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In late 2019, a novel Coronavirus was detected in Wuhan city of China, giving rise to the
catastrophic pandemic that is still rampant today. Initially, the worst-hit districts were put under
lockdown, which then extended to cities and eventually whole countries. Travel of people, along with
logistics of goods and services, were (and still are) severely affected. Most nations of the world urged
their citizens to stay indoors so as to avoid exposure to the virus, and thus remain infection-free.
One of the demographics that are negatively affected by the lockdown measures is the students and
researchers. Numerous universities around the world had to shut their premises at short notice,
thus prompting a rapid shift from in-classroom education to online education, a transition that normally
would take decades to happen. In particular, students received their classes through digital platforms,
which included Zoom, Microsoft Teams, Skype, etc., whereas the researchers adopted tele-working.
Although this strategy employed by universities is effective in curbing the further spread of the
virus, it has some unintended consequences. Firstly, owing to the uncertainly regarding the end date
for the current coronavirus pandemic, millennials and freshmen are unsure about their immediate
enrolment in their chosen courses and programmes. For example, the University of Ohio in USA
and the University of Cambridge in the United Kingdom will hold online classes for the upcoming
fall and until the summer of 2021, respectively. This is particularly disheartening for international
students, who are anticipating an active academic experience that includes campus life, engagement
in classrooms, obtaining in-person feedback from lecturers, bonding and networking in cafes, etc.
Secondly, and more importantly, students whose programmes warrant undertaking a significant
amount of laboratory work are stressed about the stagnant nature of their research. While a few
fields of study can be conducted on a digital platform, experimental research requires the presence
of the person in laboratories for a substantial amount of time. Biocomposite education is at its core
an experimental one, which includes the design of the biocomposite, preparation of raw materials,
fabrication and manufacturing, prototyping, and finally testing and characterisation. Therefore, it is
critical to identify some effective means to propagate biocomposites education during pandemics,
wherein students and researchers are confined to quarantines. In other words, educators should create
paths for effective learning in the biocomposite field in a distanced education system via alternative
routes and remote controlled laboratories and equipment.

In light of the aforementioned, five strategies could be adopted by the students and researchers
to sustain biocomposites education and learning during viral outbreaks and disruptions. The first
strategy, which is one of the most obvious ones, is to bolster the theoretical knowledge regarding
composite science and technology. Often, a student or a researcher learns on the job, i.e., learning by
doing. While this is imperative to activate the psychomotor taxonomic domain, the cognitive domain
can be made robust by indulging in the comprehension of background knowledge regarding various
scientific phenomena and engineering concepts [1]. Although a student can progress through his/her
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academic career and reach higher positions of lecturer or assistant professor by relying solely on the
‘working knowledge’ of biocomposites, an in-depth understanding of concepts like micromechanics,
macromechanics, laminate theory, structural mechanics, analytical modelling and finite element
modelling will make them reflective practitioners [2]. Additionally, these academics will be intrinsically
motivated [3] to conduct effective teaching and ground-breaking research. Therefore, the imparting of
theoretical knowledge on biocomposites will garner self-regulation [4], confidence and self-efficacy [5]
in the students and researchers.

In the second strategy, the students and researchers can devote their time to preparing
comprehensive and critical review articles meant for beginners and experienced researchers, respectively.
Not only does the preparation of review articles inadvertently facilitate the absorbance of overall
knowledge, but also their eventual publication in peer-reviewed journals attracts more citations
(compared to the narrowly focused research articles), which will boost the person’s academic career
and visibility. The writing of review articles enables the author to develop a holistic overview
regarding specific aspects of the biocomposite field. Additionally, the author becomes aware of
the latest developments in the state-of-the-art research, and is able to critically analyse and well
position his/her own research so as to address specific scientific and technological challenges and needs.
Thus, the above-mentioned facets of writing a review article are conducive for the development of
biocomposites education because students/researchers will learn by immersing themselves in loops of
experience, theories and practice, as specified by Boyatzis and Kolb, 1995 [6].

In the third strategy, the students and researchers can perform life cycle analyses (LCA) of various
biocomposite products. LCA does not require access to laboratories, and thus can be performed from
the safety of one’s home. Through LCA analysis, the student/researcher will be able to grasp the
importance of manufacturing and environmental sustainability, and attaining a circular economy
mind-set. It is critical to reduce greenhouse gas (GHG) emissions and wastage at every stage of
the biocomposites’ life cycle, and LCA will shine light into the environmental impact of sourcing
raw materials and feedstock, processing, manufacture, distribution, use, repair, maintenance and
disposal or recycling, i.e., the cradle-to-grave life of the product. The performing of LCA studies will
not only create opportunities for journal publications, but also encourage the student/researcher to
undertake industry-facing and market-oriented sustainable design and re-design of biocomposites in
the future. This will lead to the academic being environmentally conscious and striving towards waste
minimisation and pollution reduction during the biocomposite’s development and life cycle.

The fourth strategy is related to simulation studies of various aspects of biocomposites. Simulation
studies can be related to the determination of process feasibility parameters, its lifetime prediction,
failure mechanisms, etc. Although simulation without experimental validation could be futile,
students/researchers can delve into the modelling world, which can enable process optimisation
and effective product life cycle engineering. Furthermore, the students/researchers can visualise the
performance of the biocomposite without having to actually manufacture the product. Therefore,
simulation studies will not only enhance one’s theoretical understanding of composite science, but also
prepare one to tailor the design in order to have desirable performance properties and functionalities.
Simulation studies will be the closest thing for the students/researchers to experimentally designing
and developing biocomposites, and characterising their various properties in a manner akin to a
real-life laboratory session.

If performing real-world experiments is unavoidable, maybe the students/researchers can do so in
a simulated laboratory environment of virtual reality (VR), which is the fifth strategy. Nevertheless,
VR technology would not be accessible to all the students, especially in developing nations where
such technologies could be non-existent. VR technology can potentially allow students/researchers to
collaborate and interact with the artificially created biocomposite laboratory by moving through its
spaces and experiencing visual and auditory feedback from common instruments, such as injection
moulding machines, Instron Universal testing machines, cone calorimetry equipment, etc. Since VR has
been used in medicine in a way that has allowed the trainee doctors to rectify errors [7], the same can
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be emulated in biocomposite education. VR in biocomposite education will be beneficial in enabling
the student/researcher to develop his/her experimental skills, and will reduce the total cost of the
programme, since raw materials will not be expended.

In summary, there are several ways by which a student or a researcher can be immersed in
continuing biocomposites education during pandemics and massive disruptions. Adherence to the
aforementioned strategies will ensure that students/researchers can come back with a strong foundation
once the pandemic ends and the laboratories reopen. The following Figure 1 depicts the ideas put
forward in this article. An ideal solution for maintaining the flow of biocomposites research and
education is the combination of all the five strategies in some form or another.

Figure 1. The five strategies for students and researchers to adopt in order to maintain the continuity
of biocomposites education during a pandemic.
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Abstract: Fiber–matrix interfacial adhesion is one of the key factors governing the final properties of
natural fiber-based polymer composites. In this work, four extrusion reactive agents were tested as
potential compatibilizers in polyhydroxylbutyrate (PHB)/cellulose composites: dicumyl peroxide
(DCP), hexamethylene diisocyanate (HMDI), resorcinol diglycidyl ether (RDGE), and triglycidyl
isocyanurate (TGIC). The influence of the fibers and the different reactive agents on the
mechanical properties, physical aging, and crystallization behavior were assessed. To evaluate
the compatibilization effectiveness of each reactive agent, highly purified commercial cellulose fibers
(TC90) were used as reference filler. Then, the influence of fiber purity on the compatibilization
effect of the reactive agent HMDI was evaluated using untreated (U_RH) and chemically purified
(T_RH) rice husk fibers, comparing the results with the ones using TC90 fibers. The results show that
reactive agents interact with the polymer matrix at different levels, but all compositions showed a
drastic embrittlement due to the aging of PHB. No clear compatibilization effect was found using
DCP, RDGE, or TGIC reactive agents. On the other hand, the fiber–polymer interfacial adhesion was
enhanced with HMDI. The purity of the fiber played an important role in the effectiveness of HMDI
as a compatibilizer, since composites with highly purified fibers showed the greatest improvements
in tensile strength and the most favorable morphology. None of the reactive agents negatively
affected the compostability of PHB. Finally, thermoformed trays with good mold reproducibility were
successfully obtained for PHB/T_RH/HMDI composition.

Keywords: PHB; natural fiber; compatibilizer; cellulose; biocomposite

1. Introduction

The development of biobased biodegradable thermoplastic materials is a topic research of
special interest because it can represent a cost-effective and environmental-friendly alternative
to commodities [1]. Among the different biopolymers, polyhydroxylbutyrate (PHB), a bacterial
origin biopolyester from the polyhydroxyalcanoates family (PHAs), has attracted a lot of attention.
The applicability fields where the PHB-based material results are more interesting are those in
which biodegradability is desired either because composting could be a viable option for their waste
management or because they can potentially end up in the environment. Among those applications,
we can highlight food packaging or disposable products such as single-use tableware, hygiene-related
single-use products, straws, etc. [1–4]. The main strengths of the PHB that make it suitable for this type

Polymers 2020, 12, 1967; doi:10.3390/polym12091967 www.mdpi.com/journal/polymers5
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of application are its natural origin, its biodegradability, the absence of toxicity, and the high service
temperature [5]. Indeed, PHB presents mechanical properties in terms of a stiffness and strength that is
similar to PP, good barrier properties, which are comparable or even superior to PET [6–10], and it
is biodegradable in different environments, such as soil and marine [7,11,12], and compostable at
lab-scale, industrial, and home composting conditions [13].

However, PHB presents some shortcomings that limit its industrial applicability. PHB is a
semicrystalline polymer that is capable of a high degree of crystallinity but has a relatively low
crystallization rate. Hence, PHB suffers an appreciable embrittlement with time due to secondary
crystallization and physical aging [14–17], and its long-term mechanical properties are characterized
by low ductility and toughness. Indeed, the processing temperature window of PHB is very narrow:
the lower limit is relatively high due to its high crystallinity, and the upper limit is relatively low
because of its poor thermal stability in molten state (the degradation temperature is close to the melting
temperature [7]). Altogether, these factors make PHB quite difficult to process, especially in the case of
thermoforming [18]. In addition, one of the main limiting factors is its current high price. In this sense,
the development of PHB-based composites using lignocellulosic fibers as fillers could contribute to a
large extent to overcome the cost drawback maintaining the biodegradability and even improving
the mechanical performance of PHB, allowing the valorization of vegetal wastes contributing to the
circular economy.

Lignocellulosic fibers are hydrophilic materials composed by bundles of cellulose fibers embedded
in a matrix of other non-cellulosic materials such as lignin, hemicelluloses, pectin, waxes, and other
minor components [19]. The advantages of use lignocellulosic fibers as fillers are their availability,
low cost, biodegradability, low density, high stiffness, and acceptable specific strength [20]. However,
they also present shortcomings related to their thermal sensitivity and hydrophilic nature. In addition,
depending on the vegetal source and/or the plant location and time of harvest, the composition,
properties, morphology, and surface characteristics of different lignocellulosic fibers may differ
significantly [21].

It is well known that the resultant properties of fiber-based composites depend not only on the
properties of the constituents but are also determined by the fiber–matrix adhesion. The hydrophilic
nature of the lignocellulosic fibers lowers the compatibility with the hydrophobic polymer. Nevertheless,
according to Bhardwaj et al. [22], the relatively polar nature and presence of carbonyl groups (–C=O)
in PHB as compared with other nonpolar matrices such as PP might cause a hydrogen-bonding-type
interaction with the cellulosic fibers and relative better compatibility, as it has been also noticed by
others in PHA/lignocellulosic composites [23,24]. However, these interactions are not enough to provide
strong adhesion of PHB with lignocellulosic fibers, as it has been shown previously in PHA-based
composites, which are filled with untreated lignocellulosic fibers [25–27]. Thus, the enhancement of
fiber–matrix adhesion may be a key factor to exploit the full capabilities of these composites.

Some attempts to improve interfacial adhesion are physical treatments (plasma or corona
discharge), chemical purification treatments (dewaxing and delignifying treatments) of the fibers,
grafting, or the use of additives such as compatibilizers or coupling agents [19,28,29]. Reactive
compatibilization is an interesting cost-effective one-step strategy consisting of the use of small
amounts of reactive agents that possess functional groups with a tendency to react with the –OH
groups of the fibers and with the carboxylic end groups from polyesters by covalent bond interactions.
Thus, the most popular reactive agents used include maleic anhydride groups, epoxy groups, or
isocyanate groups [30,31]. Several examples of the use of reactive agents in polyester/fiber-based
composites can be found in the literature. Diisocyanates have been used in PHBV/bamboo fibers [32]
or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/poly(butylene adipate-co-terephthalate)
(PBAT) /Switchgrass systems [33]. Epoxy-based reactive agents have been used in PLA/sisal fiber
composites [34,35].

Another strategy could be by using radical generators that could arouse random linkages between
the matrix and the reinforcement via radical intermediate species, such as peroxides. Dycumil
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peroxide (DCP) has been used to compatibilize PHBV/Miscanthus fiber composites [31] or PHB and
PHBV/α-cellulose composites [36].

In this work, the efficiency as compatiblizers of four different reactive agents in fiber-based PHB
composites was tested. The reactive agents used were dicumyl peroxide (DCP), hexamethylene
diisocyanate (HMDI), resorcinol diglycidyl ether (RDGE), and tryglicidyl isocyanurate (TGIC).
The chemical structures of them are shown in Figure 1. In order to reduce variables and better
understand the role of each reactive agent in this study, a high purified commercial cellulose fiber
(TC90) with an α-cellulose content >99.5 % was selected, being the filler load set at 10 phr (i.e.,
per hundred mass of resin) for all compositions.

The effect of the different reactive agents on the PHB/cellulose interfacial interactions was studied
by scanning electron microscopy (SEM), tensile tests, and dynamic mechanical analysis (DMA). Indeed,
the effect of aging was assessed for all compositions. As maintained biodegradability is an important
requirement for the applicability of these systems, the effect of the different reactive agents on the
biodisintegration under standard composting conditions (ISO 20200) was also evaluated.

With the aim of analyzing the influence of fiber purity on the compatibilization efficiency, untreated
rice fibers (U_RH) and chemically purified rice husk fibers (T_RH) according to a previous work [37]
were used using HMDI as a compatibilizer. The mechanical performance and the morphology were
analyzed, and the results were compared with the use of the commercial cellulose.

Finally, since packaging is one of the potential application fields for these composites, the suitability
of PHB/T_RH/HMDI composites to be processed by thermoforming was tested. This process has been
chosen for both its difficulty and for being one of the most popular forming techniques used in the
packaging industry.

Figure 1. Chemical structures of polyhydroxylbutyrate (PHB), cellulose, and the reactive agents.

2. Materials and Methods

2.1. Materials

Poly(3-hydroxybutyrate) was supplied by Biomer® (Schwalbach, Germany) in pellet form (P309).
Purified alpha-cellulose fiber grade with an alpha-cellulose content >99.5% (TC90) was purchased from
CreaFill Fibers Corp. (Chestertown, MD, USA). Rice husk (RH) by-product from the rice production
process was kindly provided by Herba Ingredients (Valencia, Spain). The four reactive agents used
(dicumyl peroxide (DCP), hexamethylene diisocyanate (HMDI), resorcinol diglycidyl ether (RDGE),
and triglycidyl isocyanurate (TGIC)) were purchased from Sigma Aldrich (Madrid, Spain). Sodium
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hydroxide (NaOH, 98%), hydrogen peroxide (H2O2, 30%), glacial acetic acid (CH3COOH, 99%),
and sulfuric acid (H2SO4, 98%) were purchased from Sigma Aldrich (Madrid, Spain).

2.2. Rice Husk Fibers Preparation

RH fibers were ground in a mechanical knife mill and then sieved in 140 μm mesh. These untreated
RH fibers were named U_RH. A fraction of the ground and sieved RH fibers were subjected to a
two-stage purification treatment in order to remove the major parts of impurities and non-cellulosic
components such as waxes, lignin, and hemicelluloses. The first stage consisted of an alkaline attack
with NaOH (5% wt/v, fiber/liquid ratio of 1:20, 80 ◦C, 2 h). This treatment was applied twice. The second
stage consisted of an oxidative attack with peracetic acid (PAA) (fiber/liquid ratio of 1:20, 80 ◦C, 4 h).
The peracetic acid was prepared by the mixing of 30%(v/v) hydrogen peroxide and acetic acid in the
reaction medium with a volume ratio of 3:1 at room temperature and 1% (w/w) of sulfuric acid as
catalyzer. This procedure was adapted from the literature [38,39]. After each stage, the fibers were
filtered and washed repeatedly in distilled water until neutral pH was reached. The purified powder
was dried at 60 ◦C for at least 24 hours and ground again to break the aggregates formed during the
filtration process and then sieved in a 140 μm mesh. The as-treated RH fibers were named as T_RH.

2.3. Composites Preparation

In order to assess the role of reactive agents as compatibilizers, compounds of purified commercial
cellulose (TC90) were prepared with all reactive agents. The effect of the cellulose purity was studied
on rice husk fibers, with and without chemical treatment, using HMDI as the reactive agent. For the
sake of comparison and to evaluate the effects of the compatibilizers on the matrix, blank compounds
(without cellulose) were prepared as controls. All the compositions studied are summarized in Table 1.

The compounds were prepared by melt extrusion in a twin-screw co-rotating extruder (DUPRA
SL, Castalla, Spain) with an L/D ratio of 24 and a diameter of 2.5 cm. All the components were dried
before extrusion; PHB pellets were dried in a dehumidifier Piovan DPA50 (Piovan, Maria di Sala VE,
Italy) at 60 ◦C following the producer’s drying recommendations and the fibers (TC90, U_RH and
T_RH) were dried in an oven at 100 ◦C for at least 2 h. The formulations were manually premixed in
zip-bags. The temperature profile of the extruder was set as follows: 165/170/175/180 ◦C (from the
hopper to the extruder die), and the screw speed was kept constant at 40 rpm. The extrudate material
was pelletized and dried following the same considerations as pure PHB.

Table 1. Summary of studied formulations. DCP: dicumyl peroxide, HMDI: hexamethylene
diisocyanate, RDGE: resorcinol diglycidyl ether, TGIC: triglycidyl isocyanurate.

Sample
Component (phr)

PHB TC90 U_RH T_RH DCP HMDI RDGE TGIC

PHB 100 - - - - -
PHB/DCP 100 - 1 - - -

PHB/HMDI 100 - 1 - -
PHB/RDGE 100 - - - 1 -
PHB/TGIC 100 - - - - 1
PHB/TC90 100 10 - - - - -

PHB/TC90/DCP 100 10 - 1 - - -
PHB/TC90/HMDI 100 10 - - 1 - -
PHB/TC90/RDGE 100 10 - - - 1 -
PHB/TC90/TGIC 100 10 - - - - 1

PHB/U_RH 100 10 - - - - -
PHB/U_RH/HMDI 100 10 - - - - -

PHB/T_RH 100 10 - - - -
PHB/T_RH/HMDI 100 10 - 1 - -
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From the extruded pellets, different samples were obtained by compression molding in a parallel
plate hot-press (180 ◦C, 2 min for premelting followed by 2 min at 3 bar): bars of 50 × 12.5 × 3.5 mm for
dynamic mechanical analysis tests, films of 0.4 mm nominal thickness for uniaxial mechanical tests,
films of 0.2 mm nominal thickness for composting tests, and films of 0.8 mm nominal thickness for
thermoforming essays. Samples with neat PHB were processed and tested at the same conditions as
the compounds.

2.4. Methods

The morphology of PHB/TC90, PHB/U_RH, and PHB/T_RH composites with and without reactive
agents was examined by scanning electron microscopy (SEM), using a high-resolution field-emission
microscope (JEOL 7001F, Tokyo, Japan). The samples were prepared by cryofracturing after immersion
in liquid nitrogen and then coated by sputtering with a thin layer of Pt.

Differential scanning calorimetry (DSC) experiments were conducted on a DSC2 (Mettler Toledo,
Columbus, OH, USA) with an intracooler Julabo FT900 (Julabo, Seelbach, Germany) calibrated with
Indium standard before use. Samples were analyzed at 0 days (after hot-pressed films obtention) and
after 100 days, to account for physical aging at room temperature. The samples weighing typically 6 mg
were first heated from −20 ◦C to 200 ◦C at 10 ◦C/min, kept for 5 min to erase thermal history, and cooled
down to −20 ◦C at 10 ◦C/min. Then, a second heating scan to 200 ◦C at 10 ◦C/min was performed.
Crystallization temperatures (Tc), melting temperatures (Tm), and melting enthalpies (ΔHm) were
calculated from all respective heating/cooling scans. The crystallinity (Xc) of the PHB–reactive agent
compositions was determined by applying the expression (1) [40]:

Xc(%) =
ΔHm

w· ΔH0
m
× 100 (1)

where ΔHm (J/g) is the melting enthalpy of the polymer matrix, ΔH◦m is the melting enthalpy of 100%
crystalline PHB (perfect crystal) (146 J/g) [16], and w is the PHB weight fraction in the blend.

Tensile tests were conducted in a universal testing machine Shimatzu AGS-X 500N (Shimatzu,
Kyoto, Japan) at room temperature with a crosshead speed of 10 mm/min. Dumbbell 400 μm-thick
samples were die-cut from the hot-pressed films and tested according to ASTM D638 (Type IV) standard.
The samples were tested immediately after processing (0 days) and after 15 days of aging at room
temperature. All the samples were stored in a vacuum desiccator at ambient temperature until tested.

Dynamic mechanical analysis (DMA) experiments were conducted on hot-pressed sample bars
(55 × 12.5 × 3.5 mm) in an AR G2 oscillatory rheometer (TA Instruments, New Castle, DE, USA)
equipped with a clamp system for solid samples (torsion mode). Samples were heated from −20 ◦C to
melting temperature with a heating rate of 2 ◦C/min at a constant frequency of 1 Hz. The maximum
deformation (γ) was set to 0.1%.

Disintegration tests under standard composting conditions (ISO 20200 [41]) were carried out with
samples of (15 × 15 × 0.2 mm3) obtained from hot-pressed plates. Solid synthetic waste was prepared
by mixing 10% of activated mature compost (VIGORHUMUS H-00, purchased from Burás Profesional,
S.A., Girona, Spain), 40% sawdust, 30% rabbit feed, 10% corn starch, 5% sugar, 4% corn seed oil, and
1% urea. The water content of the mixture was adjusted to 55%. The samples were placed inside mesh
bags to simplify their extraction and allow the contact of the compost with the specimens; then, they
were buried in compost bioreactors at 4–6 cm depth. Bioreactors were incubated at 58 ◦C. The aerobic
conditions were guaranteed by mixing the synthetic waste periodically and adding water according to
the standard requirements. Two replicates of each sample were removed from the boxes at different
composting times for analysis. Samples were washed with water and dried under vacuum at 40 ◦C
until reaching a constant mass. The disintegration degree was calculated by normalizing the sample
weight to the initial weight with Equation (2):

D =
mi −mf

mi
× 100 (2)
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where mi is the initial dry mass of the test material and mf is the dry mass of the test material
recovered at different incubation stages. The disintegration study was completed taking photographs
for visual evaluation.

The thermoformability of PHB/T_RH/HMDI was tested by a vacuum-assisted thermoforming
technique in a pilot plant (SB 53c, Illig, Helmut Roegele, Heilbronn, Germany) equipped with an
infrared emitter heating device. The mold used was a female circular tray that was 55 mm in diameter
and 15 mm in depth with an edge radium of 5 mm. Rectangular hot-pressed sheets of a typical thickness
of 800 μm were used for this study. The sheets were stamped with a square grid pattern (0.5 × 0.5 cm) in
order to track the deformation that occurred during their mold conformation. The infrared heater was
set to 600 ◦C, whereas the heating and vacuum times (ranging between 20–45 s and 3–20 s, respectively)
were optimized in each case to obtain the best results.

3. Results

3.1. Influence of Reactive Agents in PHB/Cellulose Composites

3.1.1. Morphological Analysis

In order to assess the role of the reactive agents, blends with TC90 were prepared as detailed in
the experimental section. The morphology of the PHB/TC90 composites with and without the reactive
agents has been analyzed by SEM. Low magnification images were used to study the distribution of the
fibers within the polymer matrix, and high magnification ones were used to examine the fiber/matrix
interface. The micrographs of the different composites are shown in Figure 2.

As it can be observed in Figure 2a,c,e,g,i, in general, the fibers are well distributed within
the polymer matrix, and we do not detect the presence of fiber aggregates, indicating an effective
compounding. Despite this well dispersed and distributed morphology points to some type of
fiber/matrix interaction (probably hydrogen bonding), the presence of some voids and prints caused by
detached fibers (Figure 2a) as well as the gap observed between the fiber and the matrix (Figure 2b) are
indicative of a certain lack of adhesion. Then, it can be said that there are some interactions in the melt
that favor homogeneous dispersion, but those are not strong enough to provide an effective interface
between both components.

Regarding the reactive agents, no remarkable differences in morphology are detected in PHB/TC90
composites with reactive agents compared with the composite without them. Although the major part
of the fibers seems to be well embedded into the polymer matrix, some pull-out and detached fibers are
detected, as well as a small gap between the fibers and the matrix. With regard to the use of DCP, contrary
to other works reported in literature [31,36,42], in our case, no clear enhancement of compatibilization
between fibers and matrix can be appreciated by SEM. In the same way, any compatibilization effect
was found for the RDGE. Similarly, the TGIC did not show any additional compatibilization effect,
as this was unexpected [34]. However, in PHB/TC90/HMDI composites, there is an improvement
of fiber–matrix adhesion, finding no fiber pull-outs or detachment in the micrographs (Figure 2e).
In this case, the fibers seem to be well covered by the polymer, and fibers broken on their longitudinal
direction can be observed (Figure 2f), thus indicating a cohesive failure. Thus, SEM observations would
be in agreement with a strong adhesion between the fibers and the PHB matrix. This is probably due
to the formation of urethane linkages between the isocyanate groups of HMDI and hydroxyl (–OH)
groups from the fibers and/or hydroxyl or carboxylic chain ends of PHB, as it has been proposed in the
literature for biopolyester/fiber systems compatibilized with isocyanates [33].
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Figure 2. SEM micrographs of PHB/TC90 composites with and without reactive agents. The images in
the right column (b,d,f,h,j) show higher magnifications of the areas indicated with a square in their
corresponding images in the left column (a,c,e,g,i).
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3.1.2. Thermal Properties

DSC experiments were run in all samples. The thermograms were obtained from the films recently
processed (0 days) and after 100 days of storage at room temperature, when it is supposed that all
secondary crystallization and physical aging phenomena has taken place [15,43]. It can be seen in the
thermograms that aging only affected the first heating scans. The second heating scans, after erasing the
thermal history and controlled cooling at 10 ◦C/min, were the same for 0 and 100 days, thus confirming
that there were no significant structural changes during storage. Therefore, no signs of degradation
were evidenced for this period. All the results are summarized in Table 2.

Table 2. Differential scanning calorimetry (DSC) parameters for neat PHB with and without reactive
agents and PHB/TC90 composites with and without reactive agents.

1st Heating Scan Cooling Scan 2nd Heating Scan

0 days 100 days Tc

(◦C)

ΔHc

(J/g)
Tm

(◦C)

ΔHm

(J/g)
Xc

(%)Tm

(◦C)
ΔHm

(J/g)
Xc

(%)
Tm

(◦C)
ΔHm

(J/g)
Xc

(%)

PHB 175 72 49 170 86 59 117 91 170 94 64
PHB/DCP 167 71 49 167 73 50 115 81 160 84 58

PHB/HMDI 173 69 48 173 79 55 106 86 167 90 62
PHB/RDGE 172 75 52 173 81 56 115 88 168 91 63
PHB/TGIC 173 77 53 172 80 56 116 89 168 92 64
PHB/TC90 173 74 56 173 73 55 117 82 169 84 63

PHB/TC90/DCP 166 67 51 165 66 50 118 75 161 78 59
PHB/TC90/HMDI 173 71 49 173 72 55 111 78 169 81 62
PHB/TC90/RDGE 172 76 52 173 73 56 115 79 169 85 65
PHB/TC90/TGIC 167 78 54 172 73 55 118 79 166 85 64

The melting behavior and crystallinity index during first heating scans of the composites are
affected in different extents by the different components. However, it must be considered that the
crystal morphologies developed during cooling correspond to processing conditions, which implies
higher cooling rates with respect to DSC-controlled cooling at 10 ◦C/min.

