in the Figure 7.
Unlike the previous case, the increment in rGO from 5 to 6 wt. % did not produce any evident variation
in surface resistivity that was of 500 kΩ/sq for both composites. Nevertheless, these values appeared
remarkably lower that those measured from the corresponding lrGO/PK30-Gly-Gly composites, in
agreement with the more reduced rGO content in the hrGO sample.
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Ω

Figure 7. Surface resistivity of the nanocomposites composed by PK30-Gly-Gly and lrGO or higher
degree of reduction graphene oxide (hrGO) at different weight percentage at 30 ◦C. * ≥ 500 MΩ/sq.
Sample thickness of 1.05 mm.

3.3. Composite Resistance Sensitivity to Temperature

As a semiconductor, the conductivity of rGO increases upon increasing the temperature. Figure 8
shows the resistivity vs. temperature plot for the different lrGO/PK30-Gly-Gly composites (6, 7, and
8 wt. %). For each sample, the resistance lowered upon heating. In addition, the composites displayed
a marked reduction in resistivity after 50 ◦C, which one can relate to the Tg of the same composites
(Figure 4). Also, the composite with 4 wt. % started to show resistivity values from 45 ◦C (Figure S8).
This indicates that above the Tg, the polymeric matrix allows for an increased mobility of the rGO
flakes, thus reaching a temporal network where the electrons can flow through the material [62].

 

Ω

Figure 8. Surface resistivity of the nanocomposite composed by PK30-Gly-Gly and lrGO at different
temperatures and filler concentration. (

Ω

) 6 wt. %. (

Ω

) 7 wt. %. (

Ω

) 8 wt. %. Sample thickness of
1.05 mm.
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An important characteristic to evaluate is the material fatigue upon heating and cooling cycles.
In Figure 9, we show the resistivity variation of the lrGO/PK30-Gly-Gly composite during five heating
and cooling cycles from 30 to 115 ◦C. In general, we observed that the resistivity of the materials
was reliably restored across every cycle. Indeed, the composites with lrGO at concentrations of
4 wt. % returns to be an electrical insulator as the heating system is switch off. This evidence suggests
that these composites could be used as temperature sensors over the investigated operating range,
more preferably between room temperature and 80 ◦C, i.e., where the surface resistance variation
was maximum.

Figure 9. Surface resistivity measured at 30 ◦C (light blue) and 115 ◦C (light red) upon repeated cycles
of the nanocomposite composed by PK30-Gly-Gly and lrGO. (A) 4 wt. %, (B) 5 wt. %, (C) 6 wt. %, (D)
7 wt. %, and (E) 8 wt. %. Sample thickness of 1.05 mm. (F) Asymptotic surface resistivity as average
over last three thermal cycles.
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The same experiment was repeated for the hrGO/PK30-Gly-Gly composites (Figures 10 and 11).
Despite the variation of the filler, these composites possess the same behaviour of the ones
comprising lrGO.

Ω

Figure 10. Resistivity of the nanocomposite composed by PK30-Gly-Gly and hrGO at different
temperatures. 5 (

Ω

) and (

Ω

) 6 wt. % of filler concentration.

Ω

Figure 11. Surface resistivity measured at 30 ◦C (light blue) and 115 ◦C (light red) upon repeated cycles
of the nanocomposite composed by PK30-Gly-Gly and hrGO. 5 (A) and (B) 6 wt. % of filler. Sample
thickness of 1.05 mm.

4. Conclusions

We have shown the straightforward preparation of polymeric nanocomposites comprising rGO
using the novel functionalized PK30-Gly-Gly polyketone bearing pyrrole rings in the backbone
and amide and carboxylic acid as pendant groups. We synthesized the polymer by the chemical
modification of an alternating aliphatic polyketone via the Paal–Knorr reaction. The former was able
to interact with rGO by effective non-covalent interactions, thus facilitating the exfoliation process
without damaging the one-dimensional arrangement of rGO. We also easily modulated the electrical
resistance of the composite by increasing the concentration of rGO in the mixing process. Indeed,
resistivity measurements supported by SEM investigations demonstrated that the effective percolation
pathway is achieved from an rGO concentration of 5 wt. %. Heating and cooling cycles showed that
the conductive network is preserved, suggesting a high stability of the rGO dispersion within the
polymeric matrix. Interestingly, we found that the composite with 4 wt. % lrGO (below the percolation
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threshold) can act as an ON–OFF system with temperature, allowing a low resistance only when the
temperature is higher than the Tg of the composite and otherwise behaving as an insulator. Overall,
these results support the use of functionalized polyketones as the matrix for rGO nanocomposites.
Such materials may have a predominant role in the development of the next generation of soft robotics
devices, in which one can modulate mechanical and electrical properties by using diverse inputs such
as temperature and deformation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/923/s1,
Figure S1: DSC first cycle after thermal history erases of PK30Gly-Gly29 and its respective composite with lrGO
and hrGO. The first curves are not shown since they are carried out to remove the thermal history of the polymer
and composites; Figure S2: TGA analysis of a) lrGO and b) hrGO; Figure S3: STEM micrograph of a) lrGO and b)
hrGO; Figure S4: Raman spectrum of lrGO; Figure S5: Raman spectrum of hrGO; Figure S6: SEM picture of the
PK30-Gly-Gly nanocomposite containing 7 wt% lrGO; Figure S7: SEM picture of the PK30-Gly-Gly nanocomposite
containing 6 wt% of hrGO; Figure S8: Surface resistivity of the nanocomposite composed by PK30-Gly-Gly and
lrGO at different temperatures and filler concentration. (A) 4 wt%. (B) 5 wt%. Sample thickness of 1.05 mm.
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Abstract: In the present paper, we investigate the effectiveness of nanocomposites (composed of
ultra-high molecular weight polyethylene (UHMWPE) mixed with carbon nano-filler (CNF) and
medical grade paraffin oil (PO), from the biological point of view. Wear measurements were carried
out without (air) and with lubricant (distilled water, natural, and artificial lubricant), and antibacterial
activity and cytotoxicity were evaluated. The results highlighted that the presence of CNF is
important in the nanocomposite formulation because it reduces the wear rate and prevents oxidative
degradation during its processing. An amount of 1.0 wt % of CNF is best because it reaches the
optimal distribution within the polymeric matrix, resulting in the best wear resistant, bio-active,
and anti-bacterial nanocomposite among all investigated samples.

Keywords: UHMWPE; nanocomposites; wear tests; FTIR; bio-activity

1. Introduction

Biomedical grade ultra high molecular weight polyethylene (UHMWPE) has high wear/abrasion
resistance toughness and biocompatibility features and has been the standard material for joint
replacement (JR) in artificial knees and hips prosthesis for more than half a century to date [1].

However, UHMWPE is considered the weakest part of the artificial joint: during its use,
plastic debris is produced from the wear mechanism. Debris gives rise to adverse reactions, which lead
to osteolysis and aseptic loosening of the prosthesis causing the failure of the entire joint, and hence the
revision surgery [2]. After implantation in the human body, indeed, UHMWPE undergoes degrading
mechanisms in the physiological environment and for the sliding friction against the other metallic or
ceramic harder components of the artificial mobile prostheses [3–5]. For this reason, the research of the
last years is highly focused on the improvement of mechanical resistance of this material during its use
in vitro [6–9]. Highly cross-linked ultra-high-molecular-weight polyethylene was observed to be the
most clinically promising in total joint arthroplasty owing to its high wear resistance [10].

Cross-linking of UHMWPE can be initiated by free radicals, which can be introduced by various
methods such as exposure to ionizing radiation (i.e., gamma rays, electron beam) or the incorporation
of chemical cross-linking agents such as peroxides or silanes [11–14]. Then, an anti-oxidation treatment
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is required to avoid material oxidation: thermal quenching, thermal annealing, or blending with
antioxidant molecules in an opportune amount [15,16]. Vitamin E has been considered as an important
antioxidant for UHMWPE, preventing its oxidative degradation, and increasing its wear resistance
and fatigue [17]. Anyway, if on the one hand, vitamin E has been effective as a free radical scavenger,
on the other hand, it could reduce the cross-linking efficiency [18]. Recently, Oral et al. 2019 combined
the consolidation and cross-linking of UHMWPE in one step, such an opportunity to manufacture
highly wear and oxidation-resistant joint implant-bearing surfaces with much improved toughness.
The presence of Vitamin E in the UHMWPE formulation is important for its oxidative stabilization [19].

With the aim to enhance the mechanical properties of UHMWPE, many other alternative methods
have been used, such as the mixing with reinforcements (particles or fibres) [20]. It is known
that graphite acts as a lubricant to increase the wear resistance in friction components. For this
reason, UHMWPE reinforced with carbon nanofibers (codified as CFR-UHMWPE, or “Poly II”) has
been used in orthopedic implants for total hip or total knee arthroplasty (THA/TKA), in 1970 [21].
However, this composite has been withdrawn because of its decreasing in crack resistance, of the
fibers pull off on the surface, and other applicative problems. However, these nanocomposites are
reconsidered in these last years, owing to the great innovations in the incorporation methods developed
in the new experimentation, and also because of the cytocompatibility of the carbon nanofiller [22].
As an example, Puertolas et al. [23] evaluated the influence of carbon nanotubes (CNTs) and graphene
as reinforcement fillers in UHMWPE matrix, while Yousef et al. [4] highlighted that carbon nanofiller
can lead to an improvement in the wear behavior of biomedical grade polyethylene.

In our previous papers [4,24], we have shown the wear resistance features of nanocomposites
made by UHMWPE mixed with 1.0 wt % of carbon nano-filler (CNF) and 2.0 wt % of medical grade
paraffin oil (PO). In particular, the carbon nanofiller acts as lubricant while the paraffin oil reduces
the typically high viscosity of UHMWPE, favoring its process ability and the filler dispersion [4].
These nanocomposites are innovative because they exhibited an appreciable wear resistance compared
with that of graphene-filled nanocomposite, with the advantage of low cost [24].

In the present paper, we investigate the effectiveness of these nanocomposites (which had a
wear behavior enhancement) from the biological point of view (antibacterial activity and cytotoxicity).
Biocompatibility or cytotoxicity aspects need to be evaluated to determine if adverse reactions could
have occurred as the body’s response.

In the nanocomposites, UHMWPE is mixed with PO and CNF. UHMWPE is commonly classified
as bio-inert material. PO is a mineral oil and is compatible with the human body; for this reason,
it is used in medical applications as well as in cosmetics [25]. Carbon filler instead needs special
attention because its particles could migrate, being dangerous for the human body. In particular,
if carbon filler contains dangling carbon bonds on their surface, they are considered highly reactive.
Similarly, if carbon filler contains traces of residual catalysts, these could be dangerous and reactive
as well. Consequently, the high wear resistance of an UHMWPE based nano-composites containing
carbon fillers is the key-factor to limit the migration of the filler. In fact, the more resistant to wear
the material, the lower the carbon filler load that could migrate outside in the surrounding areas of
the nanocomposite. An improvement of wear resistance is very important to minimize the danger
of adverse effects on implants. For these reasons, and because to date there are no studies on this
aspect of these nanocomposites related to their biological features, we present the wear and biological
(bioactivity and anti-bacterial) features of these materials.

2. Materials and Methods

The control sample (code UP) was made of pure medical grade UHMWPE (code GUR1020
Ticona®, Sulzbach, Germany, molecular weight = 2–4 × 106 g/mol and density = 0.93 g/cm3) mixed
with 2.0 weight% of pharmaceutical grade Paraffin oil (Sella Pharmaceutical and Chemical Laboratory,
Schio (Vi), Italy), added to UHMWPE to favor its mixing and processing.
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Nanocomposites were obtained by mixing pure UHMWPE (code: U) with paraffin oil (2.0
weight%—code: P) and with carbon nanofiller (0.1–0.5–1.0–1.5–2.0 weight%—code: C) in a ball milling
for 30 min at 20 Hz. The nanocomposites were identified with the code UPC with a number indicating
the weight% of carbon nano-filler (code CNF). The mixing with ball mill was useful in order to induce
a high degree of the filler dispersion inside the polymeric matrix, which improves both the mechanical
and thermal features of the nanocomposites [5].

CNF powder was obtained by milling short carbon fibers supplied by Zoltek (Bridgeton, MO,
USA) in a ball milling (mod. Retsch-MM301, 30 cycles of 10 min at 50 rpm, Retsch, Haan, Germany).

Polymeric sheets were prepared by compression molding (mod. PM 20/200, Campana S.R.L,
Veduggio (MB), Italy) in a laboratory press at 200 ◦C for 20 min, at pressure of 20 MPa. The geometry
was 60 mm × 60 mm, 2 mm thick.

More details about the material’s preparations have already been explained in detail in our
previously published paper [5].

2.1. Materials Characterization

A pin-on-disc wear tester was used to perform wear resistance measurements in different
lubricants: no lubricant (air), distilled water, artificial (simulated synovial fluid), and natural lubricant
(bovine serum) [24]. Both artificial and natural lubricants were chosen in order to approximate the
biological conditions of a human joint. The polymeric samples employed in this test had square shapes:
20 mm × 20 mm, and 2 mm thick. The pin was a ruby corundum grinding stones (code: M.2145
and 3 mm in diameter), at room temperature. The use of such hard material allowed us to obtain
the “accelerate wear test”, in which we observed a noteworthy weight loss and improvement in the
accuracy of the final result. The pin-on-disc system gives a circular shape wear trajectory with a testing
load of 30 N, spin rate of 60 rpm, and test time of 120 min. Anyway, more details are given in a previous
paper [4]. For each sample, the specific wear rate Ws (mm3/Nm) was calculated [26]:

Ws =
Δm
PxFnxL

(1)

where Δm (mg) is the mass loss of the specimen, P (g/mL) is the density (see values listed in Table 1),
Fn (N) is the normal load, and L (m) is the total sliding distance. The mass loss was evaluated by a
high sensitivity electronic weighing balance (mod. Explorer pro EP 214C, ASTM D1505 International
standard, OHAUS Corporation, Parsippany, NJ, USA, accuracy: 10−4 g).

Three tracks of different diameter were evaluated after the two hours in each sample and the Ws
value was the average of these three tracks. Besides, the wear test was performed in four different
media: no lubricant (air), distilled water, artificial lubricant (or simulated synovial fluid), and natural
lubricant (or bovine serum). The final value of the specific wear rate Ws was determined with the
average of the Ws values of n.9 polymeric sheets (for each nanocomposite obtained) in the four
different media.

Data presentation and statistical analysis: the mean differences and standard deviations of specific
wear rate of all the samples, with the CNF filler amount, in different media (air, distilled water,
and artificial and natural lubricant), were calculated. The media (air, distilled water, and artificial and
natural lubricant) and the CNF (%) nanocomposites were the independent variables. The data were
first verified with the D’Agostino & Pearson test for the normality of the distribution and the Levene
test for the homogeneity of variances. The data were normally distributed and homogenous; therefore,
they were statistically analyzed using two-way analysis of variance (ANOVA) and Bonferroni post hoc
test for multiple comparisons at a level of significance set at p< 0.05 (Prism 8.4.1; GraphPad Software, Inc.,
La Jolla, CA, USA).

Artificial lubricant was a simulated synovial fluid (SSF), formed by dissolving 0.3 wt % of
hyaluronic acid in a phosphate buffered saline solution at pH = 7.4. The electrolyte concentration was
as follows: Na+ 153.1 mM, K+ 4.2 mM, Cl−139.6 mM, phosphate buffer 9.6 mM [24].
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Bovine serum, or natural lubricant, is a synovial fluid extracted from the joint of a young bovine
according to current legislation. It was kept in a refrigerator at −20 ◦C before each test.

Density was calculated by means of the precision balance before described, equipped like
a hydrostatic system that follows the Archimede’s principle. Each test was performed at room
temperature for five minutes. The density (ρ) was evaluated from dry (Pdry) and wet (Pwet) weight of
the sample, before and after the immersion in ethanol, with the following equation:

ρ =
Pdry

Pdry − Pwet
ρeth (2)

where ρeth is equal to 0.790 g/cm3. The resulting density value of each sample was the average of
n = 3 measurements.

2.2. Fourier Transform Infrared (ATR/FTIR) Spectroscopy

The chemical composition of the different materials was analyzed by attenuated total reflectance
Fourier transform infrared (ATR/FTIR) spectroscopy (Shimazu, Tokyo, Japan). The spectra were
obtained with the Prestige-21 FTIR spectrometer equipped with an AIM-8800 infrared microscope
(Shimadzu, Tokyo, Japan), using the incorporated 3mm diameter Ge attenuated total reflectance
(ATR) semicircular prism. Furthermore, the spectra were recorded with an incident angle of 30◦
with a resolution of 4 cm−1 (64 scan) and were in the range of 650–4000 cm−1. The Prestige software
(IRsolution, version 1.10, Shimadzu, Tokyo, Japan) was used to further analyze the spectra.

Table 1. Values of reference UP and of the nanocomposites at different immersion times. U, ultra high
molecular weight polyethylene (UHMWPE); P, paraffin oil; C, carbon nanofiller.

Sample Code Density (g/mL)

UP 0.866 ± 0.001
UPC 0.1 wt % 0.864 ± 0.001
UPC 0.5 wt % 0.862 ± 0.002
UPC 1.0 wt % 0.862 ± 0.004
UPC 1.5 wt % 0.863 ± 0.002
UPC 2.0 wt % 0.865 ± 0.002

2.3. Fourier Transform Infrared (ATR/FTIR) Spectroscopy

In order to evaluate the bioactivity, the materials were soaked in simulated body fluid (SBF) with
ion concentration nearly equal to those in human blood plasma [27].

Table 2. Body fluid (simulated body fluid, SBF) composition.

Ion
Concentration/mol m3

SBF Human Blood Plasma

Na+ 142.0 142.0
K+ 5.0 5.0

Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 147.8 103.0

HCO3
− 4.2 27.0

HPO4
2− 1.0 1.0

SO4
2− 0.5 0.5

The SBF was prepared from NaCl, NaHCO3, KCl, MgCl2, 1 M HCl, CaCl2·6H2O, and Na2SO4

(Sigma-Aldrich, St. Louis, MO, USA) with a concentration that was suggested by Kokubo [27] (Table 2).
The pH of the buffer was adjusted to pH 7.4 using 1 M HCl. The solution was exchanged every two days
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to avoid depletion of the ionic species in the SBF owing to the formation of biominerals. After 21 days
of exposure at 37 ◦C, the samples were removed from the SBF and air-dried in a desiccator.

Fourier transform infrared (ATR/FTIR) spectroscopy (Shimadzu, Tokyo, Japan) was used to
observe the characteristic peaks of hydroxyapatite layer on the surface of materials.

2.4. Antibacterial Activity

Escherichia coli, Gram-negative (ATCC 25922) and Enterococcus faecalis, Gram-positive (ATCC
29212) were used to evaluate the antibacterial properties of UHMWPE with 2.0 wt % of paraffin oil in
function of different amounts of carbon nano-filler.

The bacterial culture was diluted in distilled water to produce a bacterial cell suspension of
10 × 105 CFU/mL (where CFU is for colony forming unit). E. coli and E. faecalis were inoculated in
TBX medium (Tryptone Bile X-Gluc) (Liofilchem, Italy) and in Slanetz Bartley agar base (Liofilchem,
Italy), respectively.

The materials were incubated against E. coli for 24 h at 36 ◦C and against E. faecalis for 24 h at
44 ◦C. The microbial growth was evaluated by observing the diameter of the inhibition halo (ID).
The obtained values are the mean standard (SD) deviation of the measurements carried out on samples
analyzed three times.

2.5. Cytotoxicity

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to determine
the metabolic activity on NIH-3T3 murine fibroblast cells. For this purpose, cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum, 50.0 U/mL penicillin,
and 100.0 μg/mL streptomycin, at 37 ◦C in a humidified atmosphere containing 5% CO2. When cells
were seeded at a density equal to 5.0 × 105 per well, onto six-well plates, they are directly exposed
to disks of synthesized material. After 6, 12, and 24 h of incubation, cells were treated with MTT
(500 μL; 0.50 mg/mL), previously dissolved in culture media, for 2 h at 37 ◦C in a 5% CO2 humidified
atmosphere. The MTT solution was then removed and dimethyl sulphoxide (DMSO) was added to
dissolve the original formazan. Finally, the absorbance at 570 nm of each well was determined using
a Victor3 Perkin Elmer fluorescence and absorbance reader. The cell viability was expressed as a
percentage of mitochondrial redox activity of the cells directly exposed to powders, compared with an
unexposed control.

3. Results and Discussion

3.1. Wear Behavior

Considering a comparison of the specific wear rate (Ws) of the control sample (UP) and the
nanocomposites in different lubricating media reported in Figure 1, we have the following trend of Ws:

Air >Water > Artificial Lubricant > Natural Lubricant

Thus, the natural bovine serum has the best lubricant effect, while the air (or no lubricant)
has the worst, as expected. The highest reduction occurs in natural lubricant, for all the samples,
regardless of the CNF amount. In particular, the decrease was −78.03% in the UP control sample (from
47.3 ×·10−6 mm3/Nm to 10.39·× 10−6 mm3/Nm, p < 0.0001) and −89.01% (from 40.78·× 10−6 mm3/Nm
to 4.48·× 10−6 mm3/Nm, p < 0.0001) in the UPC 0.5 wt %, and −93.29% (from 37.91 ×·10−6 mm3/Nm
to 2.54 ×·10−6 mm3/Nm, p < 0.0001) in the UPC 1.0 wt %. These data suggest that UPC 1.0 wt %
nanocomposite exhibits the highest wear rate reduction, regardless of the lubricating media. In fact,
for higher filler amounts, the wear rate improves again.
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Figure 1. Wear rate of all of the samples vs. the carbon nano-filler (CNF) amount in different media (air,
distilled water, and artificial and natural lubricant). The differences between the groups are statistically
significant according to two-way analysis of variance (ANOVA) interaction and post hoc Bonferroni
test, p < 0.0001).

This is because the filler dispersion changes with the different loads; at a low amount, such as
0.1 or 0.5 wt %, the dispersion is poor, while at higher amounts, such as 1.5 or 2.0 wt %, the great
filler amount let to a filler agglomeration, which forms weak points that act as localized stress
concentration points with an increases of specific wear rate improvement for an improvement of
weight loss [28].The inferential analysis revealed statistically significant differences in the effect of the
media (air, distilled water, and artificial and natural lubricant) on the nanocomposites (p < 0.0001).
The statistical analysis carried out also showed that both variables (carbon nanofiller content and
type of medium used) have a statistically significant effect on the wear data obtained (interaction,
p < 0.0001).

3.2. Fourier Transform Infrared (ATR/FTIR) Spectroscopy

The chemical interactions among the components in the materials and its chemical structure
were evaluated using ATR/FTIR spectroscopy. In Figure 2 are reported the spectra of all samples with
different percentages of carbon nano-filler (curves b, c, d, e) compared with UHMWPE with paraffin
oil and without carbon nano-filler (curve a).

In all spectra, the bands at 2930 cm−1 and 2847cm−1 are observed owing to the –CH–CH asymmetric
and symmetric stretching modes [29,30]. In addition, the peak at 1465 cm−1 was attributed to –CH
asymmetrical bending, while the C–C stretching vibrations could be assigned at 1242 cm−1 [29,30].
Furthermore, in the spectrum of UHMWPE with paraffin oil and without carbon nano-filler (curve
a), the peaks at 1743 cm−1 and 721 cm−1 were detectable. The peak at 721 cm−1 was reported to
be related to the asymmetric angular deformation of CH2 groups in mineral oil [31]. The band at
1743 cm−1 could be attributable to an oxidative degradation process that occurs during the high
temperature processing. In fact, the peak at 1743 cm−1 is attributed to the absorption of carbonyl
species (C=O) [32], while oxygen bearing functionalities such as C–O stretching could be assigned
at 1242 cm−1. Observing the spectra of the polymer containing the different percentage of carbon
nano-filler, the peak at 1743 cm−1 disappeared, and it was weakly detectable in UPC 2.0 wt % CNF
spectrum (Figure 2 panel E). This could be because of the ability of carbon nano-filler (CNF)to improve
resistance to oxidative degradation. Indeed, the C–O stretching vibration was also more pronounced in
UPC 2.0 wt % CNF spectrum. The different change in shape and absorbance of the peak at 1242 cm−1

could be the result of CNF C–C stretching modes overlapping [33].
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Figure 2. Total reflectance Fourier transform infrared (ATR/FTIR) spectroscopy spectra of (a) UP;
(b) UPC 0.1 wt % CNF; (c) UPC 0.5 wt % CNF; (d) UPC 1.0 wt % CNF; and (e) UPC 2.0 wt % CNF. U,
ultra high molecular weight polyethylene (UHMWPE); P, paraffin oil; C, carbon nanofiller.

3.3. Bioactivity Test

The bioactivity properties of the different materials were evaluated using Kokubo’s test.
The materials were soaked in simulated body fluid (SBF) for 21 days, and after this exposure time,
the formation of the hydroxyapatite on the surfaces of all samples was detected by ATR/FTIR.

 

Figure 3. Total reflectance Fourier transform infrared (ATR/FTIR) spectroscopy spectra of (a) UP;
(b) UPC 0.1 wt % CNF; (c) UPC 0.5 wt % CNF; (d) UPC 1.0 wt % CNF; and (e) UPC 2.0 wt % CNF after
21 days in simulated body fluid (SBF).
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In Figure 3, the spectra of all materials are reported, in which it is possible to observe the peaks
at 3429 and 1647 cm−1 that correspond to the −OH groups [34,35]. Comparing all materials, in the
spectra of UHMWPE with paraffin oil and with 1.0 wt % of carbon nano-filler (curve d), the typical
bands of the hydroxyapatite layer are clearly visible. In fact, the peak at 1021 cm−1 is the result of
the absorption of the stretching mode of the PO4

−3 ions [36–38]. In addition, the P−O bond of the
phosphate group appears at 1122 and 1111 cm−1 [39]. Furthermore, only in this spectrum, the typical
peaks of the polymer are not very intense, which is probably because the material’s surface is covered by
a hydroxyapatite layer that is very thick compared with the others [40,41]. In conclusion, all materials
seem to be bioactive because the hydroxyapatite bands are present in all spectra, but when carbon
nano-filler is added to 1.0 wt %, the hydroxyapatite peaks are more intense, suggesting that this
material is the most bioactive of all.

According to the wear resistance test result, the optimal wear performance and optimal bioactivity
are noticed in the same nanocomposite, containing 1.0 wt % of carbon nano-filler. This result confirms
that the filler dispersion is a key parameter to achieve the best mechanical as well as biological response,
as discussed in Section 3.1.

3.4. Antibacterial Activity

The materials with the same percentage of paraffin oil and several amounts of carbon nano-filler
were incubated with gram-positive and gram-negative bacterial strains. In Figure 4A, the representative
images of both bacteria are reported, while the bacterial growth is shown in Figure 4B. The UP material
with only 2.0 wt % of paraffin oil was used as control in order to evaluate the effects of carbon nano-filler
on bacterial growth. In all plates, after 24 h of incubation against E. coli and E. faecalis, the inhibition
halo (ID) was not observed, regardless of the carbon nano-filler content. Therefore, the results show
that the materials do not have toxic effects against gram-positive and gram-negative bacterial strains.
In addition, the materials during the incubation period did not release any product that could damage
the bacteria growth, suggesting that they could be used as optimal materials for joint replacement (JR)
in artificial knees and hips prosthesis.

 

Figure 4. (A) Representative image of E. coli and E. faecalis incubated with all materials. (B) Bacteria
growth (%) of E. coli and E. faecalis incubated with UP, UPC 0.1 wt %, UPC 0.5 wt %, UPC 1.0 wt %,
and UPC 2.0 wt %. Values are the mean SD of measurements carried out on samples analyzed three
times. The means and S.D. are shown. * p < 0.05 vs. the bacteria control treated without materials.
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3.5. Cytotoxicity

The nanocomposites were investigated for their biocompatibility through MTT-direct contact test.
The data (Figure 5) acquired highlighted that all the samples avoided cytotoxic effects, and that the
increase in amount percentage in carbon nano-filler positively affected NIH-3T3 viability. In fact, all the
samples appeared to induce a cell growth increase with respect to UP material, reaching its maximum by
the UPC1% sample. This latter showed a percentage increase in cell viability equal to 10.2% compared
with UP. Thus, the incorporation of CNFs in a small dose level percentage seemed to not exert evident
redox mitochondrial modification. Previous studies evidenced that multiwall carbon nanotubes caused
a significant time- and dose-dependent decrease in cells’ viability [42,43], and that they could be
toxic at sufficiently high concentrations. Indeed, it was reported that carbon nanomaterials present
significantly different cytotoxicity depending on their physicochemical properties, including size,
length, shape, and surface area [44–46]. The lack of filler coalescence, defined as a consequence of
CNF incorporation, suggested the constitution of an improved UHMWPE-based material, in which
the absence of debris could favour the slowing down of inflammatory and oxidative stress effects
commonly ascribed to these materials [47–52].

Figure 5. (A) Data from MTT assay expressed as NIH-3T3 cells viability (%) vs. untreated cells.
Values are the mean ± SD of two independent experiments performed in triplicate. * p < 0.05 vs.
untreated cells. The increase in cell viability vs. UP sample is also shown. (B) Representative cell
morphology images of NIH-3T3 cells after treatment with investigated samples. Images were acquired
by Inverted Phase Contrast Brightfield Zeiss Primo Vert Microscope.

4. Conclusions

In this paper, we investigated the biological and antibacterial activity of wear resistant
nanocomposites based on biomedical grade UHMWPE paraffin oil and carbon nano-filler. Paraffin oil
favors the workability of the typical high viscosity UHMWPE and the filler dispersion within the
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polymer. Carbon nanofiller act as lubricant to lower the friction between the UHMWPE and other
counterparts. Furthermore, carbon nano-filler prevents the oxidative degradation of the nanocomposite
during its processing, as observed by the FTIR analysis.

The wear test was performed in different lubricating media (no lubricant or air, distilled water,
simulated synovial fluid, and bovine serum). The lubricating effect was in the following order:
natural lubricant > artificial lubricant >water > air. The more wear resistant nanocomposite resulted it
being reinforced with 1.0 wt % of CNF regardless of the lubricating media because of the best filler
dispersion within the polymeric matrix. A filler load lower than 1.0 weight percentage, as well as a
higher one, are too little and too much, respectively, in order to achieve a homogeneous dispersion
and to avoid filler coalescence, respectively. This aspect also reflects the bio-activity response of the
materials, which has the best hydroxyapatite production in just the 1.0 wt % sample.

This suggests that it could be applicable in artificial prosthesis. In order to verify in more depth
the suitability of these nanocomposites, further studies are underway on the release of components
over time into biological fluids.
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Abstract: Nowadays, research in the field of nanotechnology and nanomedicine has become
increasingly predominant, focusing on the manipulation and development of materials on a nanometer
scale. Polysaccharides have often been used as they are safe, non-toxic, hydrophilic, biodegradable
and are low cost. Among them, starch derivatives and, in particular, cyclodextrin-based nanosponges
(CD NSs) have recently emerged due to the outstanding properties attributable to their peculiar
structure. In fact, alongside the common polysaccharide features, such as the presence of tunable
functional groups and their ability to interact with biological tissues, thus giving rise to bioadhesion,
which is particularly useful in drug delivery, what makes CD NSs unique is their three-dimensional
network made up of crosslinked cyclodextrin units. The name “nanosponge” appeared for the first time
in the 1990s due to their nanoporous, sponge-like structure and responded to the need to overcome
the limitations of native cyclodextrins (CDs), particularly their water solubility and inability to
encapsulate charged and large molecules efficiently. Since CD NSs were introduced, efforts have
been made over the years to understand their mechanism of action and their capability to host
molecules with low or high molecular weight, charged, hydrophobic or hydrophilic by changing
the type of cyclodextrin, crosslinker and degree of crosslinking used. They enabled great advances
to be made in various fields such as agroscience, pharmaceutical, biomedical and biotechnological
sectors, and NS research is far from reaching its conclusion. This review gives an overview of CD
NS research, focusing on the origin and key points of the historical development in the last 50 years,
progressing from relatively simple crosslinked networks in the 1960s to today’s multifunctional
polymers. The approach adopted in writing the present study consisted in exploring the historical
evolution of NSs in order to understand their role today, and imagine their future.

Keywords: history; cyclodextrin nanosponge; crosslinked polymer

1. Introduction

Cyclodextrins (CDs) are natural oligosaccharides widely used in numerous fields, including
biomedicine, cosmetics, food industry, wastewater remediation and catalysis. The popularity of CDs
is mainly attributable to their inclusion capacity and ability to improve desired physico-chemical
properties of guest molecules, such as apparent solubility and stability.

However, native CDs have some limitations, among all solubility. Time-consuming and expensive
separation techniques would be necessary to recover the CDs from an aqueous environment. When CD
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polymers came on the scene, this limit was overcome and their solubility could be tuned by changing
the degree of crosslinking. Nowadays, CD insoluble polymers are usually called “nanosponges” (NS),
referring to their sponge-like structure, which has high porosity and capacity of entrapping various
kinds of molecules into the matrix [1].

Being insoluble is not the only advantage of CD NSs. In fact, while internal cavities of CDs can
host hydrophobic molecules, the interstitial pores present between crosslinker units and the external
walls of CDs make NSs capable of also entrapping hydrophilic molecules [2,3]. This ability has
triggered extensive research, and CD NSs have emerged as a promising material in various fields such
as environmental, enzymological, agricultural, biomedical, catalytical and pharmaceutical applications,
as well as in gas storage, flame retardants, etc. [4–9], which will be discussed in depth in this review.

Today’s main field of investigation is nanomedicine due to the target reached by nanoparticles
as drug delivery systems [10]. Nanoparticles can be prepared using polymers, which must at least
be biocompatible and are better if biodegradable. Use has been made of many different polymeric
materials, such as polylactic and polyglycolic acids, polycaprolactone, polyacrylic acids, proteins,
polypeptides (gelatin) and polysaccharides, which include CD NSs [10].

The advantages of using polysaccharides are that they can be easily modified chemically due to
the presence of derivable groups on the molecular chains, and they are safe, non-toxic, hydrophilic,
biodegradable and are low cost as they are readily available in nature. In addition, the hydrophilic
groups contained in most natural polysaccharides, such as hydroxyl, carboxyl and amino groups,
which may form non-covalent bonds with biological tissues (mainly epithelia and mucous membranes),
thus giving rise to bioadhesion, prolong the residence time of the encapsulated drug and solve the
bioavailability problems. These properties combined with the capability of NSs to carry a wide variety
of drugs make NSs the therapeutic nanocarriers of choice.

A comprehensive overview of the current state of these NS drug delivery systems is provided in
the review conducted by Caldera et al. [11], in which they were classified into four generations.

The 1st generation comprises urethane, carbonate, ether and ester NSs synthesized by reacting
CDs with a crosslinking agent. In the 2nd generation, there are polymers with specific properties, e.g.,
fluorescence or charged side chains. The 3rd generation contains stimuli-responsive NSs modifying
their behavior according to changes in the environment, such as pH, temperature gradients or
oxidative/reducing conditions. The 4th generation includes molecularly imprinted NSs with high
selectivity towards specific guest molecules.

NSs have proven capable of keeping up with the advances in nanomedicine, responding positively
to the need for targeted treatments, aimed at improving the efficacy and reducing the adverse effects
of the drugs. This approach is called “targeted drug delivery” and consists of assisting the drug
molecule to preferably reach the desired site (cell/tissue/organ) [12]. Much consideration has, therefore,
been given in pharmaceutical research to nanoparticles, including NSs, able to perform such delivery.
The potential of nanosponges, in particular, is attributable to the presence of functional groups on their
surface, which has led to their being recently used for grafting biological ligands capable of binding
to specific receptors on the surface of the target cells, thus increasing cellular uptake of the drug
encapsulated inside the NSs [12] and, consequently, the possibility of improving therapeutic efficacy.

These NSs functionalized with biological ligands may be considered as belonging to a new,
fifth generation.

Today’s NSs are the result of intense research conducted over the years. They have progressed
from the relatively simple crosslinked networks of the 1960s to today’s multifunctional polymers.

The synthesis of NSs over the years has evolved towards greener processes, starting from the use
of organic solvents, which made the washing step of NSs necessary because of the toxicity, passing
through water to the most recent solvent-free synthesis [13]. NS formulations have also been optimized
by means of mathematical tools to ensure the best solution for the delivery of drugs [14–17]. The number
of analytical tools has increased in order to improve the characterization of NSs and better understand
their properties and behavior.
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The purpose of this review is to provide an overview of research on CD NSs, by exploring their
historical development to make the reader aware of how they were developed and used to meet the
changing needs of the period, and highlighting their properties and enormous potential for the future.

We believe that studying the history of nanosponges is important because it allows us to understand
the past, which, in turn, enables us to understand the present and possibly have a glimpse of the future
opportunities of such innovative and promising polymers. As Winston Churchill said, “The farther
backward you can look, the farther forward you are likely to see”.

2. Origin and Historical Development of Nanosponges Over the Last 50 Years

This review describes in detail the research related to crosslinked insoluble CD polymers from
their origin to today’s multifunctional polymers.

2.1. From the 1960s to the 1980s: Origin of Insoluble Crosslinked Cyclodextrin Polymers

The history of crosslinked insoluble CD polymers dates back to 1965 when Solms and Egli
published a study on the preparation and inclusion properties of novel network polymers made up
of CDs crosslinked with epichlorohydrin (EPI). Firstly, CDs dissolved in water were activated with
sodium borohydride and hot solution of sodium hydroxide, and then EPI was added as a crosslinker.
The authors studied the binding properties of this novel material in comparison to EPI-dextran network
polymers. It was capable of including iodine and several organic compounds, aniline, pyridine,
benzaldehyde, butyric acid, p- and o-nitrophenol are a few examples. This study suggested that the
inclusion ability could be useful in separation techniques based not only on separating molecules
on the basis of their size but also of their shape, an example of which is the separation of p- from
o-nitrophenol and of differences in their inclusion behavior [18]. This idea was further developed in
the 1970s with the aim to prepare novel stationary phases for nucleic acids [19] and mandelic acid
derivatives [20].

2.2. From the 1980s to the 1990s: Investigation on Polymer Properties and Applications

In the 1980s, research was more focused on exploring and understanding the properties of these new
materials, rather than investigating only their binding abilities. In 1980, insoluble porous polymers such
as polyurethane-CD network polymers were examined. They were obtained by using hexamethylene
diisocyanate (HMDI), 1,3-bis (isocyanatomethyl) cyclohexane and 1,3-bis (isocyanatomethyl) benzene
as crosslinkers. The synthesis consisted of stirring CDs with diisocyanate in pyridine subjected to
heating. The properties of these new polymers were investigated more in depth compared to previous
studies: thermal analysis, Brunauer, Emmett and Teller (BET) measurement of surface area, elemental
analysis (detection of unreacted –OH groups in CD) and gas chromatography were employed to study
the interactions between CD polymers and organic compounds (e.g., benzene, toluene, cyclohexane,
ethanol, methyl ethyl ketone, propanol and others) [21]. Moreover, the influence of the type of
crosslinker (1,2-ethanediol diglycidyl ether, 1,4-butanediol diglycidyl ether, 1,6-hexanediol diglycidyl
ether, 1,3-butadiene diepoxide, 1,7-octadiene diepoxide, EPI) as well as the degree of crosslinking on
guest binding properties of CDs were investigated [22].

In the 1980s and the 1990s, CD polymers were studied for food application for the first time.
For example, grapefruit juice was debittered by removing naringin and limonin with the use of
polymers, such CDs crosslinked with EPI, hexamethylene diisocyanate and phenyl isocyanate [23].
In addition, their encapsulation capability was also tested on other food components, such as caffeine,
vanillin and theobromine [24].

Insoluble crosslinked polymers in the form of gels were examined for the sorption of textile dyes [25],
and the same polymers were later used to entrap aromatic pollutants, such as phenol, p-nitrophenol,
benzoic acid, p-nitrobenzoic acid, β-naphthol, chlorophenols and 4-tert-butylbenzoic acid [26].
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2.3. 1999:“In the Beginning Was the Word”

The term “nanosponge” was used for the first time in 1999 by Min Ma and De Quan Li [27,28].
They described novel nanoporous polymers made up of CDs connected with diisocyanate linkers [28].
The preparation was very simple: CDs were mixed with the crosslinker in DMF and heated for 24 h. These
NSs exhibited a surprisingly high adsorption capacity despite their low surface area, thus opening new
possibilities in the water remediation field. Their properties, such as adsorption capacity, tunability
and low cost, overcame the limits of the purification methods used so far, such as reverse osmosis
and adsorption on activated carbon, or zeolites. A great advantage was the possibility to modify
the properties of these polymers by changing the degree of crosslinking and the kind of crosslinker.
The entrapment of organic pollutants from an aqueous medium was strictly dependent on the size of
CD cavities, and the NSs were readily available after washing with an organic solvent.

The 20th century came to an end with an innovation in CD chemistry, which will influence a broad
range of scientific fields. However, a decade passed before the importance of NSs was widely recognized.

2.4. From 2000 to 2009: New Millennium Came with New Applications

In the new millennium NSs found interesting opportunities in new fields. Nevertheless, already
known applications of CD NSs were not neglected.

The problem of water purification was still one of the main points of interest, being a critical issue
of daily life. The challenge consisted of improving water purification by developing novel insoluble
CD materials with enhanced affinity to organic contaminants. A β-CD polymer highly crosslinked
with EPI was prepared to entrap polycyclic aromatic hydrocarbons and pharmaceutical compounds
from water [29]. The entrapment behavior showed the dependency on the polarity of the pollutant,
being more effective with nonpolar compounds than ionized ones. The binding ability was affected by
the presence of alcohols during the pollutant entrapment, as alcohols have a high affinity to CD cavity.
Nevertheless, such competitive behavior offered an easy and efficient way to recover the polymer by
washing in alcohol. Moreover the trapping potential could be enhanced via functionalization of CD
NSs [30]. In 2005 (Italian patent), Trotta and collaborators replaced the potentially toxic diisocyanates
used as NS crosslinking agents with carbonate compounds. They found that CDs crosslinked through
carbonate bonds were in the form of micro- or nanoporous materials able to remove chlorinated
persistent organic pollutants (POPs) from aqueous solutions even at low concentrations (such as a
few ppb) and to strongly bind them [11,31,32].

The undesirable effects of some chemicals present in water even at very low concentrations created
the need to improve filtration methods in order to discard them. Polyurethane cyclodextrin NSs were
investigated for high-efficiency removal of aromatic and chlorinated hydrocarbons, using disinfection
by-products with unpleasant odor as model pollutants. All the materials tested showed elimination of
the pollutants to undetectable values; therefore, the efficacy obtained was higher than that of activated
carbon [33]. Nanosponges were used also for discarding carcinogenic compounds from drinking water
supplies, which can be harmful even at low concentrations, such as N-nitrosodimethylamine (NDMA).
According to the study of Mhlongo et al., cyclodextrin polyurethane NSs showed great potential in
NDMA entrapment [34].

CD NSs were not examined only for removing organic pollutants, but also for trapping heavy
metals, thus finding application in environmental and pharmaceutical fields. The most common
heavy-metal pollutants include arsenic, cadmium, chromium, copper, nickel, lead and mercury.
The consumption of contaminated water causes the intake of these heavy-metals, which can accumulate
in tissues and, therefore, are extremely harmful to human health. CDs crosslinked with pyromellitic
dianhydride (PMDA) were tested for binding metal ions, such as Al (III), Mn (II), Co (II), Ni (II), Cu (II),
Cd (II) and others. It was the first time that acidic properties of a CD polymer were investigated by
pH-metric titrations with standard NaOH solutions in order to obtain protonation constant values
of individual specific protogenic sites. The complexation of heavy metal cations on the polymer was
tested at different pH values. In most of the cases the retention was mainly pH dependent and higher
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than 70% [35]. The idea was further developed by comparing different types of crosslinkers, such as
naphthalene dianhydride and diphenyl carbonate (DPC) [36].

In the new millennium, nanotechnology and nanobiotechnology gained increasing importance
and will change medicine greatly in the coming decades. Nanomedicine is believed to be a powerful
tool to significantly improve the current existing drug delivery systems and treatments, thus improving
the quality of life of patients.

Intense research on nanoparticulate systems began in this period, and various kinds of materials
were proposed as drug delivery systems with improved solubility, pharmacokinetics, distribution,
sustained release and cellular targeting of drugs.

CD NSs came to the scene due to their promising properties, which are attributable to their unique
structure. At first, the research was focused on their capacity to encapsulate various kinds of drugs.
Attention was also paid to their safety, negligible toxicity and biodegradability, as they were intended
for human use. To assure the quality parameters listed above, efforts were made to better understand
how nanosponges worked, their interaction with drugs and how they influenced the properties of
the drugs. In addition to FTIR and HPLC methods, employed to examine the structure and loading
properties, as well as DSC thermal analysis, X-ray diffraction, photon correlation spectroscopy, optical
microscopy, TEM, electrophoretic mobility and zeta potential, hemolysis, cytotoxicity and in vitro
release experiments were used and became essential to fully characterize these innovative drug
delivery systems.

For the first time, Cavalli et al. tested the capacity of carbonate CD NSs to load drugs both lipophilic
(e.g., dexamethasone or flurbiprofen) and hydrophilic (e.g., doxorubicin), and a sustained release of
the drugs was achieved [2,37]. Carbonate CD NSs also showed the ability to significantly increase
the solubility of the antifungal drug itraconazole and, thus, potentially improve its bioavailability.
Moreover, the effect could be even enhanced by using additives such as copolyvidonum [38].

In the end of the decade, NSs found also application as a substrate for enzyme immobilization.
Carbonate NSs increased the thermostability, pH stability and also storage stability of catechol
1,2-dioxygenase enzyme. NSs with this immobilized enzyme were used to create a small-scale bioreactor
for “green” production of cis, cis-muconic acid, a precursor for industrially valued adipic acid [39].

2.5. From 2010 to 2015: Focus on Nanosponges as Delivery Systems

In these years, the capability of CD NSs to load molecules of pharmaceutical interest was
extensively studied.

Alongside their use as drug carriers, they were found to be also suitable for gases, such as
oxygen and carbon dioxide. The former can solve hypoxic conditions of tissues, the latter provide
beneficial physiological effects like blood vessel dilation, blood circulation improvement and activation
of gastrointestinal movement.

The capacity of cyclodextrins to store gases in their cavity has been known for a long time, dating
back to 1987 when the encapsulation of carbon dioxide with CDs was patented in Japan anticipating
its uses in cosmetics, cleansing and personal care products [40]. Among all, α-cyclodextrins were
of choice because their gases have a low molecular weight and small size, unlike β-cyclodextrins,
which have a higher dimension of the inner cavity and therefore do not fit the requirements to host
gases. For the first time, Cavalli et al., and then Trotta et al., demonstrated that alongside cyclodextrins,
crosslinked cyclodextrins, including β-CDs, were not only able to host gases but also turned out to be
particularly advantageous in this field.

In particular, in 2010 Cavalli et al. [41] investigated the capacity of nanosponges synthesized using
different kinds of cyclodextrins α, β, γ-CD crosslinked with 1,1′-carbonyldiimidazole (CDI) to deliver
oxygen. These nanosponges, especially β-NS, were able to encapsulate, store and release oxygen for a
prolonged period, which could be enhanced by means of ultrasound as external stimulus in an in vitro
environment. The year after, Trotta et al. loaded inside carbonate β-CD NSs not only oxygen and
carbon dioxide, but also 1-methylcyclopropene (1-MCP), opening a new possible application, such
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as the improvement of the vase life of Dianthus caryophyllus cut flowers. The oxygen loading and
release confirmed the results of the study conducted by Cavalli et al., carbon dioxide was entrapped
at atmospheric pressure and room temperature, and a significant amount of carbon dioxide was
retained even at 373 K for 36 h under vacuum. 1-MCP included in β-CD NS showed a superior
antiethylenic effect in long-lasting cut flowers in contrast to commercially available products [40].
Moreover, Seglie et al. demonstrated that 1-MCP encapsulated in β-CD NS was even more effective
than the 1-MCP gaseous application at different concentrations, preventing pigment degradation in
petals and reducing endogenous ethylene production [42]. Later, the effectiveness of the non-volatile
formulation of 1-MCP complex in controlling Botrytis cinerea damage on carnation cut flowers was able
to control fungal diseases of cut flowers in the postharvest environment [43].

A number of NSs-based drug delivery systems with different types of CDs and crosslinkers
have been developed in these years. They contributed to improve the solubility, stability, sustained
release, enhancement of permeability and bioavailability and activity of drugs. Moreover, they enabled
alternative routes of administration to be chosen, thus favoring patient compliance and reducing side
effects; ocular and transdermal delivery are a few examples.

Cancer drugs were extensively studied in order to find the best nanoparticulate delivery system
capable of improving their efficacy and reducing their well-known side effects. CD NSs were proposed
as a promising solution in the studies reviewed below.

Ansari et al. developed various β-CD NS crosslinked with diphenylcarbonate (DPH) with
ratios 1:2, 1:4 and 1:8 to find the best carrier for loading paclitaxel [44]. Another attempt was made
by Mognetti et al. who found an alternative to classical paclitaxel formulation in Cremophor EL:
fluorescent NSs were synthesized and tested in vitro on cancer cells. As the anticancer activity of
paclitaxel was enhanced, it was believed that the nanosponges adhering to/interacting with the cell
membrane promoted the release of the drug [45].

Camptothecin, used for hematological and solid tumors, was encapsulated in DPH-linked NSs and
tested on human prostate cancer cells. β-CD NS carriers were able to overcome chemical disadvantages
of the drug and improve in vitro anti-tumor efficacy in androgen refractory models of prostate cancer
DU145 and PC-3 [46].

Carboxylated β-CD NSs were effective nanocarriers for oral delivery of tamoxifen [47], for delivery
of calcium in hyperphosphatemia [48], for curcumin in cancer treatment [49], naphthaleneacetic acid
on rhizogenesis of globe artichoke [50] and acyclovir [51].

Lembo et al. evidenced another extremely powerful property of NSs: the possibility to make
them fluorescent, which is particularly useful for cellular trafficking studies. The method consisted of
adding a pre-formed carbonate NS to a fluorescein isothiocyanate solution in DMSO and incubating at
90 ◦C for 3 h. After the solid was recovered by filtration, it was reacted with succinic anhydride to
obtain fluorescent NSs bearing carboxylic groups [51].

β-CD NS prepared with DPH as a cross-linker were successfully used for ocular delivery of
dexamethasone. The drug was retained for a longer time in the eye, thus increasing its corneal
permeability [52].

Nanosponges, as mentioned before, were employed also in drug delivery through the skin.
Imiquimod used in the prevention and treatment of post-burn hypertrophic scars was loaded in
β-CD/PMDA nanosponges [53]. The same kind of nanosponge was documented for the first time in
Conte et al.’s study as a multifunctional ingredient in semisolid formulations for drug delivery to
the skin [54]. The role of the NS in the solubilization and stabilization of benzoporphyrin-derivative
monoacid ring A (BPDMA), all-trans retinoic acid (atRA) and on skin permeation of diclofenac
(DIC) was tested. The nanosponge, being able to stabilize light-sensitive drugs and to localize the
action of highly penetrating drugs in the external layers of skin, proved to be particularly useful in
topical formulations.