Neat processed PHB presents a melting peak temperature of 175 ◦C and a crystallinity index
(Xc) of 49% at 0 days. After aging, Xc increases to 59%, and the melting peak temperature changes to
170 ◦C, due to secondary crystallization [44]. After erasing thermal history, the cooling of PHB yields a
crystallization peak temperature of 117 ◦C and ΔHc of 91 J/g, which corresponds to an Xc value of 63%
(for either aged or unaged samples).

Regarding the influence of the reactive agents on Xc, at 0 days, PHB/DCP and PHB/HMDI show
similar crystallinity indexes than neat PHB, whereas in PHB/RDGE and PHB/TGIC compounds, Xc is
slightly higher. The melting temperatures, on the other hand, are similar to that corresponding to neat
PHB, with the exception of DCP, which is slightly inferior. After 100 days of aging, the crystallinity
index of PHB with the different reactive agents is in all cases inferior with respect to neat PHB,
especially in case of DCP, for which melting parameters remain practically unchanged compared to the
unaged sample. This can be related with the crosslinking effect of DCP, which generates free radicals
and disrupts the linearity of the PHB chains, thus limiting the maximum crystallinity that can be
developed [45].

The presence of the reactive agents (with or without fibers) seems to partially hinder the secondary
crystallization [46], as the crystallinity index achieved at 100 days is in all cases inferior to that
corresponding to neat PHB. Indeed, it seems that the sole presence of the fibers restricts the mobility of
polymer chains, partly hindering the development of crystallization during aging, since the increase
in the crystallinity index is not observed over time for the PHB/TC90 composites. According to
the literature, fillers can restrict the polymer chain mobility [24], which could result in a stabilized
crystallinity index over time.
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After erasing the thermal history, no remarkable differences in crystallization temperatures or
enthalpies were observed among the compounds, except in the case of HMDI addition. Compounds
with HMDI showed lower Tc values than the other compositions, finding a reduction of Tc from
117 ◦C to 106 ◦C in PHB/HMDI and 111ºC in PHB/TC90/HMDI samples. These findings can be related
with some hindered motion of the polymer chains, thus suggesting the interaction of HMDI with the
polymer matrix and the fibers [47].

With respect to melting in second heating scans, after low cooling rates where polymer chains
had enough time and mobility to develop high crystallinity (10 ◦C/min during DSC test conditions),
the crystallinity indexes and melting temperatures of the different compositions were similar to
those corresponding to neat PHB, except for the compositions containing DCP. For DCP-containing
compounds, significant reductions of Tm and Xc was detected, being in agreement with some
crosslinking of the PHB matrix with the peroxide initiator DCP [45].

3.1.3. Mechanical Properties

PHB is known by its physical aging and secondary crystallization [15,16,43]. So, the mechanical
performance depends on time after its processing. For such a reason, tensile properties have been
assessed after processing (0 day) and after 15 days stored at room temperature. According to Corre
et. al., after such a period of time, the variations on the mechanical properties are so small that it
can be said that the properties are stabilized [16]. The mechanical properties of all compounds were
determined by uniaxial tensile tests up to failure. Representative stress versus strain curves of the
composites with TC90 are shown in Figure 3. The average parameters obtained from the curves are
summarized in Table 3, and selected values are represented in Figure 4 to illustrate the trends observed.

Figure 3. Representative stress–strain curves of neat PHB and PHB/TC90 composites at 0 days (solid
lines) and after 15 days of aging (dashed lines).

Neat PHB shows a high variation in its tensile behavior due to aging. The elastic modulus
increased more than 100% after 15 days, and the deformation at break decreased five times. In both
cases, the failure mode is brittle, with unstable fracture and without showing necking nor evidence of
shear yielding. The cause for such behavior is attributed to secondary crystallization and the physical
aging of the amorphous region [15,16,43].

13



Polymers 2020, 12, 1967

Table 3. Mechanical parameters corresponding to tensile tests.

0 Days 15 Days 0 Days 15 Days 0 Days 15 Days 0 Days 15 Days

Elastic Modulus
(GPa)

Tensile Strength
(MPa)

Elongation at
Break (%)

Static Toughness
(mJ/m3)

PHB 1.41 3.04 25.89 23.03 4.96 0.98 0.84 0.13
P309/DCP 1.54 2.75 24.88 29.77 3.87 1.55 0.62 0.27

P309/HMDI 1.82 3.15 23.36 24.36 2.50 0.86 0.38 0.10
P309/RDGE 1.54 2.90 23.42 29.32 3.62 1.55 0.57 0.27
P309/TGIC 1.48 3.03 24.76 30.95 4.28 1.43 0.72 0.25
P309/TC90 1.71 3.44 21.27 27.14 3.49 1.21 0.53 0.19

P309/TC90/DCP 1.92 3.19 23.64 26.83 2.23 1.15 0.34 0.18
P309/TC90/HMDI 2.31 3.49 26.75 32.11 2.04 1.16 0.35 0.20
P309/TC90/RDGE 2.10 3.40 21.71 25.06 2.42 1.07 0.37 0.16
P309/TC90/TGIC 2.02 3.59 23.89 28.06 3.22 1.22 0.56 0.21

When reactive agents are added to PHB, at 0 days, there is a minimum increase in elastic modulus
in the case of addition of DCP, RDGE, and TGIC and a more pronounced one with HMDI (Table 3).
However, after 15 days, PHB/DCP elastic modulus is 9% lower than neat PHB. The reactivity with
the polymer matrix can account for this behavior. For DCP, the generation of some crosslinking is in
agreement with lower development in crystallinity and hence a reduction on elastic modulus [45].
With respect to RDGE and TGIC, some reactivity is also evidenced, but in a way that it seems to affect
the amorphous region, since after 15 days, they are able to withstand higher deformations prior to
rupture and show higher tensile strength before a crack generates and propagates through the PHB.
It could be hypothesized that more voluminous RDGE and TGIC disrupt the pseudo-order in the rigid
amorphous phase region. This is not observed in PHB/HMDI compounds, probably because of the
small and linear geometry of the HMDI molecule, which does not prevent the rearrangements of the
amorphous phase that take place during physical aging [16,17,43,48].

When cellulose (TC90) is added to neat PHB (at 0 days), an increase in elastic modulus and a
reduction of tensile strength and ductility is observed (Figure 3). The increase in modulus of elasticity
is attributed to the reinforcement effect of the cellulose fibers. However, the addition of TC90 promotes
rupture at even lower stress that in the case of Neat PHB (and therefore, much lower than yielding).
Along with the increase of elastic modulus, this behavior suggest that cellulose acts as a reinforcement
in PHB matrix at low strains, but after a certain point, it promotes the appearance of large defects that
nucleate cracks that lead to brittle fracture, explaining the low values of tensile strength and elongation
at break.

When reactive agents are added, the elastic modulus rises in all cases with respect to either
cellulose without reactive agents or PHB with reactive agents. Similarly, the tensile strength also rises;
both suggest an increase of affinity between the matrix and reinforcement. However, deformation at
break does not increase, and it remains at a similar value as uncompatibilized TC90.

To better understand the role of TC90 and the different reactive agents on the mechanical behavior
of PHB after aging (15 days), the elastic modulus, tensile strength, and elongation at break values of
the composites are depicted in Figure 4.

After aging, the incorporation of TC90 fibers to PHB results in a slight improvement of elastic
modulus and tensile strength, while showing a comparable elongation at break. In Figure 4a, it can
be appreciated that the elastic modulus of all the composites is improved with respect to neat PHB
(about 13% for PHB/TC90). This behavior can be reasonably ascribed to the affinity between the rigid
cellulose fibers and the PHB matrix. The addition of the reactive agents to the PHB/TC90 compounds
did not show any remarkable additional improvement of the elastic modulus at 15 days with respect to
the composites without them. However, in the case of tensile strength values, an interesting increase of
about 18% with respect to PHB/TC90 is detected in the PHB/TC90/HMDI compound. This rise suggests
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that HMDI had an effective compatibilizer role, strengthening the bonding of the cellulose fibers with
the PHB matrix.

 
Figure 4. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of aged samples of neat
PHB and PHB/TC90 composites with and without reactive agents.

The mechanical characterization of the composites was completed by DMA testing. Their storage
modulus (G’) and the damping factor (tan δ) evolution with temperature are represented in Figure 5.

Figure 5. Storage modulus (G’) and tan δ (inset) evolution with temperature for neat PHB and
PHB/TC90 composites with reactive agents.

No appreciable differences in storage modulus among the different samples are observed.
These results are in agreement with the elastic modulus observed in mechanical tests. The tan δ

represents the energy dissipated during the dynamic tests, and the tan δ peak is usually used to
determine glass transition (Tg) in semicrystalline polymers [49]. In this case, all the samples present Tg
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values around 10 ◦C. Nevertheless, the tan δ versus temperature plot suggest certain restricted mobility
of the polymer chains in composites, since the tan δ peaks are broader than neat PHB [50]. Moreover,
the height of the tan δ peak corresponding to PHB/TC90/HMDI is reduced compared to the rest of
composites, indicating the further hindered motion of the polymer chains. This can be related with a
better interaction between PHB and TC90 fibers due to the compatibilization effect of HMDI [30].

3.2. Influence of Fiber Purity

3.2.1. Morphological Analysis

As it has been discussed above, HMDI has demonstrated its efficiency at improving the interfacial
adhesion between PHB and highly purified commercial cellulose fibers (TC90). In this section,
the compatibilization ability of HMDI is tested using an unpurified rice husk fiber (U_RH) and a
chemically treated rice husk fiber (T_RH) to study the combined effect of purification treatment and
compatibilizer on the interfacial PHB/fiber interactions.

SEM micrographs (shown in Figure 6) allow visualizing qualitatively the matrix/fiber interface
interactions of PHB/ U_RH and PHB/T_RH composites, with and without HMDI.

 

Figure 6. (a) SEM micrographs of PHB/U_RH, (b) PHB/U_RH/HMDI, (c) PHB/T_RH,
and (d) PHB/T_RH/HMDI.

As it can be observed in Figure 6a, U_RH fibers within the compound present a smooth surface and
show a gap between the fiber and the polymer matrix. A similar gap between these two components is
also observed in PHB/U_RH/HMDI composition (Figure 6b). In case of treated fibers (PHB/T_RH),
the fibers present a smaller diameter and a rougher surface than the untreated ones, but detachment of
the fibers is also detected, thus indicating a certain lack of adhesion (Figure 6c). In the case of treated
and compatibilized fibers (Figure 6d), they appear well covered by the polymer and no gap or signs of
detachment at the interphase are detected, suggesting an improved adhesion.
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3.2.2. Mechanical Properties

Uniaxial tensile tests of PHB/U_RH and PHB/T_RH with and without HMDI were performed
on 15-day aged samples at room temperature. Elastic modulus, tensile strength, elongation at break,
and the static toughness obtained from the area below the stress–strain representative curves for each
composite are depicted in Figure 7. The mechanical parameters corresponding to neat PHB are also
represented as a reference.

Figure 7. (a) Elastic modulus, (b) tensile strength, (c) elongation at break, and (d) static toughness of
neat PHB, PHB/U_RH, and PHB/T_RH composites with and without reactive agents.

The addition of either U_RH or T_RH fibers produces a reinforcement effect with respect to
neat PHB, since an increment of the modulus of elasticity is detected in all cases. On the other hand,
the tensile strength seems to increase only when the treated fibers are the ones added, where the use of
HMDI on such treated fibers produced an additional improvement of this parameter. For composites
with treated fibers, the elongation at break remains simmilar to that of neat PHB, whereas for the
untreated ones, this parameter is reduced (especially in the case with HMDI, in agreement with values
reported for PHB/HMDI samples in Table 3). These results suggest that in the case of the untreated
fibers, there is no interaction of HMDI between the polymer and the reinforcement.

Despite the fact that in all cases, the samples present a brittle behavior, the addition of the treated
fibers leads to a visible trend of improvement of the static toughnes, compared with neat PHB, especially
with the addition of HMDI. Nevertheless, the enhancement of the mechanical performance was not
as pronounced as in the case of the compound prepared in the previous section, with high-purity
commercial cellulose (PHB/TC90/HMDI).
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3.2.3. Thermoforming Ability

PHB-based composites reinforced with fibers are considered an attractive alternative to
commodities for short-term life applications such as packaging. For this reason, it is of particular
interest to test their processability by thermoforming, which is a conventional technique that is usually
applied in this industrial field. In this regard, PHB/T_RH/HMDI films have been thermoformed into
trays following the procedure described in the experimental section, and the best results obtained are
presented in Figure 8.

Figure 8. PHB/T_RH/HMDI thermoformed tray: (a) bottom-side view, (b) top-side view and
(c) bottom view.

As it can be observed in Figure 8, thermoformed trays with good mold reproducibility and
relatively good thickness distribution (punctual thickening is observed in Figure 8c) can be obtained by
adjusting the operational parameters. In our case, the best results were obtained for a heat resistance
temperature fixed at 600 ◦C, a heating time of 35 s, and 7 s applying vacuum. The difficulties of
thermoforming semicrystalline polymers [18,51,52] and even more filled with fibers are well recognized,
so the results obtained here are very promising.

3.2.4. Biodisintegration in Composting Conditions

One of the strengths of the PHB/fiber composites that make them especially attractive for packaging
applications is their biodegradability and specifically their compostability. For this reason, it is of special
interest to evaluate the effect of the reactive agents on the behavior under normalized composting
conditions of the composites. Biodisintegration tests were conducted according to the ISO 20200
standard. The weight loss over time of the tested materials is represented in Figure 9, and pictures of
the samples at different composting times are depicted in Figure 10.

Figure 9. Disintegration of neat PHB and the studied composites over time under standard composting
conditions (ISO 20200).
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As shown in Figure 9, in neat PHB, the biodisintegration process occurs with an incubation period
of about 23 days. From this time, appreciable weight loss is detected, and total disintegration
(considered when fragments >2 mm are not detectable) is reached at 35 days of composting.
For PHB/TC90 composites containing DCP, RDGE, and TGIC, the incubation period seems to be
slightly longer. At intermediate composting times, some differences in weight loss among the samples
were detected. However, these differences do not reveal a clear trend related with the presence
or not of the different fibers or reactive agents. In any case, all the compositions reached total
biodisintegration in the same period than neat PHB (35 days). Some authors have reported an
accelerated biodegradation of biopolyesters with the incorporation of lignocellulosic fibers [23,25].
In our case, no remarkable differences were observed, as we had already previously noticed in
PHBV/TC90 [53] and PHB/lignocellulosic composites [54].

Figure 10. Pictures of neat PHB and the studied composites at different composting times.
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As shown in Figure 10, no remarkable physical changes can be visually detected in the samples
during the incubation period (pictures corresponding to 7 and 19 days of composting). At 28 days,
clear deterioration of the samples is observed. The specimens are eroded and broken. As it has been
reported in the literature, the biodisintegration process of PHB occurs by erosion from the surface to
the bulk being the amorphous regions degraded in first place [55,56]. This leads to embrittlement
and breakage of the samples. At 33 days of composting, all the samples appear broken into very
small fragments.

According to these results, it can be concluded that neither the fibers nor the reactive agents have
a negative effect on the biodisintegrability of PHB in composting conditions.

4. Discussion

Analyzing together the results obtained for the composites prepared with TC90, U_RH, and T_RH
fibers with and without HMDI, it seems clear that the compatibility efficiency of the HMDI depends
to a large extent on the purity of the fibers. Probably, this dependence is due to a greater presence
of OH groups on the surface of the purified fibers, since it is assumed that compatibilization occurs
through the formation of urethane bonds between the isocyanate groups of the HMDI and the hydroxyl
groups of the fibers [33]. Tran et al. [57] also showed better results in PLA composites filled with rice
and einkorn wheat husks using silane coupling agents, when fibers were previously submitted to an
alkaline treatment.

As reported in previous works [54], U_RH fibers present waxes and impurities on their surface,
which could be responsible for their poor adhesion with the PHB matrix. In addition, in lignocellulosic
fibers, the cellulose is embedded in a matrix of non-cellulosic components (mainly composed by lignin,
hemicelluloses, and pectin). All this limits the exposition of the reactive –OH groups of the cellulose
for compatibilization. The purification treatment applied removed those waxes and impurities on the
fibers surface, as well as most of the non-cellulosic components, leaving a greater amount of reactive
–OH groups at the surface that could react with the compatibilizer. In addition, the treatment resulted
in fibers with more favorable morphology and surface characteristics (i.e., a higher aspect ratio and
roughness) that also contributed to improve the mechanical properties, even without the presence of
a compatibilizer.

5. Conclusions

In this work, PHB/TC90 composites were obtained by reactive extrusion using four different
reactive agents: dicumyl peroxide (DCP), hexamethylene diisocyanate (HMDI), resorcinol diglycidyl
ether (RDGE), and triglycidyl isocyanurate (TGIC). The effect of aging attending on the influence of
the reactive agents and the fibers on the mechanical and crystallization behavior of the composites
was assessed. Aging produced a drastic embrittlement of the PHB characterized by increased elastic
modulus and decreased tensile strength, elongation at break, and toughness. This embrittlement was
attributed to secondary crystallization, which increased the value of Xc by about 17% in neat PHB
samples, but also to the physical aging of the amorphous fraction. Both fibers and reactive agents
partly hinder secondary crystallization, leading to lower crystallinity in aged composites with respect
to neat PHB. The melting temperature and crystallinity index for the compositions containing DCP
were reduced at high cooling rates (processing conditions) and low cooling rates (DSC conditions),
suggesting crosslinking of the PHB matrix.

No clear compatibilization effect was found for the reactive agents DCP, RDGE, and TGIC. Elastic
modulus, tensile strength, and elongation at break remained practically unchanged for PHB/TC90/DCP
and PHB/TC90/TGIC compared with PHB/TC90. In the case of PHB/TC90/RDGE, those values
were even lower than PHB/TC90. On the contrary, the tensile strength in PHB/TC90/HMDI was
improved by about 40% with respect to neat PHB and around 18% with respect to the PHB/TC90
composite. The improved mechanical performance together with the SEM observations indicate
enhanced interfacial adhesion between the TC90 fibers and PHB.
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A clear influence of the purity of the fibers on the effectiveness of HMDI at improving interfacial
adhesion was observed. HMDI only demonstrated effectiveness in purified cellulose fiber composites,
the greatest improvements in the mechanical performance being the ones obtained with highly purified
commercial cellulose fibers (TC90).

The different reactive agents did not negatively affect the compostability of PHB.
Finally, thermoformed trays with good mold reproducibility were successfully obtained for

PHB/T_RH/HMDI composite.
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10. Możejko-Ciesielska, J.; Kiewisz, R. Bacterial polyhydroxyalkanoates: Still fabulous? Microbiol. Res. 2016, 192,
271–282. [CrossRef]

11. Dilkes-Hoffman, L.S.; Lant, P.A.; Laycock, B.; Pratt, S. The rate of biodegradation of PHA bioplastics in the
marine environment: A meta-study. Mar. Pollut. Bull. 2019, 142, 15–24. [CrossRef] [PubMed]

12. Arcos-Hernandez, M.V.; Laycock, B.; Pratt, S.; Donose, B.C.; Nikolić, M.A.; Luckman, P.; Werker, A.;
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Abstract: In this study, the properties of a polyolefin blend matrix (PP-HDPE) were evaluated and
modified through the addition of raw coir coconut fibers-(CCF). PP-HDPE-CCF biocomposites were
prepared using melt blending processes with CCF loadings up to 30% (w/w). CCF addition generates
an increase of the tensile and flexural modulus up to 78% and 99% compared to PP-HDPE blend.
This stiffening effect is caused by a decrease in the polymeric chain mobility due to CCF, the higher
mechanical properties of the CCF compared to the polymeric matrix and could be an advantage for
some biocomposites applications. Thermal characterizations show that CCF incorporation increases
the PP-HDPE thermal stability up to 63 ◦C, slightly affecting the melting behavior of the PP and
HDPE matrix. DMA analysis shows that CCF improves the PP-HDPE blend capacity to absorb
higher external loads while exhibiting elastic behavior maintaining its characteristics at higher
temperatures. Also, the three-dimensional microscopy study showed that CCF particles enhance
the dimensional stability of the PP-HDPE matrix and decrease manufacturing defects as shrinkage
in injected specimens. This research opens a feasible opportunity for considering PP-HDPE-CCF
biocomposites as alternative materials for the design and manufacturing of sustainable products by
injection molding.

Keywords: biocomposites; mechanical properties; thermal properties; natural fibers; injection molding

1. Introduction

A polymeric blend is a material formed from the physical combination of at least two polymers.
These materials are used in various technological applications due to the possibility of modifying
several properties considering the main characteristics of the polymers in the blend and their mixing
ratio. Some studies estimated that currently, a large quantity of the polymers in the global market are
sold as polymeric blends [1]. In the research context, these materials have been studied by several
authors in the last years [2–4]. According to these studies, polymeric blends can be classified as
immiscible (heterogeneous), compatible, or miscible (homogeneous), been most of these materials
(around 90%) immiscible or multiphase systems with partial miscibility [1,3,4].

According to a Colombian non-profit organization that represents the companies related to
chemical sector including plastics, rubber, paints, inks (coatings), and fibers, ACOPLASTICOS,
the Colombian production of plastic resins was about 1.34 million tons in 2017 and polyolefins (low
density polyethylene—LDPE, high density polyethylene and polypropylene—PP) represent around
42% of this production capacity [5]. Also, those polymers represent most of the post-consumer plastic
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wastes and the separation into the individual polymer and complete sorting during mechanical recycling
processes are expensive and sometimes impossible. However, valorization of these polyolefins is possible
because they can be easily recycled by converting them into good performance polymer blends [6,7].

PP-PE blends have been studied for several researchers in the last years. Some of these studies
show the limited miscibility of PP-LDPE blends [8]. However, most of the revised literature shows that
PP and PE are immiscible, resulting in phase separation during melt blending, low adhesion between
the constituents’ phases, and poor mechanical properties [9–11]. Nonetheless, due to their availability,
recyclability, sustainable character, and low-cost, PP-PE blends could become strategic materials for
several industry applications facing a circular plastics economy [7,12–14].

The reinforcement of polymeric matrices with natural fibers as coir coconut fiber, hemp, sisal,
pineapple, sugarcane bagasse, fique, wood flour and their combinations has been studied during the last
years [15–22]. These materials are known as natural fiber reinforced polymer composites (NFRPCs) or
biocomposites and have the potential to be used in several applications as automobile parts, construction,
and furniture due to the lower cost of natural fibers in comparison with traditional fibers and the
enhancement of the polymeric matrices properties induced by natural fibers incorporation [22,23].
Also, biocomposites provide some advantages such as reduction overweight, less dependence on oil
resources, lower costs and CO2 emissions, recycling, among others [24–26].

The coconut fruit constituents are the white meat (28% wt), which is protected by the shell
(12% wt) and the coir (35% wt). Also, the raw coconut husk is formed by coir fibers (30% wt) and a
cork-like material called pith (70% wt). Coir Coconut Fibers (CCF) main constituents are cellulose
(42% wt), hemicellulose (0.25% wt), lignin (47% wt), ashes (2% wt), pectin (3% wt) and about 5% wt of
moisture [17]. According to Alvarado [27], estimated coconut production in Colombia was around
139,000 metric tons, which generates at least 50,000 metric tons of coconut husks mainly used in the
hydroponic industry, soil stabilization, compost, and fuel.

Several studies exploring the characterization of thermoplastic polymers-CCF biocomposites
have been reported. The term biocomposite is often used to name polymeric reinforced composites,
where the reinforcing phase and/or the matrix are derived from materials of biological origin [28,29].
According to the reviewed literature, several studies have reported the formulation and characterization
of biocomposites, which have a status of renewable and sustainable materials since they are composed
of natural fibers embedded in non-degradable and biodegradable polymeric matrices [30–33].

Mir et al. [33] studied the incorporation of CCF (up to 20% wt) in a PP matrix using thermocompression.
The CCF were chemically treated with chromium sulfate and sodium bicarbonate in hydrochloric acid
media to improve the compatibility between fibers and PP. Their results show that the tensile properties
of PP-CCF biocomposites change with the fiber load. For the biocomposite PP-CCF 10% wt, the tensile
strength increases 11% as compared with PP, whereas for PP-CCF 20% wt, the tensile strength drops to
values lower than those of PP.

Haque et al. explored the effect of fiber content (up to 30% wt) and chemical modification of
the fibers with sodium hydroxide and a benzene diazonium salt on the mechanical properties of
biocomposites based on abaca fiber, CCF, and PP obtained by extrusion and injection molding [34].
The results showed that CCF generates better mechanical properties in biocomposites than abaca
fiber. Tensile tests show that chemically modified CCF increases tensile strength up to 10% and
tensile modulus up to 250% compared to PP. Finally, the authors conclude that based on fiber loading,
biocomposites with 30% wt of fibers had the best set of mechanical properties among the materials
studied. In another study, Perez-Fonseca et al. report the effect of the hybridization of CCF with
agave fiber (up to 30%) and the addition of a coupling agent (maleated polyethylene, MAPE) on the
water absorption and mechanical properties on HDPE based biocomposites obtained by extrusion and
injection molding. Their results show that fibers and MAPE combination generates biocomposites
with enhanced tensile and flexural strengths while lowering water absorption of the biocomposites.

The reviewed literature presents an overview of the characterization of biocomposites based on
chemically modified CCF [17,35]. However, less effort has been focused on the study and production
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of biocomposites based on untreated CCF and polyolefin blends using high-volume manufacturing
processes such as extrusion and injection molding, which could be an advantage for the development of
these materials in conventional plastic processing companies. In the present study, biocomposites based
on a PP-HDPE blend and untreated CCF were prepared using extrusion following by injection molding.
The thermal, mechanical, viscoelastic and morphological properties of the obtained materials were
studied in order to evaluate CCF addition effect on the PP-HDPE blend behavior. Also, the analysis of
the shrinkage and the dimensional stability of the injected specimens were studied through a novel
three-dimensional microscopy study.

2. Materials and Methods

2.1. Materials

The polymeric materials used were an injection grade PP reference 575P and an injection grade
HDPE reference M80064s with melt flow indexes (MFI) of 4.8 and 8.8 g/10 min respectively (measured
at 190 ◦C, 2.16 kg). Both polymeric materials were purchased from SABIC (Al-Jubail, Saudi Arabia).
The raw CCF, shown in Figure 1, were kindly supplied by “Super de Alimentos” (Manizales, Colombia)
and were generated in the coconut candies production process. Before PP-HDPE-CCF biocomposites
formulation, the CCF was grinded and sieved through a 400 μm sieve.

 

Figure 1. Raw coir coconut.

2.2. Methodology

Neat Polymers and Biocomposites Processing

The extrusion process of the different materials was performed in a co-rotating twin-screw extruder
with a L:D ratio 40:1 and a screw diameter of 22 mm, equipped with two volumetric feeders and a
pelletizer located next to the die zone. During the extrusion, the following parameters were fixed:

• Neat PP, HDPE and a 50–50 (% w/w) PP-HDPE blend pellets were fed in the extruder feeding zone
using a volumetric feeder

• For PP-HDPE-CCF biocomposites, the CCF was fed with another volumetric side feeder at L/D 20.
The side feeder speed was variated to obtain PP-HDPE-CCF biocomposites with CCF loadings of
10%, 20%, and 30% (w/w)

• Temperature: 165 (feeding zone) to 185 ◦C (die)
• Twin-screw rotation speed: 50 rpm

Then the pellets of the different materials were dried in an X-DRY AIR mini dryer (Moretto,
Massanzago, Italy) at 60 ◦C and a dew point of−52 ◦C. The specimens used for mechanical characterizations
(described in Section 2.3.2) were injected in a microinjection molding machine BOY XS (BOY Machines
Inc., Exton, PA, USA) with the following parameters:

• Temperature: 180 (feeding zone) and 185 ◦C (nozzle).
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• Filling pressure: 60 to 80 bars
• Holding pressure: 60 bars
• Clamping force: 30 kN

Figure 2 shows the injected flexural specimens of each material. The processing temperatures were
set below 200 ◦C to avoid thermal degradation of the CCF (see Section 3.1), the remaining processing
parameters were set based on reviewed literature regarding the processing optimization of natural
fiber-polyolefin biocomposites [16,36].