Again, β-CD/PMDA nanosponges were investigated by Shende and co-workers to deliver
meloxicam in order to improve its solubility and bioavailability as well as to prolong its release for
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anti-inflammatory and analgesic effects. Physical mixing, kneading and sonication were used to extend
the duration of the drug release [55].

Positive results were achieved also with another non-steroidal anti-inflammatory drug (NSAID) such
as ibuprofen. This drug was loaded inside β-CD/ethylenediaminetetraacetic acid (EDTA) dianhydride
nanosponges. The dynamic properties of ibuprofen, especially in the gel state, were studied for
advanced formulations using high-resolution magic angle spinning (HRMAS) NMR spectroscopy.
The polymeric network was believed to affect the diffusive regimes of ibuprofen [56].

The administration of antioxidants is challenging due to their low solubility and physico-chemical
stability. A number of studies were carried out to assess the suitability of NSs for the delivery of
these molecules. CDI-linked β-CD NSs were used to deliver resveratrol and polyphenols found in
apples (rutin, phloridzin and chlorogenic acid) [57]. The latter were successfully loaded in β-CD NS
crosslinked with hexamethylene diisocyanate. Having significantly enhanced the photostability and
antioxidant activities, NSs offered a potential drug delivery system for oral and topical delivery [58,59].
Moreover, gamma-oryzanol (GO), a mixture of ferulic acid esters, usually employed to stabilize
food and pharmaceutical raw materials as sunscreen in cosmetic formulations, were loaded in NSs.
The photodegradation of GO after exposure to UVA or UVB irradiation was slowed down, and the
antioxidant effect was still present when included in nanosponges. In addition, a certain accumulation
of GO was found in in vitro experiments on porcine ear skin [60].

Drug delivery is not the only field in which CD NSs found interesting opportunities: in these
years agricultural and flame retardancy applications can be found.

Efforts were made to make agriculture more efficient, not only in terms of fertilization, but also to
protect crops from pests and increase food shelf-life. Functionalized β-CD NSs were investigated for
the growth, conservation, protection and disinfection of vegetable organisms [61]. NSs were used to
increase the efficacy and bioavailability of nutrients and, thus, enhance the plant growth. Moreover,
NSs may decrease toxic side-effects and enhance biodegradability of commercially available fertilizers.
The positive effect of NSs as fertilizer carriers on plant growth was confirmed in a work focused on
the development of a new iron fertilizer using a β-CD/PMDA nanosponge. The Fe-NS had a positive
effect on the growth and re-greening in sweet corn as well as tomato plants [62].

As mentioned above, it is necessary not only to grow more plants, but also to protect the quality
and safety of crops. The agricultural commodities might be devaluated by a number of pests, including
fungi, after which contamination with harmful mycotoxins remains. Polyurethane NSs were studied
to reduce the concentration of mycotoxins (Ochratoxin A) in aqueous solutions with positive results.
CD NSs showed good potential for further use in decontamination of beverages produced from the
affected commodities [63].

More and more emphasis is placed on the safety of materials in all fields, including electronics
or construction. Polymers and textiles are very useful for preparation of cables, insulation, etc.
However, the flammability of such materials is a serious problem limiting the application. To overcome
this issue, materials are enriched with flame-retardant additives, such as phosphates, inorganic
hydroxides, halogen and metal–halogen derivatives. These additives prevent ignition or slow down
its development in three ways: endothermic degradation of retardant cooling down the substrate,
creation of a protective char surface layer and/or emission of non-combustible gases. However, it is
necessary to use a high amount of flame retardants (20–60 wt %) [64], which might affect the final
properties of the materials. Development of efficient new fire retardant agents may lower the effective
dose as well as preserve human health by using more eco-friendly compounds and eliminating the
emission of toxic smoke [64–66].

Nanosponges were studied as novel flame retardant systems [64–66]. The first study was conducted
by Alongi et al., consisting of nanosponges loaded with phosphorus derivatives, which were entrapped
into the internal cavities of cyclodextrins and/or interstitial space between cyclodextrins and the
crosslinker by mechanical grinding. Unlike traditional systems, this complex, which was stable in
processing conditions, had the advantage of having NS acting as both carbon sources and foam
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forming agents able to generate phosphoric acid in situ directly, thus protecting the copolymer against
combustion [64].

2.6. From 2016 to Present: State-of-the-Art and Future Prospects of Nanosponges

The increasing number of publications on CD-based NSs over the years shows that they have
emerged during the last decade (Figure 1) and have attracted researchers’ attention worldwide in
numerous fields (Figure 2).

Figure 1. Number of papers on cyclodextrin-based nanosponges (CD NSs) published over the years
from 1999 until 2019.

 
Figure 2. Research areas in which CD NSs are involved.

The main area of investigation is nanomedicine [67], in which CD NSs have been employed
mainly as drug delivery systems [68]. NSs gained great attention due to the ability to host various
kinds of drugs, thus improving their bioavailability and, in addition to this, due to their lack of toxicity
as demonstrated by Shende et al. in 2015 in their acute and repeated dose toxicity study [69].

In the last few years (2016–2019), all four CD-based nanosponge generations have been investigated
in the pharmaceutical field [11]. β-CD crosslinked with DMC, CDI, DPC, PMDA and CA (citric acid),
belonging to the first generation, have been employed in pharmaceutical research (Table 1). Some
examples are provided below.
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Table 1. Historical excursus of publications on CD-based NSs employed in pharmaceutical research.

Year Nanosponge/Cross-Linker Drug Indication References

2010–2015

β-CD/DPC Camptothecin Pharmaceutical application [46,70]
β-CD/CDI Resveratrol Pharmaceutical application [58]

Fluorescent NS Paclitaxel Pharmaceutical application [45]
Carboxylated
nanosponges Acyclovir Antivirial efficacy [51]

β-CD/CDI Rutin, phloridzin and chlorogenic acid Anti-cancer, anti-diabetic, antiobesity,
neuronal protective properties etc. [57]

β-CD/DPC Gabapentin Treatment of partial seizures in pediatric [71]

2016

β-CD/PMDA Lansoprazole Gastric ulcers [72]
β-CD/DPC Quercetin Cancer treatment [73]
β-CD /CDI Erlotinib hydrochloride (ERL) Cancer treatment [74]
GSH–NS

(β-CD/PMDA) Doxorubicin Anticancer activity [75]

2017

β-CD/EDTA Ibuprofen diseases [76]

β-CD/DPC 2-(3,4-dimethoxyphenyl)-3-phenyl-4H-
pyrido [1,2-a] pyrimidin-4-one (DB103)

Cardiovascular diseases, drug-eluting
stents (DES) [77]

β-CD/DPC Chrysin Optimal anti-oxidant and anti-tumorous
properties [78]

β-CD/DPC Nifedipine Treatment of angina pectoris and
hypertension [79]

β-CD/CDI Camptothecin (CPT) Antitumor efficacy, inhibition effect on
prostate cancer [80,81]

β-CD/DPC Cefadroxil (CFD) Against variety of Gram-positive and
Gram-negative bacteria [82]

β-CD/DPC Efavirenz and Rilpivirine HCl HIV [83,84]
β-CD/PMDA Erlotinib glutathione Cancer [85]

2018

β-CD/DMC Ellagic acid Cancer [86]
β-CD/DPC Mebendazole Lymphatic worm infestations [16]
β-CD/TDI Naproxen Inflammation [87]

Electrospun N,N-diethyl-3-toluamide Infectious diseases [88]
β-CD/PMDA

β-CD/CDI; PMDA Rilpivrine HIV [89]
β-CD/CDI Atorvastatin calcium Dyslipidemia [90]
β-CD/DPC Norfloxacin Urinary tract infections [91]
β-CD/CDI Doxorubicin Cancer [92]

2019

β-CD/NDCA Sage essential oil Diabetes [93]
β-CD/DPC; PMDA Curcumin and Resveratrol Cancer [15,94,95]

β-CD / DPC Ferulic acid and Imatinib Mesylate Cancer [17,96]
β-CD/EPI Curcumin Cancer [97,98]
β-CD/CDI Kynurenic acid and Paliperidone Neurological disorders and Schizophrenia [99,100]

β-CD/PMDA Imiquimod Topical diseases [101]

Patel and co-workers (2016) investigated the ability of β-cyclodextrin/DPC NSs to host both
hydrophilic drugs, such as gemcitabine, and lipophilic drugs, such as bicalutamide, paclitaxel and
letrozole. Lipophilic drugs had a higher drug loading capacity than hydrophilic ones because of their
large number of lipophilic sites available for drug complexation. Moreover, the drug loading capacity
seemed to be dependent on the synthetic route selected: it was lower if the NS was obtained by stirring
than when a more powerful and intense method, like sonication, was used, a larger particle size being
obtained in the former case. In the same year, β-CD/PMDA was used to encapsulate lansoprazole.
The positive results obtained made this kind of NS promising for the treatment of gastric ulcers [72].

NSs were also used as multifunctional direct compression excipients for tablet designing without
adding any binder, lubricant or disintegrant. This kind of NS was synthesized by crosslinking β-CD
with CA [102].

In 2017,β-CD/CDI NSs loaded with anti-cancer drugs, such as erlotinib (an epidermal growth-factor
receptor tyrosine kinase inhibitor) and camptothecin (an inhibitor of DNA Topoisomerase-I),
increased their oral bioavailability, solubility and dissolution, minimizing the dose-related adverse
effects [74,80,81]. Celecoxib, possessing analgesic and anti-inflammatory actions, was loaded in a
β-CD/NN-methylene bisacrylamide nanosponge, which was incorporated in a hydrogel for topical
application. The drug solubility and bioavailability were therefore enhanced [103].

β-CD/DPC NS was used for the delivery of drugs for the treatment of HIV, such as efavirenz and
rilpivirine, in order to enhance their solubility and the bioavailability [83,84]. An improvement in the
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aqueous solubility was again achieved by using the same kind of NS (β-CD/DPC) for the delivery of
chrysin, having antioxidant and anti-tumorous properties [78].

Curcumin, resveratrol and a combination of the two were loaded in β-CD NSs and tested [15,94,98].
Curcumin and resveratrol were combined in 2019 by Pushpalatha et al. in order to exploit their
synergistic effect against breast cancer through transdermal delivery [15]. The nanosponges not only
enhanced the release in vitro of both curcumin and resveratrol 10 and 2.5 times, respectively, but also
the combination showed a synergistic cytotoxic effect on the breast cancer cell line selected. The year
before, Pushpalatha and co-workers explored the effect of different kinds of crosslinked cyclodextrins
(β-CD, DPC and β-CD, PMDA) for the delivery of resveratrol. Having selected the best crosslinker ratio,
the NSs were compared in terms of physico-chemical characterization together with photodegradation,
in vitro drug release, in vitro cytotoxicity and in vivo tests in order to find the most suitable choice
for the selected drug [95]. Resveratrol and oxyresveratrol were also loaded in carbonate CD NSs to
improve the solubility, release profile, photostability, antioxidant and cytotoxicity activity [104].

Alongside resveratrol, other natural antioxidants, such as ellagic and ferulic acids, were studied [86].
When loaded in NSs, their solubility was enhanced, making low solubility no longer a limit for their
application in the food and pharmaceutical industries. Dhakar and co-workers studied the enhancement
in aqueous solubility, antioxidant activity and in vitro cell toxicity of kynurenic acid (KYNA) loaded in
β-CD/CDI NS. As a high solubilization and drug loading of KYNA were obtained, CD NSs proved to
be suitable for biological applications [99].

Alongside drugs, the capability of NSs of reacting with fluorescent molecules was also explored,
as this property would be particularly useful in vivo as they would act as fluorescent probes.
This capability was confirmed by Ncube et al.’s study in which the isothiocyanate form of fluorescent
dyes (rhodamine and fluorescein) was used to react with an epichlorohydrin β-CD polymer, found
useful in cancer therapy [105]. Fluorescent NSs belong to the second generation of NSs, as reviewed by
Caldera et al. [11].

The need to improve drug efficacy and minimize dosage in order to reduce side effects has
stimulated the development of novel drug delivery systems capable of controlled release triggered by
stimulating signals. These NSs, which belong to the third generation, have been developed recently.
In 2016, Trotta et al. developed glutathione-responsive NSs capable of releasing entrapped anticancer
drugs in response to intracellular stimuli, such as intracellular glutathione [75]. The synthesis consisted
of a single-step reaction between β-CD and 2-hydroxyethyl disulfide in the presence of PMDA
as a cross-linker [106]. GSH-NSs loaded with doxorubicin showed remarkably higher effectiveness
than free drug in cancer cells characterized by high GSH content both in vitro and in vivo. In 2017,
erlotinib hydrochloride, which was associated with severe toxicity when administered in a systemic and
uncontrolled way, was loaded in GSH-NSs [85].

Biodistribution and in-vivo tumor growth inhibition studies revealed drug release to the cancer cell,
thus preventing unnecessary drug exposure, and exhibited extended drug release proportional to the
external GSH concentration. In 2018, plant hormones (strigolactones) were loaded into GSH/pH-sensitive
NSs in order to investigate whether this stimuli-responsive nanocarrier reduced the viability of prostate
cancer cells in vitro. The cytotoxic effects on prostate cancer cells have been enhanced after incorporation
of SLs into GSH/pH-sensitive NSs [107].

Other types of pH-sensitive NSs were also explored. In 2019, cyclodextrins and calixarenes
were combined to develop pH-sensitive NSs (CyCaNS), the adsorption and release capabilities of
which were tested using as a model drug for tetracycline antibiotics [108]. pH sensitivity, according
to Fontana et al., may be due to the Coulomb interactions between the positively charged guest
molecule and the average charge density on the polymeric framework (due to the presence of ionizable
amine or carboxyl groups deriving from chemical post-modification). Interesting improvements of the
biocidal activity were achieved. These improvements may be attributable once again to the presence of
particularly favorable Coulomb interactions occurring between the NS carrier and the bacterial cell
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wall. Further studies are ongoing in order to better understand the possible mechanisms implicated in
the CyCaNS-bioactive molecule-bacterial cell interaction.

NSs obtained via interaction between template molecules and polymers by covalent, semi-covalent
or non-covalent bonding are included within the group of Molecularly Imprinted Polymers (MIPs) and
belong to the fourth generation [11]. The product is a heteropolymer matrix with specific recognition
elements for the template molecule, even though it has been removed. MIPs find applications in several
fields alongside drug delivery, such as separation sciences and purification, biological antibodies
receptors systems and catalysis. Deshmukh and co-workers developed biomimetics for glucose
estimation using molecularly and non-molecularly imprinted polymers of β-CD/PMDA NSs. The rapid
extraction of the template from the samples, high adsorption efficiency and non-toxicity are some of
the properties of MIP-NSs. They have several advantages over non-molecularly imprinted polymers
(NIP NSs) due to the diffusion of the template in the formed cavity and its high surface area.

Trotta and co-workers synthesized new MIP-NSs by cross-linking β-CD with CDI in DMF in the
presence of L-DOPA as a template molecule (a pro-drug for the treatment of Parkinson’s disease).
It has been confirmed that MIP-NSs show a slower and more prolonged release profile making them
a promising alternative for storage and controlled delivery of L-DOPA [109]. MIPs could be also
an effective approach for the synthesis of catalysts capable of overcoming limitations for processes
requiring an optimal arrangement of several reacting molecules or of converting bulky molecules in
two-phase systems [110–114].

In 2018, attempts were made to overcome the inherent lack of cellular binding ability of NSs,
which has limited their application in drug delivery. In fact, medical research has recently invested
heavily on drug delivery systems capable of reaching the target site (cell/tissue/organ) in order to
improve the efficacy of the drug and limit its adverse effects. This therapeutic approach called
“targeted drug delivery” has been experimented especially on anticancer drugs to limit their toxicity.
Various approaches have been proposed, including the functionalization of nanoparticles with natural
ligands, which bind to specific receptors on the surface of the target cells, thus increasing cellular drug
uptake [12]. CD-based NSs, even if still at an early stage, have been studied in this field of application
as they can be easily functionalized with ligands as mentioned in the introduction of this review.
A method explored successfully by Singh P. and co-workers was the functionalization of the surface
of CD-based NSs with cholesterol, which is a ubiquitous endogenous molecule, responsible for cell
interactions and protein binding. Doxorubicin was selected as a model drug, and its cellular uptake
revealed an enhanced effect of doxorubicin when loaded in this innovative carrier [92].

This approach was also used for theranostic nanomedicines, which have attracted huge interest
for imaging-guided drug/gene delivery in cancer treatment because of the combination of diagnostic
and therapeutic functions. For example, folic acid was used as a targeting agent in a novel theranostic
system based on a CD NS polymer anchored on the surface of magnetite nanoparticles, which was
then decorated with folic acid [97]. Facile condensation polymerization with carboxyl-functionalized
nitrogen-doped carbon-quantum dots (CQDs) and β-cyclodextrin as multifunctional monomers has
been used to synthesize fluorescent hyper-crosslinked β-CD–CQD hybrid NSs for tumor theranostic
application. Doxorubicin (DOX) was loaded to β-CD–CQD via host–guest complexation, showing
a pH-responsive, controlled release in the stimulated tumor microenvironment. Their potential
application in tumor imaging has been demonstrated by easy synthesis, excellent biocompatibility,
strong bright blue fluorescence emission, pH-responsive sustained release and enhanced anticancer
activity [115].

Alongside drugs, mosquito repellents were also encapsulated inside nanosponges to improve the
performance of N,N-diethyl-meta-toluamide (DEET) commonly used to prevent dangerous infections
transmitted by insects. DEET itself shows repellence against mosquitoes, bugs and ticks but is not
effective for a long time, whereas when encapsulated inside CD NSs it has a prolonged residence
time. DEET-loaded NSs were synthesized using CDI and PMDA. DEET was complexed with the
β-CD cavities before or after cross-linking. The encapsulation efficiency, loading capacity and washing
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durability were studied. The persistence of DEET on polyester fabrics was observed in CDI-NSs
preloaded with 5:1 molar ratio of β-CD due to stronger DEET–NS interaction [116]. Moreover, DEET
was loaded in β-CD/PMDA NS microfibers, and its release over time was monitored. Cecone and
co-workers produced these fibers using an electrospinning process, and from their pyrolysis a novel
carbon material was obtained. There has been tremendous progress with electrospun fibers because
of their various applications such as filtration, tissue engineering, biosensors, drug delivery, wound
dressings and enzyme immobilization [117,118].

Alongside pharmaceutical application, in the last few years NSs have been studied also in other
fields, of which the food industry, environment, textile industry, solid-phase extraction and catalysis
(Table 2) are a few examples.

Table 2. Historical excursus of publications on CD-based NSs employed in food, textile, environmental
fields, etc.

Years Nanosponge/Crosslinker Adsorbate Field References

1980–2000

CDs/HMDI, phenyl isocyanate, EPI Naringin, limonin, debittering of
grapefruit juice, Food [23]

CDs/EPI Caffeine, vanillin and theobromine [24]
CDs / EPI, HMDI and Phenyl

isocyanate Textile dyes Textile [25]

Aromatic pollutants, such as phenol,
p-nitrophenol, benzoic acid, p-nitrobenzoic

acid, β-naphthol, chlorophenols and
4-tert-butylbenzoic acid

Environment [26]

CDs/HMDI or toluene
2,6-diisocyanate Organic pollutants Water Treatment

(Environment) [119]

2000–2009

β-CD/EPI Naphthalene, 2-naphthol and naproxen Water Treatment
(Environment) [29]

CDs/CDI, DMC Chlorinated persistent organic pollutants
(POPs)

Water Treatment
(Environment) [32]

CD/HMDI or toluene-2,4-diisocyanate p-nitrophenol and pentachlorophenol, [30]

β-CD/PMDA Heavy metals (Al (III), Mn (II), Co (II), Ni
(II), Cu (II), Cd (II) etc.)

Water Treatment
(Environment) [35]

Carcinogenic N-nitrosodimethylamine
(NDMA)

Water Treatment
(Environment) [34]

Carbonate NSs
Increase the thermostability, pH stability

and storage stability of catechol
1,2-dioxygenase

As a substrate for
enzyme immobilization [39]

2010–2019

β-CD/DPC Phosphorus derivatives Flame retardancy [64]

α, β, γ-CD / CDI; PMDA Oxygen
Hypoxia/Reoxygenation

and Biomedical
application

[41,120]

β-CD /CDI Oxygen, carbon dioxide and
1-methylcyclopropene 1-MCP carriers.

biomedical,
environmental and

floriculture application
[40]

β-CD/PMDA Iron fertilizer Agricultural application [62]
CD/DPC Xanthene derivatives Catalytic Activity [121]
CD/CDI Coriander essential oil food packaging [122]

The increased consumption of packaged food and consumer demand for safer and minimally
processed food have driven research towards natural alternatives to synthetic antimicrobials and
active/intelligent packaging capable of releasing these antimicrobials. NSs have been investigated as
feasible candidates due to their encapsulation ability, sustained release, low cost and lack of toxicity.
In the last few years the antimicrobial properties of cinnamon and coriander essential oils have
been exploited by incorporating them into CD NSs to successfully create stable controlled release
systems [123,124]. In the study conducted by Silva et al., various kinds of NSs (synthesized using CD
monomers, such as α-CD, hydroxypropyl-β-CD and maltodextrin) were investigated in order to find
the most suitable ones for both essential oils. The results demonstrated that loading was dependent on
the type of solvent used and that NSs had different affinities for the oils tested as well as for each of
their components [122].

The problem of water pollution is still a significant concern, although a lot of effort has been
made by the industrial sector over the last 30 years. In 2017, Salgin et al. tested the capability
of NSs (β-CD/HDMI) to remove organic pollutants such as p-nitrophenol (p-NP) from water [125].
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Still, in 2019 the traditional use of NSs is proposed again for the removal of pollutants such as
heavy metals [126], boric acid and organic micropollutants [127]. Rubin Pedrazzo and co-workers
demonstrated that nature-friendly NSs obtained by crosslinking β-CD with CA in water were also
capable of adsorbing a high amount of heavy metal ions. Particularly new (there is little information
about it in the literature) is the use of NSs as advanced pharmaceutical carriers combined with textile
materials, namely bio-functional textiles [128]. They are promising as wearable platforms for controlled
drug release through skin [128,129]. In the study conducted by Mihailiasa et al., cotton fibers were
functionalized with melatonin-loaded carbonate NSs (β-CD/CDI) to prepare a bioactive functional
fabric. Melatonin formed a molecular dispersion in the NS cavities, and its loading efficiency was
estimated at 8 wt %. An in vitro release study was conducted and showed that the melatonin release
rate from the functionalized fabrics could be described by a zero-order law [129].

NSs have also aroused great interest for green extractions through solid-phase extraction. They
have already been studied for extracting steroids from a complex matrix like urine, using both β-CD-EPI
NS and β-CD urethane NSs [130]. The latter has also been used as a sorbent of carcinogenic aromatic
amines from water [130]. These NSs have a huge potential because they are inexpensive, versatile and
have evolved in order to make the extraction procedure greener and have a better performance. Thus,
efforts are being made not only to prepare non-polluting and re-utilizable NSs, but also functionalized
ones with both ionic and neutral groups to adsorb organic compounds, metals and ions simultaneously,
as well as amphoteric NSs to be used over a wide pH range.

Another research field in which NSs, especially the carbonate ones, have been investigated
is catalysis. Sadjadi and co-workers suggested CD NS-based catalysts as potential candidates for
promoting chemical reactions. Heteropolyacids (HPAs) are considered a non-toxic class of catalysts
and have been widely used for their strong Bronsted acidity and redox potential. The NS was
amine-functionalized followed by HPA immobilization. Synthesis of a variety of xanthenes in aqueous
media has been carried out using this catalyst. The merits of this novel procedure were the green and
mild reaction conditions as well as excellent yield. Another efficient hybrid catalyst was developed
combining HPAs with ionic liquids (ILs). HPA-IL immobilized in the cavities of CD NS was used
to promote the cascade reaction of hydrazine hydrate, ethyl acetoacetate, α- or β-naphthol and
benzaldehyde. In terms of reactivity and reusability, both hybrid catalysts showed superior catalytic
performance [121,131].

Considering the great variety of applications, researchers are increasingly aware of NS potential
and need to fully characterize them in order to understand their structure and mechanism of action.
To study the interaction of drugs loaded with NS and to emphasize the process of their fabrication,
synthesis and design, NS characterization using suitable analytical techniques is the need of the hour.
Full analytical characterization of NSs can be useful to select the most appropriate polymer, crosslinker
and increase the pharmaceutical applications of these systems along with possible patenting and
marketing implications [132].

Knowledge of the analytical tools can significantly improve the assessment of the quality
parameters of NSs, i.e., their safety, negligible toxicity, superior inclusion capability, marked swelling
behavior and biodegradability, which are fundamental for their use in drug delivery, drug targeting,
tissue engineering and regenerative medicine. Therefore, with the growing importance of CD NSs, many
characterization techniques have been used. Fourier transform infrared spectroscopy in attenuated
total reflectance geometry (FTIR-ATR), CHNS/O analysis, scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX) analysis, light scattering analysis [133], low-frequency Raman
scattering [134], high-resolution magic angle spinning (HRMAS) NMR spectroscopy, carbon-13 nuclear
magnetic resonance (13C NMR), proton nuclear magnetic resonance (1H NMR), thermogravimetric
analysis (TGA), potentiometric titration, Brunauer–Emmett–Teller (BET) analysis, transmission electron
microscopy (TEM), differential scanning calorimetry (DSC) and X-ray diffraction (XRD) have been
extensively employed in the studies over the years. In addition, the nano-formulations developed
need to be evaluated as far as encapsulation efficiency and loading capacity, stability, in vitro drug
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release, in vivo pharmacokinetic release, efficacy and toxicity are concerned in order to ensure quality
and efficacy [35,37,53,56,57,73,76,78,98,109,122,125,135–140].

In recent studies, special attention has been given to optimizing formulations in order to find
the best solution for the active molecule to be delivered, also by means of mathematical tools, such
as a design approach. Experimental design helps to minimize the experiments, develop the process
and improve the product quality. It consists of exploring the behavior of NSs in various experimental
conditions in a limited number of tests and straightforward identification of the variables that affect
the system the most, taking into account the synthesis [141] or the formulation process [14–16].
For example, this approach was adopted by Kamble and co-workers to synthesize NSs considering
the effect that various levels of crosslinking agents and βCD concentrations had on porosity, drug
encapsulation, zeta potential and drug release [17]. Furthermore, Pushpalatha and co-workers optimized
the curcumin-resveratrol loaded NS hydrogel formulation using a factor 3-level Box–Behnken design.
The concentrations of the two ingredients used for the hydrogel, together with the pH, were selected
as independent variables at three levels. Transdermal flux of curcumin, transdermal flux of resveratrol
and spreadability of gel were the dependent variables evaluated for optimization [15]. Singireddy and
co-workers optimized the synthesis of CD NSs to avoid low yields and batch-to-batch variations due
to differences in experimental conditions (reaction temperature in ◦C, reaction time in min and stirring
speed in rpm). The reaction conditions for the synthesis of NSs were optimized by using central
composite design and response surface methodology [141].

Pushpalatha and co-workers also used the hierarchy analysis approach to choose the best cross-linker
among various kinds for obtaining NSs for drug delivery [14]. The most common cross-linkers were
investigated. The selection was made on the basis of the process, materials and physicochemical
characteristics of the output following the schematic procedure present in Figure 3. From this study,
it emerged that this kind of analysis helped to reduce the number of experiments, shorten the
development process and improve product quality.

Figure 3. Hierarchy analysis approach to choose the best cross-linker.

3. Conclusions and Future Perspectives

The historical description of CD NSs shows how they emerged over the years (Figure 4,
Tables 1 and 2).
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Figure 4. Timeline of the historical development of cyclodextrin-based nanosponges.

It all began in the 1960s when simple network polymers made up of crosslinked CDs were
introduced for the first time. Their binding properties tested on organic compounds suggested a
possible application in separation techniques, which was further developed in the 1970s with the
production of stationary phases for nucleic acids, etc.

In the 1980s, research explored new polymers and made efforts to understand their properties
alongside their binding ability. The influence of the crosslinker and the degree of crosslinking on guest
binding properties of CDs were investigated for the first time.

In the 1990s, CD polymers found application as debittering agents and food component carriers
(e.g., caffeine, vanillin and theobromine). Moreover, in the water remediation field, they overcame the
limits of purification methods used up to then due to their high adsorption capacity, tunability and low
cost. At the end of this decade they were called “nanosponges” for their nanoporous sponge-like structure.

In the new millennium, new opportunities for nanosponges were studied without neglecting the
known applications, such as water purification, with efforts made to improve NS trapping potential by
functionalizing them or by replacing potentially toxic crosslinking agents with carbonate compounds,
improving the removal of organic pollutants even at a few ppb.

For the first time, nanosponges were investigated as drug delivery systems. Different kinds of drugs
were successfully loaded, and a sustained release was achieved. In addition, their safety, negligible
toxicity and biodegradability became a matter of concern as they were intended for human use.

This field of application was extensively studied in the following years (2010–2015) lengthening the
list of drugs delivered, e.g., anticancer drugs, polyphenols, L-Dopa, NSAIDs and gases of pharmaceutical
interest (i.e., oxygen and carbon dioxide).

The period 2016–2019 has seen pharmaceutics as the main field of application. All NS generations
are present, including innovative smart nanosponges capable of releasing drugs triggered by external
stimuli (i.e., pH and GSH) and the most recent ones having natural ligands grafted on the surface able
to perform active targeting.

In these years, alongside the pharmaceutical field, the great versatility of NSs has been confirmed by
studies conducted in the food industry identifying new applications, such as active/intelligent packaging.
Other applications have been found in the environmental field, the textile industry, solid-phase extraction
and catalysis.
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Much attention is being paid to fully characterize NSs in terms of structure and mechanism of
action with a view to selecting the most appropriate polymer also with the aid of mathematical tools,
such as a design approach to rationalize experimentation and improve the product quality.

The success of cyclodextrin-based nanosponges certainly is due to their ability to keep up with the
times while retaining their initial features, i.e., low cost, environmental compatibility, non-toxicity and
the ability to host various kinds of molecules. Their synthesis has evolved in the direction of greener
processes culminating in the most recent solvent-free synthesis. All of these advantages would make
NSs suitable for future industrial scale up.

For the reasons discussed above, NS research has not yet reached its conclusion. On the contrary,
the potential advantages that could be obtained from their use certainly justify further studies aimed, on
the one hand, at investigating in greater depth their existing fields of application in which appropriately
optimized NSs are useful as carriers and, on the other, at exploring new fields in which their potential
could be exploited to the full as a promising, safe innovation for human health and activities.
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Abstract: It has been reported that in the molecular imprinting technique, the use of preformed
oligomers instead of functional monomers increases the stability of the non-covalent interactions
with the template molecule, providing a sharp gain in terms of binding properties for the resulting
imprinted polymer. Based on this theory, we assumed that the delayed addition of template molecules
to a polymerization mixture enhances the binding properties of the resulting polymer. To verify this
hypothesis, we imprinted several mixtures of 4-vinylpyridine/ethylene dimethacrylate (1:6 mol/mol)
in acetonitrile by adding diclofenac progressively later from the beginning of the polymerization
process. After polymerization, the binding isotherms of imprinted and non-imprinted materials were
measured in acetonitrile by partition equilibrium experiments. Binding data confirm our hypothesis,
as imprinted polymers prepared by delayed addition, with delay times of 5 and 10 min, showed
higher binding affinity (Keq = 1.37 × 104 L mol−1 and 1.80 × 104 L mol−1) than the polymer obtained
in the presence of template at the beginning (Keq = 5.30 × 103 L mol−1). Similarly, an increase in the
imprinting factor measured vs. the non-imprinted polymer in the binding selectivity with respect to
mefenamic acid was observed. We believe that the delayed addition approach could be useful in
prepar imprinted polymers with higher binding affinity and increased binding selectivity in cases of
difficult imprinting polymerization.

Keywords: diclofenac; mefenamic acid; molecular imprinting; delayed addition; binding isotherm;
binding selectivity; imprinting factor

1. Introduction

Molecularly imprinted polymers (MIPs) are obtained by polymerizing a mixture of cross-linkers
and functional monomers in the presence of a template molecule (i.e., the pre-polymerization
mixture) [1–3]. The current molecular imprinting concept assumes that the origin of imprinted binding
sites is the non-covalent complexes between the template molecules and functional monomers in the
pre-polymerization mixture, and that the polymerization process stabilizes these complexes through
the formation of a dense three-dimensional polymeric network around the template molecules [4,5].
Typically, the resulting MIP shows high affinity for the template molecule, with binding equilibrium
constants (Keq) on the order of 103–105 L mol−1; whereas in pre-polymerization mixtures, the strength of
the template–functional monomer interaction is usually much weaker, with Keq values between 1 and
10 L mol−1 [6,7]. This binding enhancement is attributed to the growth of a three-dimensional polymer
network that progressively embeds the template molecules. Because of the oligomeric chains’ flexibility,
conformational changes maximizing the interactions with the template are allowed. The result is a net
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entropic gain, but while polymerization is proceeding, the newly formed cross-links rapidly stiffen the
polymer structure around the template and freeze the binding pocket in its definitive shape.

The role of the oligomeric chains as functional “macromonomers” has been shown in several ways.
Efficient target rebinding has been reported when linear pre-polymerized oligomeric chains that were
synthesized onto the surface of silica beads were used to imprint cholic acid [8], uric acid [9], and the
alkaloid cytisine [10]. In this approach, macromonomers are formed in situ before the beginning of the
polymerization process, and cross-linking is achieved by the addition of a proper bifunctional reagent
after the addition of the template. Porogen-soluble linear oligomers have been synthesized and directly
used as functional macromonomers to imprint (–)-cinchonidine [11], theophylline [12], bisphenol A,
atrazine, and ketoprofen [13]. Several other proteins have been imprinted through a similar approach in
the so-called “assisted recognition by polymeric chain” (ARPC) method [14–20]. The main drawbacks
associated with the use of pre-polymerized oligomeric chains as functional macromonomers consist of
complexity in their preparation (requiring long, multistep synthetic methods), the difficulty of their
isolation from the reaction mixture, and difficulty in their manipulation due to their viscous nature.
A possible alternative to overcome these drawbacks could consist of avoiding the isolation of the
pre-polymerized functional macromonomers, by directly using oligomeric chains formed early in situ
at the beginning of the bulk polymerization process, before reaching the gelling stage.

Since diclofenac is a proof-of-concept template molecule, the goal of this paper is to show that
an enhanced imprinting effect can be obtained by delaying the addition of the template molecule
because of the presence of a large number of growing oligomeric chains that are able to settle multiple
non-covalent interactions with the template itself. We have experimentally verified this hypothesis
by studying a series of diclofenac-imprinted polymers that were prepared by adding the template
molecule at fixed times after the start of polymerization and comparing their binding properties with
those of a similar MIP that was prepared using the usual approach, that is, by adding the template at
the start of the polymerization process.

2. Materials and Methods

2.1. Materials

2,2′-Azobis-(2-methylpropionitrile), diclofenac sodium (DIC), ethylene dimethacrylate, mefenamic
acid (MEF), and 4-vinylpyridine were purchased from Sigma-Aldrich-Fluka (Milan, Italy).
Polymerization inhibitors were removed from the monomer solutions by clean-up on activated
alumina. Acetic acid, acetonitrile, and methanol were purchased from VWR International (Milan,
Italy). All the reagents used were of analytical grade. Diclofenac was transformed in its free acid
form as follows: 250 mg of sodium salt was dissolved in 40 mL of deionized water. Then, the pH was
adjusted to 1 using aqueous hydrogen chloride 1 M, and the turbid suspension was extracted three
times using 15 mL of chloroform. The organic fractions were dried over anhydrous sodium sulphate
and evaporated to dryness under reduced pressure, yielding the free acid quantitatively. Diclofenac
and mefenamic acid stock solutions were prepared by dissolving 25 mg of the substance in 25 mL of
acetonitrile then stored in the dark at −20 ◦C.

2.2. Polymers Preparation

A 300 μg/mL diclofenac solution in acetonitrile was prepared by dissolving the template under
sonication and maintaining it at 60 ◦C under a nitrogen atmosphere. In 4-mL glass vials equipped with
Mininert valves, pre-polymerization mixtures were prepared by dissolving 108 μL of 4-vinylpyridine
(1.0 mmol), 1.13 mL of ethylene dimethacrylate (6 mmol), and 2 mg of 2,2′-azobis-(2-methylpropionitrile)
in 400 μL of acetonitrile. The vials were purged with nitrogen, sealed, and left to polymerize at
60 ◦C. The template was added at 0, 5, 10, 15, 20, and 30 min from the start of polymerization by
adding 245 μL of diclofenac solution (0.25 mmol) with an HPLC syringe and rapidly vortexing the
vials. After overnight polymerization, the obtained bulk polymers were broken with a steel spatula,
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mechanically ground in a mechanical ball mill, and wet-sieved to 15–38 μm particle size. The particulate
was packed in 5-mL polypropylene SPE cartridges and exhaustively washed with methanol–acetic
acid 9:1 (v/v) until the polymers were deemed free from diclofenac by HPLC analysis of the eluates.
Then, the particulate was washed with abundant acetonitrile, dried in the oven at 80 ◦C, and stored at
room temperature. A blank polymer (NIP) was prepared and treated in the same manner, but without
the template.

2.3. Light Scattering of Polymerization Mixtures

Pre-polymerization mixtures were polymerized for 5, 10, 15, and 20 min, then diluted 1:1 (v/v)
with 5 mol L−1 hydroquinone in acetonitrile to stop the polymerization process. The size distribution of
the macromonomers was determined at 25 ◦C using an ALV/NIBS-HPPS particle sizer equipped with
an ALV-5000 multiple tau digital correlator (ALV, Langen, Germany). The measured autocorrelation
function of the scattered light was processed by ALV Correlator software (ver.3.0), obtaining the
number-weighted size distribution of the macromonomers.

2.4. HPLC Analysis

Reverse-phase HPLC analysis was performed on the Nova-Pak C18 (125 × 3.9 mm, 5 μm) from
VWR (Milano, Italy). The HPLC apparatus was a LaChrom Elite (L-2130 constant-flow quaternary
pump, L-2400 UV-Vis detector, L-2200 autosampler, and data acquisition system EZChrom Elite 3.1)
from VWR Hitachi (Milan, Italy). The mobile phase was a 55:45 (v/v) acetonitrile–0.02 mole L−1 sodium
phosphate buffer with a pH of 4.6. The flow rate was set at 1.0 mL/min, the injection volume was 5 μL,
and the detection wavelength was 278 nm.

Diclofenac and mefenamic acid standard solutions at concentrations ranging from 2 to 200 μg/mL
were prepared in the mobile phase immediately before use. The standards were analyzed three
times consecutively and peak areas were plotted against the concentration. The calibration plot was
drawn by using a weighted linear regression (weight = 1/conc, r2 = 0.998). The limit of quantification
(LOQDIC = 2.8 μg/mL, LOQMEF = 2.6 μg/mL) was calculated as LOQ = 10 Sy/b, where Sy is the standard
error of the response and b is the slope of the calibration plot.

2.5. Equilibrium Batch Rebinding

About 10 mg of the polymer was exactly weighed in 2-mL flat-bottom amber glass vials. Then,
500 μL of acetonitrile solutions containing increasing amounts of diclofenac or mefenamic acid ranging
from 4 to 200 μg were added and sonicated for 10 min. The vials were incubated overnight at
room temperature under continuous agitation on a horizontal rocking table. The solutions were
filtered on 0.22 μm nylon membranes, and free amounts of ligand were measured by HPLC analysis.
Each experimental point was assessed as the average of three repeated measurements. The binding
isotherms were calculated using the SigmaPlot 12 (Systat Software Inc., Richmond, CA, USA).
Non-linear least-square fitting was applied to the averaged experimental data, using a simple Langmuir
isotherm model [21,22]:

B =
KeqBmaxF
1 + KeqF

, (1)

where B is the ligand bound to the polymer, F is the ligand not bound to the polymer, Keq is the
equilibrium binding constant, and Bmax is the binding site concentration. To ensure robust results,
weighted (1/y) Pearson VII limit minimization was chosen as the minimization method. To avoid being
trapped in local minima, which might give incorrect results, the fitting was carried out several times by
using different initial guess values for the isotherm parameters.
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The imprinting factor, IF, was calculated as the ratio between the equilibrium binding constants
relative to the imprinted and non-imprinted polymers:

IF =
KMIP

eq

KNIP
eq

. (2)

The binding selectivity, α, was calculated as the ratio between the equilibrium binding constants
relative to mefenamic acid and diclofenac:

α =
KMEF

eq

KDIC
eq

. (3)

3. Results and Discussion

3.1. Synthesis of Imprinted Polymers

A preliminary study on the gelation time of the pre-polymerization mixtures was performed in
the same experimental conditions used to prepare diclofenac-imprinted polymers. They were based
on a previously reported formulation producing an imprinted polymer with good binding properties
towards the chosen template molecule [23]. These experiments show that turbidity was clearly
appreciable with the naked eye after about 40 min from the start of the thermal polymerization process.
Early formation of nanogel particles in the pre-polymerization mixture was confirmed by dynamic
light scattering measurements performed 5, 10, 15, and 20 min from the start of the polymerization
(Figure S1). The presence of nanoparticles became experimentally measurable from 10 min onwards
and the corresponding diameters were 15.5 ± 2.9 (10 min), 18.8 ± 4.4 (15 min), and 24.5 ± 8.3 nm
(20 min), with a polydispersity index (PDI) of 0.61, 0.68, and 0.82, respectively.

On the basis of these preliminary studies, it was decided to carry on with the delayed addition
experiments by adding preheated diclofenac solutions to the polymerization mixtures at 5, 10, 15,
20, and 30 min from the start of the polymerization process. Immediately after the addition of
the template, a clear change in the solution color from yellow to dark orange was observed for all
the considered mixtures. In addition, after the gelling phase started, the color of bulk polymers
progressively changed from dark orange to deep red. On the other hand, the addition of acetonitrile
only to the control mixture polymerized without the template did not affect the solution’s color at
all, although a change from yellow to pink after the gelation of the mixture was observed (Figure 1).
In fact, as previously reported in the literature [24], when 4-vinylpyridine is used as the functional
monomer, the change in the adsorption spectra after template addition would qualitatively confirm
the presence of non-covalent interactions between the template molecules and pre-polymerization
mixtures, without giving a direct insight on the extent of such interactions. However, it is necessary to
add that the color of the polymerization mixture in the presence of the template can be attributed with
good approximation to the presence of complexes between the oligomers in the formation, the template
itself, and traces of metal present and deriving from the alumina used to remove the inhibitor radicals
from the monomers [25]. Since these complexes are known and reported in the literature [26,27],
their contribution cannot be ruled out a priori.
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Figure 1. (A) The MIP-10 polymerization mixture immediately before the addition of diclofenac;
(B) The MIP-10 polymerization mixture after the addition of diclofenac; (C) The non-imprinted polymer
(NIP) polymerization mixture immediately after gelation; (D) The MIP-10 polymerization mixture after
complete gelation. MIP-10: molecularly imprinted polymers (MIPs) prepared by template addition
10 min from the start of the polymerization.

3.2. Binding Properties of Imprinted Polymers

The binding properties of bulk polymers were quantitatively evaluated by measuring the binding
isotherms for the template diclofenac and the related mefenamic acid (Figure 2), respectively.

0

5

10

15

20

25

0 0.5 1 1.5

bo
un

d,
 

m
ol

 g
-1

free, mM
(a)

0

5

10

15

20

25

0.0 0.5 1.0 1.5

bo
un

d,
 

m
ol

 g
-1

free, mM
(b)

Figure 2. Binding isotherms for NIP (open squares), MIP-0 (green circles), MIP-5 (yellow circles),
MIP-10 (red circles), MIP-15 (dark red circles), MIP-20 (cyan circles), MIP-30 (blue circles). (a) Diclofenac;
(b) Mefenamic acid.

Considering the binding equilibrium constants reported in Table 1 (the corresponding statistical
evaluation is reported as Tables S1–S3), the imprinted polymer prepared in the presence of the template
at the beginning of the polymerization process (MIP-0) showed a statistically significant (α = 0.05,
n = 11, t = 3.427) affinity that was higher than that of NIP for diclofenac. This is obvious, as it must
happen in the case of a successful imprinting effect. It is worth noting that this difference between MIP
and NIP progressively increased in the case of MIPs prepared by template addition at 5 and 10 min
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from the start of the polymerization (MIP-5, MIP-10), whereas it showed a sharp decrease, eventually
becoming statistically indistinguishable from NIP, when the template was added 30 min from the
start (α = 0.05, n = 11, t = 1.925). The same behavior could be observed in the case of mefenamic acid,
where the affinity increased from MIP-0 to MIP-10, then dropped rapidly and became indistinguishable
from the NIP for MIP-30 (α = 0.05, n = 11, t = 2.052).

Regarding the binding site concentration, MIP-0 showed a statistically significant difference
(p = 0.05, n = 11, t = 4.075) with respect to NIP in the presence of diclofenac as a ligand. This difference
slightly increased from MIP-5 to MIP-10, whereupon binding site concentration values started to
decrease until they became statistically indistinguishable from NIP (p = 0.05, n = 11, MIP-20, t = 0.247,
MIP-30, t = 1.448). Concerning mefenamic acid as a ligand representative of diclofenac-analogous
molecules, the binding site concentration showed the same trend, although the values were slightly
lower. It must be noted that this difference was statistically significant only for NIP and MIP from
MIP-0 to MIP-10, while it was not for the remaining polymers.

Table 1. Calculated binding parameters (±standard error) for diclofenac and mefenamic acid measured
on non-imprinted (NIP) and imprinted (MIP) polymers prepared by adding the template at 0, 5, 10, 15,
20, and 30 min from the start of polymerization.

Diclofenac Mefenamic Acid

Polymer Keq, 103 L mol−1 Bmax, μmol g−1 Keq, 103 L mol−1 Bmax, μmol g−1

NIP 2.86 ± 0.18 18.4 ± 0.7 2.72 ± 0.11 16.4 ± 0.3
MIP-0 5.30 ± 0.62 24.1 ± 1.1 3.86 ± 0.12 18.5 ± 0.2
MIP-5 13.70 ± 2.04 23.0 ± 1.0 8.58 ± 0.20 20.9 ± 0.1
MIP-10 17.98 ± 1.68 25.1 ± 0.7 12.03 ± 1.41 22.4 ± 1.3
MIP-15 4.75 ± 0.47 24.8 ± 1.0 4.07 ± 0.26 23.2 ± 0.6
MIP-20 4.55 ± 0.52 18.7 ± 0.3 4.30 ± 0.33 17.8 ± 0.5
MIP-30 3.70 ± 0.36 17.0 ± 0.3 3.39 ± 0.28 15.3 ± 0.5

The effect of the delayed template addition can be further highlighted by considering the imprinting
factors, as reported in Figure 3. When the template was present in the polymerization mixture from the
start of the process, the resulting polymer (MIP-0) showed a relatively small but statistically significant
imprinting effect for both diclofenac (α = 0.05, n = 11, t = 3.509) and mefenamic acid (α = 0.05, n = 10,
t = 6.003). Meanwhile, in conditions where delayed addition was employed, the imprinting effect
markedly increased when the template was added after 5 and 10 min (MIP-5, MIP-10), but did not
when the template was added later (MIP-15, MIP-20). Likewise, the imprinting effect was completely
suppressed in the case of MIP-30.

As a consequence of the changing binding properties of the MIP, the binding selectivity was
also clearly affected by the delayed template addition in the polymerization mixture. As reported in
Figure 4, the NIP did not show any binding selectivity between the template diclofenac and the related
mefenamic acid (α = 0.95 ± 0.07), while the polymer prepared in the presence of the template from
the beginning of the polymerization process (MIP-0) showed a moderate degree of binding selectivity
(α = 0.73 ± 0.09). As in the case of the imprinting factor, in the presence of delayed addition conditions,
the binding selectivity markedly increased when the template was added after 5 and 10 min (MIP-5,
α = 0.63 ± 0.10; MIP-10, α = 0.67 ± 0.10), but not when the template was added 15 min from the
beginning of the polymerization process (MIP-15, α = 0.86 ± 0.10). Furthermore, the binding selectivity
was completely lost in the case of polymers prepared with even later addition of the template (MIP-20,
α = 0.95 ± 0.13; MIP-30, α = 0.92 ± 0.12).
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Figure 3. Imprinting factors (±standard error) for diclofenac (cyan bars) and mefenamic acid
(yellow bars), calculated as the ratio between the equilibrium binding constants relative to the
ligand for the imprinted and non-imprinted polymers.

0

0.2

0.4

0.6

0.8

1

1.2

NIP MIP-0 MIP-5 MIP-10 MIP-15 MIP-20 MIP-30

bi
nd

in
g 

se
le

ct
iv

ity

Figure 4. Binding selectivity (±standard error), calculated as the ratio between the equilibrium binding
constants relative to mefenamic acid and diclofenac.

4. Discussion

From the experimental data obtained, it is worth highlighting that the addition of template
molecules soon after the start of the polymerization process (5–10 min) enhanced the imprinting effect
and binding selectivity, mainly by increasing the binding affinity constant of the resulting polymer.
On the contrary, when template molecules were added later (15–30 min), they no longer seemed able
to imprint the polymer effectively. To explain this behavior, it is useful to consider the way a bulk
polymer is formed from its polymerization mixture. It is common knowledge that at the start of
the polymerization process, monomers rapidly form oligomeric chains. At first, chains are poorly
cross-linked and therefore highly flexible and soluble in the polymerization medium. When they grow
further, cross-linking increases until they exceed their solubility limit, giving rise to nanogel particles,
which may further grow and aggregate to finally form the bulk polymer. As recently demonstrated in
the case of imprinted polymers prepared by solid-phase synthesis [28], the interactions between the
template molecules and the pre-polymerization mixture can lead to three different outcomes:
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(a) When template molecules are present in the pre-polymerization mixture from the start, they
will find a reaction medium that is very rich in functional monomers, but with no oligomers.
Because the polymerization process is fast and dominated by cross-linking steps, weak complexes
between template molecules and functional monomers will prevail by producing an MIP with a
relatively low imprinting effect.

(b) When template molecules are added after the start of the polymerization process, they will find a
reaction medium enriched with functional macromonomers and only a few remaining monomers.
Because the functional macromonomers are highly flexible, they will freely rearrange around the
template. Chelate effects and chain desolvation greatly stabilize these complexes, producing an
MIP with an enhanced imprinting effect.

(c) When template molecules are added very late in the polymerization process, they will find a
reaction medium mainly composed of preformed nanogel particles that will form a continuous
cross-linked macrogel. In this condition, the interactions between the template molecules and
the growing polymer particles become increasingly disadvantaged, since cross-linked nanogel
particles are stiffer than functional macromonomers. As a consequence, an MIP with a low or
negligible imprinting effect is the more predictable outcome.