The injection molding process allows to obtain complex geometric parts with fast function
elements and in large quantities [37]. It offers several advantages over other manufacturing process as
compression molding. According to Pickering [37], the content of natural fibers that can be incorporated
during the injection process is between 20 to 40% by weight. A higher content is not recommended
since an increase in fiber clearly reduces the flow capacity of the melt, generating instabilities during
the process. Besides this, natural fibers have a similar morphology, but differ from each other by
factors such as the internal area of the lumens, the number of lumens, the number and size of the fiber
cells, the thickness of the secondary cell walls and the actual cross section [38]. These characteristics
influence different fiber properties such as mechanical properties and bulk density which is related to
the packing capacity of the fiber and the maximum throughput of the fibers [36]. In our case, the CCF
throughput within the extruder was optimized to obtain PP-CCF biocomposites with a maximum
fiber weight percentage of 30% and considerable flow properties to successfully apply in the injection
molding process.

 
Figure 2. Injected specimens of neat PP, HDPE, PP-HDPE blend, and their biocomposites.

2.3. Materials Characterization

2.3.1. Melt Flow Index (MFI)

Melt flow index tests of neat PP and HDPE were performed at 190 ◦C and 2.16 kg using a plastics
melt flow indexer.
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2.3.2. Mechanical Properties

Tensile tests and three-point bending flexural tests were performed in a universal testing machine
INSTRON Model 3366 (INSTRON, Norwood, MA, USA) equipped with an axial extensometer Epsilon
model 3555 BP (Epsilon Tech, Jackson, WY, USA). Before being testing, the specimens were conditioned
at 23 ◦C and 50% relative humidity for seven days. Tensile tests were performed on type V specimens
(according to standard ASTM-D 638-14) at 23 ◦C, using a cross-head speed of 5 mm/min while flexural
tests were carried out on bars with a rectangular cross-section at 23 ◦C, using a cross head speed of
1.3 mm/min, a distance between support spans of 50 mm and were performed up to 5% strain under
standard ASTM D 790-17. The results were taken as the average of five samples. The impact strength
of neat PP, HDPE, PP-HDPE blend, and their biocomposites was determined with an impact machine
equipped with a 2.5 Joules pendulum. Notched IZOD impact tests were carried out at 23 ◦C and a
starting angle of 150◦ under standard ASTM D 256-10 (2018). The results were taken as the average
value of five samples.

2.3.3. Thermal Characterization

DSC tests were carried out using a TA Q2000 differential scanning calorimeter (Texas Instruments,
Dallas, TX, USA) under nitrogen atmosphere at a scanning speed of 10 ◦C/min, with a sample of 10 mg
in aluminum pans from 20 to 200 ◦C at a scanning speed of 10 ◦C/min, with a sample of 10 mg in
aluminum pans. First, the samples were subjected to heating cycles at 10 ◦C/min from 20 to 200 ◦C to
erase the thermal history related to processing events, following by cooling cycles at 10 ◦C/min from
200 to 0 ◦C. Finally, second heating cycles were performed at 10 ◦C/min from 0 to 200 ◦C. The samples
were analyzed in aluminum crucibles under a N2 atmosphere. On the other hand, thermogravimetric
analysis (TGA) tests were performed using a TA Q500 thermogravimeter (Texas Instruments, Dallas,
TX, USA) from 25 to 600 ◦C at a heating rate of 10 ◦C/min. The samples were analyzed in aluminum
crucibles under a N2 atmosphere.

2.3.4. Dynamic Mechanical Analysis (DMA)

DMA tests were performed using a DMA RSA-G2 (Texas Instruments, Dallas, TX, USA) in
three-point bending mode from −80 to 150 ◦C, a frequency of 1 Hz, a constant heating rate of 3 ◦C/min
and 0.01% of strain (taken from the linear viscoelastic domain of the plot E′ vs. strain reported earlier
for PP and PE [31,32] and PP-natural fiber biocomposites [16,33]). Changes in storage modulus (E′),
loss modulus (E”), and tan delta (loss factor) were recorded.

2.3.5. Morphology

Scanning electronic microscopy (SEM) of the PP, HDPE, PP-HDPE blend, and their biocomposites
was performed using a Quanta FEG 250 microscope (ThermoFisher Scientific, Hillsboro, OR, USA)
operating at a voltage of 10 kV. To obtain a brittle fracture on the visualized surfaces, the samples
were immersed in a container with liquid nitrogen for 15 min. Later, the fracture was generated inside
the container using two steel forceps. Finally, with the aim of increasing their electric conductivity,
the samples were previously sputter-coated with gold.

2.3.6. Particle Size and Roughness Measurements

The particle size of the milled and sieved CCF was measured with a Three-dimensional microscope
VR-3000 Series with a wide-area three-dimensional measurement system from Keyence (Keyence
Corporation of America, Itasca, IL, USA). The roughness measurements were also performed twenty
single milled fibers with this measurement system. The reported results were Ra (arithmetical mean
height) and Rz (maximum height of profile).
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2.3.7. Statistical Analysis

Tensile, flexural, and impact properties of the materials were subject to analyses of variance
(ANOVA), and Tukey’s test was applied at the 0.05 level of significance. All statistical analyses were
performed using Minitab Statistical Software Release 14 (Minitab LLC, State College, PA, USA).

3. Results and Discussion

3.1. CCF Characterization

The milled CCF (Figure 3) contains fibers and cork-like particles with an average length (l) of
and 0.94 ± 0.22 mm and 0.38 ± 0.10 mm respectively. The average width (w) was 0.22 ±0.04 mm for
fibers and 0.29 ± 0.07 mm for particles. The average aspect ratio (l/w) of the milled CCF was 4.27
and 1.3 for fibers and particles. As shown in Figure 4, the wide-area three-dimensional measurement
system allows to perform several measurements as the length, diameter and the roughness profile of a
single natural fiber. Ra and Rz values obtained as the average value of twenty samples were 0.011
± 0.004 mm and 0.055 ± 0.021 mm. The natural fibers surface roughness is an important parameter
to measure because it plays a significant role in the mechanical interlocking between the fibers and
matrix, which is related to biocomposites mechanical properties [18,26,39,40].

Figure 3. Optical micrograph and 3D height map of milled CCF.

Figure 4. Roughness profile, optical micrograph and 3D height map of a single CCF.

Figure 5 shows the TGA and DTG thermograms of CCF under N2. Also, the degradation steps,
onset temperature (To) and the maximum weight loss rate temperature of the sample (Tmax) are
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summarized in Table S1 supplementary information. For CCF, the TG curve shows four principal
mass loss regions (Figure 5a). These regions are located around 30–100 ◦C, 100–200 ◦C, 200–300 ◦C,
and 300–600 ◦C. The first region is related to the moisture evaporation of the sample with a weight
loss of 9.2%. The second region is stable, without weight loss observed related to volatiles or CCF
degradation by-products. This region shows that window processing of CCF based biocomposites
should be below 200 ◦C (as indicates in the red circle in Figure 5b) to avoid thermal degradation of the
fibers [41]. The third region between 200 ◦C and 300 ◦C presents a To of 253 ◦C and Tmax of 283 ◦C
(Figure 5b), which is related to released elements from the sample like hemicellulose. The last region
starts from 323 ◦C and with a Tmax 336 ◦C is related to α-cellulose decomposition.

Figure 5. (a) TG and (b) DTG curves of coir coconut fibers at a heating rate of 10 ◦C/min.

3.2. Biocomposites Characterization

3.2.1. Mechanical Properties

The effect of CCF incorporation on the mechanical properties of the PP-HDPE blend was evaluated.
The stress vs. strain graphs obtained from tensile and flexural tests for each material are shown in Figure 6.
Also, the mechanical properties calculated from these tests are summarized in Supplementary Table S2.

Figure 6. Average tensile stress vs deformation (a) and flexural stress vs deformation (b) of PP, HDPE,
PP-HDPE blend, and their biocomposites.

Regarding neat polymers, it is observed that PP tensile modulus (TM) and tensile strength (TS)
values are higher than those of HDPE. However, HDPE deformation at break (εb) is higher compared
to PP. For PP-HDPE binary blend, TM was not significantly different from PP (p ≥ 0.05) and its TS and
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εb values were between neat polymers values. In the case of biocomposites, the results of the test show
that CCF addition generates significant increases (p < 0.05) in TM values of 16, 35, and 78% compared
to the PP-HDPE blend for the biocomposites PP-HDPE-CCF 10, 20 and 30%.

On the other hand, TS values of PP-HDPE- CCF 10, 20 and 30% decrease 6%, 7%, and 20%,
respectively, in comparison with PP- HDPE blend (p < 0.05). Also, a CCF content increase generates a
significant decrease in εb of the PP-HDPE matrix. This decrease in the TS and εb values have already
been observed in some biocomposites [16,22,34] and could be related to the weak interfacial bonding
between CCF (hydrophilic) and PP-HDPE (hydrophobic) or interface discontinuities that affect the
biocomposites deformation capacity (see Section 3.2.4). With CCF loading increase, the weak interfacial
area between the polymeric matrix and CCF increases, as a result, TS and εb values decreases.

Flexural test results also show that biocomposites modulus values (FM) increase around 13 and
99% for biocomposites PP-CCF 10 and 30 respectively, compared with PP-HDPE. This stiffening effect is
caused by a decrease in the polymeric chain mobility due to CCF and the higher mechanical properties
of the CCF compared to the polymeric matrix and could become a decisive property in product
applications where the rigidity (related to tensile and flexural modulus) is an essential factor. Also, the
FS values of PP-HDPE and biocomposites presents significant differences (p < 0.05). FS values of the
biocomposites increases between 14% and 35% for PPP-HDPE-CCF 10 and 30 respectively [42]. These
differences observed in the strength values of both mechanical tests were also observed on PP-Rice
Husk and PP-CCF biocomposites and can be due to a higher interaction natural fiber-polymeric matrix
under compression stresses generates during bending [16,34].

The results of the Notched IZOD impact tests (Supplementary Table S2) shows that HDPE has
a better impact performance than PP and could be related to its higher deformation and energy
absorption capability. As expected, the PP-HDPE blend impact strength was 67% greater than that of
neat PP (p < 0.05). On the other hand, CCF addition leading to a reduction of impact strength between
44 and 64% for PP-HDPE-CCF 10 and 30% respectively in comparison with PP-HDPE (p < 0.05),
these results are in the range of those published by other authors for PP-CCF biocomposites [42,43].
This reduction in impact strength in the biocomposites with CCF load could be due to the stiffening
effect of the matrix observed earlier in the tensile test and a weak interfacial adhesion between the CCF
and polymeric matrix. Also, the increase of CCF generates fibers clusters within the biocomposites
that could act as crack initiation sites [44].

3.2.2. Thermal Properties

DSC thermograms for each material are shown in Figure 7. Also, the thermal properties obtained
from these thermograms were included in Supplementary Table S3. The degree of crystallinity (χc) of
each material was estimated from Equation (1):

χc =

⎛⎜⎜⎜⎜⎜⎜⎝ ΔHm

[ΔH0
m ∗
(
1−W f iber

)
∗
(
wpol
)
]

⎞⎟⎟⎟⎟⎟⎟⎠ ∗ 100 (1)

where wFiber is the CCF fraction, wpol is the fraction of each polymer of the blend, ΔHm is the normalized
melting enthalpy of each sample, and ΔHm0 is the specific melting enthalpy of 100% crystalline PP and
HDPE. These values are 207 and 293 J/g, respectively [45].
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Figure 7. (a) Cooling and (b) Second heating DSC curves of PP, HDPE, PP-HDPE blend, and their
biocomposites.

The cooling cycle of PP, HDPE, and PP-HDPE blend (Figure 7a) shows an exothermic peak
located between 115 and 117 ◦C, which corresponds to PP and HDPE chains crystallization. Regarding
biocomposites, it is observed that during cooling CCF addition induces an increase of the PP-HDPE
chains crystallization temperature around 2 to 4 ◦C. This increase indicates that CCF could act as a
nucleating agent for polyolefin blends.

The second heating curves (Figure 7b) show single melting endotherms located at 137 and 168 ◦C
for neat PP and HDPE, respectively. These single peaks are associated with the melting temperature
(Tm) of PP and HDPE crystals formed during the cooling stage. On the other hand, the PP-HDPE
blend show two peaks located at 137 and 166 ◦C, related to the melting temperatures of each polymer
when the blend is formed. This decrease has been observed in PP-PE blends and are related to a lack of
miscibility between these polymers [9]. PP-HDPE-CCF biocomposites also exhibit two endothermic
peaks around 135 and 165 ◦C related to the melting of the HDPE and PP phases.

Considering Figure 7b, it is observed that there were small decreases in relation to the Tm of
PP-HDPE-CCF biocomposites compared to neat PP-HDPE blend. This thermal behavior has been
already observed in several studies regarding biocomposites as PLA-Ramie [46] and PP-NBr-Bagasse
fibers [47]. This decrease (albeit small), is due to the incompatibility between non-polar hydrophobic
matrices and polar hydrophilic untreated CCF fiber which leads to poor interfacial properties and thus
lowering the melting point. Also, the presence of CCF could also disturb the chain arrangement in
PP-HDPE blend, thereby decreasing the Tm of the corresponding biocomposites.

TG and DTG thermograms of each material are shown in Figure 8. Also, the thermal parameters
obtained are summarized in Supplementary Table S1.

PP and HDPE degradation occur in a one-step process with onset temperatures (To) located at
420 and 464 ◦C for PP and HDPE, respectively. Also, Tmax values were 457 ◦C for PP and 485 ◦C for
HDPE. This result shows that HDPE has higher thermal stability than PP. PP-HDPE blend presents a
single step degradation with a To located at 413 ◦C and two Tmax peaks located at 430 and 461 ◦C.
These Tmax peaks are related to PP and HDPE phases of the blend. The residual char after 600 ◦C was
0.4 and 0.6% for neat polymers and PP-HDPE blend; this low residual char indicates that constituent
atoms of the polyolefins (carbon and hydrogen) were volatilized during TGA test.

On the other hand, the thermal degradation of biocomposites takes place in a multi-step process.
The first step is related to CCF degradation and presents a To located between 266 and 275 ◦C,
whereas the second step is associated with PP-HDPE thermal degradation. It is observed that CCF
addition increases the polymeric matrix thermal stability, to values of PP-HDPE matrix increase
between 28 and 40 ◦C and Tmax increases between 9 and 12 ◦C as compared to PP-HDPE blend.
This increase of the polymeric matrix thermal stability given by CCF addition has already been observed
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in polyolefins-natural fibers biocomposites. This can be due to the increase of crystallinity and thermal
properties of the matrix (as shown in Supplementary Table S3) generated by natural fibers nucleating
effect [16,22]. Also, it is observed that the residual char of PP-HDPE-CCF biocomposites increases with
the CCF content.

Figure 8. (a) TG and (b) DTG curves of PP, HDPE, PP-HDPE blend, and their biocomposites.

3.2.3. Dynamic Mechanical Analysis

Figure 9 and Table S4 presents the storage modulus values (E′) of each material vs. temperature.
Regarding neat polymer matrices, E′ values of PP are higher than HDPE values in the entire temperature
range, whereas, E′ of the PP- HDPE blend values were between neat polyolefins values. Also, E′ values
decrease progressively with temperature increase for all materials. This could be due to the softening
and the beginning of relaxation processes within the polymer matrix [48]. The CCF addition generates
an increase of PP-HDPE blend stiffness, proportionally to the CCF content. This increase in E′ values
are related to the stiffening effect given by rigid CCF and is consistent with the results obtained by
tensile and flexural tests (Section 3.2.1).

Figure 9. TemperaturedependenceofstoragemodulusofPP,HDPE,PP-HDPEblend, andtheirbiocomposites.
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However, this stiffening effect is dependent on the glass transition temperature (Tg) of the PP
phase. Below Tg (T = 0 ◦C), E′ increases 28% with 10% wt of CCF and shows a maximum increase of
65% with 30% wt of CCF compared to the PP-HDPE blend. At temperatures above Tg, for example
T= 25 ◦C, this increase was between 31 and 78% for PP-HDPE-CCF 10 and 30% and is greater for
temperatures above ambient (T = 80 ◦ C) where the increase ranges from 35% to 125% with CCF
content of 10% and 30% of respectively. This result suggests that at temperatures lower than Tg,
the contribution of the fibers to the matrix rigidity is low since the matrix is in a glassy state. As the
temperature increases, the drop in the matrix E′ values is compensated by the stiffness of the CCF
fibers. In this case the E′ values is controlled by the percentage of fiber and increases with the fiber
load in the biocomposite.

On the other hand, loss modulus (E”) vs. temperature of HDPE, PP, PP-HDPE blend, and their
biocomposites is shown in Figure 10. E” plot of neat PP shows a β relaxation around 6 ◦C related to
the glass transition temperature or Tg and a shoulder around 60 ◦C related to an α relaxation [49,50].
On the other hand, E” plot of HDPE exhibit a broad α relaxation around 40 ◦C which is associated
with the beginning of the molecular movement of the HDPE crystalline phase. The PP-HDPE blend
reveal two peaks related to PP β relaxation and HDPE α relaxation which decline and shift towards high
temperatures with 10% wt of CCF.These shifts to higher temperatures are caused by a decrease in the
molecular movement of the PP and HDPE chains generated by the presence of the CCF and a dispersed
phase on the matrix. With fiber loading increase, the E” peaks intensity gradually increases and becomes
broader. This behavior has been observed in polymer-natural fibers biocomposites [51,52] and reveal
that CCF effectively suppress the polymeric chains mobility resulting in a broadening of the Tg range.

 
Figure 10. Temperature dependence of loss modulus of PP, HDPE, PP-HDPE blend, and their
biocomposites.

Figure 11 shows the variation of Tan δ with temperature. According to Saba et al. [51], Tan δ

is the ratio between E” and E′, and is related with the damping behavior of the polymeric matrix.
This graph confirms that neat PP exhibit a β relaxation which corresponds to the glass transition (Tg)
and a α relaxation between 60 ◦C to 75 ◦C [50], also neat HDPE present the α relaxation observed in E”
graphs (Figure 10). Regarding biocomposites, Tan δ peaks height related to the Tg of the PP phase
and the α relaxation of the HDPE phase were observed to gradually decreases and shifts towards
higher temperatures with CCF content increase (Supplementary Table S4).This result could be due
to the amplified stiffness imparted by the CCF and confirms that fiber addition hinder the molecular
movement related to the damping and could be an advantage in some applications where a better
performance against mechanical loads is required. Also, the broadness of tan δ peaks, measured as the
width at half maximum (FWHM), can be an indicator of the composite homogeneity and the interaction
between the matrix and the fibers. In this sense, some author established that larger FWHM values
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implies heterogeneity and more contact between the phases of a biocomposite [46,53]. Table S4 shows
that FWHM values of tan δ peaks is found to be the lowest for PP-HDPE blend and increases gradually
with CCF content. This suggests that the heterogeneity of the biocomposite and the interaction between
fibers and polymeric matrix increases with CCF content.

Figure 11. Temperature dependence of tan delta of neat PP, HDPE, PP-HDPE blend, and their biocomposites.

With the aim to further understand the viscoelastic and structural behavior of the studied materials,
Cole–Cole diagrams were evaluated. These diagrams are obtained by drawing E” vs. E′, and can
describe the nature of polymeric and composite materials [54,55]. A homogeneous material with a
single relaxation time shows a semicircle diagram while a multiphase system with different relaxation
times will show two irregularly shaped modified circles [54]. Figure 12 shows the Cole–Cole diagrams
for PP, HDPE, PP-HDPE blend, and its biocomposites. The Cole–Cole curves shows that PP and
HDPE are homogeneous systems with a concave shape (semicircles), while the PP-HDPE blend is
a heterogeneous system which exhibit two semicircles due to two different relaxation mechanisms
corresponding to the immisicibility between the polymeric phases. This result is in good agreement
with the data obtained from the DSC test (Section 3.2.2). Regarding biocomposites, the Cole–Cole
diagram also display two semicircles and a progressive increase in the values of the E′ and E” with
CCF loading [56]. This result show that CCF effectively suppresses the polymeric chains mobility and
is an indicative of materials heterogeneity associated with greater differences in relaxation processes of
the polymeric matrix when more CCF is incorporated. Also, the Cole–Cole diagram show that among
the biocomposites, the one with 30% wt of CCF showed the highest E′ and E” values. Therefore, it can
be inferred that PP-HDPE-30 CCF biocomposite can absorb higher external loads while exhibiting
elastic behavior maintaning its characteristics at higher temperatures [57].
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Figure 12. Cole-Cole plots of PP, HDPE, PP-HDPE blend, and their biocomposites.

3.2.4. Morphology

SEM micrographs of neat polymers and PP-HDPE blend are shown in Figure 13a–c, respectively.
For PP and HDPE, the fracture surface is smooth, and only one phase is observed in each sample.
The PP-HDPE blend micrographs (Figure 13c,d) show a two-phase morphology due to PP and HDPE
immiscibility [11]. This phase-separated morphology is consistent with the results obtained in DSC
and DMA tests. According to the measured melt flow indexes (MFI values in Section 2.1), PP viscosity
is higher in comparison with HDPE viscosity. Thus, PP is not efficiently sheared and separated
during melt blending and is the dispersed phase of the blend. Also, HDPE with lower viscosity is
the continuous phase [11]. The average diameter of the dispersed phase for the PP-HDPE blend was
0.32 ± 0.06 μm.

Figure 13. SEM micrographs for (a) PP, (b) HDPE and PP-HDPE blend (c,d).

The biocomposite PP-HDPE-CCF 10 presents a rough fracture surface with a dispersed phase
morphology (average diameter of 0.34 ± 0.08 μm) and dispersed CCF (Figure 14a,b). This result
shows that 10% of CCF addition did not disturb the dispersed phase formation. Also, the interphase
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gaps between the CCF and the matrix (yellow circles in Figure 14c) indicate a poor interfacial
adhesion between the polymeric matrix and CCF and could be related to the decreasing of tensile and
impact properties (Section 3.2.1) [14,16,22]. On the other hand, for biocomposite PP-HDPE-CCF 30
(Figure 14d,e), the dispersed phase presents an oriented and elongated shape. In this case, a higher
CCF proportion increases the contact surface between the polymeric phases and could reduce the
surface tension between them. This behavior can change the spherical shape of the dispersed phase
into the irregular spheroidal shape observed.

Figure 14. SEM micrographs for PP-HDPE-CCF 10 (a–c) and PP-HDPE-CCF 30 (d,e).

3.2.5. Linear Shrinkage and 3D Surface Characterization

In this study, the shrinkage was determined as the difference among the linear magnitudes of the
mold cavity and that of the injected specimen at room temperature two days after the injection [58].
Also, the following equations were applied to calculate the shrinkage of the molded specimens.

S f (%) =
Lf specimen − Lf mold

Lf mold
∗ 100 (2)

St(%) =
Lt specimen − Lt mold

Lt mold
∗ 100 (3)

where Lf mold and Lt mold are the cavity mold dimensions, measured at the flow and transverse direction
(as indicated in Figure 15a), Lf specimen and Lt specimen are the dimensions of the injected specimen in the
two directions (Figure 15b).

Linear shrinkage results of the specimens are shown in Table S5. These values are similar to those
observed by Crawford et al., [59] for several polyolefins and show that all specimens present some
degree of linear shrinkage during the injection process. However, it is observed that linear shrinkage
decreases proportionally with the CCF content. Shrinkage is a frequent defect resulting from the
injection molding process that can affect the quality and functionality of the final product. Some studies
reported that overall shrinkage is affected by several parameters as the thermodynamic behavior of the
injected polymer, the geometry of the injected part, the mold design, and the processing parameters
among others [58,60].
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Figure 15. (a) mold cavity and (b) injected flexural specimen.

On the other hand, the surface characterization performed on the PP-HDPE blend and
PP-HDPE-CCF 10, PP-HDPE-CCF 30 flexural specimens is shown in Figure 16. These measures
were taken from the edge to the center of the specimen (as indicates in the yellow circle in Figure 16).
For the specimen PP-HDPE (Figure 16a), the three-dimensional heights map shows a progressively
decrease of the thickness values next to the edge of the specimen (blue and green zones) with a lower
height value located at 0.541 mm. This effect is related to the shrinkage of the PP- HDPE matrix
during the injection molding. Regarding biocomposites, a decrease in the shrinking with CCF addition
was observed. For PP-HDPE-CCF 10 (Figure 16b) the lower height value was 0.250 mm whereas
PP-HDPE-CCF 30 specimens present a lower height value located at the edge of 0.193 mm, which is
uniform over the studied surface of the specimen (Figure 16c).

This result shows that CCF particles addition enhance the dimensional stability of the PP-HDPE
matrix and decrease manufacturing defects as shrinkage in injected specimens and could be an
alternative for other additives commonly used to reduce injection molding defects in polyolefins such
as talc, calcium carbonate or foaming agents [61]. Also, this behavior is in good agreement with those
obtained by several researchers which studied the injection molding of biocomposites with engineering
simulation and 3D design software and concluded that natural fibers addition reduces the appearance
of processing defects as volumetric shrinkage and warpage in injection molding products [62–64].
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Figure 16. Surface characterization of (a) PP-HDPE blend (b) PP-HDPE-CCF 10 and (c) PP-HDPE-CCF
30 flexural specimens.

4. Conclusions

In this research, PP-HDPE-CCF biocomposites (up to 30% CCF by weight) were processed using
extrusion following by injection molding. The objective was to valorize the CCF for their use in
polyolefin-natural fiber biocomposites. This CCF is an agro-industrial by-product of the Colombian
food industry generated after the separation process of the coconut pulp. The characterization results
show that CCF addition generates mechanical properties and thermal stability improvements without
affecting the PP-HDPE melting behavior. Also, the dynamic mechanical analysis combined with the
three-dimensional microscopy study analysis were sensitive tools for data generation that defines
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the dynamic mechanical properties, service temperatures and dimensional stability of polymers
and biocomposites that support product development, particularly in construction and automotive
applications. This study shows that CCF could be an alternative for other additives used to reduce
injection molding defects such as talc, calcium carbonate or foaming agents. Finally, PP-HDPE-CCF
biocomposites are alternative materials for the design and manufacture of products by injection
molding that due to their availability and recyclability potential could generate some economic
and environmental benefits in the search for sustainability in the plastics industry facing a circular
plastics economy.
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Abstract: This study explores the reprocessing behavior of polypropylene-sugarcane bagasse
biocomposites using neat and chemically treated bagasse fibers (20 wt.%). Biocomposites were
reprocessed 5 times using the extrusion process followed by injection molding. The mechanical
properties indicate that microfibers bagasse fibers addition and chemical treatments generate
improvements in the mechanical properties, reaching the highest performance in the third cycle where
the flexural modulus and flexural strength increase 57 and 12% in comparison with neat PP. differential
scanning calorimetry (DSC) and TGA characterization show that bagasse fibers addition increases
the crystallization temperature and thermal stability of the biocomposites 7 and 39 ◦C respectively,
without disturbing the melting process of the PP phase for all extrusion cycles. The rheological test
shows that viscosity values of PP and biocomposites decrease progressively with extrusion cycles;
however, Cole–Cole plots, dynamic mechanical analysis (DMA), width at half maximum of tan delta
peaks and SEM micrographs show that chemical treatments and reprocessing could improve fiber
dispersion and fiber–matrix interaction. Based on these results, it can be concluded that recycling
potential of polypropylene-sugarcane bagasse biocomposites is huge due to their mechanical, thermal
and rheological performance resulting in advantages in terms of sustainability and life cycle impact
of these materials.

Keywords: biocomposites; recycling; rheological properties; DMA; injection molding

1. Introduction

The reinforcement of polymers with natural fibers such as coir coconut, hemp, sisal, pineapple
leaf fibers, sugarcane bagasse, fique and their combinations to create biocomposites has been studied in
recent years [1–7]. The term biocomposites refers here to polymeric reinforced composites, where the
reinforcing phase and/or the matrix are derived from materials of biological origin. In this sense,
several studies have reported the formulation and characterization of biocomposites, which have a
status of renewable and sustainable materials since they are composed of natural fibers embedded in
non-degradable (i.e., polypropylene, polyethylene, polyamides, etc.) and biodegradable polymeric
matrices (starch, polylactic acid, and polyhydroxialkanoates) [8,9].

These materials have the potential to replace traditional plastics in commercial applications
such as car parts, toys, furniture, reusable cutlery, among others due to their low cost in comparison
with traditional fibers and the enhancement of the polymeric matrices properties induced by natural
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fibers incorporation. These improvements include weight reduction, better specific properties,
dimensional stability, biodegradability, recyclability, decrease in the embodied energy of the products,
carbon emissions, and costs due to the polymeric substitution fraction that reduces the amount of
plastic material needed to manufacture products [3,10–14].