5. Conclusions

Our experimental data confirm that an enhanced imprinting effect occurred when a delayed
addition of diclofenac as the template molecule in a polymerization mixture was performed.
This behavior can be explained by the presence of growing oligomeric chains capable of settling
multiple non-covalent interactions with the template itself, as well as the possible presence of metal
ions. The binding isotherms highlight that the imprinting effect was due to the increase in binding
affinity. We hypothesize that the experimental results described here can be related to a general
behavior of any imprinted polymer prepared by radical polymerization, regardless of the nature of the
template molecule, its final morphology, and the resulting structure. We speculate that this effect could
be controlled by the nature of the polymerization process. Furthermore, we believe that the delayed
addition approach could be useful whenever difficult imprinting polymerization takes place, as in the
case of template molecules that are unable to establish strong interactions with functional monomers,
and thus lead to the formation of imprinted polymers with high imprinting factor.
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Abstract: In recent years, a growing media campaign has demonized the use of plastic tout court,
as solely responsible for environmental problems. Behind what is now vulgarly called plastic there
are actually many applications and uses without which our daily life would be greatly penalized in
the most common and routine actions. Our belief, in the role of researchers who have made polymers
and their derivatives their main research object, is that sustainable use of polymeric materials is not
only possible but is above all necessary. For this reason, in this review which is part of the Special
Issue “State-of-the-Art Polymer Science and Technology in Italy”, we offer a rundown of life-cycle
assessment (LCA) studies on polymers used in the most important production and commercial sectors
carried out in the last few years by Italians researchers.

Keywords: polymers; life cycle assessment; polymeric materials; sustainability; plastic; food
packaging; LCA

1. Introduction

‘Plastic’ is now accepted as a universal term encompassing the huge array of polymers that
are currently available in the market and are characterized by widely diverse chemical composition,
mechanical properties, manufacturing methods and raw material feedstock (e.g., petroleum vs.
renewable resources) [1]. This is what has made it possible to utilize them in almost every human
activity [2].

Plastics present chemico-physical, mechanical, optical, and biological properties that, being
adjustable for a huge number of disparate tasks, have contributed significantly to the expanding
utilization of those plastics, making them increasingly prevalent in daily life [2,3].

It is estimated that since 1950 8.3 billion tons of plastics have been manufactured worldwide [1].
In 2018, global plastics production almost reached 360 million tons, with Europe contributing about
17% of that amount. The vast majority of the polymers utilized in the plastic industry are fossil-derived,
which means that they are produced from crude oil and other fuels like natural gas and coal [1,3].
Most of them fall into the following categories, as defined by the Plastics Industry Society: poly(ethylene
terephthalate) (PET), high-density polyethylene (HDPE), poly(vinyl chloride) (PVC), low-density
polyethylene (LDPE), polypropylene (PP), polystyrene (PS) and ‘others’ [1].

Polyolefins, mainly PP and polyethylene (PE), are the leading polymers, covering around 50% of
all possible applications [4], as shown in Figure 1.
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Figure 1. Distribution of plastics demand by resin types in the year 2018. Reprinted from [4],© 2020
with permission from PlasticsEurope.

The packaging sector is hugely demanding of those polyolefins and of other polymers, like PET
whose core application is the packaging of water and other beverages [5], and PS for the production of
fresh-food packaging trays [6]. The huge consumption of polymers in the packaging sector should
be attributed to a combination of benefits including light weight, flexibility, strength, transparency,
impermeability, and ease of sterilization [7,8].

Other highly demanding sectors are buildings, mainly because of the consumption of “hard”
plastic materials like HDPE and PVC, and automotive, due to utilization of PP and other thermoplastics.
Additionally, agriculture is a big consumer of PP and LDPE, which are utilized mostly for the production
of protected cultivation films, nets, pipes and irrigation/drainage systems, and packaging [9]. The wide
range of these applications have led to the elaboration of the new term ‘plasticulture’, to strengthen the
importance that plastic commodities and related manufacturing industries have in agriculture [2,10].

All over Europe, consumption of plastic films for covering tunnels in A-shaped greenhouses and
in tunnel-greenhouses is equal to an average of 72,000 and 75,000 tons per year, respectively [11,12].
A large part of this consumption comes from the Mediterranean region, especially from those countries
like Italy where protected crops are largely cultivated [12]. In Italy, agricultural plastic consumption
was estimated to be 350,000–400,000 tons per year, with 30% in the field of greenhouse claddings, low
tunnels, soil mulching, vineyards nets and so on [11,13].

That said, current plastics-demanding sectors are depicted in Figure 2, as extrapolated from the
latest PlasticsEurope’s report [4].
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Figure 2. Plastics demand by segments and polymer types in 2018. Reprinted from [4],© 2020 with
permission from PlasticsEurope.

The environmental impacts caused by the plastic industry are increasingly being understood,
and so are increasingly gaining the attention of scientists, producers, company managers and owners,
as well as policy- and decision-makers, at the international level [1,14].

To perform the functions that they are designed for, plastics cause a set of environmental
impacts, in almost all phases of their life cycles, mainly deriving from exploitation of primary-energy
resources and from the emission of greenhouse gases (GHGs) and of other polluting substances [6,15].
Furthermore, the massive consumption of those products results in consistent waste generation, with
environmental and socio-economic consequences harmful to the heath of humans, animals, and plants
and to the quality of the global ecosystem [16]. Parlato et al. reported that 26 million tons of plastic
waste get generated every year in Europe and that just 30% of those is recycled, so representing a
great loss from an economic and environmental viewpoint [17]. Still, the environmental benefits of
recycling are well documented, with lots of studies available in the literature. Recently, in the field
of protected crop cultivation, Cascone et al. [12] explored relevant energy and environmental issues
associated with the recycling of post-use greenhouse-covering film into LDPE granules usable, as an
intermediate product, in a wide range of downstream systems. The study highlighted that recycling
is highly energy and water demanding, as well as highly GHG emitting. Despite this, the delivered
(recycled) LDPE granulate was far more sustainable than—and so was validated as a feasible substitute
for—the virgin counterpart.
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Plastics are mainly produced for durable scopes, which makes them able to persist undegraded for
decades in the environment where they are disposed of, with a persistence time going well beyond the
predictable one [3,16,18–21]. It is this persistence making plastics accumulate in increasing quantities
in the marine environment [22]. This should be attributed to marine-water bodies, like oceans and seas,
being downhill and downstream virtually from every human living place, and to around half of the
world population living within 50 miles (around 80 km) of those bodies. Consequently, lightweight
plastic trash, like bags, bottles and cutlery [16], because of the lack of effective recovery systems, blows
and runs off into the sea [22]. That is when it starts moving to a huge number of habitats, with a set of
significantly damaging impacts to humans and to wildlife [22].

These and other related concerns emphasize the need to push towards sustainable, disposal
scenarios that are oriented to recycling and so to the production of quality secondary raw materials [12];
and to alternatives to petroleum mineral-based products [16].

In this regard, attention is being increasingly focused upon the development of eco-friendly,
innovative materials: chief among them, polymers derived from biological feedstocks, known as
biopolymers, have been documented as effective to replace unsustainable, fossil-derived plastics [2,23].

They represent, in fact, a renewable substitute to the traditional petroleum-based plastics, and can
be derived from different biomass types, including agricultural products, such as corn or soybeans,
as well as algae or food waste [2]. Both recycled-polymers and biopolymers can contribute to greening
the plastics sector, and accelerating the transition towards sustainable, equitable, post-fossil carbon
societies [24].

The increasing utilization of polymers in the multitude of sectors shown in Figure 2 is one good
reason for development of environmental assessments as the essential base to find the improvements
that can be made in the life cycle of plastic products. Life-cycle assessment (LCA) is one of the tools
that are currently available in the market and can be used for such a purpose. Walker and Rothman
recommended its use to compare the environmental impact of bio-based and fossil-based polymers
and, so, to account for the important balances and trade-offs between polymers and between impacts,
which is essential in order to make sensible material selection [1].

LCA of products and processes is widely recognized, with two main beneficial features that
are related to the ‘cradle-to grave’ approach, and to the use of a functional unit (FU) that enables
comparative evaluations [25]. LCA is based upon a clearly structured methodology that is ruled
by International Standards 14040 and 14044 [26,27]. It is a systematic tool that enables qualifying
and quantifying the relevant environmental loads and impacts that are associated with the life cycle
of a product or service [6,25]. Preparation of raw and auxiliary materials from resource extraction,
transportation, manufacture of the product, end use and ultimately disposal of the product itself are
accounted for in LCAs [25,28].

LCA has been significantly improved over the past decades, mainly thanks to the development of
activities for: improvement of currently used databases; integration of quality assurance; improvement
of completeness, transparency and consistency of assessments; and harmonization of methodological
aspects and applications [25,29,30]. This has contributed to its emergence as a valuable decision-support
tool for both policy makers and company owners in assessing the cradle-to-grave impacts of a product
or process.

Over the years, practitioners worldwide have used LCA to explore relevant environmental aspects
in a wide range of sectors including automotive, buildings and construction, energy, electronics,
agriculture, and food production and packaging [6,11,31].

In this context, this study was aimed at overviewing the state-of-the-art of LCAs in the plastics
sector at the Italian level. This has been done to complement the Special Issue about the “State-of-the-Art
of Polymer Science and Technology in Italy”, by providing information on the relevant environmental
issues of plastic material applications in the Italian region (Figure 3).
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Figure 3. Review’s flowchart.

The study was motivated by the importance of making polymer supply chain actors aware that
a sustainable use of polymeric materials is not only possible but is above all necessary. In this way,
there is greening not only of life cycles of those materials but also of the downstream systems in which
they are utilized as such and/or are processed into finished, more complex commodities. This review
offers a rundown of LCAs on polymers used in the most important production and commercial sectors,
carried out in the last few years by Italian researchers.

2. Applications

The authors of this paper reviewed the findings of relevant articles exploring the application of LCA
in the polymeric sector. The bibliographical search was conducted by browsing scientifically-recognized
databases, like ‘Scopus’, ‘Web of Science’, ‘Science Direct’, and ‘Springer Link’. Combinations of
key-words connected with the research field investigated were used by the authors, and included:
‘polymers’, ‘plastics’, ‘environmental sustainability’, ‘carbon footprint’, and ‘life-cycle assessment’.
To be consistent with the objectives of this study, papers conducted at the Italian level were then
selected and were extrapolated from the ensemble of papers found. A total of 58 LCAs were detected
by the authors in several research areas, including food packaging, agriculture, automotive, admixed
concretes, geopolymers, and fuel cells. Therefore, it can be highlighted that Italian research touched
on most of the applications shown in Figure 2. The biggest number of LCAs (19) were found in the
food-packaging sector, and regarded films, trays and bottles.

Finally, many of the reviewed papers were authored by team members belonging to different
universities and research institutions, so remarking that environmental research on polymers presents
such a complexity that it requires investigation through a multidisciplinary approach.

Each of the papers are discussed in the following sections in terms of key objectives and findings:
additional information may be gathered by the reader from the original papers.

2.1. Food Packaging

As reported by Siracusa et al. [32] and as can be extensively read on the European Bioplastics
website [33], the largest field of application of extracted crude oil is for plastics, with a current global
production of 200 million tons and an annual grow of about 5%, with a consequent concern about
ecological problems due to their total non-biodegradability [34]. As mentioned in the Introduction,
within the petrochemical-based plastics materials, PET, PVC, PE, PP, PS and polyamide (PA) are the
most common and used in the food-packaging field because their large availability, low cost and good
performance such as tensile and tear mechanical strength; being a good barrier to oxygen, carbon
dioxide and aroma compounds; heat sealability; and so on. Considering that when they are used as
food-packaging materials they are not totally recyclable, also because they are often contaminated
by foodstuff and biological substance, several thousands of tons of goods are every year landfilled,
increasing the problem of municipal waste disposal [35]. The growing environmental interest imposes
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on packaging polymers as well as the technological process both user-friendly and eco-friendly
attributes. In order to take into consideration this concern, LCA is a useful technique to evaluate
the environmental impact of such materials, considering two fields of interest. The first one is the
final destination of post-consumer plastics, comparing recycling with other options such as source
reduction, incineration and landfilling as well as energy conversion and chemical recycling options.
The second one is to take into consideration alternative materials such standard glass and/or metal
packaging and/or biodegradable polymers that could be recycled or composted. These options must
be considered in their entire life cycle and can be summarized in Figure 4, using the usual scheme of
the LCA methodology:

Figure 4. Municipal solid-waste life cycle. Reprinted from [36],© 2020 with permission from Wiley.

As reported before, for many years, polymers from fossil fuel resources have supplied most
common packaging materials such as glass and steel, thanks to their great features especially softness,
lightness and transparency. Due to their non-biodegradability, plastics use has led to serious ecological
problems. Despite their total substitution with eco-friendly materials being just impossible to achieve
in a near future, especially for specific applications such as food packaging, the use of bioplastics
(biodegradable and/or compostable materials) should be considered. In this context, biodegradable
polymers as well as bio-based polymers are being promoted as a good environmental alternative to
the conventional plastics, derived from petroleum resources. They can be obtained from renewable
resources or from waste, as food and plants, and can be recycled [32]. If landfilled, they become
carbon dioxide and water, through composting. The main biodegradable polymer, compared with the
conventional ones, is poly(lactic acid) (PLA), whose properties and performance make it suitable for
food packaging application but not with success in every field, such as for example not for carbonate
beverage bottles. LCA is a good tool that could be used to assess the overall environmental burden
of a product and of the system used for manufacturing, use and disposal of such product. System
boundaries have to be perfectly defined and are needed in order to clearly separate the system from
the environment. As a basis for this analysis, the system boundaries for a biodegradable polymer such
as PLA and conventional plastics such as PP, PE, PET, PS and so on, are illustrated in Figure 5, as an
example of the most common polymers employed for packaging application.
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Figure 5. System boundaries for biodegradable poly(lactic acid) (PLA) and synthetic polyolefins.

After use, package is discarded and, most of the time, is landfilled. In many industrialized
countries other treatments could be considered and are used, with important implications for the
LCA results. As reported by Costa, Quintero and Dias [37], until December 2018, 144 articles written
in English appeared in international literature dealing with the LCA application in the field of
plastics materials; of those, 49 articles were devoted to real case studies and the remaining devoted
to reviews, viewpoint, mixed approaches and methodological development articles, presenting the
LCA foundations, main methods, current operation state and challenges. Several articles have focused
their attention on energy consumption, global warming potential (GWP), LCA of mechanical recycling
technologies and on processes. The major numbers of articles are from Germany (22), followed by
the United States of America (16), Italy (14) and China (13) and then The Netherlands (10), Spain (6)
and France (5). While the USA and Germany reported each one 11 articles on real LCA cases study,
Germany and Italy reported each one 11 contributions as reviews and viewpoints on the development
of the LCA methodology. Choosing Italy as geographically representative situation, in the knowledge
of the authors until 2020, the manuscripts dedicated to the food-packaging plastics materials total 20,
discussed in this review, in order to understand the use of such methodology in this important field
of interest.

Mainly, two kind of plastic materials were the object of such LCA studies: materials obtained from
non-renewable fossil fuel resources, as mentioned in the manuscript, and biodegradable polymers,
obtained from renewable resources, such as PLA. It must be considered that also other materials are
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fully used in the foods packaging field, such as mixed materials, multilayer films, bio-based materials
and polymers derived from microorganisms such as polyhydroxyalkanoates (PHAs), but in lower
amounts due to the high price and lower performance.

Among the series of synthetic polymers present in the plastic market and especially in the
food-packaging field, one of the most used is PET, with a global production of 30.3 × 106 tons
in 2017 [38], and consequently the most present one in plastics urban waste, followed by PE and
PP. Its performance, characteristics and environmental impact were compared with biodegradable
polymers coming from renewable resources. Among the biodegradable polymers, PLA is surely the
most used in the packaging field and studied in its technological characteristics and performances.
One of the first manuscript dealing with a LCA study on such a polymer, but not in Italy, was
that of Bohlmann [36], who carried out a LCA comparing PLA and PP, used as food packaging
materials. In this first work, four energy main categories were considered, including fuel production
(e.g., electricity consumption), fuel use for processing (e.g., steam consumption), transportation energy
and feedstock energy. The selected functional unit was one metric ton (1000 kg) of yogurt packed in
plastics, purchased by the consumer. In order to permit comparison with other LCA manuscripts,
the energy consumption per kg of polymer used as packaging materials was also considered. Stanford
Research Institute (SRI) Consulting’s Process Economics Program (PEP) data were used, as good source
of information for mass and energy balances. It was assumed that filling, distribution and use of
PLA and PP yogurt cups was exactly the same. A cradle-to-grave analysis was performed, focusing
on greenhouse gas emissions as the most relevant impact category due to the fact that for SETAC
(Society of Environmental Toxicology and Chemistry) it is the only indicator with great relevance for
biodegradable polymers such as PLA. Consequently, emissions of greenhouse gases are converted to
metric tons of carbon equivalent (MTCE) and normalized for kg of polymer and for one ton of packed
yogurt FU. As reported by Bohlmann, due to the fact that PLA consumes almost no feedstock energy,
this polymer is more energy efficient than PP for food packaging application. Furthermore, PLA and
PP greenhouse gas emissions become equivalent if it is considered that the carbon embodied in PLA
is fully landfilled. Considering that the biodegradation of PLA in landfill could have an important
effect on greenhouse gas emissions, uncertainties could be present in the LCA results. In addition,
data analysis can be affected by uncertainty due to the fact that many plants in the world produce PP
with differences in processes, energy usage and environmental loads from plant to plant. For PLA
instead, there was only one commercial plant [39] thus making unavailable a sufficient number of
data. To make the comparison of data the most consistent possible, Bohlmann chose the PEP database.
Subsequently, several authors applied the LCA methodology on plastic materials. In this review we
have focused our attention on Italian case studies.

In 2010, Girone and Piemonte [40] analyzed two different disposal scenarios, such as composting
and recycling processes, for PLA (made from Nature Works) and Mater-Bi (made from Novamont)
considering the land-use change (LUC) emissions, comparing also cost and benefits of the bioplastic
disposal versus conventional plastics. In 2011, the same authors [41] realized a cradle-to-grave LCA
study of PET compared with PLA bottles for drinking water, assuming the same waste scenarios like
landfill and incineration. The results obtained highlighted that, despite the benefits related to the
use of renewable resources for the production of biodegradable bottles in respect of non-renewable
resources for PET production, higher impact value for the categories human health and ecosystem
quality were recorded, due to the use of pesticides, consumption of land and water for the production
of row PLA. However, it must be considered that LCAs’ unfavorable results were related to the fact
that in 2011 the technology for PET production and recycling was much more mature, tested and
optimized both for production and recycling processes in respect to that of PLA, which was at an early
stage of development, with a very limited and localized production. The results were interesting when
different final dispositions were compared: recycling for PET and composting and recycling, in different
percentages, for PLA. Authors reported that the best benefit in the use of PLA could be achieved only
if it could be totally recycled because composting and incineration showed a higher environmental
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impact than recycling. Quite similar results have been obtained when recycling of 100% PET bottles
was compared with incineration/recycling, in the amount of at least 20%–80% of PLA bottles. The same
mixed scenarios as final bottles destinations have been also considered. In particular for PET 70%
recycling and 30% landfilling, 70% recycling and 30% incineration and finally 50% recycling, 30%
incineration and 20% landfilling; for PLA 50% recycling and 50% landfill, 50% recycling and 50%
composting, 40% recycling 30% composting, 15% landfilling, and 15% incineration. Comparable results
were obtained when the macro category “resources” was considered.

In the same year, 2011, Piemonte [42] carried out an LCA cradle-to-grave analysis comparing
the results obtained choosing as functional units 1000 shells of PLA, polymer produced from Nature
Works (USA), and 1000 shells of Mater-Bi, a starch based bioplastics, made from Novamont (Italy),
both used as food packaging materials. The scope of their work was to assess the energy and GHGs
emissions coming from the production of bioplastics, compared with the standard materials, as well as
the best waste final disposition, in order to maximize energy saving. The Intergovernmental Panel
on Climate Change (IPCC) and Global Warming and Cumulative Energy Demand (CED) methods
were used, with an end point approach, considering three “Damage” categories such as human health,
the ecosystem quality and the non-renewable resources depletion as the most high-impact categories.
PET and PE data, used for comparison, were based on the Eco-profiles of the European plastics
industry. Piemonte found that the replacement of the petroleum-based plastics with bioplastics could
be considered an interesting strategy towards the sustainable development, for energy and GHG
emissions savings. As a final destination of bioplastics, mechanical recycling could be considered a
good alternative, maximizing the energy saving and reducing the renewable resources consumption.
In addition, Piemonte underlined that the results reported are interesting in terms of the environmental
reliability of bioplastics, but cannot be taken as guidelines for the market use of PET or PE rather than
PLA or Mater-Bi, and vice versa.

In 2013, Toniolo et al. [43] analyzed with the LCA methodology two kinds of plastic product:
a multilayer plastic tray and a PET tray, used for food packaging. For the first product an end-of-life
scenario that includes land-filling and incineration was chosen, whilst for the second product an
end-of-life scenario comprising recycling, land-filling and incineration was considered. They studied
how an innovative and recyclable package material could be environmentally preferable in respect to a
non-recyclable one, explaining how the utilization of recycled materials represents a great effort to
reduce the environmental burdens. The package produced employing a recyclable mono-material film
is more environmentally advisable than the multilayer ones, for all of the impact categories analyzed.
The results were also tested by a sensitivity analysis and an uncertainty analysis in order to confirm
the results of the life-cycle impact assessment. The study was used to demonstrate that the life-cycle
approach is an important tool to assess how a prevention activity to reduce waste production is actually
an environmentally sustainable alternative, providing also great decision-making support in the field of
packaging waste management. In 2017 they completed their research considering allocation strategies
for implementation in the modeling of the burdens of input waste and end-of-life disposal of such
food-packaging materials [44].

During 2014, three papers appeared on LCA studies: one dealing with an environmental
assessment study of a multilayer material bag used for food packaging [45], the second one dealing
with an economic and environmental assessment study performed on reusable plastic containers used
for a food catering supply chain [46], and the third one based on the environmental assessment of two
packaging materials for poultry products, such as a polystyrene-based tray and an aluminum-based
trays (70 wt% primary and 30 wt% secondary aluminum) [47].

In the first paper, Siracusa et al. reported an LCA case study on a multilayer film bag made of PA
and LDPE, used for vacuum or modified atmosphere packaging (MAP) technology food preservation.
Following the ISO standards 14040:2006 and 14044:2006 rules, a functional unit of 1 m2 of plastic film
was chosen, with a cradle to factory-gate approach, including the phases of the raw materials for bag
production and processing and the bag’s delivery to both the food production and packaging plant.

331



Polymers 2020, 12, 1212

Due to the use of crude oil and natural gas, the most impacting phases were the production of PA and
LDPE granules. The most affected damage category was “Resources”, followed by “Climate Change”,
“Human Health”, and “Ecosystem Quality” respectively. Film thickness reduction and the use of
recycled PA granules were proposed to the firm in order to reduce the total damage. The assessment
results showed that the two proposals allowed a reduction of about 25% and 15% (respectively) of the
assessed damage.

In the second paper, Accorsi et al. reported that during the last few decades, Europeans have
drastically modified their food consumption habits through the food catering sector, and chosen to eat
out or buy take-away foods, thus increasing drastically the amounts of package waste, exacerbated as
the food catering chain service does not currently employ reusable packaging systems. They compared
a multi-use system to traditional single-use packaging (e.g., wooden boxes, disposable plastic crates
and cardboard boxes), used for a fresh fruit and vegetable Italian catering chain, from vendors to
final customers, to quantify the economic returns and environmental impacts of the reusable plastic
container (RPC). A carbon footprint (CF) analysis was performed for the environmental assessment.
As plastic materials, 1 kg of PP for the production of 1 kg of single-use plastic crates and RPCs was
considered, while if an amount of 2.8% of scrap is added during the production phase, 0.925 kg
of polypropylene granulate can be expected to yield one kilogram of product. The LCA results
demonstrated that the environmental impact associated with the single-use network was mainly due
to the manufacturing phase, due to the great volume of the packages required over the year. It was
observed that the transportation phase, as well as the different disposal scenarios, significantly affected
the sustainability and the environmental impacts of the RPC system. From the study it was observed
that the RPC system will lead to a reduced environmental impact in terms of CO2eq emissions while
the overall economic return, in the opinion of the authors, is projected to be negative, due to a cost
increasing of about 0.06 € per kilogram of handled food product.

In the third paper, Zampori and Dotelli described a cradle-to-grave case study, considering the
production, use phase (such as cooking), and different end-of-life scenarios. Greenhouse Gas Protocol
(GGP), Cumulative Energy Demand and International Reference Life-Cycle Data System (ILCD)
midpoint method were used for the life-cycle impact assessment (LCIA) measurements. The aluminum
bowl was designed for use during the cooking stage of the poultry product and to reduce the cooking
time allowing consequently a reduction in electric energy equal to 0.21 kWh (1.38 kWh instead of
1.59 kWh), that is of primary importance to reduce overall emissions, expressed as CO2eq emissions,
especially in those countries, such as Italy, where the use of fossil fuels is predominant for electric
energy production. As regards the production stage of the two trays, it was found that the PS tray was
more sustainable than the aluminum one. Furthermore, in order to reduce the environmental impact,
the trays were designed to lower the overall emissions, determined by GGP and CED. In particular,
it was found that the Al tray was less sustainable than the PS one, according to a “recycled content”
scenario, but it was more sustainable when a “substitution” scenario was applied. In particular,
the authors found that if an Al tray made of totally recycled material is used, also if this is less
sustainable than a PS one, the choice of the Al tray becomes the most sustainable option thanks to the
lower impacts recorded during the cooking stage that were calculated to be the most impactful over
the entire life cycle of the two alternatives by a “cradle-to-grave” approach.

In 2015, Ingrao et al. [6] performed an LCA study of foamy polystyrene trays used for fresh
meat packaging. The FU was identified with 1 kg of packed-trays delivered to food production and
packaging firms, with a maximum capacity amounting to almost 800 cm3 of food. The tray size was
chosen as the object of the study because it was the most commercialized one amongst the other
different types produced by the Italian firm and so representing perfectly its core-business. The study
highlighted that the highest environmental impacts come from PS-granule production and electricity
consumption. The authors underlined as there were no margins for improvement in the production
of PS granules, in the transport of materials and of the trays’ inputs. On the contrary, changing the
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energy source into a renewable one (by installing, for instance, a wind power plant) would enable a
14% damage reduction.

In 2015, Conte et al. [48] focused their attention on 24 scenarios of packaging used for cheese
obtained from sheep. The goal of the study was to analyze the environmental implications of different
packaging systems, considering the potential food loss, in order to obtain an eco-indicator able to
quantify the environmental effect of different packaging materials. The geographical context was
referred to two area of the Basilicata region: Matera and Potenza (South of Italy). The LCA methodology
was applied following two approaches: an attributional approach (AA), in order to consider the
impacts related to the adoption of different packaging solutions, by taking into account only the
phase of packaging and including the production and disposal phases of packaging materials; and a
consequential approach (CA), with the aim of obtaining information about the consequences of
the decisions in different packaging choices. In this last case, the investigation was oriented to the
environmental implications in using different plastic films and gaseous atmospheres, together with
the inside effects such as the production and disposal of plastic materials, and outside effects such
as shelf-life and food losses. In this context, four types of plastic films were studied: a multi-layer
high-barrier film of PET (13%) co-extruded with PE (78%), exposed to anti-fog treatment (9% AF);
a common multi-layer film of polyamide (21% nylon), PE (74%) and ethylene vinyl acetate (EVA) (5%);
oriented polypropylene (OPP) (100%) of 60 micron thickness; OPP (100%) of 35 micron thickness.
For each heat-sealed bag, composed as described above, six gaseous atmospheres were considered: air,
vacuum and four MAP obtained by mixing N2 and CO2 at various percentage. Two scenarios were
considered for packaging disposal: the multilayer systems recovered for energy use (incineration)
whereas the PP was completely recycled. The authors found that, if an attributional LCA approach
was followed, thinner and recyclable packaging materials resulted in being more sustainable while
if consequential type approach was followed, packaging able to guarantee a longer shelf life, thus
reducing the food loss become the most sustainable. Furthermore, considering that the environmental
impact caused by cheese production is generally high if it is compared with the other stages of the life
cycle, the packaging possibility to reduce food losses was a key factor from an environmentally proper
choice point of view, more than packaging production and/or packaging disposal.

Accorsi et al. [49], in 2015, reported a LCA case study on extra-virgin olive oil (EVOO) bottled in
glass, PET and recyclable PET (R-PET), quantifying the impacts of global warming potential, ozone
layer depletion, non-renewable energy use, acidification, eutrophication and photochemical smog.
They focused their attention on the EVOO processing and bottling, on the EVOO and packaging supply,
on the distribution to customers and on the management of end-of-life (EoL) treatments (recycling
and disposal of wastes). The functional unit was a 1 L bottle of EVOO (i.e., equal to 0.916 kg·L),
supplied by an Italian olive oil firm. The LCA analysis was performed according to an attributional
and a consequential approach, in order to quantify the impact of the different technological approach.
The authors found that if high fractions of package waste is devoted to recycling (over 40%), EVOO
bottled in glass becomes less impactful than PET. Finally, LCA highlighted the potentiality of R-PET
bottles in reducing the environmental impact of EVOO supply chains.

In 2017 three papers appeared on LCA case studies. The first one was performed on cheesecake
normally packaged in low-density polyethylene film [50], with a limited shelf-life due to fast microbial
growth. The authors decided to study the effect of different packaging conditions like use multilayer
gas barrier trays, subsequently wrapped with a multilayer gas and water barrier film (i.e., AerPack
packaging), in order to extend the food shelf life. As control batches, food was packaged in gas barrier
recycled PET (named XrPet) trays and wrapped with XrPet films. Samples were characterized not
only from a chemico-physical, microbiological and sensory parameters point of view, but an LCA
study was also carried out, considering those new packaging solutions a possible way to minimize
transport costs and to generate economies in manufacturing. The chosen FU was a unit of food
sold, corresponding to a tray containing two cheesecakes, with a total weight of approximately 300 g.
The ReCiPe endpoint method was used for this LCA study. Metal depletion, followed by human
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toxicity, freshwater and marine ecotoxicity were the impact categories that varied the most, relating to
a high environmental impact of packaging. The ReCiPe normalized results confirmed that the AerPack
materials showed a lower environmental impact than the XrPet. Moreover, considering the economic
sustainability approach, the authors underlined as a change in the packaging technology to keep the
product fresh longer, could allow the cheesecake producer to minimize transport costs, generating
economies in manufacturing. By contrast with what was considered by Conte et al. [48] that provided
an eco-indicator index able to quantify the environmental indirect effects related to the different choices
in the food packaging, Gutierrez et al. [50] utilized an economic model considering the minimum
amount of product delivered on consignment that must to be sold, defining the impact of shelf life on
the food losses.

The second paper, published by Ingrao et al. [16], reports the evaluation of life-cycle environmental
impacts for fresh-food packaging trays constituted by expanded-PLA (EPLA), compared with standard
trays used for fresh meat, constituted of expanded PS (EPS). The purpose was to understand if
the biodegradable polymers could be an interesting and environmentally valid alternatives to the
synthetic ones, by assessing the global environmental impact but considering more damage and
impact categories (DCs and ICs) than those reported in previous studies by the same authors [3,6].
In particular, the comparison was carried out using an end-point approach level and the results were
shown to be associated with the life-cycle of the trays (Figure 6) and the DCs and ICs (Figure 7). In both
figures, values were expressed as pt kg−1.

Figure 6. A comparison of the (total) damages associated with the life cycles of PLA and polystyrene (PS)
trays. Values are expressed as pt.kgtray

−1. Reprinted from [16],© 2020 with permission from Elsevier.

Figure 7. A comparison of the damages associated with both DCs and ICs in the life cycles of PLA
and PS trays. Values are expressed as pt.kgtray

−1. Reprinted from [16], © 2020 with permission
from Elsevier.

The authors concluded that the most impacting phase were represented by the production of
PLA granules, due to the corn-cultivation phase, by the energy consumed in the processing of those
granules and, mostly, by their transportation from America to Italy, and in Italy direct to the tray
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manufacturing factory. In this context it was observed that the transport issue was responsible for the
PLA-trays’ higher impacts, compared with the PS ones.

The third paper was reported by Cinelli et al. [51], evaluating the degradability in compost of
some representative examples of materials prepared with pristine PLA, PLA with chitin nano-fibrils
(PLA/NC), PLA with NC and polyethylene glycol 400 (PLA/NC/PEG400) used as plasticizing additive,
suitable to be used for production of rigid or flexible packaging. Due to the fact that a biodegradable
polymer was blended with an active compound that might hinder the compostability of such materials,
for authors it was important to assess the test of degradability on those innovative materials, bio-based
and containing biodegradable components. The functional units were respectively 1 Kg of nano
chitin fibrils, and 1 Kg of PLA/NC/PEG400 pellets. The materials based on PLA and NC showed
disintegration in compost, evidencing no toxicity, while the production process of NC was affected by
a high consumption of water and chemicals. LCA analysis measured the environmental benefits for
PLA/NC/PEG400 products, mainly related to the renewable sources of most of the used components
such as chitin, chitosan, PLA, glycerol, as well as the compostability of the obtained product. The LCA
study was aimed at suggesting improvements for the production of NC based materials in terms of
sustainability and future application in food packaging market.

A year later, Petrucci et al. [52] reported a comparison between limonene plasticized PLA films
containing cellulose nanocrystals (CNC) and an acetyl tributyl citrate (ATBC) plasticized PLA films,
having equivalent mechanical properties, containing organo-modified montmorillonite (OMMT).
A cradle-to-gate approach was followed, using the Eco-Indicator 99 as the main method to assess the
environmental impacts and 1 kg of plastic film as the functional unit in order to identify the most
critical inputs. Physical and geographical limits of the investigated PLA whole life cycle, including
both nanocomposite manufacturing plant and the composting end of life, were considered as system
boundaries. The film service life and transports were excluded from the study. The authors found that
the chemical extraction of CNC caused a large environmental footprint and a relatively relevant energy
expense, despite it being a biobased filler. Furthermore, the environmental impact of PLA/limonene
film reinforced with 1% in weight of CNC (PLA/CNC/limonene) was comparable to the environmental
impact of PLA films reinforced with OMMT and plasticized with a petroleum based plasticizer (ATBC)
(PLA/OMTT/ATBC).

In 2019, Blanc et al. [53] performed an LCA case study of raspberry supply chains from an
environmental, economic, and social point of view, using bio-based plastics packaging. LCA, life-cycle
costing (LCC), and externality assessment (ExA) methodologies were applied to assess the impacts.
As traditional materials they considered PET and PLA as innovative packaging. A cradle-to-grave
approach was followed, with the supply chain framework reported in Figure 8.

Figure 8. Raspberry supply chain framework. Reprinted from [53].

As a functional unit a standard sale of 125 g flow pack was chosen. The results, reported on Figure 9
showed that bio-based plastics have lower environmental and social impacts than the conventional one,
whereas the latter is the best choice according to a classic economic approach. The authors underlined
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as a success the use of bio-based material, instead of the traditional plastics (such as PE and PET),
is linked to the ability to operate in a systemic way along the whole supply chain.

Figure 9. Sustainable performance results according to the triple bottom line (TBL) approach. Reprinted
from [53].

In the same year, Giovenzana et al. [54] reported the results of a case study on the environmental
impact analysis made on a new packaging solution used to oil quality preservation. This new packaging
solution, a three layers packaging made from two bio-based polymers such as PLA treated with
metallization and Bio-PE was compared with the traditional packages such as PE, PET and aluminum.
An LCA cradle-to-grave approach was used, choosing as functional unit a single-use packaging olive
oil content equal to 10 mL. With respect to traditional packaging, the innovative one obtained better
performance in the human health impact categories but the fermentation process of sugar cane, used to
obtain the PLA raw material, showed higher impacts in the ecosystem quality impact categories related
to water resource depletion, freshwater eco-toxicity and land use. The improvement of environmental
sustainability using an innovative packaging solution was not confirmed underline as the use of the
bio-based product does not always represent the better way in terms of environmental sustainability,
especially when recycling becomes an important aspect to be considered.

Finally, in 2020 Ferrara et al. [55] performed an LCA case study comparing the environmental
performance of Italian wine packed in traditional single-use glass bottle and wine packed using four
different packaging alternatives such as aseptic carton, bag-in-box, refillable glass bottle and multilayer
PET bottle. All packages were chosen by the authors because they considered it suitable to contain wine
while protecting it from light and oxygen during the storage time (considered within one year) and
preserving its quality level. However, for a considerable length of time before opening (over one year),
they reported clearly that the aseptic carton, bag-in-box and multilayer PET bottle cannot substitute
glass bottles for high-quality aged wine [56]. All primary data were obtained by the packaging
companies for weight, size and composition, for all packaging components (primary, secondary and
tertiary packages), comprising also transport, distribution and final disposal scenarios. Secondary
data were obtained from literature and technical documents. ReCiPe 2016 H was used as evaluation
method, with both midpoint and endpoint approaches. From the results it was observed that the most
environmental alternative was the bag- in-box packaging, slightly better than the aseptic carton, due to
the composition of the containers, lower packaging weight and greater palletizing efficiency. Compared
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with single-use glass bottles, the impact of the bag-in-box was 60% to 90% lower. Considering as
alternative scenarios the weight of containers, the wine distribution distance and the packaging disposal
scenario, it was observed that decreasing the distribution distance, the environmental performances
of refillable glass bottles could be comparable to those of the other two alternatives, pointing out
as glass bottle reuse in Italy is a convenient alternative only when the distribution is performed at
distances less than 100 km (local market). This study provided also useful indications for industry and
government stakeholders for new strategies in order to enhance the sustainability of the wine life cycle,
as well as countering the prejudice that glass packaging would be more sustainable than plastic or
multilayer packaging.

2.2. Agriculture

Degradability and renewability have become one of the guiding principles for sustainable
production and consumption of plastic commodities [2]. These two aspects have been documented to
be largely satisfied by biopolymers: the latter have, indeed, been expanding mainly in response to the
growing concerns about the sustainability of conventional plastics and to the environmental impacts
caused by the uncontrolled disposal of plastic wastes [3]. Over the years, such polymers have been
developed and improved in a way to become valid substitutes to the conventional ones, and so to find
applications in a wide range of sectors.

In this regard, Shen et al. [57] identified the following biopolymers as utilizable in agriculture:
starches; PLA; PHA; poly(butylene succinate) (PBS); PE and PVC produced from ethanol. Riggi et al. [2]
reviewed their applications in crop production, and came to the conclusion that, by replacing
their petroleum-based counterparts, these polymers may contribute to the greening of plasticulture.
Furthermore, in their review study, Riggi et al. detected several research advances and patents,
mainly based upon application of methodologies to expand the usage of biopolymers. This is the
case of biodegradable spray mulching coatings from hydrolyzed proteins that resulted as enabling
several benefits like: reducing mulch application costs; adding plant adjuvants in the sprayed mixture;
and making spray mulching more versatile and utilizable where the conventional, LDPE-film based
one is not [2,58].

Innovation in the mulch application field was researched also by Gorgitano and Pirilli [59], who
explored the feasibility and environmental impact of using biopolymers as alternative film materials to
the fossil counterparts. In particular, the authors’ attention was focused upon comparing LDPE to a
Mater-bi (MBi)-based biodegradable polymer as mulch film in the growing of different greenhouse
crops, namely lettuce, cantaloupe melon, and kohlrabi. For the study development, the authors
carried out an LCA considering a set of impact categories to be consistent with the system investigated
and best describe its environmental profile, including the potentials of global warming, acidification,
and eutrophication, as extrapolated from the CML1 baseline. The Functional Unit chosen by the
authors was 1 ha land where cultivation was carried out under greenhouse conditions using traditional
and innovative mulching film, alternatively. The system boundaries were of the gate-to-gate type,
and so encompassed all material and energy inputs, as well as all the activities carried out, from
production to harvest. The study allowed the authors to understand that, on average, for all crops and
impact categories investigated by the authors, MBi-based films perform better than the LDPE ones,
but results are significantly affected by the mulch film dimensions and features, as well as by the given
cultivation practices.

In another study, Russo and Scarascia Mugnozza [60] carried out a LCA of table tomato production,
comparing traditional with hydroponic farming. In both cases, cultivation took place in greenhouse
systems characterized by equal size (10 × 100 m2) but with different materials and structures. The FU
was represented by 1 kg table tomatoes with the system boundaries going from production to harvesting
and later distribution, including greenhouse maintenance and component replacement. With regard to
the greenhouse system, for all impact categories considered according to CML 2 2000, a pitched-roof
woody structure with an LDPE film cover was far more environmentally sustainable than a pitched-roof
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structure in zinc-coated steel with a glass cover and being more sustainable than a vaulted roof structure
in a zinc-coated structure with LDPE as covering film. Therefore, it can be asserted that the combined
utilization of wood and plastics enable more sustainable greenhouse systems but this solution was
not feasible for a series of surrounding conditions and the steel-plastic mix system may be considered
as the environmentally viable trade-off: as a matter fact, it was chosen by the authors to compare
the conventional vs. the hydroponic cultivation. Related results from this part of the study have not
been discussed here because they were considered by the authors as falling outside the scope of this
review paper.

The studies reviewed found ways for the greening of plasticulture also through incremental
innovation solutions, but there are still challenges to face, as related to background conditions,
materials utilized and production processes, and sustainability assessment methodologies. Agreeing
with Riggi et al. [2], those challenges can be solved through a multidisciplinary approach that combines
the efforts of scientists and technicians with expertise in subjects like chemistry, engineering, agronomy
and biology.

2.3. Automotive

The automotive industry has an important multiplier effect on the economy, because it is important
not only for downstream industries but in particular for upstream industries such as chemical ones.
Despite the fact that 80% of the growth in the sector is expected to occur outside the European Union
(EU), it remains crucial for the economy of the old continent. 13.8 million Europeans (2.6 million
directly) are involved by the car industry (6.1% of total European employment). But overall, the EU is
at the forefront of investment in research and development (R&D) [61]. Thus the sector, in order to
maintain and/or strengthen this leadership, in the last two decades has been searching for a sustainable
approach in the design, manufacture and recycle/disposal of the materials employed in the automotive
industry. The use of polymers and composite materials in the automotive industry has been increasing
in recent years (Figure 10) both because legislative and consumer demands for lighter weight and
fuel-efficient vehicles and because the design and complex parts of cars are more easily mouldable [62].

Figure 10. Change in vehicle composition from 1970 to 2010. Reprinted from [62].

Based upon the subject literature, the sustainable development of supply processes consist of four
levels, starting from the normative up to the monitoring of those processes, with their early detection
and implementation in between [63]. Generally speaking, it is obvious that prevention is the key point
to be taken into account for achieving a more sustainable production procedure, thus we cannot leave
aside an analysis tool like LCA.

Passarini et al. considered the increase in light material content such as polymers in new vehicle
production, and hoping for an improvement of polymer separation according to an ecodesign-oriented
strategy, applied the LCA to the end-of-life treatments [64]. The research group at Bologna “Alma
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Mater Studiorum” University, by considering the residual waste after shredding end-of-life vehicles
(ELVs) aimed at proposing the trend of the environmental effects of treating an automotive shredder
residue (ASR). They analyzed, according to the Ecoindicator 99 method (Pré Consultant, 2001) and
using the SimaPro 7.1 software, integrated with Ecoinvent 2.0 database (Ecoinvent, 2008), the potential
benefits from the recycling of polyolefins from ELVs, for the Italian situation. In fact, polymers’ growing
share in the composition of new cars obliged to reconsider the EoL stage, trying to find effective
recycling methods for polymers, which initially were sent to landfill due to the difficulty in being
sorted and recycled with respect to steel and light metals. In particular, Passarini et al. evaluated how
the different treatments (gasification, incineration, landfill, mechanical recycling) worked as a function
of the time-dependent waste composition, showing the importance of LCA application as a tool for
identifying a suitable waste management hierarchy, in accordance with the Directive 2008/98/EC.
They concluded that recycling plants, modeling mechanical and chemical recycling options, achieved
the lowest impacts due to the combination of material and energy recovery, with a consequent decrease
in the residual amount of waste disposed of in landfill. Since the presence of recyclable materials
and the net calorific value are fundamental parameters for the mass and energy balance during the
Life Cycle Inventory (LCI) phase, they highlighted the need to consider their long-term evolving
composition (ASR mix composition) in order to choose the most environmentally suitable technologies,
especially when an investment in new technologies and plants, planned to be in operation for many
years, is made.

D’Errico and Ranza applied LCA to determine the environmental impact of an Eco-floor panel
for cars in comparison with two other conventional manufacturing process cycles [65]. Namely, they
compared a stamped steel floor panel, a polyacrylonitrile (PAN) carbon fiber blended with epoxy
resin panel and a panel addressed by recycled eco-magnesium. They assumed a double scenario and
reported the 3 process cycles and relative GWP per kg of material produced (Figure 11):

(i) 30% in situ recycled mixed with 70% of fresh material;
(ii) 30% in situ recycled mixed with 70% of recycled chips.

The purpose of the Milanese researchers was the evaluation of lightweight solutions in a
cradle-to-exit gate stage modality, thus including the so called dirty-phase that is different for each
considered material. The result of this approach was that, considering a car a lifespan of 200,000 km,
carbon fiber reinforced polymer (CRFP) panels showed the best performance. On the other hand, novel
Mg-based panels have not any technology limit in using 100% of recycled feedstock materials, thus
allowing to align final GW values of low-impacting Eco-Mg produced by chips to those low values
typical of a CRFP panel.
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Figure 11. Process cycles and GWP results by Carbon Calculation over the Life Cycle (CCalC) software
calculation: (a) LCA of conventional steel floor pan; (b) LCA of CFRP floor pan; (c) LCA for novel
process route of extrusion of in-situ recycled Ecochips mixed with: (i) 70% of fresh material provided
(cast billet and ecochips pathway); (ii) (in parenthesis) 70% of raw material entirely provided by
recycling market. Reprinted from [65],© 2020 with permission from Springer Nature.

Ingarao et al. evaluated the environmental impact of some materials in means of transportation,
by considering all their life cycle stages [66]. Their contribution aiming at improving the reliability
of modeling the material (including recycling) and the manufacturing steps of aluminum-based
components in comparison with those of glass-fiber-reinforced polymers (GFRP), considering
light-weight benefits without neglecting the material production impact. Taking advantage of
an industrial case study, coupling experimental measurements with industrial data and literature
analysis, they carried out a life-cycle analysis of window panels to be assembled on the Italian
high-speed trains. In particular, they focused on an innovative recycling strategy and manufacturing
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inventory issues. Concerning the functional unit, the life cycle of a single train window panel was
analyzed. Each train, covering an annual distance of 500,000 km and an expected lifespan of 25 years,
was considered for 112 panels, setting the FU as one of this panel. The system boundaries were settled
from cradle-to-grave adopting the recycling as EoL strategy.

The impact of material production, product manufacturing, transportation, product use and
recycling were evaluated, analyzing primary energy and CO2 emissions flows throughout the panel
life cycle. As shown in Figure 12, GFRP performed worst, both for CO2 emissions and energy demand,
with the use that has proved, by far, the most impactful of the various phases.

Figure 12. Comparative life cycle inventory results: (a) primary energy, (b) CO2 emissions. Reprinted
from [66],© 2020 with permission from Elsevier.
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As regards the other phases, GRFP performed better during the material production (1725 vs.
2760 MJ and 120.6 vs. 160 kg of CO2), but subtracting the credit arising for recycling, the aluminum
resulted in being by far the best solution for both the considered metrics. Finally, they concluded
that for high-speed trains and in general for long service life transportation means light-weighting is
definitely the strategy to follow, considering also that the long traveling distance allows for the possible
worse environmental performances in material or manufacturing steps to be easily compensated.

Also Zanchi et al. evaluated, according to the LCA and LCC [67] methods, a light weighting
strategies aiming at reducing impact during the use phase of a vehicle. They compared two different
composite-based solutions for a dashboard panel manufactured by Magneti Marelli®, the first one
reinforced with talc whilst the second based on the use of hollow glass microspheres (HGM), considering
the environmental assessment and the economic sustainability [68]. The economic and environmental
analyses were based on a detailed data collection (comprising primary data), including and comparing,
in the first case, the production cost with the cost saving during the use phase, and, in the second case,
different indicators aiming at highlighting the trade-off among manufacturing and use and possible
EoL scenarios. They studied three different PP layers with two solutions differing in the bottom one
(Figure 13), the first reinforced with 25% talc and the second one reinforced with 23% HGM.

Figure 13. Automotive dashboard panel: finalized component (a); bottom layer (b); upper mantle (c).
Reprinted from [68],© 2020 with permission from Elsevier.

They settled as FU a dashboard panel of an Italian car (Alfa Romeo Mito 955 diesel engine) having
a lifespan of 150,000 km/10 years. The system boundaries included materials production, component
manufacturing, transport of materials and of the finalized dashboard to plant for its assembly to
the vehicle, use phase and EoL treatments. Results showed that HGM-reinforced composite was
likely better from an environmental point of view for those impact categories where the use phase
is more involved. The increase of material processing impact did not compromise benefits in terms
of GWP and primary energy demand due to weight reduction, nevertheless it affected resource
depletion and ecotoxicity indicators negatively, but overall, the EoL phase was not affected significantly.
They thus concluded that, despite a higher material cost, the use of HGM reinforced composites was
found economically preferable as demonstrated also by the breakeven point and it was suitable for
mass customization.

Zanchi et al. continued their LCA investigation extending the previous methodological approach in
the design of other Magneti Marelli® components by using GaBi software [69]. The various automotive
components were sorted by three vehicle systems: drivetrain (namely: air intake manifold, throttle
body, muffler, fuel tank); interior (dashboard, pedal box support, brake pedal); Suspensions and chassis
(Crossmember, Suspension arm). Each component was analyzed in terms of elementary flows and
products/waste flows having as goal and scope the determination of the environmental performances
along the entire life cycle of innovative lightweight solutions when compared with the current heavier
designs. They pointed out the difficult of benefits prediction when lightweight polymeric materials
were used in the place of heavy metal ones, again for the trade-off among manufacturing and use.
Thus, they concluded their efforts in this field with a series of take-home messages:

- A closer synergy between the various experts involved in the design phase is necessary to select
materials that actually affect the reduction of impacts, thus enhancing increasingly accurate data
collection and environmental modelling.

342



Polymers 2020, 12, 1212

- The introduction of different impact categories, then GWP could make the results interpretation
more difficult. They recommended ensuring an updating process of internal LCA expertise
concerning continuous scientific progress in the LCA fields regarding methods to calculate and
interpret the impacts.

- The assumptions on the final treatment of ASR (landfill or incineration) and recycling rate values
become significant for a complete substitution of heavy metals with polymer-based materials.

- They recommended including secondary effects in the LCA comparison to obtain more precise
results concerning benefits from lightweight design solutions.

The production of light and high-performance components for the automotive was also the object
of the study of Vita and his colleagues [70]. The researchers of the Universities of Ancona and Viterbo,
by the means of LCA, compared the environmental impacts of three alternative resin transfer molding
(RTM) manufacturing processes for the production of CFRP car hoods: namely Low Pressure-RTM
(LP-RTM), High Pressure-RTM (HP-RTM) and Compression-RTM (C-RTM) (Figure 14).

Figure 14. Resin transfer molding (RTM) variants analyzed. Reprinted from [70], © 2020 with
permission from Elsevier.