Sugarcane is one of the most important crops for sugar production around the world. According
to the Food and Agriculture Organization located in Rome, Italy (FAO), Colombia is the second-largest
producer of sugarcane in South America, with an estimated 220,000 ha planted in 2019 [15],
which produces approximately 6 million tons of bagasse by year [16]. This agro-industrial by-product is
generated in sugar factories after the cane stem has been crushed and pressed. Sugarcane fiber is mainly
composed of cellulose (37 wt.%), hemicellulose (21 wt.%), lignin (22 wt.%) and pectin (10 wt.%) [17].
The availability of this by-product, its low cost and the possibility of valorization are competitive
advantages for the development of bagasse fibers based biocomposites at the regional level.

The combination of natural fibers with polymeric matrices generates a problem associated with
the incompatibility between the polar and hygroscopic cellulose of the fibers and the non-polar and
hydrophobic polymers. Additionally, other components of the natural fiber like hemicellulose, lignin,
pectin and waxes generate a smooth surface that hinders the interlocking and the interfacial bonding
between the matrix and the reinforcing phase [2,17].

For this reason, several researchers have performed surface treatments over the natural fibers
to improve their compatibility with the polymeric matrix. These surface treatments could exhibit
physical or chemical nature according to the mechanism applied to improve the interfacial bonding.
The most used surface treatment methods included molecular interdiffusion, electrostatic bonding,
mechanical interlocking and chemical modification through bleaching, acetylation, alkaline treatments
and chemical bonding by coupling agents such as silanes or maleic anhydride [2,17,18].

Anggono et al. [19] studied the incorporation of bagasse (up to 30 wt.%) in a polypropylene (PP)
matrix using injection molding processes. They perform alkali treatments on the fibers with calcium
hydroxide (Ca(OH)2) and sodium hydroxide (NaOH) and evaluated the effect of those treatments on
the mechanical properties of the biocomposites. The results showed that the tensile strength of the
biocomposites increases proportionally with bagasse content and chemical modification of these fibers.
Additionally, the biocomposites obtained from NaOH treated fibers present the highest mechanical
performance results. Carvahlo et al. [20] studied the effect of bagasse content (up to 20 wt.%) and
chemical modification (NaOH and acetylation) on the mechanical performance of recycled high-density
polyethylene-(r-PE) biocomposites obtained by extrusion. Their results show that chemical modification
increased the compatibility between r-PE and bagasse fibers and improves the mechanical properties of
the biocomposites. Zainal et al. [21] studied the mechanical, thermal and morphological properties of
biocomposites based on a recycled polypropylene-acrylonitrile rubber blend (PP-NBRr) and chemically
modified bagasse fibers (up to 30 wt.%) with NaOH and silanes, prepared using melt blending
techniques. Their results showed that chemical modification of the fibers enhances the thermal stability
and tensile mechanical properties of the biocomposites. They also observed that among chemical
treatments, silanization generate better results on the evaluated properties.

The reviewed literature showed that natural fiber-polyolefin based biocomposites could be
processed using high-volume manufacturing processes such as extrusion and injection molding
reproducibility and production capacity, advantages for the development of products using these
materials. However, these manufacturing processes generate some scrap. In the case of injection
molding, the overall process generates waste as gates, runners and sprues, which must be ground
after the process. Thus, the recycling of wastes generated after products life cycle ending and during
processing is an issue to study further and a lucrative option for the growing biocomposites industry
that has not yet been fully explored.

Mechanical recycling of polyolefins like PP has been studied due to its ease of processing, property
retention and availability [22]. Martín-Alfonso and Franco studied the recycling of PP using multiple
extrusion cycles (up to 10 cycles) [23]. Their results showed that thermo-mechanical reprocessing
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generates a scission of the PP chains, which generates a progressive decrease in thermal stability,
melting temperature, viscosity and viscoelastic properties with reprocessing cycles increase.

Regarding biocomposites, Uitterhaegen et al. [13] studied the mechanical behavior of biocomposites
based on polyolefins (PP and Bio-PE) and coriander straw (up to 40 wt.%) ground and reprocessed
5 times using injection molding. The authors reported that mechanical properties did not
decrease more than 10% through the reprocessing cycles, giving a high recycling potential to these
polyolefin-based biocomposites. In another study, Chaitanya et al. [12] explored the recycling of
biodegradable biocomposites based on polylactic acid (PLA) and alkaline treated sisal fibers (30 wt.%).
The biocomposites were recycled using extrusion (8 cycles) and it was observed that mechanical
properties gradually decreased until the third recycling cycle. Beyond these cycles, a significant
reduction in properties was observed due to the decrease in PLA molecular weight and fibers attrition.
From these results, the authors conclude that PLA-Sisal biocomposites can be recycled up to 3 times to
make low to medium strength commercial products.

In the present research, PP-bagasse microfibers (untreated and chemically modified with NaOH
and silanes) biocomposites were obtained through extrusion followed by injection molding processes.
The mechanical, thermal, rheological and viscoelastic properties were evaluated and compared in
order to understand the effect of chemical modification and reprocessing cycles (up to 5 times) on the
microfibers dispersion on the biocomposites properties. We consider that the study of the performance
of recycled biocomposites is an excellent contribution that supports the novelty of this article, bearing in
mind that the interest in the design and manufacture of sustainable and highly recyclable products by
injection molding with biocomposites based on natural fibers is increasing around the world.

2. Materials and Methods

2.1. Materials

PP reference 01H41 was sourced from Essentia (Cartagena, Colombia). Untreated sugarcane
bagasse fibers were provided by Sucromiles S.A. (Cali, Colombia). In order to perform the chemical
modification of these fibers, analytical-grade reagents hexadecyltrimethoxysilane and NaOH were
obtained from Sigma-Aldrich (Milwaukee, WI, USA).

2.2. Methodology

2.2.1. Preparation and Chemical Modification of Sugarcane Bagasse

The bagasse fibers were first washed with distilled water and dried at 60 ◦C for 48 h to remove soil
and residues. Then, clean bagasse fibers were grounded with a lab mill and sieved through a 200 μm
sieve. The bagasse fibers were separated into three groups: untreated bagasse, aqueous solution of
8% NaOH treated bagasse and aqueous solution of 8% NaOH following by silanized treated bagasse.
The chemical surface treatments were performed according to the procedure described in detail in
previous research work reported earlier by our group [6].

2.2.2. Processing of Biocomposites

The reprocessing of the biocomposites was simulated using a continuous extrusions methodology.
For this technique, the PP and the bagasse fibers were physically mixed in a bag using 20 wt.% of
bagasse. This formulation was selected based on experimental results of our group and reviewed
literature regarding the microinjection optimization of PP-Bagasse biocomposites [24]. This mixture
was fed into the feed zone of a co-rotating twin-screw extruder HAAKE ™ PolyLab™ (Thermo
Scientific-Unites States) with 16 mm diameter and 40 D total length, using a temperature gradient
between 140 and 170 ◦C and a screw speed of 70 rpm. These processing parameters were selected from
previously reported studies on polyolefin-based biocomposites [6,25]. Then, the extruded material was
cooled in water and subsequently pelletized using a mechanical cutter that generated 5 mm long pellets.
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These pellets were dried in an air oven at 85 ◦C for 8 h after each extrusion cycle. The granules of neat
PP and biocomposites were extruded 5 times, generating a total of 20 batches of granules that led to
the development of 5 biocomposites and 10 reprocessed biocomposites. For this study, the properties
of the materials corresponding to processing cycles 1, 3 and 5 were evaluated. The nomenclature of the
prepared biocomposites is listed in Table 1.

Table 1. Nomenclature of processed biocomposites.

Processing Cycle
Number

Neat PP
(wt.%)

Sugar Cane
Bagasse (wt.%)

Chemical Treatment
Designation Along the

Document

1

100 - - PP 1st cycle

80 20

- PP-Bag 1st cycle

NaOH PP-Bag +alk. 1st cycle

NaOH + Silanes PP-Bag +alk. +sil 1st cycle

3

100 - - PP 3rd cycle

80 20

- PP-Bag 3rd cycle

NaOH PP-Bag +alk. 3rd cycle

NaOH + Silanes PP-Bag +alk. +sil 3rd cycle

5

100 - - PP 5th cycle

80 20

- PP-Bag 5th cycle

NaOH PP-Bag +alk. 5th cycle

NaOH + Silanes PP-Bag +alk.+sil 5th cycle

Finally, a small quantity of the pellets of the different biocomposites was used for the development
of injected specimens for flexural and impact tests using a BOY XS microinjection molding machine
(BOY Machines Inc., United States) with a temperature gradient between 180 and 185 ◦C (from the
feeding area to the nozzle), a filling pressure of 80 bars, a holding pressure of 60 bars and a mold
clamping force of 30 kN. Figure 1 shows the injected PP specimens corresponding to 1st, 3rd and 5th
processing cycles and the biocomposites of the 1st processing cycle. It is observed that after the 3rd
processing cycle, the neat PP samples show a yellow shade that indicates thermal degradation of the
matrix during reprocessing.

2.2.3. Mechanical Properties

The mechanical properties in terms of flexural and impact performance of the materials were
determined following the ASTM D790-17 and D256-10 standards, respectively. Three-point bending
tests were performed using an INSTRON 3366 universal testing machine, while impact tests were
performed using a 2.5 Joules impact tester. Flexural tests were carried out up to 5% deformation
using specimens with a rectangular cross-section and 3.2 mm of thickness. The crosshead speed was
1.36 mm/min and the distance between the support span was 50 mm, while the impact tests were
carried out on notched specimens (IZOD). The results were taken as the average of 5 samples and were
subjected to an analysis of variance (ANOVA). Post hoc comparison was performed to determine the
individual means, which are significantly different from a set of means of each reprocessing group
using Tukey’s test at a 5% probability level.

48



Polymers 2020, 12, 1440

 

Figure 1. Injected specimens of PP and their bagasse fiber biocomposites.

2.2.4. Thermal Measurements

The thermal stability of the materials was evaluated by thermogravimetric analysis (TGA),
measuring the weight loss (%) as a function of temperature using a TA Q500 thermogravimetric
analyzer (Texas Instruments, Dallas, TX, USA). These tests were carried out from 25 to 600 ◦C at a heating
rate of 10 ◦C/min in a nitrogen atmosphere to determine the onset degradation temperature (To) and
the temperature at the maximum degradation rate (Tmax). In order to explore the effect of reprocessing
cycles and chemical modification of the fibers on the thermal properties of the material, differential
scanning calorimetry (DSC) tests were performed. These tests were carried out at a heating–cooling
rate of 10 ◦C/min in a nitrogen atmosphere in several steps: First, the samples were subjected to heating
cycle from 20 to 190 ◦C to erase the thermal history related to processing events, following by a cooling
cycle from 190 to 0 ◦C to determine crystallization temperature (Tc). Finally, a second heating cycle
was performed from 0 to 200 ◦C to determine the melting temperature of the PP phase. Additionally,
the degree of crystallinity (χc) of each material was calculated from Equation (1) [26]:

χc =

(
ΔHm

ΔH0
m ×W

× 100
)

(1)

where W represents the PP fraction by weight, ΔHm is the normalized melting enthalpy of PP of each
sample, and ΔH0

m (207 J/g) is the melting enthalpy of 100% crystalline PP [27].

2.2.5. Rheological Measurements

The rheological behavior was determined by a rotational rheometer DHR-2 (Texas Instruments,
Dallas, TX, USA) equipped with a cone-plate configuration with a diameter of 25 mm and an angle of
5.7◦. For this geometry, the cone was truncated to avoid contact between the cone and the plate, and to
prevent damage to either with a calibrated distance of 145 μm at the center of the cone. The rheological
measurements were performed at 195 ◦C, the shear rate between 0.1 and 10 s−1 and a strain of 1%.
Storage modulus (G′), loss modulus (G”) and complex viscosity (η*) were measured.
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2.2.6. Dynamic Mechanical Analysis (DMA)

The thermo-mechanical properties of the materials were evaluated using a dynamic mechanical
analysis (DMA) RSA-G2 (Texas Instruments, Dallas, TX, USA) with a three-point bending clamp.
The equipment was set up as follows: frequency of 1 Hz, 0.01% of strain, temperature range from −50
to 120 ◦C and a heating rate of 3 ◦C/min. Storage modulus (E′), loss modulus (E”) and tan δ (loss factor)
were measured.

2.2.7. Scanning Electronic Microscopy (SEM)

SEM of the different samples was carried out on the cryogenic fracture surfaces of non-tested
injected specimens, operating at a voltage of 10 kV. The samples were previously sputter-coated with
gold to increase their electric conductivity. Magnifications of 200× of the fracture surfaces were taken.

3. Results and Discussion

3.1. Mechanical Properties

The influence of bagasse fibers addition and reprocessing cycles on the PP flexural properties
were evaluated. With ever increasing demand for high quality and reliable materials and products,
flexural tests have become an important tool in both the manufacturing process and research fields
to define the material ability to resist deformation under load [28]. Some recent studies have been
carried out to study the effects of reprocessing on the flexural and tensile properties of PP reinforced
with natural fibers [13,24]. Their results show some differences between flexural and tensile properties,
the latter being lower than the former.

During a tensile test, the entire sample is under tensile stress and the rupture begins through
the propagation of the largest defect within the specimen. On the other hand, during a flexural test,
the maximum stress occurs at the upper and lower surfaces of the specimen where the shear stress is
minimum. If the largest defect in the sample is not located in these sections, its influence on the failure
mechanism and, therefore, on the flexural strength of the material will be minimal [13]. Therefore, the
tensile strength values will be lower as compared to flexural strength values. Despite these differences,
in these studies, it was observed that the results of both characterization techniques follow a similar
trend with reprocessing cycles. Therefore, the flexural test has been validated as a valuable tool for
the mechanical characterization of biocomposites. Figure 2 presents the three-dimensional colormap
surface of the flexural modulus and flexural strength of the materials, which are summarized in the
Table 2.

Figure 2. Three-dimensional colormap surface of flexural modulus (a) and flexural strength (b) of PP
and PP-Bagasse biocomposites.

The 3D colormap surface indicates that successive reprocessing cycles did not affect the flexural
behavior of the PP. However, bagasse fibers addition and chemical treatments performed on these fibers
generate improvements in the flexural properties of the PP matrix. Additionally, it is observed
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that flexural behavior of biocomposites are dependent on reprocessing cycles of the materials,
reaching maximum values around the third cycle. With subsequent reprocessing, a decrease in
flexural properties was observed.

Table 2. Flexural properties of PP and PP-Bagasse biocomposites.

Sample

Flexural Modulus (MPa) Flexural Strength (MPa)

Processing Cycle Number

1 3 5 1 3 5

PP 1296 ± 70a 1251 ± 54a 1305 ± 36a 40.0 ± 0.7a 39.8 ± 0.9a 40.2 ± 0.4a

PP-Bag. 2069 ± 30b 1969 ± 48b 1673 ± 100b 48.0 ± 1.1b 44.1 ± 0.7b 41.3 ± 1.3a

PP-Bag.+alk. 1847 ± 114c 1853 ± 68c 1761 ± 78b 43.3 ± 0.5c 42.7 ± 0.3c 41.5 ± 1.2a

PP-Bag. +alk.+sil. 1505 ± 94d 1729 ± 66c 1742 ± 116b 38.6 ± 1.9a 41.2 ± 0.4d 40.4 ± 0.9a

(a–d) Different letters in the same column indicate significative differences from a set of means of each reprocessing
group (p < 0.05).

The first processing cycle shows the flexural modulus (FM) of biocomposites PP-Bag. and PP-Bag.
+ Alk, increased by 60% and 42% compared to neat PP. Additionally, flexural strength values (FS)
increased by 20% and 8%, respectively. For biocomposite PP-Bag. +alk. +sil. FM value increased
by 16%; however, no significant differences in the FS value were observed (p ≥ 0.05). Cerqueira et
al. investigated the effect of untreated bagasse addition on the flexural properties of PP and found
that FM and FS values increased by 32% and 35% respectively [29]. These improvements in flexural
properties due to the addition of natural fibers have been observed in long [30] and short fibers [31,32].
However, it is essential to remark that our study demonstrated that this effect was also generated with
the addition of microfibers.

For the third processing cycle, all FM and FS values of the biocomposites show significant
differences compared to the FM value of the PP matrix. These increments were 57%, 48% and 38% for
PP-Bag., PP-Bag. + Alk. and PP-Bag. +alk. +sil respectively. Additionally, FS values increased by
11%, 7% and 4% respectively. It is interesting to show that FM and FS values of the sample PP-Bag.
+alk. +sil. increased by 15% and 7% in comparison with the first processing cycle values. This could
be related to a better dispersion state of the silanized bagasse fibers within the PP matrix, the higher
thermal stability of chemically modified fibers [6] and a better interaction fiber–matrix generated by
the reprocessing cycles.

For the last reprocessing cycle, FM values of the biocomposites show significant differences in
comparison with the PP matrix (p < 0.05); however, no significant differences were observed among the
biocomposites. In the same way, the FS values of the samples were statistically equivalent. These results
show that reprocessing could improve fiber dispersion and improve fiber–matrix interaction under
compression stresses developed in the biocomposites during bending. However, these improvements
seem to achieve a maximum point that in our study corresponded to the third cycle.

Similar behavior was reported by Chaitanya et al., [12], who studied the recyclability of polylactic
acid-sisal biocomposites. They found that reprocessing generates a severe reduction in mechanical and
viscoelastic properties due to fiber and matrix degradation; therefore, they concluded that recycling of
PLA/Sisal biocomposites beyond third reprocessing cycle is not recommended. Figure 3 shows the
effect of the addition of bagasse fibers and the reprocessing cycles on the impact strength values.

For the first processing cycle, no significant differences were observed in the impact strength
values of the PP matrix and the biocomposites PP-Bag. and PP-Bag. + Alk. However, for the PP-Bag.
+ Alk. +sil. biocomposite the impact strength increased by around 40% compared to neat PP. This
result shows that bagasse fibers treated by silanes agents had improved the capacity of the polymeric
matrix to absorb energy. From the revised literature, it can be observed that several factors governed
the impact behavior of natural fiber-reinforced biocomposites, for example, chemical treatment applied
on the natural fibers, type of natural fiber, interfacial bonding, the composition of the biocomposite and
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the toughness of the polymeric matrix. In the case of silanes treatments, it was found that this process
may have different effects on the impact properties of biocomposite PE-Hemp and PE-Sisal [17].

Figure 3. (a) Impact properties of PP and PP-Bagasse biocomposites and (b) 3D colormap surface of
the impact properties.

Biocomposites reprocessing causes interesting changes in the impact properties studied. According
to the 3D colormap surface (Figure 3b), the third reprocessing cycle generates a significant increase in
the impact values of PP-Bag. + Alk. and PP-Bag. + Alk. +sil. biocomposites. These increases were
between 17 and 103% in comparison with reprocessed PP. For the fifth processing cycle, the impact
values have similar behavior to that observed in the first cycle. The impact value of biocomposite
PP-Bag. + Alk. +sil. increased by 43% compared to the PP. These results are evidence that reprocessing
improves the dispersion state of the silanized fibers, fiber–matrix interaction and promotes PP energy
absorption. However, as observed in the flexural test these improvements reach their highest point
around the third reprocessing cycle.

3.2. Thermal Properties

DSC curves for neat PP and their biocomposites with bagasse fibers at the 1st, 3rd and 5th
processing cycles are shown in Figures 4–6. The numerical values of the thermal events of the samples
are shown in Table 3. These thermograms do not show any indication of bagasse fibers because the
peaks attributed to the different reactions or mechanisms involved in pyrolyzing of the bagasse appears
at temperatures higher than those selected for our DSC tests (above 290 ◦C) [33,34]. However, the fibers
effect on the crystallization and melting behavior of the PP phase are discussed in this work.

 
Figure 4. (a) Cooling and (b) second heating DSC curves for first processing cycle PP and
PP-Bagasse biocomposites.
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Figure 5. (a) Cooling and (b) second heating DSC curves for third processing cycle PP and
PP-Bagasse biocomposites.

Figure 6. (a) Cooling and (b) second heating DSC curves for fifth processing cycle PP and
PP-Bagasse biocomposites.

Table 3. Thermal properties on cooling and second heating differential scanning calorimetry (DSC)
scans of the samples.

Processing
Cycle Number

Sample
Cooling Second Heating

Tc * (◦C) Tm * (◦C) ΔHm (J/g) Xc (%)

1

PP 114 166 91 44

PP-Bag. 122 163 75 45

PP-Bag. +alk. 121 165 74 44

PP-Bag. +alk. +sil. 118 166 99 59

3

PP 116 165 101 49

PP-Bag. 119 165 80 49

PP-Bag. +alk. 121 163 84 50

PP-Bag. +alk. +sil. 122 165 100 60

5

PP 114 166 95 46

PP-Bag. 121 164 75 46

PP-Bag. +alk. 121 164 78 47

PP-Bag. +alk. +sil. 121 162 83 50

* Tc and Tm were taken at the maximum peak of crystallization and melting peaks.

Cooling thermograms of PP show exothermic peaks located between 114 and 116 ◦C. These peaks
corresponded to the crystallization during the cooling of the PP chains. These crystallization peaks are
also observed in PP-Bagasse biocomposites, however, these peaks are located at temperatures between
3 and 7 ◦C higher compared to the PP in the different extrusion cycles. This shows that bagasse fibers
could act as nucleation points that allow the crystallization of PP chains at higher temperatures.
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The second heating runs of PP and PP-Bagasse biocomposites present endothermic peaks between
163 and 166 ◦C related to the melting of the PP matrix. This indicates that bagasse fibers addition
did not interfere with the melting process of the PP matrix. In this study, the maximum processing
temperature was 185 ◦C, which is higher than PP melting temperature. This was done with the aim to
ensure completely melting of PP crystals and improving the processing of the material without causing
degradation to the bagasse fibers. In this aspect, some authors reported that biocomposites processing
must be performed below 200 ◦C to avoid natural fibers degradation [2,17,35].

Additionally, melting enthalpy (ΔHm) and crystallinity degree (χc) values of the biocomposites
changed with the number of extrusion cycles and with the bagasse fiber type. For all extrusion
cycles, a decrease in the ΔHm values of PP-Bag and PP-Bag.-alk biocomposites were observed.
However, the χc of the PP matrix remained similar when the ΔHm was corrected, considering
the weight fraction of bagasse (Equation (1)). This behavior was also observed in other natural
fiber-polyolefin biocomposites [5,36]. On the other hand, for biocomposites with silanized bagasse
fibers (extrusion cycles 1 and 3), an increase in the χc values of around 15% was observed in comparison
with the χc of the PP matrix. This χc increase was slightly for cycle 5; however, it is concluded that the
silanized process improved the nucleating effect of the bagasse fibers in the PP. Therefore, the mechanical
strength improvement observed in the PP-Bagasse biocomposites could be related to the reinforcement
effect of bagasse fibers in the PP and the crystallinity changes of the thermoplastic matrix. Similar results
were reported by Zainal et al. [21] on polypropylene-acrylonitrile butadiene rubber-modified bagasse
biocomposites. They reported that the chemical treatment of bagasse fibers using silanes increases the
nucleation density and the crystallinity degree (%) of the polymeric matrix.

Thermogravimetry (TG) and Derivative Thermogravimetry (DTG) thermograms of PP and
PP-Bagasse biocomposites at the 1st, 3rd and 5th processing cycles are shown in Figures 7–9.
Additionally, the main thermal parameters obtained from these curves are summarized in Table 4.

Figure 7. (a) TG and (b) DTG curves for first processing cycle PP and PP-Bagasse biocomposites.

 
Figure 8. (a) TG and (b) DTG curves for third processing cycle PP and PP-Bagasse biocomposites.
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Figure 9. (a) TG and (b) DTG curves for fifth processing cycle PP and PP-Bagasse biocomposites.

Table 4. Thermal degradation data of PP and PP-Bagasse biocomposites.

Processing Cycle Sample Degradation Stage TO (◦C) Tmax (◦C)

First cycle

PP 1 408 455

PP-Bag.
1 271 354

2 423 462

PP-Bag. +alk.
1 314 363

2 438 461

PP-Bag. +alk. +sil.
1 317 360

2 447 468

Third cycle

PP 1 373 445

PP-Bag.
1 271 363

2 431 463

PP-Bag. +alk.
1 309 358

2 431 468

PP-Bag. +alk. +sil.
1 310 358

2 428 457

Fifth cycle

PP 1 371 431

PP-Bag.
1 287 366

2 430 472

PP-Bag. +alk.
1 318 360

2 417 440

PP-Bag. +alk. +sil.
1 322 360

2 434 461

The thermal degradation of PP matrices occurs in a single step process. For the first cycle, a To of
408 ◦C and a Tmax of 455 ◦C were observed. For reprocessing cycles 3 and 5, To values decreased by 35
and 37 ◦C while Tmax decreased by 10 and 24 ◦C as compared with PP at the first extrusion cycle. This
lowering in PP thermal stability with melt reprocessing has been already observed in other studies and
could be related to the chain scission mechanism of PP during multiple extrusions [23,37]. Da costa et al.
cited that scission of the PP chains during reprocessing generates small and defective molecules,
a broader distribution of molecular weights and reduction in the onset degradation temperature of the
polymer [38].

For biocomposites, degradation occurs in a two-step process. The first step is related to the
decomposition of the bagasse fibers within the biocomposite, while the second step corresponds to the
thermal degradation of the PP matrix [6]. The first degradation step show that thermal stability of
the chemically treated bagasse fibers is higher than the exhibited by untreated fibers. According to a
previous research work published recently by our group the performed chemical treatments could help
to extract low thermal stability components of the bagasse fibers like hemicellulose, lignin, pectin and
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waxes [6]. With only cellulose, the bagasse fibers gain some thermal stability. Additionally, the silanes
presence increases thermal stability of the bagasse fibers within the biocomposite, mostly due to the
formation of refractory siloxane networks between the fibers and PP after silanization as indicated by
literature [39].

The second degradation stage shows that bagasse addition increases the thermal stability of the PP
phase. For the first reprocessing cycle, To increased between 15 and 39 ◦C. Additionally, Tmax increased
between 13 and 6 ◦C in comparison to neat PP as shown in Table 4. This increment in the thermal
stability of the biocomposites has been observed in several studies and could be related to the increase
of the crystallinity with bagasse addition observed by DSC [40,41]. This behavior is more evident
during reprocessing cycles 3 and 5 due to the observed decrease of the thermal stability of neat PP
during melt reprocessing. This result shows that bagasse addition improves the thermal stability of the
polymer matrix when reprocessing cycles, such as mechanical recycling, are carried out.

After 500 ◦C, the residue of the samples remains. These residues were composed mainly of
ashes and had a weight of 12% for PP-Bag., 8% for PP-Bag. +alk. +sil. and 4% for PP-Bag. +alk.
This difference could be related to lignin present on the untreated bagasse, which generates a large
number of solid residues after the pyrolysis of the fiber [33].

3.3. Rheological Properties

The influence of bagasse fibers addition and reprocessing cycles on the PP storage modulus (G′)
and loss modulus (G”) modulus vs. a frequency is presented in Figure 10. According to Osswald and
Rudolph, G′ is a measure for the stored energy and is related to the rigidity and relative entanglement
of polymeric chains. On the other hand, G” is a measure for the lost energy dissipated, for example,
as heat or used on the relative movement among polymeric chains [42].

Figure 10. Storage and loss modulus as a frequency function of PP and PP-Bagasse biocomposites:
(a) First, (b) Third and (c) Fifth processing cycles.

The results show that G” is higher than G′ for neat PP and all biocomposites, indicating that these
materials present a dominant liquid viscoelastic behavior in the studied frequency range. This behavior
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has previously been observed in another polyolefin-natural fiber biocomposites with fiber percentages
up to 20% by weight [43,44]. Additionally, it is observed that G′ and G” values of neat PP and
biocomposites decrease with successive reprocessing cycles. This decrease has been previously
observed and could be related to changes in the length and entanglements of PP polymeric chains
caused by multiple extrusion processes [23]. Therefore, the elastic behavior of the biocomposites would
be lower with successive reprocessing cycles.

Besides this, a decrease in G′ and G” values are observed in biocomposites with chemically
modified bagasse fibers. These chemical treatments modify the surface of the bagasse fibers; in general
terms, these modifications reduce the particle agglomeration, improving the slip or flow between them
inside the biocomposite. This is reflected in lower G′ and G” values. It is interesting to note that the
biocomposites with silanized bagasse fibers present the lowest G′ and G” values for all reprocessing
cycles. This could be due to short silane chains that could act as a lubricant at the PP-bagasse fibers
interface and could reduce the internal stress generated by fibers agglomeration.