A car hood, mounted in an Italian luxury car, was taken as reference part and the functional unit
was defined as the production of 1000 CFRP car hoods through the three processes under investigation.
The system boundaries included the material extraction, manufacturing and EoL phases for those flows
directly involved in processes. The LCA analysis was carried out using SimaPro 8.05.13 as software
and the database EcoInvent 3.1 as the supporting inventory database. They observed that the mold size
directly influenced the energy consumption of the heating and cooling systems, thus it was evident
that moving towards low-pressure methods, such as C-RTM or LP-RTM, led to a drastic reduction of
impacts caused by the manufacturing of CFRP components (Figure 15). Anyhow, a reduction of the
electricity in these systems could be desirable, for example by using more efficient heating methods
and materials.

343



Polymers 2020, 12, 1212

Figure 15. Comparison of the RTM variants in terms of ReCiPe mid-points. Reprinted from [70],
© 2020 with permission from Elsevier.

Ingarao and some foreign colleagues, combining the generalized rule-of-mixture (ROM) model
and the Ashby material selection one, compared flax-fiber reinforced polymers (FRPs) and GFRPs
as lightweight components for automotives [71]. The purpose of this research group was to assess,
by the means of LCA, the cradle-to-grave environmental impact of flax FRPs with different design
specifications (fiber format, volume fraction, manufacturing technique, and load-bearing capacity)
and comparing to those of the conventional GFRPs. The functional unit was designed as 200,000 km
driving distance during the lifespan. Two types of flax FRPs, injection molded short flax fiber
reinforced polypropylene (short flax-PP) and compound/compression molded flax mat polypropylene
(flax mat-PP) film, were investigated and compared with conventional glass mat-PP and short glass
fiber-PP. They evaluated multiple impact categories and incineration with energy recovery was chosen
as the EoL scenario for both the composites. The flax mat-PP showed, under the equal stiffness criterion,
a lower environmental impact than a glass fiber-mat in most of the impact categories (Figure 16),
due to its lightweight structure, however, flax mat-PP composites suffered from environmental issues
common to agroproducts. By contrast, considering the dominant impact categories, the total life cycle
impact of the short flax fiber-PP was very similar to that of the short glass fiber-PP. Finally, since the
fiber volume fraction can be considered the critical parameter they evaluated its influence on the
impacts, showing the best volume fractions (28–32% v/v) for the flax mat-PP composite differently
than flax fiber-PP which exhibited steady decreased life-cycle CO2 emissions.
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Figure 16. Life cycle impact comparison between flax fiber-reinforced polymers (FRPs) and glass
fiber-reinforced polymers (GFRPs) with equal stiffness and equal strength design criteria. (a) Flax
mat-PP. (b) Short flax fiber-PP. Reprinted from [71],© 2020 with permission from Wiley.
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2.4. Concrete-Polymeric Materials

Concrete-polymer materials are extensively used due to their unique properties leading to an
extended service life, in particular in the structural applications. The major causes of deterioration
of reinforced concrete structures, such as the corrosion of the steel reinforcement, industrial
chemicals, deicing salts, and moisture, can be overcome by using FRP bars as an alternative type of
reinforcement [72,73].

Redaelli et al. carried out a LCA sustainability analysis on a prototype culvert made of different
type of concrete and reinforcement (carbon steel, austenitic and duplex stainless steels, and glass
fiber–reinforced polymer) providing a comparison among the different typologies [74]. The analysis
was firstly carried out from cradle to the gate (i.e., up to culvert installation) by assuming a 5 m culvert
segment as FU, for the LCI and GFRP were considered primary data by the industry partners, whilst
for the remaining materials and processes were used secondary data from the Ecoinvent database.
Among the different concrete formulations, that containing carbon steel (CS) resulted the cheapest to
the gate. They successively extended their study to the operational and EoL stages of the infrastructure,
by performing cradle-to-the-grave analysis over a period of 100 years. In these new boundaries,
the formulation containing CS resulted the worst one, both in terms of environmental impact and
cost, because of the additional required maintenance. The formulation used glass fiber–reinforced
polymer reinforcements proved to be the cheapest solution and, as regards the environmental impacts,
the most sustainable solution, followed by the stainless steel. The LCA results, among the different
formulations, did not change when the study period was decreased to 50 years.

A LCA and also a LCC analysis on four non-corrosive reinforcement materials for concrete
structures were carried out by Dotelli et al. taking into account stainless-steel (SS); GFRP rebars,
CFRP strands and epoxy-coated steel (ECS) reinforcing bars [75,76]. SIMAPRO (version 8.5.2.0, 2018)
software and Ecoinvent database, as source of secondary data, were used firstly in a cradle-to-gate (raw
materials, transportation, and construction) investigation and then in a cradle-to-grave (raw materials,
transportation, construction, maintenance, and EOL) one. The selected impact categories were GWP
100, ozone-depletion potential (ODP), acidification potential (AP), photochemical oxidant creation
potential (POCP) and eutrophication potential (EP). CFRPs reinforced formulations outperformed
in four out of five categories, resulting in not being environmentally competitive only for the ozone
depletion. Concrete reinforced with SS well performing in three out of five categories, resulted in
being the first alternative to the fiber-reinforced polymer. Anyway, due to the large contribution
in terms of global warming of the SS’s reinforced concrete (plus 35,508 kg CO2 eq.) the former
formulation remained the largely preferable choice. Their results indicated the ECS reinforcing bars as
the least environmental- friendly solution, since there was not a single category for which it was an
ideal alternative. Also as regards the demolition and landfill activities at EoL, the results of Dotelli
and his colleagues indicated the FRP formulations as the best option, because did not require major
operations (such as cathodic protections or reinforcement replacement), and, thus, did not require
traffic disruptions or traffic diversions.

The comparison between the use of FRP and steel in reinforcing the masonry buildings was also the
subject of the study carried out by Russo et al. at the University of Venice [77]. They evaluated the LCA
of the two options when using as retrofit work to increase the overall strength of masonry structures
against seismic actions. They observed that, in terms of sustainability, costs and environmental impact,
the weight of steel and the need for maintenance can become a critical problem, thus proposing as a
sustainable solution the use of FRP profiles instead of the steel ones.

Puccini et al. approaching to a sustainable design and management of transport infrastructures
applied the LCA tool to study different solutions of low noise pavements. Their idea was based on
replacing, in the bituminous mixtures, the classic virgin non-renewable materials with secondary
materials to lower landfill pressure, maintaining adequate functional properties [78]. Thus, the classic
hot mix asphalt (HMA) was compared with crumb rubber (CR) from EoL tires and reclaimed asphalt
pavement (RAP). They carried out a cradle to grave study, from production to EoL stages, including
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laying and maintenance in an Italian urban road located in the municipality of Massarosa in the
province of Lucca (Tuscany). They settled on 400 m and 464.5 m of pavement of the road as FU and
the data collected were analyzed by SimaPro 8.3.0 software. The researchers of the University of Pisa
demonstrated how the use of recycled materials leads to a 50% reduction of the environmental burdens,
confirming the high impacts associated with the use of the classic HMA mixtures (Figure 17).

Figure 17. Contribution of the pavement layers to selected impact categories, scenario S. Reprinted
from [78].

Some of the observed reduction (material depletion and energy consumption) was attributed to the
different level of maintenance requested. As regards the reduction in raw materials and hydrocarbons
emission was attributed to the use of reclaimed materials. Thus, the combined use of recycled materials
and warm technologies was indicated as a methodological approach to improve the environmental
sustainability of low noise pavements.

2.5. Geopolymers

In the previous paragraph we got to see how, considering concrete the most commonly used
construction material worldwide, many efforts were carried out in recent years to improve their
functional properties trying to increase, in the meantime, its environmental performance. In fact
it is well known that this huge amount leads to a relevant environmental impact, concrete occupy
large volumes in landfills, and its manufacturing is highly energy intensive. Cement industry can be
considered among the largest CO2 emission sources [79]. For the above cited reason both sector industry
and academy devoted their studies to eco-sustainable materials, such as geopolymers, as components of
a new class of low-energy materials maintaining the specific properties of cements [80]. As we reported
for concrete and also for geopolymers LCA represents the most common approach to assess potential
environmental impacts, showing that the inclusion of industrial waste provides the enhancement of its
environmental performance and the reduction of costs. In particular, the recycling of waste, by using
in their formulation slags, calcined clays and coal fly ashes [81–84], leads to a reduction in energy and
natural resource consumption.

A LCA investigation, concerning the environmental burdens related to the use of wastes from
recycling construction and demolition treatment plant as raw materials in the geopolymer’s production,
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was carried out by Petrillo et al. regarding the production of concrete blocks in plants located in the
South of Italy [85]. Their study referred to different plants located in the Campania Region (South of
Italy), starting from raw materials acquisition and processing up to the production and packing of
concrete paving blocks, thus reporting results in a cradle-to-gate approach. The ordinary Portland
cement (OPC) block were obtained by mixing cement with recycled clay soil as solid precursors and
blast furnace slag, designing as functional unit 1 m2 of paver blocks. The various life-cycle stages of
brick products were modelled and assessed with SimaPro VC LCA software, by using Eco-indicator 99
and CML 2000 baseline.

In both the methods used, they indicated the binder and concrete production processes as the hot
spot for energy consumption and thus the main responsible for CO2 emissions (Figure 18).

Figure 18. ECO 99 characterization values of 1212 kg of geopolymeric binder (AE: acidification/
eutrophication; C: carcinogenics; CC: climatic change; E: ecotoxicity; FF: fossil fuels; LU: land use; M:
minerals; OL: ozone layer; R: radiation; RI: respiratory inorganics; RO: respiratory organics). Reprinted
from [85],© 2020 with permission from Wiley.

Other relevant impact categories, involving the use and production of alkali activators, were the
ozone layer depletion and eutrophication ones for the CML method and respiratory inorganics and
ozone layer depletion for Eco-indicator 99 (Figure 19). They concluded that the use of recycled clay soil
or waste for making paving blocks would address sustainable issues such as the resource conservation
and conversion of wastes and byproducts to useful and valuable products, although an LCC analysis
could be necessary.
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Figure 19. CML characterization values of 1212 kg of geopolymeric binder (AD: abiotic depletion; A:
acidification; E: eutrophication; FWAE: fresh water aquatic ecotox; GWP: global warming potential;
HT: human toxicity; MAE: marine aquatic ecotoxicity; ODP: ozone layer depletion; PO: photochemical
oxidation; TE: terrestrial ecotoxicity). Reprinted from [85],© 2020 with permission from Wiley.

Tugnoli et al. carried out a LCA analysis aiming at evaluating the replacement of the conventional
cementitious binders in the passive fire protection (PFP) systems with geopolymer-based matrices [86],
because of their high thermal stability and low thermal conductivity [83,87]. They compared the
environmental and economic performance of a PFP geopolymer with a commercial cement, having
similar fireproofing properties, that was used as reference. The research group of the University of
Bologna divided the LCA study into two cases, A and B respectively. In the former they investigated a
geopolymer-based OPC replacement block, by designing a geopolymer concrete block with 1 m3 as
FU, and comparing it with data obtained in previous studies. In the second case, they investigated
a geopolymer-based mixture (waste fly ash from the flue gas treatment of a coal-fired power plant
as a precursor and Na-based alkali activators) for PFP application with the purpose to define its
environmental footprint. To this aim and to make possible the comparison, they designed as FU an
insulating PFP layer of 66.5 m2. The analyses were carried out from cradle-to-grave with secondary
data coming from the Ecoinvent database 2.0 and the thinkstep free GaBi LCI datasets. The main unit
processes for both cases are reported in Figure 20, where the considered transportation distances are
reported as well.
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Figure 20. Main unit processes considered for (a) geopolymer based passive fire protection (PFP) mix
and (b) lightweight concrete PFP mix in case B. Dashed box: processes outside system boundaries.
Reprinted from [86],© 2020 with permission from Springer Nature.

By making a balance among the avoiding of CO2 emissions from the clinker process in cement
manufacturing and the alkali activation of the geopolymers (affecting relevant parameters like AP,
EP) the proposed new geopoloymeric systems performed a life-cycle impact which was 27% lower
than that of the reference in terms of GW. These results confirmed the overall sustainability and the
economic viability (Figure 21) of geopolymers for PFP applications with the authors’ recommendation
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in employing sodium silicate produced via the hydrothermal route and in partial substitution of
sodium silicate with waste-derived alkali activators.

Figure 21. (a) Variation of the main environmental indicators for the geopolymer-based PFP mixture as
a function of allocation of the coal life cycle impacts to the fly ash. (b) Estimated material and energy
costs for the geopolymer-based mixture and for the lightweight concrete alternative as a function of the
cost of fly ash. Reprinted from [87],© 2020 with permission from Springer Nature.

Aiming at demonstrating the feasibility of the production of aerated systems based on geopolymer
hybrid foams (GHF), derived from fly ash (GHF-FA), Roviello et al. applied LCA to evaluate the
impacts of this process in comparison with GHF based on metakaolin (GHF-MK) and commercial
aerated autoclaved concrete (AAC) systems [88]. In the authors’ intentions the data deriving from LCA
must allowed to overcome the issues that, at that time, limited the geopolymers commercialization.
To reach this goal they emphasized the inexpensiveness of the raw material and processes.

In particular, they aimed at developing an eco-friendly process that, using waste raw materials,
adopted the circular economy philosophy. They enclosed in their study raw materials, transport,
manufacturing and disposal, thus considering a cradle-to-gate approach (Figure 22). LCA was carried
out by the means of the SimaPro© software v.8, designing as FU 1 m3 of GHF and by using for primary
data available datasets and literature data whilst, for secondary data, the Ecoinvent v.3 database,
literature review and expert judgment. As expected, Roviello and her colleagues found that showed
the best environmental performance paying, however, in terms of mechanical properties with respect
to the systems. Thus, they demonstrated the feasibility of GHF-FA industrial production highlighting,
however, the need for further studies to make comparable its usage performance to that of GHF-MK.
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Figure 22. Description of geopolymer hybrid foams derived from fly ash (GHF-FA) life-cycle production.
Reprinted from [88],© 2020 with permission from Elsevier.

2.6. Polymeric Materials in Fuel Cell

It is well known that automotive sector, from production to the road, contributes substantially
to GHG emissions and air pollution [89,90]. In one of the previous paragraphs, we dealt with the
production assessment, whilst in this one we face the problems related with the automobile’s use.
The GHG emissions from road transport accounted for 18 and 28% in EU and USA, respectively [91,92]
and in the last decade battery electric vehicles (BEVs) were proposed as environmental alternative
to the fossil-based internal combustion engine vehicles (ICEVs) showing, however, disadvantages as
regards short driving range and long refueling time. For this reason in the last years a technology,
already developed in the 1960 s [93,94], like that of fuel cells (FC), has been reconsidered [95]. Various
LCA analyses were carried out focusing mainly on the fuel cycle and accounting for roughly on the
production and disposal of the cars [90].

Thus, in moving towards the understanding of the real environmental impacts of producing FC
vehicles, in comparison to the classic or alternative green cars, and overcoming the limitations of
existing studies, Lettieri et al. focused, by the means of LCA tools, on the manufacturing stages of
a polymer electrolyte membrane (PEM) FC and compared the results obtained with those relating
the production of BEV and ICEV [96]. They carried out a LCA analysis of FCV, ICEV and a BEV,
respectively, considering their whole life cycle, including the manufacturing of the vehicles, their
use phase and end-of-life (Figure 23), assuming a lifetime of 150,000 km for all three vehicles and a
functional unit of 1 km driven by one car.
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Figure 23. System boundary of the whole life cycle assessment of a polymer electrolyte membrane
(PEM) fuel cell passenger vehicle. Reprinted from [96],© 2020 with permission from Elsevier.

The results obtained showed different environmental impacts of the three different vehicles as
a function of the stages considered. FCV performed worse in the production process because of
the hydrogen tank and the fuel cell stack, despite the scenario proposed suggested a 25% potential
reduction in the climate change impact category. By contrast, analyzing the use stage FCV performed
well in respect to ICEV, showing the highest GWP due to the fossil carbon emissions associated to the
use of diesel (Figure 24).
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Figure 24. (a) Global warming potential, (b) abiotic depletion, (c) human toxicity potential of fuel cell
vehicle (FCV), battery electric vehicle (BEV) and internal combustion engine vehicle (ICEV) for the
whole life cycle. Reprinted from [96],© 2020 with permission from Elsevier.

The GWP of the disposal stage was shown negligible for all three technologies, thus according to
the authors FCV showed a significant improvement in the use stage but reducing the environmental
impact associated with its manufacture still represents an important challenge that need to be addressed
in future years.

Di Marcoberardino et al. after designed and tested a novel micro-combined heat and power (CHP)
system based on membrane reactor and PEM fuel cell [97,98] proceeded with their study evaluating
the environmental performance of the system, by using LCA, and the economic assessment to make it
sustainable and cost-effective over its lifetime [99].

In particular, they focused their analysis on aspects such as process intensification and optimized
thermal integration thus trying to reach a reduction of the material requirements, considering also
aspects beside greenhouse gas emissions: water withdrawal, resources depletion, human health.
They compared their innovative FC with a commercial PEM for various residential applications,

354



Polymers 2020, 12, 1212

supplied with conventional natural gas from electric grids in two different countries (Italy and
Germany), thus making the assessment as generic as possible. Italy and Germany were chosen to
compare different loads because of the different climate, and different natural gas and electricity costs.
The evaluation was carried out, taking into account the full life cycle needed to provide heat and
electricity (Figure 25), and assigning the functional unit as “provide one, two or 10 German or Italian
dwellings with useful heat and electricity produced by a 5 kWel PEMFC micro-CHP over one year”.
The LCA software used was IMPACT 2002+ v2.2 considering the following indicators: carbon footprint,
resources, impacts on ecosystem quality, water withdrawal and impacts on human health. Among the
results, whilst the impacts on the water withdrawal and human health can be positive or negative
depending on the case, the innovative system undoubtedly reduced the carbon footprint impact, thus
becoming competitive, from an economic point of view.

Figure 25. System boundaries considered for the LCA for the assessment of the steam reformer (SR)
and autothermal reformer membrane reactor (ATR-MR) systems. Reprinted from [99],© 2020 with
permission from Elsevier.

2.7. Various Life-Cycle Assessment (LCA) Applications on Polymers

Given the specific applications we have seen in the above reported sections, in general in the last
decade LCA has been applied to explore new design routes, processes and final treatment of polymer
or polymer-based materials. The main goals that the authors addressed in the last paragraph was the
reduction of the environmental impacts, proposing a different strategy, by the help of LCA, compared
with the standard one. Bio-based polymeric materials in particular have attracted the attention of those
researchers aiming at improving their environmental performance.

La Rosa et al., by means of LCA, explored the possibility of improving the eco efficiency of glass
fibre composite materials to be applied on a pipe system used to transport cooling sea water in a
Sicilian petrochemical company [100]. In order to replace part of the conventional fibres with hemp
mats a comparative LCA was performed on two different elbow-fittings made of glass fibre/thermoset
composite and hybrid (glass fibre-hemp)/thermoset composite, respectively. The study was carried out
from cradle to grave by considering as FU one elbow fitting used in the chemical plant pipeline, with
an estimated life of 20 years and using data collected from the process as primary and the Ecoinvent
v2.2 database for the secondary ones. They found an increase of the eco-efficiency for the hemp
mat-reinforced composites, particularly during the production phase due to the ‘green’ origin of the
hemp mat. The same authors, by using the Simapro 7.2 software, carried out a cradle-to-manufacture
study in order to compare the production of an eco-sandwich panel containing cork, hemp and
bio-based epoxy resin as natural materials with respect to a traditional sandwich made of epoxy resin
and polyurethane/glass-fibers [101]. Aiming at evaluating the environmental impacts related to their
production, they settled on an eco-sandwich panel sized (0.400 × 0.400 × 0.02 m) as FU (Figure 26).
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Figure 26. Eco-sandwich with core in granulated cork and skins in hemp/bio-resin. Reprinted from [101],
© 2020 with permission from Elsevier.

LCA results showed a good improvement in terms of environmental impacts and energy use
compared with the petroleum-based products, despite the major contributions to the impact (in both
cases, eco-sandwich and traditional sandwich) being due to the use of epoxy resin (environmental
impact up to >85%).

Lettieri et al., in the direction of a greening of the epoxy based materials, carried out a cradle to
gate study comparing bacterial cellulose (BC)- and nanofibrillated cellulose (NFC)-reinforced epoxy
composites with PLA and 30 wt.-% randomly oriented GFR/PP composites [102].

They assumed 1 kg of NFC-reinforced epoxy composite as FU and used version 6 of the
GaBi software. The adopted model, developed by the Centre for Environmental Science in Leiden
University [103], in order to minimize uncertainties provided midpoint indicators to model the effects
of substances on the environment at an early stage (also known as the problem-oriented approach).
Their research highlighted good mechanical properties for the proposed systems with respect to neat
PLA, but in the meantime a higher GWP and abiotic depletion potential of fossil fuels of BC- and
NFC-reinforced epoxy composites. They observed that by enlarging the boundaries to the grave
(Figure 27) and increasing the nanocellulose content up to 60%, the GWP and abiotic depletion potential
of the innovative composites could be lower than neat PLA, suggesting higher nanocellulose loading
to reach the desired “greener credentials”.

Figure 27. Schematic diagram showing the system boundaries of the model representing the life cycle
of bacterial cellulose (BC-) and nanofibrillated cellulose (NFC)-reinforced polymer composites (left),
and PLA and glass-fibre/polypropylene (GF/PP) composite (right). The red, blue and green arrows
represent consumables or raw materials required, energy input and waste (materials and energy),
respectively. Reprinted from [102],© 2020 with permission from Elsevier.
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A couple of years since their first studies, La Rosa et al., continuing LCA investigations on
epoxies, proposed the idea of the recyclable composites production by engineering a commercial
amine-based epoxy curing agent. After the manufacturing and the chemical characterization of this
CF/epoxy composites, they evaluated the environmental impacts associated with the recyclability
of the thermoset composite [104]. Thus aiming at highlighting the benefits of using Recyclamines®

in the production of structural fibre reinforced composites. The Ecoinvent database was used for
the data and a CF/thermoset panel, manufactured through high-pressure (HP) RTM and chemically
treated in order to recover clean CFs as well as an epoxy thermoplastic, was designed as FU. The first
LCA results showed the environmental advantages in recovering clean CFs as well as a thermoplastic
polymer that can be reused and re-processed. In a further study, they tested the efficacy of the recycling
process, developed by Connora Technologies (Hayward, CA, USA), at the plant level, highlighting
the great innovation introduced by Connora Technologies that induced the conversion of thermosets
into thermoplastics [105]. The research group at the University of Catania obtained a series of LCA
results, demonstrating a very low environmental impact associated with the process and the avoiding
of furthermore impacts due to the recovery of the epoxy-composite constituents (fibres and matrix).

People working in manufacturing are always searching for new materials and process optimization
to guarantee quality and safety standards. Gagliardi et al. focused their research on the evaluation of
the impacts associated with the different joining processes (i.e., mechanical, thermal and chemical)
involved in the assembling of materials, with particular regard to the hybrid ones [106]. They carried
out cradle-to-gate and cradle-to-grave analyses but not considering the use phase and focusing mainly
in the recycling aspects. In the first part of the study, the energy consumption and CO2 emissions of
the investigated processes, showed the best environmental performance for the mechanical fastening
performed by bolts. When they enlarged the boundaries, considering the recycling, the adhesive
bonding and ultrasonic spot welding became environmentally friendly as well.

The lowering of the environmental impacts and toxicity for human health in the design and
production of materials for X-ray shielding applications was explored by Milanesio et al. [107], who
proposed a new epoxy based composites filled with barium sulfate and bismuth oxide instead of the
traditional screens made of lead and steel. The low-cost lightweight shielding composite materials
was tested by LCA, from cradle to gate, by using openLCA 1.9 and the Ecoinvent 3.5 database.
The proposed new epoxy-based panel performed better than both the traditional panels, in terms of
GW and particulate formation with respect to the lead one and in terms of human health with respect
to the steel one (Figure 28).
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Figure 28. The histogram showing the relative impacts for the main and most reliable factors studied.
Data were normalized to the maximum value for a rapid evaluation of the advantages and disadvantages
of each material. Green bars refer to the impacts calculated for lead, red bars for the composite samples
and blue bars are referred to steel impacts. Reprinted from [107].

3. Future Outlooks

The fair amount of works analyzed in this review allowed the authors to understand not only that
in Italy are LCA applications held in high regard, but, also, to draw considerations and look at the
multitude of perspectives that LCA can offer to different sectors dealing with the design, production,
marketing and final treatment of polymeric materials. As regards food packaging, the most investigated
sector in Italy for number of manuscripts, application of LCA was double addressed. On the one hand,
towards the aspects inherent the final treatment of the plastic materials to mitigate, or completely
remove, the dispersion of the packaging in the environment, and on the other hand to replace the raw
material to make it free from oil derivation. In the next few years, the authors expect a growing interest
in the first of the two aspects, aiming at reducing the persistence of packaging in the environment.
As far as they are concerned, the authors will continue working in this field of research by evaluating
the relevant environmental impacts, and the consequential damages, that are associated with naturally
derived polymers with high barrier properties for optimal food conservation levels.

Furthermore, agriculture is a very sensible research area, especially in Mediterranean regions,
like Sicily, where there is a massive consumption of plastic materials for different purposes, from
mulching to greenhouse covers, through irrigation systems. Despite this, the authors found that
very little has been done thus far at the environmental level compared with the other areas reviewed.
This stimulates expansion of research on the subject to contribute to greening not only plastics’ life
cycles but also the agricultural systems where those plastics’ are utilized. With regard to this point,
this paper’s team of authors intend to co-work in the direction of developing and testing innovative
plastic formulations that are compatible with the soil and/or enable improving its properties, in order
to find the truly feasible ones. Experimental research will then be complemented with LCA to validate
those formulations from an environmental perspective.

Similarly, in the building sector, new concrete formulations can be designed using recycled plastics,
without compromising the structural properties of the artefact.