Figure 11 provides the complex viscosity vs. frequency of the neat PP and biocomposites.
All materials show shear-thinning behavior, as had been previously observed in PP and PP-natural
fiber biocomposites [43]. This behavior is related to the viscoelastic nature of the polymeric matrix and
the interaction with the bagasse fibers. At the frequencies studied, the polymeric chains do not have
enough recovery time due to the contact between the fibers leading to the non-Newtonian rheological
characteristics observed.

 

Figure 11. Complex viscosity as a frequency function of PP and PP-Bagasse biocomposites.

The results also show that PP-Bag. biocomposites present the higher viscosity values in the entire
frequency range studied. For PP-Bag., the relative movement and disentanglement of bagasse fibers
are impeded due to agglomeration of fibers, which hinders polymer chains flow and increasing the
viscosity values. For biocomposites obtained from chemically modified bagasse fibers, the viscosity
values are lower in comparison to PP-Bag. biocomposites. As mentioned above, the untreated fibers
can agglomerate due to adhesive forces between fibers. The performed alkaline treatment aimed
to extract the lignin, which is a hydrophobic layer that covers the bagasse fibers. This treatment
exposed the cellulose of the bagasse and improved their dispersion within the polymeric matrix,
thus decreased the particle–particle interactions, allowing the polymer chains to flow and decreased
the viscosity. Furthermore, the silanes treatment produced a functionalized surface with covalent Si-O
bonds, which hindered the agglomeration of the fibers and acted as a lubricant, which improved the
fibers flowing within the polymeric matrix, causing a decrease in the viscosity values and eased the
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processability of the biocomposites by conventional plastic transformation processes such as extrusion
or injection molding.

Regarding the reprocessing cycles, it is observed that the viscosity values of PP and biocomposites
decreased progressively with extrusion cycles. This decrease of the viscosity values was also reported
on several PP reprocessing studies and can be related to a decrease of the PP matrix molecular weight
due to polymeric chain scission during the multiple extrusion reprocessing steps [23,37,38].

With the aim of further investigate the effect of reprocessing and bagasse fibers addition on the
rheological and structural behavior of the materials, Cole–Cole diagrams were used (Figure 12). In this
diagram, the imaginary viscosity component (η”) is represented as a function of the real component
of the viscosity (η′). The graph should be like a semicircle if the system describes a single relaxation.
In heterogeneous melts containing agglomerated fibers, the semicircle shape of the Cole–Cole graph
will be modified, the elastic component of the viscosity, and the relaxation time increases [42].

Figure 12. Cole–Cole plots of PP and PP-Bagasse biocomposites.

The Cole–Cole plots of neat PP revealed a semicircle related to single relaxation time. On the other
hand, untreated bagasse fibers addition generated an increase in the elastic behavior and relaxation
time of the structure, visualized in viscosity components values increments. This behavior indicates
the presence of agglomerated fibers and decreased progressively with extrusion cycles. Finally, it is
observed that chemical modification of bagasse fibers clearly generated a decrease in the elastic
component of the viscosity (n”) and shorter relaxation times of the materials. These results could
indicate that continuous extrusion processes and chemical modification generate a better dispersion of
bagasse fibers within the polymeric matrix.

3.4. Dynamic Mechanical Analysis

According to Saba et al., [45], the storage modulus (E′) is related to the ability of a material to store
energy during a dynamic test and determine the stiffness of the sample. Additionally, E′ is essential for
the evaluation of the mechanical properties from the molecular basis because it is sensitive to structural
changes within the polymeric matrix such as molecular weight and the interfacial bond between the
fibers and the matrix.

Figure 13 shows the E′ as a function of temperature for the first processing cycle. It can be observed
that E′ values of PP increase after the bagasse fibers incorporation. At room temperature, the E′ value
of neat PP (1481 MPa) increased to 18% with the addition of untreated bagasse fibers. This stiffness
increase could be attributed to a decrease in the PP chains mobility generated by the rigid bagasse
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fibers and indicates that PP-Bag biocomposite had a higher capacity to store energy in comparison
with neat PP. This behavior was even more significant after the incorporation of chemically modified
bagasse. E′ value increased by 32 and 52% for PP-Bag. +alk. +sil. and PP-Bag. +alk. in comparison
with neat PP, respectively. These results show that chemical modifications induced a better adhesion
on the interface between bagasse fibers and PP matrix and increased the material capacity to absorb
energy. This result was in good agreement with the data obtained from the impact test (Section 3.1).

Figure 13. Temperature dependence of the storage modulus of PP and their biocomposites.

Regarding reprocessing cycles, it is observed that E′ values of biocomposites increased
progressively with extrusion cycles in comparison with neat PP. For the third reprocessing cycle,
E′ values increased up to 27 and 60% for PP-Bag and PP-Bag. +alk., whereas, for the fifth reprocessing
cycle, this increment lay between 35 and 57% (again for PP-Bag and PP-Bag. +alk.). This processing
event has been already observed during PLA-Sisal biocomposites recycling and indicates that
thermo-mechanical reprocessing generate an improvement in the interfacial bonding between the
bagasse fibers and the PP matrix [12].

Similar to the observed behavior in E′ graphs, the E” peaks of PP-bag biocomposites were higher
as compared to neat PP (Figure 14). These increases indicate a reduction in the mobility of PP chains
due to bagasse fibers. These increases of E” peaks were higher upon chemically modified bagasse
incorporation for all reprocessing cycles and could be related to the enhanced adhesion at the interphase
given by the chemical treatments, which suppressed the molecular mobility of the polymeric matrix.
This trend has been observed for several polymer-chemical treated fibers biocomposites [6,46,47].

Figure 14. Temperature dependence of loss modulus of PP and their biocomposites.

Tan δ is defined as the ratio between the loss and storage modulus (Tan δ = E”/E′) and is related
to the damping properties of the polymeric matrix [45]. The variation of tan δ with temperature is
represented in Figure 15. According to this graph, PP shows two main relaxation peaks in the evaluated
temperature range, a β relaxation, located around 7–9 ◦C, which corresponds to the glass transition
(Tg) and an α relaxation between 60 and 75 ◦C [6].
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Figure 15. Temperature dependence of tan delta of neat PP and their biocomposites.

Table 5 shows that after untreated bagasse fibers addition into neat PP, Tan δ peaks height
decreased for all reprocessing cycles. This is because bagasse fibers hinder the mobility of the polymer
chains; also, these fibers support higher stresses fields, which generate less deformation of them at
the interface, which causes more energy dissipation. Additionally, it is observed that bagasse fibers
addition did not generate significant changes in PP relaxations values (Table 5). For biocomposites
obtained from chemically modified bagasse fibers, the Tan δ peaks exhibited even lower magnitude
when compared with untreated bagasse biocomposites for all reprocessing cycles. These results, albeit
small, show that biocomposites with improved interfacial bonding between natural fibers and PP
matrix, given by the chemical modification, will tend to dissipate less energy, showing the lower
magnitude of the Tan δ peak in comparison with biocomposites with a weakly bonded interface and
can be decisive in product applications that require better mechanical behavior under flexural loads.

To further understand the mobility of the chain segments and the state of dispersion, the full width
at half maximum (FWHM) of tan δ peaks was evaluated. Some studies on biocomposites viscoelastic
properties have shown that FWHM is a measurement of tan δ curve broadness and could be useful to
evaluate the reduction of the molecular mobility during a relaxation like the glass transition [48,49].
According to Manikandan et al., a higher FWHM value implies more interaction and contact between
the phases of the composite, which can be associated with low dispersion and a heterogeneous
amorphous phase [49]. Among biocomposites, those based on untreated bagasse fibers present the
higher FWHM values for all reprocessing cycles. This could be attributed to the suppressed effect of
the poor dispersed fibers on the PP matrix molecular mobility. It is also observed that FWHM values
decreased for all biocomposites with reprocessing, and it was found to be the lowest for chemically
treated fiber-based biocomposites. This result shows that the successive reprocessing improved
the homogeneity of the matrix and confirmed that chemical treatments improved the adhesion at
the interface, which suppressed the molecular movement of the polymer matrix. This means that
biocomposites obtained from chemically modified fibers acted more elastic and confirmed that under a
load, these biocomposites had more potential to store energy instead of dissipating it.
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Table 5. Dynamic mechanical analysis (DMA) results of the studied materials.

Processing
Cycle Number

Sample Tg (◦C) *
E′ (MPa)
at 25 ◦C

Full Width at Half
Maximum (FWHM)

of Tan δ Peaks

Tan δ Peaks
Height

1

PP 7.9 1481 24.4 0.091

PP-Bag. 8.2 1741 23.3 0.083

PP-Bag. +alk. 8.1 2261 21.9 0.081

PP-Bag. +alk. +sil. 8.6 1962 22.2 0.081

3

PP 8.4 1453 24.9 0.087

PP-Bag. 8.3 1810 22.5 0.087

PP-Bag. +alk. 7.3 2319 20.7 0.078

PP-Bag. +alk. +sil. 7.9 1835 20.5 0.080

5

PP 7.0 1383 23.4 0.093

PP-Bag. 8.9 1905 22.7 0.083

PP-Bag. +alk. 8.1 2111 21.1 0.080

PP-Bag. +alk. +sil. 8.2 1899 21.8 0.078

* Tg values of the PP phase were taken at the maximum peak of the tan delta curves.

3.5. Morphology

Figure 16 shows the cryogenic fracture surface of neat PP (Figure 16a) and PP-bag. Biocomposites at
the first (Figure 16b,c) and fifth reprocessing cycles (Figure 16d,e). Neat PP presents an irregular
surface fracture, which is caused by the inherent semi-crystalline structure of this polymer whereas
untreated bagasse incorporation generates a rough fracture surface.

 

Figure 16. SEM micrograph of the fracture surface of (a) neat PP, (b,c) PP-Bag. 1st cycle and (d,e) PP-Bag.
5th cycle.

Regarding the first cycle, the lower magnification allows one to observe bundles of bagasse fibers
within the PP matrix with an average length of 213 ± 24 micrometers (Figure 16b). On the other hand,
higher magnification (Figure 16c) show some voids resulting from the fibers pulled out from the matrix
(as shown in red circles) and well-delineated gaps at the interface between the bagasse fibers and
the PP matrix (yellow circles). These gaps are evidence of the low interfacial adhesion between the
PP and the untreated bagasse fibers. This microstructural behavior at the interface was observed
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in different polymer matrix biocomposites and was related to the low chemical affinity between the
inherent hydrophobic polyolefin matrix and the hydrophilic natural fiber.

After five reprocessing cycles, a better distribution of the fibers and a decrease in their length to
165 ± 17 micrometers was observed (Figure 16c). This result shows that during the five extrusion and
injection cycles the fibers get crushed to some extent and their length was reduced by 20% and could
be related to the decrease observed in the mechanical performance observed in PP-bag. biocomposites
considering all reprocessing cycles (Table 2).

Several studies have shown that reprocessing of biocomposites generates a decrease of 60% in
the fibers length. The fibers length decreasing is higher than that observed in our study, however the
initial size of the fibers used must be considered. In these studies, the initial size of the fibers was
1–0.8 mm, while in our study, the initial average size was around 0.2 mm. However, the authors
report that biocomposites retain its mechanical performance throughout cycles better than fiberglass
reinforced composites due to the inherent flexibility of the natural fibers and the ability to resist external
mechanical forces.

Reprocessing cycles will inevitably impact the mechanical properties of biocomposites;
however, our study shows that PP-Bag. biocomposites’ mechanical performance was maintained up
to three reprocessing cycles without the addition of virgin material. Based on this result, it could be
concluded that recycling potential of biocomposites was huge due to their mechanical performance
retention resulting in advantages in terms of sustainability and life cycle impact of these materials.

Figure 17 shows the cryogenic fracture surface corresponding to the biocomposites of the fifth
reprocessing cycle along with the optical micrograph of the surface of each sample at the same lighting
level. For Figure 17b,c, chemical treatments reduced the gaps between the bagasse fibers and the PP
matrix and improved the interface of the biocomposites. Additionally, the optical micrographs of
chemically modified fibers based biocomposites show a decrease of the dark areas related to particles
agglomeration on the surface of the sample. This behavior is observed in better detail in the sample
with silanized bagasse and could be due to the lubricant effect given by silanes, which improved
the dispersion of the fibers. This result was also consistent with the data obtained by rheology and
DMA measurements and confirmed that chemical treatments generated a bonding effect at the PP and
natural fibers interface and exposed the cellulose of the bagasse improving their dispersion within the
polymeric matrix.

The scanning electronic microscopy gives valuable information about biocomposites morphological
characterization. Several authors have made conclusions studying the fiber content (composition),
the chemical treatment of natural fibers, and biocomposites reprocessing using SEM [12,20,21,44].
This technique, together with the performed rheological and dynamic mechanical characterization,
could provide valuable evidence of the dispersion state of the fibers within the biocomposites. In our
case, the Cole–Cole plots and FWHM of tan δ peaks gave evidence for concluding that multiple
extrusion cycles could decrease the particle agglomeration and generated a better dispersion of the
fibers within the matrix.
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Figure 17. SEM (left) and optical micrographs (right) for 5th processing cycle: (a) PP.Bag.,
(b) PP-Bag + Alk. and PP-Bag + Alk. +sil. (c,d).

4. Conclusions

In this research, PP-bagasse biocomposites were prepared by incorporating 20% by weight of
bagasse fibers treated by alkaline treatment with NaOH and silanization after the alkaline treatment.

These biocomposites were reprocessed 5 times using the extrusion process followed by injection
molding after each reprocessing cycle in order to evaluate the effects of reprocessing and chemical
treatments on the morphology, mechanical, thermal, as well as viscoelastic properties of these materials.
Doing so, the following conclusions could be obtained from the present research:

• The mechanical properties indicate that reprocessing and chemical treatments performed to
bagasse microfibers could improve fiber dispersion and fiber–matrix interaction under compression
stresses developed in the biocomposites during bending, and promoted PP energy absorption.
These mechanical improvements achieved a maximum point that, in our study, corresponded to
the third cycle.

• Thermal characterization revealed that bagasse fibers addition increased the crystallization
temperature and the thermal stability of the PP phase for all extrusion cycles without disturbing
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the melting process of the PP matrix. Additionally, silanized fibers based biocomposites presented
the highest thermal stability for all processing cycles.

• The rheological test shows that the viscosity values of PP and biocomposites decreased
progressively with extrusion cycles. Additionally, biocomposites obtained from chemically
modified bagasse particles presented lower viscosity values in comparison with neat bagasse
based biocomposites. However, Cole–Cole plots indicates that continuous extrusion processes and
chemical modification generated a better dispersion of bagasse fibers within the polymeric matrix.

• DMA results included a complete analysis of the height and broadness of tan δ peaks and show
that reprocessing and chemical modifications induced a better adhesion on the interface between
bagasse fibers and PP matrix and increased the PP capacity to absorb energy.

• SEM micrographs show that during reprocessing the bagasse fibers got crushed to some extent
and length was reduced around 20%. However it is important to remark that despite this decrease
in fiber length, PP-Bag. biocomposites’ mechanical performance was maintained up to three
reprocessing cycles without the addition of virgin material. Additionally, chemical treatments
generated a bonding effect at the PP and natural fibers interface and exposed the cellulose of the
bagasse, improving their dispersion within the polymeric matrix.

• Based on these findings, it could be concluded that bagasse fibers show an interesting potential
for biocomposites production with a high potential of application in the design and manufacture
of sustainable and highly recyclable products by injection molding. This could generate some
economic and environmental benefits in the search for sustainability in the plastics industry.
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Abstract: In this study, composite nanofibers (SF/PCL/CS) for the application of dressings were
prepared with silk fibroin (SF), polycaprolactone (PCL), and chitosan (CS) by electrospinning
techniques, and the effect of the fiber diameter was investigated using the three-stage Taguchi
experimental design method (L9). Nanofibrous scaffolds were characterized by the combined
techniques of scanning electron microscopy (SEM) and transmission electron microscopy (TEM), a
cytotoxicity test, proliferation tests, the antimicrobial activity, and the equilibrium water content. A
signal-to-noise ratio (S/N) analysis indicated that the contribution followed the order of SF to PCL
> flow rate > applied voltage > CS addition, possibly owing to the viscosity and formation of the
beaded fiber. The optimum combination for obtaining the smallest fiber diameter (170 nm) with a
smooth and uniform distribution was determined to be a ratio of SF to PCL of 1:2, a flow rate of
0.3 mL/hr, and an applied voltage of 25 kV at a needle tip-to-collector distance of 15 cm (position).
The viability of these mouse fibroblast L929 cell cultures exceeded 50% within 24 hours, therefore
SF/PCL/CS could be considered non-toxic according to the standards. The results proposed that the
hydrophilic structure of SF/PCL/CS not only revealed a highly interconnected porous construction
but also that it could help cells promote the exchange of nutrients and oxygen. The SF/PCL/CS
scaffold showed a high interconnectivity between pores and porosity and water uptake abilities
able to provide good conditions for cell infiltration and proliferation. The results from this study
suggested that SF/PCL/CS could be suitable for skin tissue engineering.

Keywords: chitosan; composite nanofibers; electrospinning; silk fibroin; polycaprolactone; Taguchi

1. Introduction

In recent decades, nanofiber membranes have been widely used in various fields and attracted more
attention due to their unique properties, such as large specific surface areas, high porosity, interconnected
pores, and high functionality. Electrospun composite nanofibers possess great potentialities in
biomedical applications, such as tissue engineering [2–4], wound healing [5–7], and drug delivery [8–10],
as well as other applications such as magnetism [11], photonics [12], filtration [13], composites [14],
shape memory [15], and lithium batteries [16]. The diameter of electrospun nanofibers affects many
important properties, such as the melting point, tensile modulus, hardness, drug delivery, biological
factors, and cell growth of nonwoven fabrics [17,18]. Research [19] has demonstrated that fiber diameter
plays a key role in cell adhesion, proliferation, and cell migration on the scaffold.

Silk fibroin (SF), which is extracted mainly from silkworms, has various properties, including good
biocompatibility, biodegradability, morphological flexibility, mechanical properties, a low inflammatory
response, non-toxicity, and non-carcinogenicity, and it can promote cell adhesion, migration, and the
proliferation of cell ligands [8,20,21]. However, the β-sheet secondary structure of pure SF seems to
impede the electrospinning process, and the mechanical properties of neat SF electrospun fibers were
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poor [20]. Herein, polycaprolactone (PCL), the most commonly used synthetic polymer, was chosen
to be blended with SF. PCL is widely used in tissue engineering and drug delivery applications due
to its good mechanical properties and biodegradability. PCL has limitations to its biological activity,
hydrophobicity, and bacterial degradation, therefore PCL cannot provide the adhesion environment
required for cells [2]. PCL has renowned mechanical properties and does not have ionizable side
groups in its structures, such as –COOH and –NH2, which occur on the natural polymer chitosan (CS)
and on several anionic polysaccharides and proteins, respectively. The CS is an amino polysaccharide
derived from chitin that has excellent biological properties, such as biocompatibility, biodegradability,
hydrophilicity, non-toxicity, and antithrombotic and antimicrobial activities. Chitosan that possesses
positively charged groups (amine groups) is likely to interact with negatively charged cell membranes
via electrostatic interaction. Furthermore, the antimicrobial activity of chitosan effectively increases the
permeability of negatively charged cell membranes to disrupt and release intracellular compounds [22].
Therefore, investigations of SF and its association with other components (PCL and CS) are carried out
to give better mechanical properties to the smooth nanofibers for the tissue engineering. The Taguchi
method is an effective method to find the influence of different factors on the target results, thereby
improving the manufacturability, reliability, and quality of a product and reducing the number of
experiments and calculation time [23,24]

Thus, SF/PCL/CS composite nanofiber scaffolds for the application of dressings and tissue
engineering were fabricated with PCL polymer as a precursor using electrospinning techniques in this
study. Further, the effect of chitosan additions on the nanofiber diameter was also investigated via
the analysis of the antimicrobial activity and equilibrium water content. The optimum combination
of parameters obtained from the ratio of silk fibroin to polycaprolactone, chitosan additions, flow
rate, and applied voltage in response to minimizing diameter size and its variation for SF/PCL/CS
composite nanofibers was determined by means of the Taguchi DoE method. Herein, the biocompatible
properties were evaluated with cytotoxicity tests and proliferation tests so as to determine the optimal
SF/PCL/CS scaffolds.

2. Experimental Method

2.1. Preparation of Regenerated Silk Fibroin (SF)

All the materials, solvents, and reagents were purchased from commercial suppliers and used
as received. Cocoons were received from Paolun farm (Taiwan). Polycaprolactone (PCL, Mw
= 80,000) was purchased from Sigma-Aldrich (St. Louis, MO). Polyethylene oxide (PEO, Mw =
60,000–100,000), chitosan (CS, Mw = 10,000–30,000), and formic acid were purchased from Acros
Organics. The preparation of the silk fibroin (SF) used in this study made reference to previous
research [1], with some modification. The cocoons were boiled in a 0.5% (w/v) Na2CO3 aqueous
solution at a temperature of 100 ◦C for one hour. The silk fibers were rinsed with distilled water for
30 min to remove the Na2CO3 aqueous solution and then rinsed with deionized water for 30 min to
remove the sericin. After being dried to a constant weight in an oven at 80 ◦C, the degummed silk
fibers were dissolved in 40% aqueous CaCl2 at 100 ◦C. The SF solution was replaced with a dialyzed
membrane (molecular weight cut-off (MWCO) = 12,000−14,000 Da) for three days to eliminate small
molecular impurities and calcium chloride. Lastly, the SF solution was lyophilized in a freeze dryer
and stored at room temperature.

2.2. Preparation of the Electrospinning Solutions and Electrospinning

The SF and PCL were dissolved in formic acid to obtain 10 wt.% concentrations. Different ratios
of SF/PCL (5.00%:5.00%, 3.33%:6.67%, and 2.50%:7.50%) were dissolved in formic acid and stirred at
room temperature for two hours. Subsequently, 1 wt.% PEO as a thickener was added to the solution.
Finally, from 0.5 to 1 wt.% CS was added to the electrospinning solutions.
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The SF/PCL/CS composite nanofibers were obtained from the electrospinning of the prepared
suspensions through a FES-COS electrospinning apparatus (Falco Co, Taipei, Taiwan). Briefly, the
suspensions were drawn into a 10 mL syringe with a 21-gauge needle. The electrospinning was
performed under ambient conditions (a temperature of 24.5 to 27.5 ◦C and a relative humidity of 45%
to 50%). The following optimized electrospinning parameters were kept constant throughout the
experiments: 100 rpm roller collector to collect fibers, 15 cm TCD (tip to collector distance), 15 kV–25 kV
applied voltage, and 0.2 mL/h–0.4 mL/h feeding rate. The SF/PCL/CS homogeneous solutions were
electrospun on a rotating cylindrical drum covered with an aluminum layer during the process. Finally,
the collected membranes were taken from the surface of the collector and conserved in a sealed
container for further experiments.

2.3. Taguchi DOE Parameter Setting

Numerous references [19–24] state that the ratio of silk fibroin to polycaprolactone, the chitosan
content, the flow rate, and the applied voltage have significant effects on the average diameter and
uniformity of fibers; thus, these four concentration and electrospinning parameters were selected for
this experiment (Table 1).

Table 1. Actors and levels used in the experiment.

Ratio of Silk Fibroin
and Polycaprolactone

Chitosan Content
(wt.%)

Flow Rate
(mL/h)

Voltage (kV)

Level 1 1:1 (5.00%:5.00%) 0.50 0.2 15
Level 2 1:2 (3.33%:6.67%) 0.75 0.3 20
Level 3 1:3 (2.50%:7.50%) 1.00 0.4 25

The full factorial experiment of 81 (34) trials could be completed in just 27 runs due to the slope
collector; however, that would entail a large number of tests, which would be significant in both
experimental cost and time. As a result, the Taguchi design of experiments (DoE) layouts were more
applicable when compared to a traditional full-factorial counterpart because they reduced the number
of tests to a practical level. The L9 DoE orthogonal array was selected with the assumption of no
factorial interactions, resulting in nine trials, as illustrated in Table 2.

Table 2. Experimental results of the fiber fineness of the composite nanofibers planned by the L9(34)
orthogonal table.

L9(34)
Ratio
(SF:

PCL)

Chitosan
Addition

(%)

Flow
Rate

(mL/h)

Voltage
(kV)

S/N
Means of

Diameter (nm)
Porosity

(%)
WVTR

(g m−2·24 h)

1 1:1 0.50 0.2 15 12.65 232.55±60.28 88.01±4.32 4417.29±87.27
2 1:1 0.75 0.3 20 12.71 229.09±60.66 83.10±4.21 4362.97±91.67
3 1:1 1.00 0.4 25 13.61 208.39±55.81 91.96±5.16 4641.38±19.21
4 1:2 0.50 0.3 25 15.37 170.00±55.76 92.05±3.70 4768.71±85.04
5 1:2 0.75 0.4 15 11.92 253.42±65.37 91.43±5.50 4636.29±25.46
6 1:2 1.00 0.2 20 13.11 220.67±62.13 85.37±4.04 4432.89±45.84
7 1:3 0.50 0.4 20 10.86 285.71±78.08 92.60±4.10 4581.97±92.58
8 1:3 0.75 0.2 25 11.47 266.75±76.71 84.74±5.70 4330.71±5.09
9 1:3 1.00 0.3 15 12.68 231.94±63.64 82.03±1.45 4405.41±74.86

In the “larger the better” characteristic, the formula for calculating the ratio of S/N as the best
parameter for calculating the factors was calculated by the following Equation (1):

S/N = −10 × log

⎛⎜⎜⎜⎜⎜⎝1
n

n∑
i=1

1
y2

i

⎞⎟⎟⎟⎟⎟⎠ (1)

where n and y denote the number of measurements and observed data, respectively.
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2.4. Characterization of Nanofiber Scaffolds

The morphology of the nanofiber scaffold was detected using scanning electron microscopy (SEM;
TS 5136MM, TESCAN, Czech Republic). The average fiber diameter was determined by measuring
100 fibers selected randomly from each sample. Chemical analysis was performed using a Fourier
transform infrared spectrometer (FTIR; Spectrum 100, Perkin Elmer, USA) with a scan range of 4000 to
450 cm−1 and an accumulation of 16 scans.

According to standard method of Japanese Industrial Standards (JIS) 10099A, the water vapor
transmission rate (WVTR) is a measure of the passage of water vapor through a substance. In addition
to measurements of the permeability of the vapor barriers, the porosity of the SF/PCL/CS was also
examined by the study [25]. For the antibacterial assay, the inhibitory effects of chitosan on bacterial
growth were detected by the plate well diffusion method [26] via the formation of a zone of inhibition.
To attain this figure, the sequential dilution was necessary (six for E. coli and for S. aureus) according to
the simultaneous counting of plate colonies (CFU). The procedure used in this analysis followed the
agar diffusion method according to the previous literature [27], in which small circular cavities were
punctured in the culture medium for each chitosan concentration.