The review highlighted LCA to be an irreplaceable tool being able to couple economic,
environmental and performance considerations thus leading to discovery of the most high-performing
solution or, at least, the viable trade-off.

358



Polymers 2020, 12, 1212

Last but not least the automotive sector is historically a very important sector of the Italian economy.
Here, LCA practitioners can indulge themselves, both for the innumerable polymeric components to
be studied and for the possibility of extending or restricting the boundaries, consequently focusing
upon an impact category rather than another one. In this regard it is worth making a consideration to
pay due attention to comparing scenarios that are likely to be similar but which can, instead, show big
differences just by expanding the investigated field.

4. Conclusions

In the framework of the environmental impact assessments, in the last years, LCA has emerged as a
valuable decision-support tool for decision-makers, in both political and industrial areas. Consequently,
LCA has assumed over the years a key role as a tool for identifying cradle-to-grave impacts of products
in a multitude of sectors: among them, polymers is one of the most investigated, considering the
uncountable number of disparate applications.

Through this literature review, the authors achieved their goal of reviewing and building upon
LCAs in the Italian polymeric sector, to highlight the most relevant environmental issues.

It was found that LCA was used in the majority of those sectors where plastic products are
utilized, namely:

- agriculture;
- food production and packaging;
- automotive;
- concrete-polymeric materials;
- geopolymers;
- polymeric materials in fuel cells.

In each sector and for each application, the Italian researchers proposed, on the basis of LCA
results, sometimes from the cradle to the grave and at other times from the cradle to the gate, the best
solution to minimize the environmental impact and ensure a viable choice also from an economic point
of view. Food production and packaging resulted the most studied sector with LCA, but in all the
other sectors we recorded increasing attention on the whole polymer’s life cycle and the need to show
its sustainability.
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Abstract: Epoxy-based blends printable in a Liquid Crystal Display (LCD) printer were studied.
Diglycidyl ether of bisphenol A (DGEBA) mixed with Diethyltoluene diamine (DETDA) was used
due to the easy processing in liquid form at room temperature and slower reactivity until heated over
150 ◦C. The DGEBA/DETDA resin was mixed with a commercial daylight photocurable resin used
for LCD screen 3D printing. Calorimetric, dynamic mechanical and rheology testing were carried out
on the resulting blends. The daylight resins showed to be thermally curable. Resin’s processability
in the LCD printer was evaluated for all the blends by rheology and by 3D printing trials. The best
printing conditions were determined by a speed cure test. The use of a thermal post-curing cycle
after the standard photocuring in the LCD printer enhanced the glass transition temperature Tg of
the daylight resin from 45 to 137 ◦C when post-curing temperatures up to 180 ◦C were used. The Tg
reached a value of 174 ◦C mixing 50 wt% of DGEBA/DETDA resin with the photocurable resin when
high temperature cure cycle was used.

Keywords: additive manufacturing; LCD printing; epoxy; polymer blends; thermomechanical properties

1. Introduction

Liquid crystal display (LCD) 3D printing is based on the use of LCD displays as imaging system.
The key property of LCD printing is that the light shines through the flat LCD panels directly onto
the uncured resin. This allows light not to expand and, thus, pixel distortion is less of an issue with
LCD printing as it happens with DLP printing. In addition, a full layer can be exposed at the same
time and there is no need to scan the photopolymer point-by-point like in SLA. This had the advantage
of a faster 3D printing process. In many LCD printers the light comes from an array of UV or LED
lamps. Other photocuring 3D printing technologies are based on different principles: digital light
processing (DLP) uses a projector to project the image of the cross section of the object to be printed;
stereolithography apparatus (SLA) uses a laser beam to scan and cure the layer of the photocuring
resins point by point; multi jet printing (MJP) prints the models spraying liquid photosensitive resins
from several nozzles and then curing the layer by using an UV lamp [1]. Back in 2015, the company
Carbon3D reported the process named CLIP (Continuous Liquid Interface Production) which is based
on an oxygen permeable membrane leading to the consecutive printing of each layer and therefore
speeding up part’s production. The CLIP technology is also named DLS (Digital Light Synthesis).

Polymers 2020, 12, 1594; doi:10.3390/polym12071594 www.mdpi.com/journal/polymers365
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The key aspects is the use of oxygen permeation to inhibit the radical polymerization allowing fast
continuous printing [2]. Carbon3D technology is not based only on the use of oxygen permeation
membrane, but also on the availability of different resin chemistries ranging from acrylates to epoxies,
cyanates and polyurethanes. Some of the best performing resins offered by Carbon3D are based on
dual curing approach in which photocuring is followed by thermal curing [3]. Obst et al. [4] discussed
the influence of different exposure times on the dual curing reaction of a polyurethane-based resin
used in the DLS technology. The resin used in their study was a blend of acrylate and polyurethane.
The mechanical characteristics such as tensile strength and elongation at break were shown to be
strongly dependent on the degree of UV crosslinking. Redmann et al. [5] focused on an epoxy-based
system processable in the Carbon3D printer. The authors addressed the problem of thermal curing
optimization for this system. Reducing the thermal curing time while avoiding a negative influence
on the final mechanical properties was the main goal. The original curing time with a duration of
750 min was shortened to 200 min with, at the same time, an improvement of glass temperature
transition from 146 to 154 ◦C. Dual curing for acrylate-based systems has been widely studied for
several applications: shape memory polymers, optical materials, photolithography, protective coatings,
structured surface topologies, and holographic materials [6]. A dual-curing process is defined as
a combination of two curing reactions taking place simultaneously or sequentially. Epoxies mixed
with a photocurable acrylic resin cured combining photocuring with thermal curing allowed the 3D
printing of carbon fiber reinforced composites [7]. Lantean et al. [8] proposed similar approach based
on epoxy/acrylate blends for DLP printing. In this study, epoxy was used but no specific thermally
activated curing agent was added. The maximum Tg achieved was limited to 108.6 ◦C for those blends.
Daylight resins cure at 460 nm while most of the other photocurable resins cure in the UV region
using wavelengths between 325–420 nm. According to Photocentric, “the use of light at longer wave
length proved to allow for a deeper penetration depth into the photopolymer material and therefore
a more uniform and accurate 3D printing process” [9,10]. The combination of visible light with the use
of LCD screens for 3D printing, allows for a faster, more efficient and economical manufacturing
process. This is a relevant point for application. In the literature there are increasing examples of
the use of additive manufacturing in several fields ranging from microfluidics [11–13], tooling for
composites [14,15] and injection molding [16]. Mixing epoxy blends with photocurable resins can
open the field to novel formulation too if complex toughened epoxy blends area used [17,18] because
this can be a suitable method to obtain the impact resistance of the printed specimens. All these
applications might benefit of an accurate control of cavity control [19,20]. The aim of this work
was to improve the thermal properties of daylight resins by blending with epoxy thermally curable
resins without altering the working principle of the printer. To achieve this goal first we selected
a commercial daylight curing resin and we studied its thermal curing properties after LCD printing.
The effect of epoxy blending and the use of dual curing as a mean to improve resin’s thermal properties
was analyzed.

2. Experimental

2.1. Materials and Method

2.1.1. Materials

Two resin systems were mixed: the commercial daylight resin (Cream Hard) obtained by
Photocentric Ltd. (Peterborough, UK) and the thermally curable epoxy resin formulated by mixing
diglycidyl ether of bisphenol A (DGEBA) and diethyltoluene diamine (DETDA. In the following,
we refer to the Cream Hard resin as cream or C while the mixture DGEBA/DETDA is refereed as E.
The diglycidyl ether of bisphenol A selected was the Araldite GY 240 kindly donated by Huntsman
(Basel, Switzerland). The diethyltoluene diamine (DETDA) was the LonzaCure DETDA kindly donated
by Lonza (Basel, Switzerland). DGEBA and DETDA were mixed at room temperature with a 1:1
stoichiometric ratio.
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2.1.2. Epoxy-Based Blend Preparation

LonzaCure DETDA is a liquid aromatic amine that can be mixed at room temperature with
liquid epoxy. The liquid epoxy formulation obtained is miscible with daylight resins and it is not
reactive under daylight. The uncured epoxy formulation was obtained mixing the two monomers
(i.e., DGEBA and DETDA) in a centrifugal planetary mixer (ARV-310 by Thinky, Laguna Hills, CA,
USA). The conditions used for mixing were: speed 2000 rpm, vacuum pressure of 0.3 kPa and mixing
time of 5 min. The epoxy-based blends were prepared by mixing at room temperature the uncured
epoxy formulation with the cream resin with different weight ratios (Table 1). The blends were
mixed in the centrifugal planetary mixer with the same mixing procedure used for the uncured epoxy
formulation. The prepared blends were stored in opaque glass containers avoiding daylight exposure
until used. No sign of demixing or incompatibility for the samples stored at room temperature for
3 months was observed. The centrifugal mixer allowed to mix the two resins in 5 min only and,
at the same time, to apply deareation avoiding air voids in the cured systems.

Table 1. Resin formulations studied.

ID
Sample

Cream
[wt%]

Epoxy
[wt%]

C 100 0
CE7030 70 30
CE5050 50 50
E 0 100

2.1.3. Resin LCD Printing and Thermal Curing

The LCD printing was carried out on a LC-HR2 LCD printer by Photocentric (Peterborough,
UK). The LC-HR2 is a LCD printing machine that uses an iPad screen as display for resin’s
photocuring. The initial conditions used for printing the cream resin were recommended by
Photocentric. Following the printing trials on the epoxy- based blends the printing conditions were
tailored to obtain good quality printing (Table 2). The methods used to define the optimized printing
parameters for the epoxy blends will be explained in the results and discussion section. The printed
samples were first shaped by LCD printing and then thermally post-cured in a standard ventilated
oven with two types of cure cycles: isothermal cure for hold time of 3 h; isothermal cure at 140 ◦C for
2 h followed by a ramp at 2 ◦C/min to 180 ◦C and hold at this temperature for 2 h. For the isothermal
curing of the cream resin three temperatures were tested: 100, 140 and 150 ◦C.

Table 2. LCD printing conditions used for specimens manufacturing.

ID
Sample

Exposure Time
[s]

Z Lift Distance
[mm]

Z Lift Speed
[mm/min]

Z Retract Speed
[mm/min]

Top Time
[s]

C 25 3 15 50 5
CE7030 30 10 10 10 10
CE5050 30 10 10 10 10

2.2. Characterization

2.2.1. Dynamic Mechanical Analysis (DMA)

Cured specimens with dimensions (10 × 8 × 2) mm3 were tested using a dynamic mechanical
analysis (DMA) machine (Tritech by Triton Ltd., Wrexham, UK) to measure the storage modulus (E’)
and the Tanδ. The experiments were carried out in single cantilever mode with a 20 μm amplitude
and 1 Hz frequency. Two types of experiments were carried out: isothermal testing by heating the DMA
chamber at 10 ◦C/min followed by an isothermal hold for 120 min at different temperatures (i.e., 100,
140 and 150 ◦C); ramp test at 2 ◦C/min from 25 to 180 ◦C. The isothermal test was carried out on
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the cream sample after LCD printing to evaluate the effect of the thermal crosslinking induced by
postcuring. The ramp rate test was used to characterize the viscoelastic properties of the samples
after completing the thermal curing cycle. The latter test was used to measure the glass transition
temperature (Tg ) of the resin that was determined as the Tanδ peak.

2.2.2. Differential Scanning Calorimetry (DSC)

Calorimetric measurements were performed using a Shimadzu DSC-60 (Shimadzu, Kyoto, Japan).
Resin samples in liquid (uncured resin) and solid (photo- and thermal- cured resin) form were placed
in a 40-μL sealed aluminum crucibles. Samples of the average weight of 5–7 mg have been prepared.
The samples were heated from room temperature up to 300 ◦C at a rate of 5 ◦C/min (first scan).
After the first scan, they were cooled to room temperature and reheated to 300 ◦C, at a heating rate of
5 ◦C/min (s scan). The glass transition temperature (Tg) was measured as the midpoint of the heat
capacity increment Δcp associated with the glass–rubber transition. The specific heat increment
Δcp was calculated from the vertical distance between the two extrapolated baselines at the glass
transition temperature. The total exothermic heat released was calculated from the area of the DSC
exothermic peak.

2.2.3. Rheology Testing

Parallel plate rheometry was carried out on uncured resin blends using an ARES rheometer
(TA Instruments, Sesto San Giovanni (Mi), Italy). Disc-disc configuration was used with plates of
25 mm diameter and 1.2 mm gap between plates. Isothermal test at room temperature with strain of
5% and oscillatory frequency of 10 Hz were carried out on the blends.

3. Results and Discussion

3.1. DSC Testing Results

The uncured cream resin was tested before LCD printing by a dynamic temperature scan
using differential calorimetry. The result is reported in Figure 1. The graph shows the presence
of an exothermic peak centered at 180 ◦C starting at 150 ◦C (black curve). The total exothermic heat
released was equal to 168.35 J/g. The exothermic peak reveals the presence of some thermally reactive
groups in the daylight formulation. The cream resin is a (meth)acrylate-based resin that can be cured
by photopolymerization and by heat [21]. The cream resin was analyzed back after the first scan
and no exothermic peak was observed (Figure 1, red curve). This finding confirms that all reactive
moieties were reacted in the first scan. The thermogram clearly shows a glass transition temperature at
135.6 ◦C in the second scan (red curve) that is higher than the Tg reported for the cream resin after
LCD curing only (i.e., ≈60 ◦C). Such an improvement can be explained as the result of the increased
crosslink density caused by the thermal curing occurring in the first scan.

The unreacted epoxy-based blends were also characterized in their uncured state by DSC.
The results are summarized in Figure 2. The addition of the thermally curable resin resulted in
the increase of the released heat during the heating ramp (Table 3) as it can be expected because of
the presence of a higher content of thermally curable monomers.
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Table 3. Data obtained from the DSC analysis of the uncured blends.

ID
Sample

Uncured Photocured
Postcured
in Oven

Isothermal
[◦C]

Peak1
[◦C]

Onset1
[◦C]

Heat1
[J/g]

Peak2
[◦C]

Onset2
[◦C]

Heat2
[J/g]

E • 171.79 129.59 264.52 - - -
CE5050 • 183.23 148.69 174.53 259.3 253 9.88
CE7030 • 186.56 143.7 227.98 261.06 243.93 9.31
C • 181 150.24 168.35 264.83 245.33 41.4
C • 185.56 183.25 115.71 - - -
C • • 100 188.22 184.52 55.16 - - -
C • • 140 189.54 185.71 12.05 - - -
C • • 150 - - - - - -

Figure 1. DSC analysis on the hard cream resin: first scan (black); second scan (red).

Figure 2. DSC analysis on the epoxy-based blends in their uncured state.
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3.2. Rheology Testing

Resin viscosity is a parameter of paramount importance for LCD printing. The resin must
flow during platform movement up and down in order to create a homogenous uncured resin layer
between the bottom of the vat and the printing part. Photocentric suggests a maximum viscosity (η*) of
100 Poise to enable resin printing on the LC-HR2 printer. The commercial cream resin used in this study
presented a room temperature viscosity of about 1.8 Poise. Adding the epoxy formulation resulted
in a viscosity increase with increasing epoxy content. The blend with the highest content of epoxy
(i.e., CE5050) showed a room temperature viscosity of 12 Poise (Figure 3). The blend’s viscosity largely
depends on the epoxy prepolymer molecular weight and, as such, could be tailored by the addition of
reactive diluents. We limited blend’s viscosity at values within printer specifications and at the same
time we increased the Tg values. Notably, the Tg values achieved are higher then the values obtained by
most of the current commercially available systems by Photocentric and they are also better that other
commercial systems (Table S1). The resins which displayed similar performance where those sold by
Carbon3D and based on the dual curing processing. If we compare the Tg results and the full processing
times we obtained with the results presented on Carbon3D technology in the open literature [2,4,5] we
can notice that proposed approach is fast and lead to comparable Tg performance. The viscosity of
the blends studied in this paper are higher than those of the systems commercially available. However,
being the values well below the suggested limit of 100 Poise the blends were all regarded as being
processable and this was confirmed by our printing trials described in the following section.

0 50 100 150 200 250 300 350
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1

10

* (
Po

is
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Temperature (°C)

 C
 CE7030
 CE5050

Figure 3. Complex viscosity of the uncured epoxy-based blends: C (blue); CE7030 (red); CE5050 (green).

3.3. Printing Test

Once tested blend’s viscosity, printing trials to obtain specimens for thermomechanical testing
were carried out. The first trials on the CE7030 blend resulted in unsuccessful printing (Figure 4).
The printing failed completely as no shape was formed and only some cured layers deposited on
the vat films were found. The same printing parameters used for the cream resin were applied in
such trials (see Table 2). The short exposure times seemed not long enough to allow full curing of
resin’s layers properly. This result is the effect of two parameters: the presence in the blends of
the epoxy resin, which is designed for thermal curing only, that reduce the amount of photocurable
moieties; the stoichiometric unbalance of the photointiator due to the epoxy resin addition in
the blend formulation.
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Figure 4. Printing trials for the CE7030 blend with the same printing conditions used for the cream
resin (see Table 2).

To optimize the exposure times of the formulated blends the photocuring of one single layer was
studied in greater detail using the following procedure. The printer was set to print a single layer prism
with a square base of 10 mm. One single layer for the LC-HR2 printer would results in a layer thickness
of 100 μm when the cream resin is used. The uncured blend was dropped on a plastic foil and suddenly
exposed to the LCD light with different exposure times setting the display to project one layer only
for the prism. The LC-HR2 printer works with fixed light intensity therefore this parameter was not
investigated. The uncured resin was gently rinsed away with a cloth wetted with isopropyl alcohol
(IPA) after light irradiation. The resulting thickness of the printed prism was measured by a caliper.
The side of the resulting square prism was measured by a caliper and the deviation from the fixed
side (i.e., 10 mm) reported as width overcure (Figure S2). The obtained results are summarized in see
Table 4. The results shown in the table demonstrate that adding the epoxy resin to the photocurable
resin there is a slightly reduced photo-reactivity for the blend. Therefore, to account for such effect
the exposure times increased from 25 s of the cream resin to 30 s for the CE7030 and CE5050 (Table 2).
However, the printing results is also affected by the resin flow during the up and down movement of
the platform. To account for the increased viscosity of the blends (Figure 3) the platform’s controlled
movement were modified as reported in Table 2 for the blends. In particular, the platform was lifted
higher to 10 mm distance instead of the 3 mm used for the cream and, to ensure the correct timing for
resin flow, the Z lift and retract were slower (i.e., 10 mm/min) compared to the cream resin’s printing.

Table 4. Average mean values and standard deviations (Std Dev) of the printing trials on the square
prism for the LCD printing optimization with the epoxy-based blends

Exposure Time
[s]

Thickness [μm] Width Overcure [%]

C CE7030 CE5050 C CE7030 CE5050

Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

5 - - - - - - - - - - - -
10 32 1.0 - - - - –9.4% 0.14% - - - -
15 46 0.7 41 1.0 - - –8.1% 0.15% –9.0% 0.17% - -
20 82 1.0 73 1.2 - - –4.7% 0.19% –5.3% 0.20% - -
25 105 0.9 95 1.3 88 0.8 0.0% 0.14% –2.0% 0.15% –4.0% 0.13%
30 117 1.0 108 1.2 102 1.0 1.1% 0.20% 1.5% 0.12% 1.0% 0.19%
35 137 0.7 125 1.2 118 0.9 1.1% 0.16% 1.6% 0.16% 1.5% 0.12%

Following these findings new settings were used Table 2 that yielded good quality specimens as
all the shapes drawn were printed (Figure 5) and all the samples had the dimension planned.
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Figure 5. Printing trials for the CE7030 blend with the optimized printing conditions after photocuring
optimization (see Table 2).

3.4. DMA Testing

The results of the DSC tests showed the presence of an exothermic peak for the uncured
cream resin outlining the presence of reactive moieties leading to the thermal curing of this system
(see Figure 1). DMA is a suitable technique for the study of the thermal curing of solid systems after
vitrification [22]. LCD photo-cured samples were analyzed by running isothermal DMA testing at three
different temperatures (i.e., 100, 140 and 150 ◦C). This test allowed to measure viscoelastic properties
changes during the isothermal curing. Storage modulus (E’) versus time was monitored in detail.
The cream resin tested at 100 ◦C for 3 h showed only a slight variation of the storage modulus while,
when the isothermal test was carried out at 140 or 150 ◦C, the storage modulus increased of one order
of magnitude within the testing time (Figure 6). The increase of the storage modulus is the result of
the crosslinking reactions which starts, as demonstrated by the DSC tests (Figure 1), at 150 ◦C.
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Figure 6. Isothermal DMA curing test on LCD printed Hard Cream specimens: Storage modulus
versus time.

After being tested isothermally, the same samples were further analyzed by a ramp rate DMA test
(Figure 7). The system cured at 140 ◦C displayed two Tanδ peaks at 65 and 126 ◦C. The resin cured
at 150 ◦C displayed one peak at 134 ◦C and a shoulder at about 67 ◦C. The specimen cured at 100 ◦C
showed a slight shift of the Tanδ peak from 45 ◦C, measured for the LCD printed sample, to 50 ◦C.
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The shift of Tg peaks, which corresponds to the glass transition temperature (Tg), is the result
of the increased crosslink density due to the crosslinking reactions occurring because of the thermal
curing of the cream resin. The epoxy DGEBA/DETDA system showed an exothermic peak centered at
172 ◦C (Figure 2). Therefore, to ensure the full conversion of the epoxy moieties after LCD printing
the following post-cure cycle for epoxy modified blends was used: isothermal cure at 140 ◦C for 2 h,
ramp at 2 ◦C/min up to 180 ◦C and hold at 180 ◦C for 2 h. The post- cured samples obtained were
analyzed by a ramp test (Figure 8).
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Figure 7. Ramp rate DMA test on isothermally cured Hard Cream resin.
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Figure 8. DMA analysis for the LCD printed sample after the post-curing cycle (isothermal cure at
140 ◦C for 2 h, ramp at 2◦C/min to 180 ◦C and hold at 180 ◦C for 2 h).

As with the viscosity, if we can consider commercial analogous systems (Table S1) it can be said
that with dual curing, resin with higher Tg were obtained. The cream unmodified resin (C) showed
two glass transition temperatures (Tg) at 70 and 137 ◦C while the pure epoxy formulation (E) a Tg
of 197 ◦C. Epoxy blending resulted in one single broad Tanδ peak reaching, for the 50:50 blend, with
a Tg value of 174 ◦C. The blends obtained mixing the two formulations showed an increasing Tg
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with higher epoxy content (Figure 9). The Tg vs epoxy content graph shows a quasi linear correlation
considering only the high Tg for the cream resin. This trend is typically observed for blends forming
the so-called interpenetrated network [23].

Figure 9. Glass transition temperatures (Tg) obtained as Tanδ peaks measured by DMA plotted versus
the epoxy content.

4. Conclusions

Daylight curable (meth)acrylate-epoxy blends were studied. Calorimetric analysis demonstrated
the presence of thermally reactive moieties for the daylight resin used. Dynamic mechanical
analysis showed that LCD printed parts do not develop fully crosslinked network coherently with
the information gained from DSC analysis. Treating with thermal postcure the LCD printed daylight
resins increased the glass transition temperature from 45 to 137 ◦C. This Tg increase was obtained with
a post treatment that required about 4 h and 20 min of additional thermal curing time. This additional
treatment time is not impacting dramatically on overall production times because LC-HR2 printer
can print 100 μm every 25 s thus leading to a printing time of 7 h for a complex part with a volume
of 78 cm3 (Figure S1). Regarding this point, we should notice that increasing the printing area on
LCD printer do not change the printing time. Therefore, if many similar objects are printed in bigger
printers (like for example the Magna model) the printing time remains approximately the same while
the curing time can be the same on all the parts. This means that the time to make parts can be overall
reduced because of post-curing is carried out at once on all parts. These concepts let Photocentric to
achieve high volume throughputs with their big area machines. Therefore, thermal post-curing of
daylight resin is an efficient approach for enhancing the final properties of LCD printed parts. The
benefits of thermal post-curing were further enhanced when DGEBA/DETDA resin was added
to the formulation. The Tg increased up to 165 and 174 ◦C for blends with 30 and 50 wt% of
DEGBA/DETDA, respectively. However, these remarkable Tg increases showed some drawbacks due
to the increasing photocuring times to achieve good quality LCD printing. The exposure time needed
to be adjusted from 25 s for hard cream resin to 30 s for the epoxy-based blends and the platform to
be moved higher and slower to allow resin flow. The changes in these printing parameters lead to
longer printing time. For example, the part (Figure S1) with a volume of 78 cm3 would be of 16 h
of printing time. These results offer some important insights for the further development of similar
blends. To counteract the reduced photocuring reactivity of the modified blends some adjustments
of the type and content of the photoinitiator could a viable solution while, blend’s viscosity could
be tailored by using reactive diluents. Such developments can be interesting for future applications
in the field of tooling for polymers and composites or for specific application in severe environment.
In the field of tooling for polymers and composites the need for high temperature resistance is due
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to the high processing temperatures. For example, many advanced prepregs needed in automotive
are cured with processing cycles at 120 ◦C thus requiring materials with high temperature stability.
Other fields which might benefit for the use of high Tg resins and for the high resolution offered by
LCD printing are the valves working with hot fluids. Similar applications for dual curable epoxies
have been presented by Carbon3D but, according to the result of this paper, LCD printing can be used
too if the epoxy blending approach is pursued.
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The following abbreviations are used in this manuscript:

η* Complex viscosity
DETDA Diethyltoluene diamine
DGEBA Diglycidyl ether of bisphenol A
DMA Dynamic Mechanical Analysis
DSC Differential Scanning Calorimetry
E’ Storage modulus
Δcp Heat capacity increment
LCD Liquid Crystal Display
Tg Glass-transition temperature
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