The equilibrium water content (EWC) was measured by the conventional gravimetric method.
The pre-weighed dry samples were immersed in deionized water, and the excess surface water was
blotted out with absorbent paper. The swelling procedure was repeated until there was no further
weight increase. The EWC was calculated as the weight increase with respect to the weight of the
swollen samples within 24 h using the following Equation (2):

EWC =
Wwet −Wdry

Wwet
× 100% (2)

where Wwet and Wdry denote the weights of the swollen and dry samples, respectively.
A cytotoxicity assay is a test for analyzing the cytotoxic effects of materials and medical devices on

living organisms [28]. The following cell culture-based tests, as recommended by ISO 10993-5, used a
direct contact test. In all the tests (blank, negative control, positive control, and sample), the incubation
time of the mouse fibroblast L929 cell cultures was 24 h. Cell culture is the process by which cells from
human tissue are grown in an incubator under controlled conditions in order to provide sufficient
material for testing. After solubilization, the solutions were transferred to fresh flat bottom 96-well
plates, and the absorbance (570 nm) of each well was measured by spectrophotometry. The background
absorbance at 650 nm was subtracted from the readings at 570 nm to obtain the final optical density
(OD). The following Equation (3) was used to calculate the reduction in the culture viability of the cells
exposed to a tested sample (i.e., SF/PCL/CS under optimal conditions) in comparison to the cell culture
viability of group b:

Viability (%) =
OD570e

OD570b
× 100% (3)

where OD570e is the average OD of the respective groups that were in contact with different lots of the
product and OD570b is the average OD of all the wells of group b. All the values were final ODs after
the subtraction of background absorbance.
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3. Results and Discussion

3.1. Optimum Combination of Factors for the Application of Dressings

3.1.1. Taguchi Method to Optimize Dressings

Uniform fiber diameters and smaller diameters in the scaffold for the application of dressings
can provide a higher surface area and interconnected holes to promote the exchange of nutrients
and oxygen and enhance the proliferation ability of cells. In the formation of nanofibers, the ratio
of silk fibroin to polycaprolactone, the chitosan content, the flow rate, and the voltage are crucial
factors affecting the nanofiber diameter. In Taguchi designed experiments, the higher values of the
signal-to-noise ratio (S/N) identify control factor settings that minimize the effects of the noise factors.
Using the Equation (1) of the smaller the better method (i.e., the smallest diameter of the nanofibers
was selected based on maximum S/N ratio), the S/N ratio of the fiber fineness (the diameter of the
nanofibers) in the SEM micrograph of the nanofiber could be calculated, and the results are shown
in Table 2. According to the results from the L9 (34) sample, the average S/N ratio of the four factor
levels was calculated to perform the next analysis, as listed in Table 3. The influence of the four factors
on the fiber diameter followed the order of the ratio of silk fibroin and polycaprolactone (Δ = 1.80) >
flow rate (Δ = 1.46) > applied voltage (Δ = 1.26) > chitosan addition (Δ = 1.10). This finding suggested
that the ratio of silk fibroin and polycaprolactone was the most significant factor for achieving a small
electrospun nanofiber diameter for the application of dressings. Table 3 also shows the contribution of
the four parameters to the influence of the SF/PCL/CS composite nanofiber diameter. The ratio of the
silk fibroin and polycaprolactone was an important factor affecting the diameter of the nanofibers due
to the highest contribution percentage (32.0%). Furthermore, the results indicated that the ratio of silk
fibroin and polycaprolactone affected the viscosity of the electrospinning solution to produce a stable
Taylor cone. The results were in accordance with the Taguchi experimental S/N design.

Table 3. Smaller the better of the fiber fineness signal-to-noise ratio (S/N) analysis.

Ratio of Silk Fibroin and
Polycaprolactone

Chitosan Content Flow Rate Voltage

1 12.99 12.96 12.41 12.42

2 13.47 12.03 13.59 12.23

3 11.67 13.13 12.13 13.48

Δ 1.80 1.10 1.46 1.26

Factor influence order 1 4 2 3

Contribution (%) 32.0 19.1 26.2 22.7

The average value of the confirmation experiments was 170.00±55.76 nm under the optimal
parameters of a silk fibroin to polycaprolactone ratio of 1:2, a chitosan addition of 0.5%, a rate of
advancement of 0.3 mL/h, and an operating voltage of 25 kV (Table 2), which provided the highest
average value compared with the nine groups of quality data. As shown in Figures 1 and 2, the results
indicated that the optimal parameters inferred by the Taguchi method had a smaller fiber diameter,
were smoother, and had a low distribution. Conclusively, the comparison of the optimal parameters
inferred by the Taguchi method with the data results of the orthogonal table proved that the inferred
optimal parameters were appropriate.
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Figure 1. SEM photomicrograph of the silk fibroin (SF), polycaprolactone (PCL), and chitosan (CS)
(SF/PCL/CS) nanofibers under optimal conditions.

 

Figure 2. Fiber diameter distribution of the SF/PCL/CS nanofibers under optimal conditions.

3.1.2. Porosity and Water Uptake Abilities

The adequate pore size and interconnected pores of a scaffold provides a sufficient opportunity
for cell migration and proliferation. The ability of a dressing to control water loss can be determined by
the water vapor transmission rate (WVTR). The ability of a scaffold to preserve water is also important
in order to evaluate its property for tissue engineering. Table 2 describes the WVTR of the SF/PCL/CS
nanofibers. The porosity of the nine samples (L9 (34)) of the SF/PCL/CS nanofibers in this study was
more than 80% and was significantly higher than the pure PCL scaffolds, which had a 70% porosity, as
reported by [29]. The highly porous SF/PCL/CS nanofibers could provide an appropriate environment
for initial cell growth (by their structural stability), accelerated degradation (by their large surface
area), and the sustained delivery of bioactive molecules (by their high porosity).
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In this study, SF/PCL/CS nanofibers with graded WVTR were prepared by changing the porosity
of the membrane (Table 2). The corresponding average WVTR of the samples was in the range of
between 4330.71 and 4768.71 g m−2·24 h (extremely high permeability, L9 (34)). An extremely high
WVTR may lead to the dehydration of a wound, whereas an unacceptably low WVTR may cause the
accumulation of wound exudates. Hence, a dressing with a suitable WVTR is required to provide
a moist environment that can establish the best environment for natural healing. Thus, a dressing
prepared by optimal condition with a WVTR of approximately 4768.71 g/m2·24 h could also maintain
the optimal moisture content for the proliferation and function of cells and fibroblasts. According to
SEM and the appropriate porosity of the SF/PCL/CS nanofiber, it was considered to have great potential
for skin tissue engineering due to its interconnected pore network and suitable WVTR.

3.1.3. Cytotoxicity Tests

Cytotoxicity assays are necessary for the assessment and characterization of the potentially
toxic and harmful effects of a biomaterial’s compounds [28]. They are a feasible and reliable in vitro
technique used for the biocompatibility evaluation of materials. Table 4 shows phase contrast images
of the cultures in the experiment after 24 h, including blank, negative control (polyethylene, PE),
positive control (dimethylsulfoxide, DMSO), and SF/PCL/CS under optimal conditions. In cultures
exposed to blank, negative control, positive control, and SF/PCL/CS, the viability was 100, 100, 13,
and 57% at 24 h of continued growth in the culture, respectively. A tested product (SF/PCL/CS) has
non-cytotoxic potential for application to tissue engineering when the cell culture viability increases
to >50% in comparison to the positive control (dimethylsulfoxide, DMSO), which was set at a 13%
viability. The study also proposed the similar results that the tested product could be considered
non-toxic as the viability of these cultures exceeded 50% [30]. Furthermore, the viability of 57% for the
tested product (SF/PCL/CS) in this study was higher than that of 50.2% for the CNTs-doped PLGA
nanofibers [31]. The research [31] show that the PLGA and the HNTs- or CNTs-doped PLGA nanofibers
display appreciable MTT formazan dye sorption, corresponding to a 35.6–50.2% deviation from the
real cell viability assay data. From Figure 3, the DMSO treatment substantially altered the morphology
and attachment of cells in concurrence with a significant reduction in the cell viability. The results
showed that the electrospun scaffolds (SF/PCL/CS) could support the attachment and the proliferation
of mouse fibroblast L929 cells. In addition, the cells cultured on the scaffolds exhibited normal cell
shapes. The obtained results confirmed the potential for use of the electrospun fiber as scaffolds for
skin tissue engineering.

Table 4. Viability of cell L 929 according to the MTT test method.

Test Item Absorbance (%) Viability (%)

Blank 0.504 ± 0.011 100
Negative control 0.502 ± 0.005 100
Positive control 0.064 ± 0.002 13

Sample (SF/PCL/CS) 0.288 ± 0.020 57
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Figure 3. Photomicrograph of cell L 929 by direct contact method within 24 hours: (a) blank;
(b) negative control (polyethylene, PE); (c) positive control (dimethylsulfoxide, DMSO); and (d) the
sample (SF/PCL/CS under optimal conditions).

3.2. Effect of the Ratio of Silk Fibroin to Polycaprolactone on Fiber Diameter

In the electrospinning process, the solution concentration is considered to be the most important
parameter affecting the fiber morphology [31,32]. Figure 4 shows the effect of the ratio of silk fibroin
to polycaprolactone on the fiber diameter. At a silk fibroin to polycaprolactone ratio of 1.0, the
entanglement between the polymer chains formed obvious beads because the low viscosity of the
solution did not provide a stable jet. As the ratio of silk fibroin to polycaprolactone decreased from 0.5
to 0.25, the average fiber diameter increased from 208.27±68.27 nm to 664.23±131.54 nm in this study.
The main reason was that the increase in viscosity hindered the bending stability of the jet to produce a
coarser fiber [33,34].
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Figure 4. Effect of the ratio of silk fibroin to polycaprolactone on the fiber diameter.

3.3. Effect of Chitosan Addition on Fiber Diameter, Antimicrobial Activity, and Equilibrium Water Content

Figure 5 depicts the evaluation results of the fiber diameter of the electrospinning scaffold
with different chitosan additions. The average fiber diameter decreased from 523.23±92.60 mm to
181.45±41.57 nm with the increased chitosan addition from 0.25% to 1.00% because of the charge
density. The chitosan addition enhanced the higher charge density of the jet to produce the thinner
fibers due to the increase in conductivity [21,35]. Compared to the chitosan addition of 1.00%, the
average fiber diameter of the electrospinning scaffold was increased to 308.90±74.98 nm with a chitosan
addition of 1.50%, because the increase in viscosity caused the bending instability of the jet and the
accelerating solidification of the polymer jet [34,36].

Figure 5. Effect of the chitosan addition on the fiber diameter.

The results from Table 5 revealed the mean diameter of inhibition zone for E. coli with the chitosan
amounts of 0.25%, 0.5%, 0.75%, and 1.00% were 65, 63, 64, and 63 mm, respectively, proving the strong
antibacterial property. Moreover, the samples with the chitosan amounts of 0.25%, 0.5%, 0.75%, and
1.00% exhibited the inhibition zone diameters for S. aureus of 58, 55, 51, and 55 mm, respectively. As
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illustrated in Figures 6 and 7, the activity intensity could be visually determined by agar well diffusion
assay testing via assessing the local inhibition. The results of the experiments conducted using different
chitosan additions had an inhibitory effect on the mean diameter of the inhibition zone for two types
of bacteria (E. coli and S. aureus). The results exhibited better inhibitory effects against gram-positive
bacterium S. aureus compared to the gram-negative bacterium E. coli., which was in agreement with
the results attained in previously published works [37,38]. The results in this study proposed that
unmodified chitosan generally acts stronger on gram-negative strains than on gram-positive strains,
owing to the electrostatic interaction between positively charged R–N(CH3)3

+ sites and negatively
charged microbial cell membranes.

Table 5. Effect of chitosan addition on the mean diameter of the inhibition zone of E. coli and S. aureus
at different chitosan amounts.

Name of the Sample Conc. (%)

Mean Diameter of Inhibition Zone (mm)
Test Organisms

Staphylococcus Aureus Escherichia Coli

Chitosan

0.25 58 ± 4 65 ± 0
0.50 55 ± 1 63 ± 4
0.75 51 ± 1 64 ± 0
1.00 55 ± 1 63 ± 2

 

Figure 6. Effect of the chitosan addition on the antimicrobial activity of E. coli at different chitosan
amounts: (A) 0.25; (B) 0.50; (C) 0.75; (D) 1.00 wt%.
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Figure 7. Effect of chitosan addition on the antimicrobial activity of S. aureus at different chitosan
amounts: (A) 0.25; (B) 0.50; (C) 0.75; (D) 1.00 wt%.

The hydrophilicity of nanofibers (SF/PCL/CS) with different chitosan additions (0.25%, 0.50%,
0.75%, and 1.00%) was measured by gravimetric analysis and designated by the percentage equilibrium
water content (EWC), as shown in Figure 8. The EWC was increased with the increasing chitosan
addition due to the functional groups of –OH and –NH2. The equilibrium water content (EWC) of
all the nanofibers (chitosan additions of 0.25%, 0.50%, 0.75%, and 1.00%) was in the range of 500% to
950% and was significantly higher than the YY0148-2006 standard for medical dressings [39] and the
hydrogels for tissue engineering [40]. The copolymerization with the zwitterionic comonomer leads
hydrogels with a high equilibrium water content (EWC) of up to 700% while maintaining mechanical
robustness [40].

 
Figure 8. Effect of chitosan addition on the equilibrium water content.
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3.4. Effect of Flow Rate on Fiber Diameter

In the electrospinning process, the flow rate is considered to be the most important parameter
affecting the fiber uniformity [31,41]. The effect of the flow rate on the fiber diameter is shown in
Figure 9a. As shown in Figure 9b, uniform beadless electrospun nanofibers were prepared via a critical
flow rate of 0.3 mL/h for the polymeric solution. The shape of the Taylor cone at the tip of the capillary
would not be maintained if the flow of the solution through the capillary was insufficient, and the
insufficient intermolecular surface tension would be unable to resist the Coulomb force to maintain a
stable jet [41]. However, at a higher flow rate, the solution would be wasted without differentiating
adequately into the fibers. The short evaporation time of the solvent could result in the formation of
beads and increase the average fiber diameter [32]. The morphology of the SF/PCL/CS nanofibers
appeared to be inhomogeneous under a higher flow rate, as depicted in Figure 9c. The results could be
explained by the inharmony between the fiber formation speed and the solution feed rate.

 
(a) 

  
(b) (c) 

Figure 9. (a) Effect of flow rate on the fiber diameter of the SF/PCL/CS nanofibers, (b) SEM micrograph
at 0.3 mL/h, (c) SEM micrograph at 0.4 mL/h.
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3.5. Effect of Applied Voltage on Fiber Diameter

In general, the operating applied voltage must exceed the minimum threshold applied voltage
before the Taylor cone appears to form ultrafine nanofibers [23]. As shown in Figure 10, the
results revealed that the average fiber diameter significantly decreased from 440.69 ± 105.47 nm to
208.27 ± 55.76 nm as the applied voltage increased from 15 to 25 kV. This result could be explained
by the force imbalance between the repulsive Columbic force and the contracting viscoelastic force.
With the increasing voltage, the intrinsic equilibrium became difficult to restore when the fibers were
collected on the metal rod accompanied by the charge transfer.

Figure 10. Effect of applied voltage on fiber diameter.

4. Conclusion

SF, PCL, and CS were blended in different concentrations and compositions and were evaluated
for their fiber diameter to examine the optimum values for nanofibers. The S/N analysis via the Taguchi
experimental design showed that the ratio of SF to PCL was the most influential parameter on the fiber
diameter. A smooth and uniform distributed SF/PCL/CS nanofiber with a fiber diameter of 170.0 nm
was synthesized at the optimal parameters of a 1:2 ratio of silk fibroin to polycaprolactone, a 0.5%
chitosan addition, a 0.3 mL/h rate of advancement, and an operating voltage of 25 kV. The SF/PCL/CS
(under optimal conditions) with a WVTR of approximately 4768.71 g/m2·24 h could maintain the
optimal moisture content for the proliferation and function of cells and fibroblasts. The EWC of the
SF/PCL/CS nanofiber was increased from 500% to 950% by increasing the chitosan additions from
0.25% to 1.00% and was significantly higher than the YY0148-2006 standard for medical dressings.
The porosity of the nine samples (L9 (34)) of SF/PCL/CS in this study was more than 80% and was
significantly higher than that of the pure PCL scaffolds. According to SEM and the appropriate porosity
of the SF/PCL/CS nanofiber, it was considered to have great potential for skin tissue engineering due to
its interconnected pore network and suitable WVTR.
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Abstract: Metal organic frameworks (MOFs) are porous crystalline materials that can be designed
to act as selective adsorbents. Due to their high porosity they can possess very high adsorption
capacities. However, overcoming the brittleness of these crystalline materials is a challenge for many
industrial applications. In order to make use of MOFs for large-scale liquid phase separation processes
they can be immobilized on solid supports. For this purpose, nanocellulose can be considered as a
promising supporting material due to its high flexibility and biocompatibility. In this study a novel
flexible nanocellulose MOF composite material was synthesised in aqueous media by a novel and
straightforward in situ one-pot green method. The material consisted of MOF particles of the type
MIL-100(Fe) (from Material Institute de Lavoisier, containing Fe(III) 1,3,5-benzenetricarboxylate)
immobilized onto bacterial cellulose (BC) nanofibers. The novel nanocomposite material was applied
to efficiently separate arsenic and Rhodamine B from aqueous solution, achieving adsorption capacities
of 4.81, and 2.77 mg g−1, respectively. The adsorption process could be well modelled by the nonlinear
pseudo-second-order fitting.

Keywords: bacterial cellulose; metal organic framework; nanocomposite; adsorption

1. Introduction

Since the advent of the industrial revolution, dumping of large amounts of industrial waste
including dyes and toxic metal ions has contributed to the serious issue of water pollution [1].
Consequently, various techniques for the removal of organic dyes and toxic metal ions from aqueous
solutions, including adsorption [2–4], chemical precipitation [5], ion exchange [6], and membrane
separation [7] have been evaluated. Amongst these, adsorption is proven to be an effective and
convenient method for water purification due to the ease of operation and the low cost. However,
for nanoadsorbents, complicated and tedious high-speed centrifugation or separation of the adsorbent
using filtration is required, hindering the extensive application of such adsorbents. Therefore,
development of novel materials for water treatment is of great interest.

Metal-organic frameworks (MOFs) are porous hybrid materials composed of metal ions bridged
by polydentate organic ligands. Since the synthesis of MOF-5 reported by Yaghi and co-workers
(1999) [8], MOFs have received significant attention due to their high crystallinity, large surface areas,
thermal stability and unique porosity. MOF applications are numerous, including catalysis [9–11],
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drug delivery [12], gas storage [13–15], chemical sensing [16], and separation [17–19]. The properties
of the MOF structures can be easily tuned by selecting different metal ions and bridging organic
polydentate ligands, and the design and preparation of new MOFs into various structures is still
of great interest [20]. However, the handling and processing of MOFs are also challenging due to
the crystalline nature of the MOFs, making them brittle and fragile as inorganic materials [21,22].
To tackle this problem, efforts have been made to entrap MOFs onto various substrates, thus realizing
a combination of their advantages, while circumventing, and to different extents addressing the MOF’s
shortcomings. Various MOF composites have been successfully prepared via direct deposition of MOF
particles on solid substrate surfaces [23]. However, although such synthetic protocols produce a new
types of functional materials, their applications are limited by their constrained morphologies and
synthetic protocols. Usually, substrate surface modifications are needed to increase the MOF loading
and conditions must be applied that in many cases involve environmentally hazardous reagents [24].

Membrane adsorption can be applied to separate metal ions in larger scale. For this purpose,
a column is used that is packed with a short stack of porous membranes with a large diameter, to avoid
high pressure drops. In membrane adsorption fibres can act as an adsorbing medium. One advantage
of this technology is that process flow rates can be orders of magnitudes higher than for packed
beds, without elevated pressure. The challenge is to achieve a comparable adsorption capacity to
that of packed beds. However, by using functionalised nanofibers the adsorption capacities can even
exceed packed bed resins due to the very high surface area of the fibres. Refined low-cost biopolymers
such as nanocellulose can here be considered as a promising supporting material due to its very
interesting properties, such as high chemical purity and crystallinity, flexibility and biocompatibility [25].
Furthermore, nanocellulose is the most abundant and renewable green biopolymer and a sustainable
raw material. Bacterial cellulose (BC) fibrils are one of the most frequently reported nanocellulose types.
It is produced by cultivating Acetobacter xylinum in the presence of sugar [26]. BC nanofibrillar cellulose
shows great promise to be used as a substrate since it can be generated in high yield from its natural
source containing >70 wt% crystalline cellulose. It also shows high aspect ratio due to its fibrillar
length reaching up to several micrometers while at the same time providing average fiber diameters of
20–100 nm [27]. To date, only a few studies have reported integration of MOFs onto nanocellulose.
Matsumoto and co-workers reported the successful growth of MOFs (up to 44% loading) at carboxyl
groups on crystalline TEMPO-oxidized cellulose nanofibers and prepared densely packed films coated
on a filter paper, which demonstrated high gas separation selectivity [28]. Zhu and co-workers have
developed a strategy for combining MOFs and cellulose nanocrystals into a highly functional aerogel
for separation applications, where the MOF loading can be easily tailored by changing the initial ratio
of the components [29]. Recently, Au-Duong and co-workers successfully demonstrated that a flexible
nanocomposite pellicle combining imidazolate framework-8 (ZIF-8) and wet BC could be simply
synthesized when polydopamine surface coating on cellulose nanofibers is applied in advance [30].

Herein, we report a new, straightforward, environmentally friendly in situ green strategy to
integrate MOF Material Institute de Lavoisier-100(Fe), Fe-BTC (alternatively known as MIL-100(Fe);
BTC = 1,3,5-benzenetricarboxylate) [31] into BC in aqueous media. This method makes it possible
to synthesize cellulose-based metal organic framework nanocomposite material without using any
chemical modifier. The synthetic approach provides a general strategy to prepare such nanocomposites
for various applications. The synthesized MIL-100(Fe)@BC nanocomposite not only maintained high
micro/mesoporosities of the MIL-100(Fe) particles, but also combined flexibility and shapeability of
the BC crystal support. This combination produces a shapeable, low-cost, chemically inert and scalable
product that can be used in various applications, for example, water purification. The synthesized
hybrid MIL-100(Fe)@BC nanocomposite was evaluated in water purification as an efficient adsorbent
for the removal of arsenic As(III), and Rhodamine B.
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2. Materials and Methods

Materials: Iron(III) chloride hexahydrate (≥98%), 1,3,5-benzenetricarboxylate (98%) were purchased
from VWR (Stockholm, Sweden). Rhodamine B (≥95%) was purchased from Sigma-Aldrich (Stockholm,
Sweden). Arsenic pure single-element standard (1000 mg L−1) was purchased from PerkinElmer
(Stockholm, Sweden). All chemicals were used as received without further purification. Deionized
water (resistivity: 18.2 MΩ/cm) was used to prepare aqueous solutions. The bacterial cellulose
nanofibrils were extracted from a uniformly grown bacterial cellulose pellicle, using 1 L aqueous
sulphuric acid solution containing 30 vol% of reagent grade acid (Merck KGaA, Stockholm, Sweden)
under stirring at 60 ± 0.5 ◦C (300 rpm). The total time for the extraction was 7 h, i.e., until no visible
cellulose pieces were apparent and the solution had acquired an even beige color. The supernatant
was decanted after a first isothermal centrifugation at 10,000 rpm for 10 min and replaced with fresh
MilliQ water. The procedure was repeated twice until a neutral pH was obtained. The yield of the
extraction was ca. 60 wt% based on the dry weight of the bacterial cellulose. The surface area of the
bacterial cellulose nanofibrils was approximated to ca. 159 m2 g−1 from size distributions and counting
of a minimum of 500 fibrils deposited on TEM grids. The approximated surface area was in relatively
good agreement with the surface area of 189 m2 g−1 reported by Roman et al. [32] while larger than the
experimental value of 103 m2 g−1 for dry bacterial cellulose fibrils by Olsson et al. [26].

In situ one-pot synthesis of MIL-100(Fe)@BC: Iron(III) chloride hexahydrate (164 mg) was added to
50 mL of well-sonicated BC (2.0 wt% dry contents) and the reaction mixture was refluxed at 100 ◦C under
mechanical stirring (350 rpm). After 30 min, different concentrations of 1,3,5-benzenetricarboxylate
were dissolved in 4 mL of deionized water and added to the reaction mixture, which was kept for an
additional 30 min at 100 ◦C. The final suspension was centrifuged and washed 3 times with acetone
followed by deionized water. The product was placed in a plastic tube that was directly frozen by
immersing the tube in liquid N2 followed by freeze-drying to obtain the final hybrid nanocomposite
MIL-100(Fe)@BC, that was activated at 100 ◦C for 12 h before being used as an adsorbent.

Adsorption: The adsorption experiments were carried out at room temperature. Adsorption
studies were carried out by soaking MIL-100(Fe)@BC (0.18 g) in aqueous solution containing different
contaminants (20 mg L−1 of As(III) (50 mL) and 10 mg L−1 of Rhodamine B (40 mL)) for a certain
amount of time. After adsorption, the MIL-100(Fe)@BC nanocomposite was separated from the
aqueous solution, and the dye concentration was analyzed by UV-vis based on a calibration curve
prepared from solutions with known contaminant concentration at the maximum wavelengths (554 nm).
The concentration of As(III) in the supernatant was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-OES, Waltham, MA, USA). The adsorption experiments were performed
in duplicate/triplicate and the average values of total adsorption are reported. The adsorption capacity
(qt, mg g−1) and the removal % at time t were determined using Equations (1) and (2).

qt =
(C0 −Ct)V

m
(1)

Removal (%) =
C0 −Ct

C0
× 100 (2)

where C0 and Ct (mg L−1) are the initial concentration and concentration at time t in aqueous solution,
respectively, V (L) is the volume of the aqueous phase, and m (g) is the mass of the MIL-100(Fe)@BC
nanocomposite. The kinetics of the adsorption process was investigated by fitting the nonlinear forms
of pseudo-first order and pseudo-second order models to the data using Equations (3) and (4).

qt = qe
(
1− e−k1t

)
(3)

qt =
k2q2

e t
1 + k2qet

(4)
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where k1 (min−1) and k2 (g mg−1 min) are the pseudo-first-order and pseudo-second-order rate
constants of adsorption, qt and qe (mg g−1) are the adsorption capacity at a given time t and at
equilibrium, respectively.

Characterization: Scanning electron microscopy (SEM) measurements were conducted on a Hitachi
S-4800 microscope (Tokyo, Japan) using accelerating voltages of 2 kV to 10 kV. High resolution
transmission electron microscopy (HRTEM) was performed at 90 K using a JEOL-2011 (Tokyo, Japan)
at 200 kV. Powder X-ray diffraction was conducted on a Bruker D8 advance X-ray diffractometer
(Madison, WI, USA). The concentration of the contaminated water was determined using an UV-vis
(ultraviolet-visible) spectrophotometer (DR 3900, Hach, Stockholm, Sweden). The total concentrations
of arsenic ions were determined by ICP-OES (Thermo Fisher iCAP 7400, Waltham, MA, USA). The pH
value of the solution was measured by a pH-meter (ORION Star A211, Thermo ScientificTM, Waltham,
MA, USA). Thermogravimetric analysis (TGA) was performed under a nitrogen atmosphere from
25 ◦C to 700 ◦C with a heating rate of 5 ◦C min−1 using a thermogravimetric analyzer (TGA/SDTA
851e, Mettler Toledo, Mississauga, ON, Canada).

3. Results and Discussion

The hybrid MIL-100(Fe)@BC nanocomposites were synthesized by mixing BC and Fe(III) under
refluxing conditions for 30 min followed by the addition of BTC at different molar ratios of BTC/Fe(III),
as shown in Scheme 1. When Fe(III) ions are added to the BC solution in the preparation of the
MIL-100(Fe)@BC nanocomposite, complexation interaction will take place between the Fe(III) ions
and the BC crystals hydroxyl groups, and the Fe(III) ions concentration will increase in the vicinity of
the fibrillar BC crystals surface. Once the ligand precursor BTC was added to the reaction mixture,
the binding Fe(III) ions would participate to form MIL-100(Fe) crystals, that grew gradually on the BC
network that became partially immobilized as the inorganic condensations occurred. At a BTC/Fe(III)
molar ratio of 25, aggregation of MIL-100(Fe) crystals with particles of average size > 400 nm appeared
on the surface of the BC and the nanofibers could barely be observed after freeze-drying (Figure S1).
However, as the BTC/Fe(III) molar ratio increased to 120, MIL-100(Fe) particles with smaller sizes
were uniformly observed on the surface of the BC. These were stable enough to persist during the
freeze-drying and form the hybrid nanocomposite MIL-100(Fe)@BC (Figure 1a,b).

 

 

 

 

Scheme 1. General procedure for preparation of the MIL-100(Fe)@BC nanocomposite.

An increased ligand/metal ion molar ratio resulted in the formation of smaller MOF particle
sizes on the surface of BC. The MOF size reduction upon increasing the ligand/metal ion molar ratio
has also been observed by other researchers [29]. Such behaviour can be explained by the high
supersaturation driving force at higher ligand/metal ion ratios, leading to high nucleation in the
early stage of MOF synthesis and the formation of small MOF crystals [33]. The resultant hybrid
MIL-100(Fe)@BC nanocomposite was flexible, ultralight and mechanically robust enough to be easily
processed and further evaluated without any loss or damage of the MOFs structural integrity.

The powder X-ray diffraction patterns for BC and 100(Fe)@BC nanocomposite confirmed the
formation of MIL-100(Fe) within the BC crystal network (Figure S2). Brunauer-Emmett-Teller (BET)
analysis using N2 sorption was also employed to determine the surface area of the prepared
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MIL-100(Fe)@BC nanocomposite (Figure 1c). The BET surface area of the MIL-100(Fe)@BC
nanocomposite is 47.13 ± 0.15 m2/g.

  
Figure 1. (a,b) SEM image of hybrid MIL-100(Fe)@BC nanocomposite (BTC/Fe(III) = 120), (c) Brunauer-
Emmett-Teller (BET) analysis of MIL-100(Fe)@BC (BTC/Fe(III) = 120), and (d) thermogravimetric analysis
(TGA) of bacterial cellulose (BC) and MIL-100(Fe)@BC.

Figure 1d shows the thermogravimetric analysis (TGA) of the MOF-cellulose hybrid material
and the BC. A gradual decrease in weight of ca. 0.3 wt% occurred up to ca. 180 ◦C, which was
synonymous with structurally bonded water entrapped in the porous material. Further condensation
and densification (ca. 1 wt%) of the material occurred from ca. 180 ◦C until the degradation temperature
of the cellulose was reached at ca. 350 ◦C. The sharp weight loss to 91.8 wt% (of the materials original
weight) at 350 ◦C could thus be correlated to a total loading of bacterial cellulose equivalent with ca.
8 wt%. At temperatures above 400 ◦C, degradation and evaporation of carbon residuals occurred.
The density of the entire cylindrical sample (Scheme 1) could further be derived from the volume of
the sample and its weight. The low density of MIL-100(Fe)@BC was 47.8 mg cm−3, implying that the
nanocomposite was very porous with a large accessible surface area.

Owing to their high specific surface area, MOFs are intended for various applications [34]. Herein,
we evaluate the synthesized MIL-100(Fe)@BC nanocomposite in water purification to demonstrate
the adsorption ability of MOF-cellulose materials as interpenetrating networks with an integrated
cellulose phase. Arsenic is recognized as one of the most hazardous metal ions in drinking water and
is listed by the World Health Organization among the top 10 major public health concerns. In this
context, the adsorption capacity of the MIL-100(Fe)@BC nanocomposite was tested for the removal
of As(III) from aqueous solutions. In the tests, a small MIL-100(Fe)@BC nanocomposite (0.18 g) was
soaked into 50 mL of an aqueous solution containing As(III) (20 ppm) (See Experimental Section for
more details). The adsorption capacities (qt in mg g−1) and removal (%) of As(III) at different times
(t) are shown in Figure 2a. High adsorption capacity for As(III) adsorption onto MIL-100(Fe)@BC
nanocomposite was observed (removal efficiency ≈ 85% within 72 h).
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0 h 24 h

Figure 2. Adsorption capacity versus time, and the nonlinear pseudo-second-order fitting for the
adsorption of As(III) (a); and Rhodamine B (b) on MIL-100(Fe)@BC nanocomposite, respectively. The inset
shows a photograph of the Rhodamine B aqueous solutions before and after the adsorption process.

Two kinetic models, the pseudo-first-order and pseudo-second-order models, were used to
investigate the mechanism of As(III) adsorption on the MIL-100(Fe)@BC nanocomposite (Figure S3a
and Figure 2a, respectively). The nonlinear pseudo-second-order kinetic model fitted well to the
experimental data (Figure 2a), and the experimental qt,exp values and the calculated qt,cal values obtained
from the pseudo-second-order kinetic model are in good agreement (Table S1). The calculated values
of the pseudo-second-order parameters are listed in Table S1. The fitting results indicate that the BC
network is not hindering the accessibility of the MIL-100(Fe) pores and most of the MIL-100(Fe) particles
are functional in the adsorption of As(III) onto the MIL-100(Fe)@BC nanocomposite as a chemical
process via surface complexation [35]. The total concentration of Fe in the solution was measured by
ICP-OES after the adsorption experiments in order to investigate the stability of the material. No Fe
was detected, indicating a high stability of the synthesized MIL-100(Fe)@BC nanocomposite under the
employed conditions.

Removal of organic dyes from aqueous solution is another significant challenge in the field of
water purification. Among several organic dyes, Rhodamine B was chosen for the present study due
to its extensive use as a colorant in the textile and food industries [36]. Rhodamine B was used as a
model tracer to monitor the adsorption capacity and kinetics for adsorption onto the MIL-100(Fe)@BC
nanocomposite. Herein, a small amount of the nanocomposite MIL-100(Fe)@BC (0.18 g) was added
to 40 mL of an aqueous solution containing Rhodamine B (10 ppm), and the dye concentration in
the solution at certain time was determined by UV-Vis (see Experimental Section for more details).
The adsorption experiments were carried out at room temperature. The adsorption capacity (qt) and
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removal percentage of Rhodamine B as a function of time (t) are shown in Figure 2b. The adsorption
capacities for Rhodamine B increased with increasing time, and reached equilibrium within 24 h,
achieving a removal percentage of 85%. The high adsorption capacity of the MIL-100(Fe)@BC
nanocomposite results from the hierarchical porosity and small MIL-100(Fe) crystals integrated within
the BC network, which offer a high number of external surface sites for the adsorption.

The kinetics for Rhodamine B adsorption onto the MIL-100(Fe)@BC nanocomposite was studied
using pseudo-first-order and pseudo-second-order models (Figure S3b and Figure 2b, respectively).
The obtained experimental data for the adsorption process, determined by UV-Vis at 554, fitted very
well with the pseudo-second-order kinetic model (Figure 2b), which indicate that the adsorption was
controlled by intraparticle diffusion [37]. The calculated values of the pseudo-second-order parameters
are listed in Table S1. After soaking the MIL-100(Fe)@BC nanocomposite with the Rhodamine B
aqueous solution, the pink dye solution gradually faded into colorless over time, and its UV-Vis
maximum absorption beak at 554 nm reduced significantly (Figure S4). The inset in Figure 2b visually
confirms the color change of Rhodamine B aqueous solution before and after the adsorption process
by MIL-100(Fe)@BC nanocomposite. The adsorption mechanism can be attributed to the electrostatic
interactions between MIL-100(Fe)@BC nanocomposite and Rhodamine B [38].

A comparison of the obtained results for As(III) and Rhodamine B removal using MIL-100(Fe)@BC
nanocomposite with other reported systems is summarized in Table 1.

Table 1. Comparison of As(III) and Rhodamine B removal with other reported adsorbents.

Adsorbents qe (mg g−1) Ref.

As(III) Removal

MIL-53(Al)-graphene oxide 65.0 [39]

Surfactant-modified montmorillonite 1.48 [40]

Magnetic pinecone biomass 18.02 [41]

Zn-MOF 49.50 [42]

MIL-100(Fe) 120 [35]

MIL-100(Fe)@BC 4.81 This work

Rhodamine B Removal

Hypercross-linked polymeric adsorbent 2.1 [43]

Mango leaf power 3.31 [44]

Zn-MOF 3.750 [45]

Fe3O4/MIL-100(Fe) 28.36 [38]

MIL-100(Fe)@BC 2.77 This work

4. Conclusions

A MIL-100(Fe)@BC nanocomposite was synthesized by an environmentally friendly method using
water as solvent. The bacterial cellulose (BC) acted as structural support during the lyophilisation
of the MIL-100(Fe), which resulted in a flexible and light weight material suitable for membrane
adsorption processes. It was demonstrated that the size of the loaded MIL-100(Fe) particles on the BC
can be tailored by changing the initial ratio of MIL-100(Fe) precursors. The synthesized nanocomposite
is efficient in removal of As(III) and Rhodamine B from aqueous solutions. The kinetic studies revealed
that the adsorption of As(III) and Rhodamine B was best fitted to the pseudo-second order model.
The synthetic approach provides a simple strategy to prepare the MOFs@BC nanocomposites for
various applications, in particular for water purification. Further studies on how to immobilize other
types of MOFs using BC could be explored.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1104/s1,
Figure S1: Photograph (inset) and TEM image of MIL-100(Fe)@BC nanocomposite (BTC/Fe(III) = 25), Figure S2:
XRD patterns of (a) BC and (b) MIL-100(Fe)@BC nanocomposite (BTC/Fe(III) = 120), Figure S3: Plots of
pseudo-first-order kinetics models for the adsorption of As(III) (a) and Rhodamine B (b) using MIL-100(Fe)@BC
nanocomposite (BTC/Fe(III) = 120), Figure S4: UV-Vis spectra for the adsorption of Rhodamine B using
MIL-100(Fe)@BC nanocomposite (BTC/Fe(III) = 120) at different time, and Table S1: Kinetic parameters for
the adsorption of As(III) and Rhodamine B using MIL-100(Fe)@BC nanocomposite.
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Abstract: In this research, a bilayer coating has been applied on the surface of 316 L stainless
steel (316LSS) to provide highly proliferated metallic implants for bone regeneration. The first
layer was prepared using electrophoretic deposition of graphene oxide (GO), while the top layer
was coated utilizing electrospinning of poly (ε-caprolactone) (PCL)/gelatin (Ge)/forsterite solutions.
The morphology, porosity, wettability, biodegradability, bioactivity, cell attachment and cell viability
of the prepared coatings were evaluated. The Field Emission Scanning Electron Microscopy (FESEM)
results revealed the formation of uniform, continuous, and bead-free nanofibers. The Energy
Dispersive X-ray (EDS) results confirmed well-distributed forsterite nanoparticles in the structure of
the top coating. The porosity of the electrospun nanofibers was found to be above 70%. The water
contact angle measurements indicated an improvement in the wettability of the coating by increasing
the amount of nanoparticles. Furthermore, the electrospun nanofibers containing 1 and 3 wt.% of
forsterite nanoparticles showed significant bioactivity after soaking in the simulated body fluid (SBF)
solution for 21 days. In addition, to investigate the in vitro analysis, the MG-63 cells were cultured
on the PCL/Ge/forsterite and GO-PCL/Ge/forsterite coatings. The results confirmed an excellent cell
adhesion along with considerable cell growth and proliferation. It should be also noted that the
existence of the forsterite nanoparticles and the GO layer substantially enhanced the cell proliferation
of the coatings.

Keywords: biocomposites; nanofibers; electrospinning; cell culture; graphene oxide

1. Introduction

At present, numerous types of bone diseases, e.g., bone fractures, bone infections, bone cancers,
and genetic diseases are rising due to increasing prevalence of physical inactivity, obesity and lack of
safe exercising [1]. It is reported that over 20 million people suffer from bone disorders and clinical
troubles annually, making this an global issue [2]. Traditional bone regeneration methods were based
on utilizing autograft and allograft [3]. There are serious drawbacks for using bone substituents
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from the patient’s iliac crest, including limited donor tissue, donor site illness and increased risk
for infections or disease transmission, which highlights the importance of engineered implants [1,4].
Emerging tissue engineering strategies provide a remarkable opportunity for the regeneration of
injured tissues through the fabrication of the artificial constructs [5,6]. Such structures must afford
a suitable microenvironment for cell attachment and proliferation to stimulate the damaged tissue
formation [7]. Furthermore, biocompatibility, biodegradability, and porosity of the structures directly
affect their treatment performance [8]. Currently, different types of materials such as metals, polymers,
and ceramics are used as biomedical implants [9]. The metallic implants such as stainless steel, cobalt,
and titanium alloys are mainly exploited due to the excellent mechanical properties and superior
corrosion resistance in orthopedic targets, while polymer and ceramic-based implants exhibit weak
and brittle properties [10]. Among the different types of metallic implants, the surgical grade 316LSS is
the most common bone-implant offering high mechanical properties, low cost, and availability [11].
Regarding the 316LSS properties, the biggest drawback is the release of the metal ions, e.g., iron, nickel,
and chromium in the biological environment, making it pernicious in nature [12,13].

In order to overcome the aforementioned issue, several surface modification procedures have
been applied. Based on the literature, the composite coatings method using polymers and ceramic
components is considered as the most popular strategy for this purpose [14,15]. Poly (ε-caprolactone)
(PCL) is a well-known synthetic polymer composed of semi-crystalline linear polyester, which is
approved by the U.S. Food and Drug Administration (FDA) as a biomedical material [16]. Although
PCL exhibits significant mechanical strength and biocompatibility, it is inherently hydrophobic which
negatively affects its biological properties such as cell adhesion and proliferation [17,18]. Therefore,
a combination of PCL with a natural hydrophilic polymer such as Ge was utilized as an ideal coating for
bone regeneration [19–21]. Ge has been utilized widely in medical applications as a natural biopolymer
derived from partial hydrolysis of collagen. In addition to its biocompatibility, low cost, availability
the suitable hydrophilicity of Ge-based materials promote cell attachment and proliferation of the
blends comprised of Ge [22].

Since rapid biodegradability and weak mechanical properties are considered as the key drawbacks
of Ge, it is normally used for tissue engineering combined with artificial polymers such as PCL to
fulfill the mechanical properties requirement [23,24]. Yao et al. [25] fabricated PCL/Ge nanofibrous
scaffolds containing various polymer ratios for tissue engineering application. The essays of cellular
behaviors indicated that the blend of PCL/Ge had higher adhesion and proliferation in comparison
with pure PCL and Ge. Additionally, the PCL/Ge having the ratio of 2:1 showed the best cell spreading,
viability and cytoskeleton organization. Fanaee et al. [26] prepared PCL/Ge nanofiber mats with a
70/30 weight ratio containing bioactive glass particles via electrospinning for bone tissue engineering
application. The results of in vitro tests confirmed no considerable cytotoxicity as well as good cell
adhesion for the prepared nanofibers comprised of PCL and Ge. Moreover, bioceramics are exploited
to generate osteocunductive feature for these artificial constructs. Various types of bioceramics and
bioglasses such as HA, alumina, zirconia, phosphates, and forsterite have been used to stimulate cell
growth and/or bone cell formations by releasing active ions in cell microenvironment [27–31]. Recently,
forsterite (Mg2SiO4) has been highly recommended as an osteocunductive biomaterial for use in bone
regeneration applications, based on its remarkable mechanical properties and biocompatibility. It is
worthwhile to note that forsterite enhances cell proliferation and bone regeneration by releasing Mg
ion after implantation. Moreover, a higher degradation rate of forsterite composite scaffolds is reported
because of its low degree of crystallinity [32,33].

GO is one of the most efficient derivatives of graphene, which has abundant hydroxyls, epoxides
and carboxyl functional groups on its surface [34,35]. GO possesses many benefits such as solubility
in water and some polar solvents, excellent biocompatibility, good mechanical properties, and high
flexibility. It is also a potential biomaterial for cell proliferation enhancement because of its superior
biocompatibility. GO nanosheets were incorporated into PCL nanofibers in order to investigate cell
behavior of two types of cells such as mMSCs and PC12-L on the PCL/GO [36]. The results showed
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that GO incorporation substantially improved the cell attachment, spreading and proliferation of the
prepared scaffolds. Therefore, the shortcomings of 316LSS—which include releasing of ions such as
nickel and chromium—can be addressed using these two materials to improve the biocompatibility
and corrosion resistance of 316LSS.

In our previous research, a bilayer coating of GO and polymeric nanofibrous composite was
prepared via electrophoretic deposition (EPD) and electrospinning, whereby the corrosion resistance of
316LSS significantly improved [37]. The central aim of this research is evaluating the cellular behavior
of that nanocomposite and the bilayer coating. In other words, the effects of GO layer and forsterite
concentration on the bioactivity of the nanofibers were assessed.

2. Materials and Methods

2.1. Surface and Coatings Preparation

The 316LSS substrate was cut into rectangular samples with a dimension of 2 × 1 × 0.4 cm3.
Before the EPD process, the samples were mechanically polished using SiC papers with 80, 120, 240 and
320 grit-size. Then, the samples were rinsed with deionized (DI) water and were sonicated in acetone
to remove any remained grease on the surface of the samples followed by drying at room temperature.

To apply GO coating on the surface of the samples, firstly different amounts of GO nanopowder
(Nanosany Corporation, Mashhad, Iran) were dispersed in DI water by ultra-sonication to obtain a
homogenous suspension. To reach a uniform coating, different EPD variables such as voltage and
deposition time were optimized as discussed in our previous study [37]

To perform the electrospinning process, solutions containing PCL (average Mw = 80,000, Sigma,
St. Louis, MO, USA), gelatin (type B bovine skin, Mw = 50,000–100,000) with 1 and 3 weight percent
of forsterite nanoparticles were prepared using formic acid and acetic acid (1:3 v/v) as solvents.
In order to prepare the solvents, forsterite nanoparticles were first ultrasonically dispersed in adequate
solvents. Afterward, the solutions were prepared by dissolving the PCL and gelatin in the solvents and
magnetically stirred at room temperature for more than six hours. The solutions were then electrospun
with a constant gap distance of 15 cm, applied voltage range of 12–26 kV, and feed rates of 0.1–0.5 mL/h.

2.2. Characterization of the Nanofibrous Layer

The morphology of the electrospun samples and distribution of the nanoparticles in the PCL/gelatin
nanofibers were evaluated by FESEM (Quanta 450 FEG, Graz, Austria) and Energy Dispersive X-ray
(EDS, Octane Elite EDS, Graz, Austria), respectively.

The porosity of the electrospun layer was determined based on the analysis of the nanofiber
FESEM micrographs, utilizing image J software (Image J, National Institutes of Health, Bethesda, MD,
USA). The surface area of pores (Sp) and the total surface area of the samples (St) were measured.
Moreover, the porosity percent was calculated according to Equation (1) [38]:

%P =
Sp

St
× 100 (1)

Brookfield DV-II viscometer (Middleboro, MA, USA) and JENWA 3540 conductivity meter
(Burlington, NJ, USA) were used to measure the conductivity and viscosity of the electrospinning
solutions, respectively. The viscosity was measured at 25 ◦C and the rotational speed of 6 rpm. Water
contact angle measurements were carried out with a drop shape analyzer (Sessile Drop-G10, Tehran,
Iran) to investigate the surface wettability and hydrophilicity of the GO layer and electrospun nanofibers.

The degradation rate of the samples was determined by measuring the weight loss of the samples
based on ASTM-F1635 after 21 days of immersion in PBS at 37 ◦C and pH = 7.4. The weight loss
percentage was calculated according to Equation (2). In the equation, the W0, Wt refer to the weights
of the coated samples before and after immersion, respectively. In addition, Ws is the weight of the
316LSS substrate.
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%Weight loss =
w0 −wt

w0 −ws
× 100 (2)

Since the pH changes indicate the release of the alkaline ions and HA formation [39], the pH value
of the solutions was measured during the soaking time using an electrolyte-type pH meter.

2.3. Bioactivity Investigations of the Coatings

The bioactivity of the coatings was investigated according to the amount of HA formed on
the substrates after soaking in SBF. The SBF solution was prepared according to the Kokubo et al.
method [40]. The substrates were immersed in SBF at 37 ◦C in a stable water bath for 21 days. X-ray
diffraction (ASENWARE, AW-XDM 300, Shenzhen, China), using monochromatized CuKα radiation
generated from 40 kV and 30 mA and ranging from 10◦ to 80◦, was employed to confirm the crystalline
phase of the formed HA on the coated substrates. The morphology of the HA was evaluated by FESEM
images after 3, 7, 14 and 21 days soaking in the SBF.

2.4. In-vitro Cell Behavior of the Coatings

The MG-63 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) complemented
with 10% FBS (Gibco, Biosciences, Dublin, Ireland), 1% Glutamax, 1% penicillin/streptomycin and 1%
Non-essential Amino Acid (NEAA). The seeded cells were incubated at 37 ◦C and carbon dioxide
amount of 5%. The nanofibrous coatings were electrospun on circular disks based on previous
work [41]. All the coatings were sterilized under UV over 15 min on each side, immersed in 70% ethanol
for 12 h and then washed with amphotericin/gentamicin/penicillin and PBS for 15 min. After that,
the electrospun coated substrates were placed in 24-well plates and MG-63 cells, at a density of
30,000 cells, were seeded on the surfaces of each sample. The cell morphology and adhesion on the
seeded nanofibers were evaluated by FESEM images after 1 and 7 days of cell seeding. The cultured
cells on the coatings were fixed by 2.5 v% glutaraldehyde solution (Sigma, St. Louis, MO, USA) in PBS
and dehydrated through various concentrations of ethanol (0, 25, 50, 75 and 100 v%).

The MTS tests were also performed on the coatings after 1, 3, 5 and 7 days’ cell seeding to evaluate
the viability of the samples. The seeded samples were washed and placed in an incubator with 10%
of MTS reagent under 37 ◦C and 5% carbon dioxide. After 3.5 h of incubation, the aliquots were
transferred into a 96-well plate. Then, the absorbance of the samples at 429 nm was quantified using a
spectrophotometric plate reader (Awareness Technology Inc., Palm City, FL, USA).

3. Results and Discussion

3.1. Characterization of the Electrospun Nanofibers

Figure 1 indicates the FESEM micrographs of the electrospun nanofibers. In addition, the viscosity
and conductivity of the solutions along with the average fiber diameter of the electrospun nanofibers
were measured and summarized in Tables 1 and 2, respectively. Table 2 reveals that the incorporation
of 1 wt.% forsterite to the PCL/Ge composition decreased the fiber diameter from 167 to 148 nm.
Increasing the forsterite content to 3 wt.% increased the average fiber diameter to 171 nm. The addition
of the forsterite nanopowder increased the conductivity and the surface charge density of the solution,
which caused the diameter reduction. On the other hand, the higher amount of forsterite had a
dominant effect on the solution viscosity, leading to an increase in the nanofiber diameter. These results
are in agreement with previous researches [42,43].

The morphology and the corresponding EDS analysis of the nanoparticles distribution in the
PCL/Ge nanofibers are presented in Figure 2. It can be observed that the nanoparticles are uniformly
distributed on the coatings. It can be also discerned that the dispersion of the nanoparticles in
the nanofibers with 1 wt.% forsterite is better than the 3 wt.% loaded sample. The low amount of
agglomeration in the PCL/Ge/forsterite-3 sample can be attributed to the strong surface energy among
the nanoparticles [44].
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Figure 1. FESEM micrographs of the prepared PCL/Ge nanofibers containing (A) 0%, (B) 1%, and
(C) 3 wt.% forsterite nanoparticles.

 

Figure 2. FESEM micrographs (A) and (B), and the distribution map of Mg element (C) and (D) of the
electrospun PCL/Ge nanofibers with 1% and 3% forsterite nanoparticles.

99



Polymers 2020, 12, 1022

Table 1. Physical properties of the solutions.

Nanofiber Composition Viscosity (cP) Conductivity (μS/cm)

PCL/Ge 910 ± 32 271 ± 13

PCL/Ge/forsterite-1 980 ± 24 288 ± 10

PCL/Ge/forsterite-3 1400 ± 100 290 ± 20

Table 2. Morphology characteristic of the electrospun scaffolds.

Nanofiber Composition Fiber Diameter (nm) Porosity (%) Weight Loss (%)

PCL/Ge 167 ± 29 77.4 ± 0.2 12.0 ± 0.2

PCL/Ge/forsterite-1 148 ± 36 71.1 ± 0.1 15.0 ± 0.2

PCL/Ge/forsterite-3 171 ± 43 82.6 ± 0.2 17.9 ± 0.1

Since the porosity influences the scaffold’s cell adhesion and proliferation, it is essential to consider
this scaffold characteristic during the tissue engineering [45]. It was reported that the porosity of the
electrospun nanofibers are mostly controlled by the diameter of the nanofibers [46]. The porosity
of the samples was measured based on the FESEM micrographs (Figure 1) and reported in Table 2.
The porosity of the electrospun scaffolds was reduced by introducing 1 wt.% of nanoparticles and then
increased at the nanoparticles content of 3 wt.%. Therefore, the effect of the amount of nanoparticles
on the porosity was similar to the fiber diameter. The lowest porosity content was present in the
coatings having thinner nanofibers. On the other hand, the highest porosity was assigned to the
PCL/Ge/forsterite-3 nanofibers at 82.6% ± 0.2%, which had a thicker fiber diameter. Generally, all of
the samples illustrated porosity above 70%, which is apt for medical applications [47]. Therefore,
it is anticipated that all of the electrospun mats would have a high potential for cell attachment
and proliferation.

Figure 3 shows the obtained results of the wettability analysis by measuring the water contact
angle for the PCL/Ge, PCL/Ge/forsterite-1 and PCL/Ge/forsterite-3 coatings. The relaxation time of the
water droplet was 10 s. According to Sup Kim et al. [48], the contact angle of PCL was reported to be
120◦, hence it is clear that the incorporation of gelatin increases the hydrophilicity of PCL nanofibers,
which is due to the existence of amine and carboxylic groups in gelatin [49]. As can be seen in Figure 3,
when the forsterite nanoparticles content increased from 1 to 3 wt.%, the water contact angle of the
nanofibers decreased from 53.59◦ to 35.55◦. Therefore, the hydrophilicity of the nanofibers is affected
by the concentration of the nanoparticles. As a result, it is expected that cells would show higher extent
adhesion on PCL/Ge/forsterite-3 nanofibers due to increased hydrophilicity.

Figure 3. The water contact angles of GO layer and PCL/Ge nanofibers containing 0, 1 and 3 wt.% forsterite.

The weight loss percentage of the samples was measured after 21 days’ soaking in PBS at 37 ◦C
and pH = 7.4. The results are summarized in Table 2. The weight loss of the PCL/Ge nanofibers
increased from ca. 12% to ca. 18% by increasing the forsterite content from 0 to 3 wt.%. Therefore,

100



Polymers 2020, 12, 1022

increasing the forsterite content increased the hydrophilicity, porosity and the weight loss of the
scaffolds. The degradation of the coating can be associated not only with the hydrolysis of gelatin but
also the diffusion of the nanoparticles from the surface of the nanofibrous coating to the solution [50].
Moreover, due to the highly crystalline phase of PCL, its weight loss is considered to be negligible [51].

The pH changes of the PBS solutions containing the scaffolds were assessed and depicted in
Figure 4. It is clear that the pH values of the solution reduced from 7.4 to 6.9 in the PBS solution of the
PCL/Ge nanofibers within 21 days. Releasing of acidic products from the degradation of the PCL and
gelatin is responsible for the decrease in pH values [52]. In contrast to PCL/Ge, the amount of pH in
the solution containing PCL/Ge/forsterite with 1 and 3 wt.% nanoparticles increased to 8.1 and 8.2,
respectively, during the first week. The release of the Mg ions from forsterite incorporated into the
scaffolds increased the alkalinity of the solution and consequently the pH value [52]. Moreover, the pH
slightly decreased in the next week due to polymer degradation and remained constant.

Figure 4. The pH values of the PBS solutions containing PCL/Ge with 0, 1 and 3 wt.% forsterite during
21 days immersion.

3.2. Bioactivity of the Electrospun Scaffolds

Osteoconductivity is a crucial characteristic of the implants utilized in bone tissue engineering
applications to predict bone regeneration during implant employment [41]. The osteoconductivity
of the electrospun nanofibers was evaluated by studying the capability of the coated samples in
the creation of bone-like apatite. The PCL/Ge nanofibers containing various concentrations of the
nanoparticle (1 and 3 wt.%) were soaked in SBF for 3, 7, 14 and 21 days. Figure 5 demonstrates the
FESEM images of the PCL/Ge/forsterite with 1 and 3 wt.% after immersion in SBF. The bone-like apatite
deposition was found to form on the surface of the resulting electrospun structure after three days in
SBF and noticeably increased within 21 days. The presence of the nanoparticle in the scaffold structure
led to the formation of the silanol (–Si–OH) groups, which contributed to Ca-P nucleation. As a result,
the interaction of phosphate and carbonate groups in SBF and positively charged positions of the Ca-P
nucleation caused phosphate layer formation during the immersion time [53]. From Figure 5, it can be
seen that the HA formation on the electrospun structures having 3 wt.% of forsterite is significantly
higher than the PCL/Ge/forsterite-1 structure, especially in three and seven days’ immersion. Figure 6
presents the WAXS profiles of the samples PCL/Ge/forsterite-1 and PCL/Ge/forsterite-3 after 21 days
soaking in SBF. From the diffractograms, the peaks at 2Өof 21.4◦ and 23.8◦ can be ascribed to the
existence of PCL in the structure [26]. In addition, the peaks at 26.7◦, 31.7◦, 43.6◦, 45.5◦, 50.7◦, and 74.6◦
can be related to the created HA on the electrospun substrates containing nanoparticles. The observed
peaks for HA were also reported for HA in previous works [14,54]. The XRD patterns also confirm the
formation of HA after 21 days’ incubation of samples in SBF.
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Figure 5. FESEM micrographs of the PCL/Ge/forsterite with 1 and 3 wt.% after 3, 7, 14, and 21 days
immersion in the SBF solution.
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Figure 6. XRD patterns of PCL/Ge nanofibers containing (A) 1 and (B) 3% of forsterite after 21 days of
immersion in SBF.

3.3. Cell Culture Studies

Cell attachment and proliferation are the results of efficient cell-material interactions [55]. The cell
morphology on the PCL/Ge and GO-PCL/Ge electrospun structures containing 1 and 3 wt.% forsterite
nanoparticles after one and seven days of MG-63 cells seeding is shown in Figure 7. It can be observed
that the cells were well attached and spread on all the samples due to the proper interactions between
the cells and the coatings. Specific cellular adhesion and well-spread morphology were higher for
the GO-PCL/Ge structure rather than PCL/Ge after seven days. The better performance of the bilayer
structure can be attributed to the presence of GO layer (with OH and COOH groups on the surface) and
high hydrophilicity of the coatings. The existence of the surface roughness, as the intrinsic property of
GO [36], and GO functional groups assisted the serum protein adsorption as well as cell attachment [56].
Additionally, the cells showed better growth on the structures containing a higher amount of the
nanoparticles. The MTS results are illustrated in Figure 8 where the progressive growth of the cells
confirms the non-cytotoxicity of the coatings [57]. All the bilayer structures with various amounts of
the nanoparticles showed effective compatibility and interactions with the cells. The GO-PCL/Ge with
3 wt.% nanoparticles showed a noticeably higher cell viability in comparison with other nanostructures.
The higher hydrophilicity of the coatings in the presence of the GO layer and the larger amount of the
nanoparticles increased the cell viability. Besides, adsorption of the serum protein is affected by surface
oxygen-containing groups of GO as its intrinsic feature [58]. Another reasonable explanation for the
good cell growth is the conductivity of GO having oxygenated groups on its structure. Although GO is a
poor conductor compared to graphene, it has higher conductivity than PCL/Ge nanofibrous layer [59].
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Figure 7. Morphology of the MG-63 cells on PCL/Ge/forsterite nanofibers with 1 and 3 wt.% and
GO-PCL/Ge/forsterite with 1 and 3 wt.% after one and seven days of cell culture.

Figure 8. The MTS results of PCL/Ge structures containing 0, 1 and 3 wt.% forsterite nanoparticles,
(A) without the GO layer and (B) with the GO layer (*significant difference at pvalue < 0.05).

4. Conclusions

To recapitulate, a bilayer bioactive coating containing GO layer and nanofibrous PCL/Ge/forsterite
was applied on 316LSS to develop a potential platform for bone implant application.

• Characterization of the nanofiber layer revealed the formation of a uniform beadless nanofibrous
layer on the surface of the GO layer. It was also indicated that the forsterite nanoparticles were
well-distributed on the top layer. The presence of gelatin and forsterite nanoparticles increased
the wettability and biodegradation rate of the top layer (electrospun nanofibrous layer) which
marks a development in bilayer coating in bone implant applications.

• The bioactivity results indicated the formation of HA on the surface of the nanofiber structures which
was subsequently confirmed by XRD. the incorporation of the forsterite nanoparticles increased the
bioactivity of the samples, especially after 14 and 21 days of soaking in the SBF solution.

• The PCL/Ge/forsterite and GO-PCL/Ge/forsterite coatings were found to be non-cytotoxic structures
with an ability to enhance cell attachment and proliferation. Furthermore, the enhanced adhesion
and growth of MG63 cells on bilayer coatings in comparison with nanocomposite coatings revealed
the beneficial biocompatibility and hydrophilicity of GO due to functional groups on its surface as
well as high surface roughness.
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Abstract: Thermoplastic composites are usually prepared with the extrusion method, and straw
reinforcement material must be processed to fiber or powder. In this study, film-roll hot pressing
was developed to reinforce linear low density polyethylene (LLDPE) with long continuous straw
stems. The long straw stems were wrapped with LLDPE film and then hot pressed and cooled to
prepare straw/LLDPE composite. Extruded straw fiber/LLDPE composite was prepared as a control.
The mechanical properties of these LLDPE-based composites were evaluated. The hot pressed
straw/LLDPE composite provided higher tensile strength, tensile modulus, flexural strength, flexural
modulus, and impact strength than the traditional extruded straw/LLDPE composite, by 335%, 107%,
68%, 57%, and 181%, respectively, reaching 35.1 MPa, 2.65 GPa, 3.8 MPa, 2.15 GPa, and 25.1 KJ/m2.
The density of the hot pressed straw/LLDPE composite (0.83 g/cm3) was lower than that of the
extruded straw/LLDPE composite (1.31 g/cm3), and the former had a higher ratio of strength-to-weight.
Scanning electron microscopy indicated that the orientation of the straws in the composite was
better with the new method. Differential scanning calorimetry tests revealed that in hot pressed
straw/LLDPE composite, straw fibers have a greater resistance to the melting of LLDPE than extruded
composite. Rotary rheometer tests showed that the storage modulus of the hot pressed straw/LLDPE
was less affected by frequency than that of the extruded composite, and the better elastic characteristics
were pronounced at 150 ◦C. The hot pressed straw/LLDPE composite absorbed more water than the
extruded composite and showed a potential ability to regulate the surrounding relative humidity.
Our results showed that straw from renewable sources can be used to produce composites with
good performance.

Keywords: bio-composite; linear low density polyethylene; performance; straws

1. Introduction

Natural fiber reinforced composite is a kind of biomass composite. It uses plant-based natural
fibers (such as straw, bamboo, jute, and sisal, etc.) as reinforcement, polymers such as polyethylene
(PE) and polypropylene (PP) as the matrix, prepared by blending extrusion or molding [1,2]. Natural
fiber reinforced composites are widely used in automotive interiors, panel or wall panels, and sports
equipment because of their low cost, safety, non-toxicity, renewability, wide source and excellent
performance [3,4].

Straw is a type of renewable, abundant natural fiber. The world’s crops can provide approximately
two billion tons of straw per year [5]. In the past, the main deposal method of straw was incineration,
but given the serious associated environmental problems and increasing environmental awareness,
straw recycling has become an international priority [6].
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Researchers have made some achievements in straw fiber reinforced composites. Nyambo et al. [7]
used maleic acid-grafted polyurethane (PU-g-MA) to improve the interfacial adhesion between wheat
straw and polyurethane (PU). They found that the addition of 3 phr and 5 phr PU-g-MA significantly
increased the tensile strength (20%) and flexural strength (14%) of straw/PU composites, and proved
that the increase in strength was due to the well combination of fibers and matrix. Xiao et al. [8] treated
the straw with NaOH solution, blended the straw, polyethylene, stearic acid and maleic anhydride,
then hot pressed to manufacture the straw/PP composite. The composite has low water absorption
and good acid and alkali resistance; Zhang et al. [9] investigated the effects of different straw treatment
methods, the particle size of straw powder, and the mass fraction of straw on the mechanical properties
of straw/PP composites. The results show that when the straw is treated with the silane coupling agent
KH570, the mechanical properties of the straw/PP composite are the best when the particle size of the
straw powder is 60 mesh and the mass fraction is 50%; Zabihzadeh et al. [10] investigated the effect
of maleic acid grafted polyethylene on the mechanical properties of straw/high density polyethylene
(HDPE) composites. It was found that compared with no addition, adding 2% MAPE can increase
the tensile strength of the composite by 43%, increase the tensile modulus by 116%, and increase the
impact strength by 12%. Even with the addition of 1%, there is a clear improvement.

Straw fiber reinforced composites are a branch of Wood Plastic Composites (WPC). The extrusion
molding process, one of the main molding processes of WPC, refers to a processing method in which
natural fiber powder, thermoplastic, and various additives are melted in a high temperature, high
pressure extruder to be fully mixed, plasticized, finally passed through the top mold of the machine
continuously. Due to its advantages of continuous production and high production efficiency, extrusion
molding is widely used in industrial production. As of 2017, China’s WPC output was close to
three million tons, accounting for two-thirds of the world’s total output, and the China’s production,
consumption and exports ranked first in the world, which is precisely due to the development and
improvement of extrusion molding processes over the years. The extrusion molding process is mainly
divided into one-step extrusion and two-step extrusion. In two-step molding process, the raw materials
are first pelletized in a twin-screw extruder, then extruded in single-screw extruder to prepare the
composite, and the one-step process skips the pelletizing stage. The two-step process is simpler, flexible,
and easy to adjust, which is the most commonly used molding process for enterprises and research
units. However, the extrusion molding is easily affected by many factors due to the complicated
process. The combined effect of many factors caused many uncertainties among the variables [11].

In extrusion molding process, straw is mostly used in form of short fiber or powder in composite
structures. The interface bonding conditions of long fiber reinforced composites are very different from
that of short fiber reinforced composites [12]. For example, the friction at the fiber/plastic interface
of the former is much larger than that of the latter [13]. The stem of the straw itself has good tensile
strength. Nevertheless, this strength often decreases when the straw is used in powder form. We know
that orienting short fibers and powders is difficult. Therefore, owing to long straw integrity, long straw
reinforced composites should theoretically have high strength. In addition, polypropylene (PP) and
high density polyethylene are commonly used as matrixes because of their high strength and suitable
processing temperatures [14,15], but the toughness of HDPE and PP-based composites is poor [16].
Therefore, other matrix options must be developed. Linear low density polyethylene (LLDPE) has
excellent properties, such as tear strength and environmental stress crack resistance, in addition to the
properties of general polyolefins [17]. LLDPE has a disadvantage of poor stiffness besides, it potentially
could be remedied by straws.

The main aim of this study is to develop a novel method to prepare long straw stem
reinforced LLDPE composites, whose properties are compared with those of short fiber reinforced
LLDPE composites.
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2. Materials and Methods

2.1. Materials

Straws were obtained from the suburb of Harbin, China. LLDPE film (Film, 10H01) and LLDPE
particles (Hytrel, 22402) were purchased from Runwen Packaging Materials Co., Ltd., Shanghai,
China. Talcum powder (2000 mesh) was produced by Liangjiang Titanium Chemical Products Co.,
LTD, Shanghai, China, and was used to enhance the stiffness of straw-plastic composite. Maleic
anhydride grafted polyethylene (MAPE) with a grafting rate of 0.9% was purchased from Rizhisheng
Fine Chemical Co., Ltd., Nantong, China, and was used as the coupling agent. PE wax, also from
Shanghai Liangjiang Titanium Chemical Co., Ltd. and zinc stearate, purchased from Natural Oil
Chemical Co., Ltd., Pasir Gudang Town, Johor Bahru, Malaysia, were used as lubricants.

2.2. Preparation of Straw/LLDPE Composite

The straw was first oven dried at 103 ◦C in a DHG-9140A drier (Yiheng Scientific Instrument
Co., Ltd., Shanghai, China) to decrease its moisture content to below 3%. Then the straw was used to
prepare composite through two molding processes.

2.2.1. Extrusion Molding

Dry straws were cut to 1 cm lengths. Then the short straws, LLDPE particles, talcum, MAPE,
PE wax and zinc stearate were weighed in a ratio of 60:25:10:3:1:1. These materials were mixed in a
SHR-10A high-speed mixer (Tonghe Rubber & Plastic Machinery Co., Ltd., Zhangjiagang, China) for
5 min. The mixture was pelleted in a JSH30 twin-screw extruder (Nanjing Rubber & Plastic Machinery
Factory in Nanjing, China) at 140 ◦C and then shattered in a GL-01 pulverizer (Evian Machinery Co.,
Ltd., Shanghai, China). The pulverized raw materials were fed into a BHMS single-screw extruder
(Nanjing Saiwang Technology Development Co., Ltd., Nanjing, China). The extruded lumber had a
rectangular cross section of 40 mm in width and 4 mm in thickness.

2.2.2. Film-Roll Hot Press Molding

MAPE and talcum powder were evenly spread on the LLDPE film. Long dry straws were spread
in parallel on the film. The proportions of straw, LLDPE, talcum and MAPE were 60%, 27%, 10% and
3%, respectively. The film was rolled up, and the straw stems were enveloped. The rolls were first
pre-heated without pressure for 4 min and then hot pressed for 5 min under 10 MPa pressure in a SY01
hot press (Shanghai Board Equipment Technology Co., Ltd., Shanghai, China). In this process, the
temperature was set to 140 ◦C. After hot pressing, the panel was cooled. A gauge was used to control
the thickness of the straw/LLDPE composite. The size of the result panel was 165mm × 165mm × 4 mm.
The detailed steps are shown in Figure 1. Straw particles and straw stems are shown in Figure 2.

Figure 1. Preparation of straw/LLDPE composite through the film-roll hot pressing process.
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Figure 2. Straw particle (a), straw stem (b).

2.3. Characterization of Straw/LLDPE Composite

2.3.1. Mechanical Property Tests

The unnotched impact strength was examined on the basis of GB/T 1043.1–2008 (“Plastics,
Determination of Charpy Impact Properties, Part 1: Noninstrumented Impact Test”) with a JC-5 Charpy
Impact Tester (Chengde Precision Testing Machine Co., Ltd., Chengde, Hebei, China). Specimens
of 80mm × 10mm × 4 mm with a span length of 60 mm were analyzed. The striking velocity of the
tests was 2.9 m/s, and the pendulum energy was 2 J. Six replicates of each preparation were tested to
determine the impact strength.

The tensile tests were carried out in accordance with the method of GB/T 1040.2–2006
(“Plastics–Determination of tensile properties–Part 2: Test conditions for molding and extrusion
plastics”). The test piece had a dumbbell shape, and its gauge length was 50 mm. The length of the
specimen is parallel to the fiber orientation. The length of the test piece was 165 mm, the width of the
narrow portion was 13 mm, and the thickness was 4 mm. The tests were carried out with a loading
speed of 5 mm/min. The clamp stretches the specimen along the fiber orientation. Six replicates of
each preparation were tested to obtain values for the tensile modulus and strength.

Flexural tests were carried out in accordance with the procedure of GB/T 1449–2005
(“Fiber-Reinforced Plastic composite- Determination of Flexural Properties”). The specimens of
80mm × 13mm × 4 mm had a span length of 64 mm. A loading speed of 2 mm/min was used for testing.
The extension direction of the probes is perpendicular to the fiber orientation. Six replicates of each
preparation were tested to obtain values for the flexural modulus and flexural strength. The tensile
and flexural tests are completed by a CMT5504 mechanical testing machine (MTS industrial Systems
(China) Co., LTD., Shanghai, China).

2.3.2. Density Tests

The composites were cut into 50 mm × 35 mm test pieces, and the length, width and thickness of
the sample and the sample quality were measured according to GB/T 17657–2013 “Physical Testing
Methods for Artificial Board and Finished Panels.” The composite density was characterized according
to the ratio of mass to volume. Three replicates of each preparation were tested. The density of each
replicate was measured once, then averaged the measurement of each replicate.

2.3.3. Water Absorption Performance

The material was formed into a test piece of 76.2mm × 25.4mm × 4 mm, and water absorption
performance tests were carried out in accordance with the standard ASTM D570 “Standard Test
Method for Water Absorption of Plastics.” The test pieces were dried in an oven for 24 h at 50 ◦C and
then completely immersed in water at 24 ◦C. After 24 h, the test pieces were removed and weighed
immediately. Vernier calipers were used to measure the thickness of test pieces before and after
soaking. Three replicates of each preparation were tested. The mass and thickness of each replicate
were measured three times and then averaged.
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The water absorption and thickness expansion were calculated according to Equations (1) and (2),
respectively:

c =
m1 −m0

m0
× 100% (1)

T =
t1 − t0

t0
× 100% (2)

where c denotes the water absorption mass fraction, T denotes the thickness expansion ratio, m0 and t0

denote the mass and thickness of the test piece after drying, respectively, and m1 and t1 denote the
mass and thickness of the test piece after immersion, respectively.

2.3.4. Differential Scanning Calorimetry (DSC) Analysis

A differential scanning calorimeter (DSC Q100, TA Instruments, New Castle, PA, USA) was used
to detect the melting behavior of the straw/LLDPE composite. The temperature of the straw/LLDPE
composite sample was reduced to −70 ◦C, then heated to 180 ◦C at a rate of 10 ◦C min−1. The entire
testing process was performed under a nitrogen atmosphere.

2.3.5. Interfacial Morphological Observations by Scanning Electric Microscopy (SEM)

SEM was used to characterize the internal structural changes. The straw/LLDPE composite
samples were frozen in liquid nitrogen for 10 min and then broken. The broken surfaces were
sputter-coated with gold and then observed under a scanning electron microscope (FEI Quanta 200,
FEI Co, Hillsboro, TX, USA) operated at an acceleration voltage of 12.5 kV. Three samples of each
preparation were observed.

2.3.6. Rotating Rheological Tests

The dynamic rheological properties of straw/LLDPE composite were tested with a rotary rheometer
(AR2000ex, TA Instruments, New Castle, PA, USA). Dynamic frequency scanning tests were conducted.
The frequency range was 628.3 rad/s to 0.01 rad/s, and the strain was fixed at 0.05%. The above
operations were carried out at 150 ◦C.

3. Results

3.1. Mechanical Property Analysis

The mechanical properties of extruded and hot pressed straw/LLDPE composite are shown in
Figure 3.
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Figure 3. Impact strength (a), tensile properties (b) and bending properties (c) of hot pressed and
extruded straw/LLDPE composite.

As shown in Figure 3, the mechanical properties of hot pressed straw/LLDPE composite were
significantly higher than those of the extruded composite. Compared with the extruded panel, the hot
pressed panel showed 181% greater impact strength (Figure 3a), 335% greater tensile strength, 107%
greater tensile modulus (Figure 3b), 68% greater bending strength and 57% greater flexural modulus
(Figure 3c). These results might be due to several factors.

Fiber orientation is known to positively influence the strength of reinforced composites. In the
extruded straw/LLDPE composite, the straw fibers were randomly distributed, whereas in the hot
pressed straw/LLDPE composite, the straw stems were highly oriented and remained at full length.
Under loading, more energy was needed to overcome the interface bonding between the straws and
the LLDPE as well as to break the straw stems themselves [18]. However, in extrusion preparation,
the straw was in the forms of short fibers or powder, whose specific ratios were small and whose
lengths were shorter than the critical length. If the length is less than the critical length, straw fibers are
not be snapped but may be pulled out (the fibers slip from the matrix), i.e., straw fibers fail to fully exert
the fiber strength within critical length and cannot play a reinforcing role (only as a filling material).

Because the length of straw stems is longer than straw fibers, the energy consumed for fiber
extraction in the composite is higher, so the impact strength of hot pressed composite is higher.
In addition, the fiber ends where stress is concentrated is the crack initiation point. The longer the fiber,
the fewer the fiber ends in the composite. This is also the reason for its high impact strength.
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3.2. Melting Performance Analysis

The melting performance of extruded and hot pressed straw/LLDPE composites is shown in
Figure 4. The crystallinity of LLDPE was calculated according to Equation (3):

XC =
ΔH f (mc/mLLDPE)

ΔH0
f

(3)

where ΔH f denotes the melting enthalpy, mc denotes the mass of the sample, mLLDPE denotes the mass
of LLDPE in the sample and ΔH0

f denotes the melting enthalpy of LLDPE with 100% crystallization,
293 J/g [19].

-100 -50 0 50 100 150 200

-4

-3

-2

-1

0

1

2

H
ea

t F
lo

w
 (m

W
)

Temperature ( )

 Hot pressing
 Extrusion
 LLDPE

Figure 4. DSC image of hot pressed and extruded straw/LLDPE composite.

The data in Table 1 show the enthalpy and melting temperatures of samples. The composite
manufactured by hot pressing and extrusion showed clear melting peaks at 121.97 ◦C and 122.61 ◦C,
respectively, values similar to that of LLDPE, at 122.28 ◦C. The endothermic peaks might possibly be
caused by the melting of LLDPE [20]. The peak of the hot pressed composite was wider and higher
than that of the extruded composite. As shown in Table 1, the melting enthalpy of the hot pressed
straw/LLDPE composite was much higher than that of the extruded composite. This shows that in
hot pressed straw/LLDPE composite, straw fibers have a greater resistance to the melting of LLDPE,
so that the melting process requires more heat than extruded composite [21]. This is because the
melting enthalpy is related to the crystallinity. Compared with long straw stems, short straw fibers
are more easily dispersed uniformly in the composite, and the contact area with LLDPE molecules
increases, which plays a role in diluting LLDPE, so it can reduce the interaction between LLDPE
molecules to a greater extent. The lower crystallinity, the fewer the heat required for heating and
melting, i.e., the lower melting enthalpy. Pore structure of long straw in hot pressed composite would
be expected to store more thermal energy, thereby resulting in slow progress of melting.
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Table 1. Melting enthalpy and temperature of straw/LLDPE composite.

Sample Xc (%) Tm (◦C) ΔHf (J/g)

LLDPE 17.41 122.28 51.01
hot pressing 35.76 121.97 62.87

extrusion 6.94 122.61 12.20

Xc—crystallinity; Tm—melting temperature; ΔHf—melting enthalpy.

3.3. Water Absorption Performance Analysis

The water resistance test results of hot pressed and extruded straw/LLDPE composites are shown
in Figure 5.
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Figure 5. Water absorption mass fractions and thickness expansion ratios of hot pressed and extruded
straw/LLDPE composite (immersed for 24 h).

Both the water absorption rate and the thickness expansion ratio of hot pressed straw/LLDPE
composite were higher than those of the extruded composite, because in the hot pressing process,
LLDPE matrix cannot completely fill in the cavities of the straw stem, and consequently the area of the
straw contacting water is larger. In the extrusion process, almost all surfaces of the tiny straw particles
were covered with LLDPE matrix [22]. Evenly distributing the raw material can effectively improve
water resistance [23]. Possible effective measures include breaking the stem along the length of straw,
which can take advantage of long fibers and also facilitate LLDPE matrix to enter the straw cavity
during hot pressing, reducing the contact area between straw and water. In addition, a layer of LLDPE
can be coated on the outside before hot pressing to seal the material.

3.4. Morphology of the Fracture Surface

3.4.1. Interface Bonding

The interfacial bonding and fiber orientation of the straw/LLDPE composite manufactured through
the two methods were characterized by SEM (Figure 6).
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(a) (b) 

  
(c) (d) 

Figure 6. Microscopic morphology of the fracture surface of hot pressed (a,c) and extruded (b,d)
straw/LLDPE composite.

In the hot pressed composite, only the cross section of the straw could be seen (circles in Figure 6a),
thus indicating that the direction of the straw was well fixed. In Figure 6b, the circled straw fibers in
the extruded composite are randomly distributed. As further shown in circles of Figure 6c, a crack is
present at the interface location between the straw and the LLDPE matrix in the hot pressed composite.
In contrast, the straw and LLDPE matrix are relatively tightly combined in the extruded composite
(circles in Figure 6d). In addition, the hollow structure of the straw in the hot pressed composite is
not filled, thereby contributing to the higher impact strength. The holes left by straws that had been
pulled out indicated that the straw fibers did not break in tensile loading (Figure 6b,d). However,
the straw stems fully broke, and no holes were left in the matrix (Figure 6a,c), thus indicating that
the long straw stems contributed to the strength. These structural results explained the differences in
both the strength and water absorption of the composite. The hollow structures of the long straws
that remained also explained the low density of the hot pressed straw/LLDPE composite (Table 2) [24].
In addition, the extrusion process can uniformly mix the raw materials and tightly combine them,
thereby increasing the density of the composite.
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Table 2. Density of extruded and hot pressed straw/LLDPE composite.

Manufactured Process Extrusion Hot Pressing

Density/(g·cm−3) 1.31 0.83

3.4.2. Analysis of Tensile Fracture Mechanism

In the straw/LLDPE composite, the main fracture forms are fiber fracture, interface detachment
and matrix fracture. In Figure 7, the broken straw fiber (Circle 1) and the tip-shaped LLDPE (Circle 2)
can be seen. In Figure 8, we can see the holes (The circled part) left by short fibers pull-out, indicating
that the strength of the straw itself is not fully exerted in the extruded composite.

 
Figure 7. Optical micrograph of fracture surface of the hot pressed straw/LLDPE composite.

 

Figure 8. SEM of fracture surface of the extruded straw/LLDPE composite.

Tensile stress-strain curve of hot pressed and extruded straw/LLDPE composites is shown in
Figure 9. Comparing Figure 9a,b, it can be seen that the stress-strain curve of the extruded composite
is relatively smooth, thus the fracture process is relatively gentle, which indicates that the tougher
LLDPE plays a major bearing role. Therefore, combining Figures 8 and 9b shows that the mechanical
strength of the extruded composite mainly comes from the LLDPE matrix. In the curve image of the
hot pressed composite, the stress drops suddenly. This is due to the sudden separation of the straw
fiber and LLDPE matrix interface and the sudden breaking of the straw. Combining Figures 7 and 9a,
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it can be known that the mechanical strength of the hot pressed composite mainly comes from the
combination of the fiber matrix and the strength of the straw, and the matrix itself has less effect.

(a) 

 
(b) 

Figure 9. Tensile stress-strain curves of specimen 1 to 6 of hot pressed (a) and extruded (b)
straw/LLDPE composite.

3.5. Dynamic Rheological Performance Analysis

Plots of the storage modulus, loss modulus, loss tangent value and complex viscosity vs ω

of straw/LLDPE composite is shown in Figure 10. Figure 10a shows the relationship between the
storage modulus (G′) and the angular frequency. By increasing the test temperature (from 130 ◦C
to 150 ◦C), a large increase in storage modulus can be seen for the hot pressed composite, which
is not the case for extruded composite. This may be because at a temperature closer to the Tm of
LLDPE (Tm of LLDPE measured by DSC is 122 ◦C), the LLDPE melt is still relatively hard and the
molecular chain flexibility is poor. In this case, the uneven fiber distribution has a negative effect on
the deformation of the matrix. In contrast to the changes in G′ of hot pressed straw/LLDPE composite
with frequency, a modulus platform in the low frequency region was observed for the extruded
straw/LLDPE composite. This phenomenon, so-called solid-like behavior [25–27], occurs because of
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the formation of three-dimensional ordered structures such as agglomerates, skeletons and networks
inside the system [28]. The viscoelastic behavior of the low ω region is the motion response of the
long-chain segment of the polymer or even the entire macromolecular chain, and the three-dimensional
ordered structure limits the long-term movement of macromolecular motion units [25,26,29]. The hot
pressed straw/LLDPE composite showed very little change as the frequency increased. The slight
modulus increase occurred because the parallel straws acted as a skeleton and prevented the LLDPE
from sliding. Similarly, as shown in Figure 10b, both the hot pressed and extruded straw/LLDPE
composites showed stable loss modulus with frequency variation.
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Figure 10. Plots of the storage modulus (a), loss modulus (b), loss tangent value (c) and complex
viscosity (d) vs ω of straw/LLDPE composite.

Figure 10c shows the relationship between the loss tangent value of the straw/LLDPE melting and
the angular frequency. The loss tangent value is the ratio of the loss modulus to the storage modulus.
As shown in Figure 10c, the tan δ of the extruded straw/LLDPE melt showed a sharp peak at around
0.2 rad/s, whereas the hot pressed straw/LLDPE melt did not show a clear peak. In the G′—ω curve,
the tanδ peak appears along with the modulus platform; that is, the tanδ peak is also a characteristic
of solid-like behavior [30]. The change in the value of tanδ indicates a change in viscoelasticity, thus
demonstrating that the viscoelasticity of the hot pressed composite is fairly stable [31].As shown in
Figure 10c, tanδ was less than 1 over the entire scanning frequency range, thus indicating that the
straw/LLDPE melting exhibited elasticity. We conclude that hot pressed straw/LLDPE composite had
the clearest elastic characteristics, according to its low tanδ value and high G′ value [32].

Figure 10d shows the relationship between the complex viscosity (
∣∣∣η∗∣∣∣) and the angular frequency.
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As shown in the figure, as the frequency increases, the viscosity shows a downward trend,
i.e., the phenomenon of shear thinning occurs. This is because the viscosity is the ratio of stress to
strain rate, and according to Power-Law Equation

σ = K · γn (4)

We can get Equation
η =

σ
γ
= K · γn−1 (5)

where η denotes the viscosity, σ denotes the stress, γ denotes the strain rate, K and n are both constants.
High-molecular polymers such as PE are pseudoplastic liquids, and the n value of the pseudoplastic
fluid is less than 1, so when the strain rate increases, the viscosity of the system decreases. The opposite
of pseudoplastic fluid is dilatant liquid, such as corn paste, whose n value is more than 1, and the
viscosity will increase as the strain rate increases [33].

There is always a certain speed gradient between the various liquid layers when the polymer
flows. If a large molecule passes through several liquid layers with different flow rates at the same
time, each part of the same macromolecule must advance at different speeds. This situation obviously
cannot last. Therefore, during the flow, each long-chain molecule always tries to make itself all enter
the liquid layer with the same flow rate. The parallel distribution of liquid layers with different flow
rates results in the orientation of the macromolecules in the flow direction, which causes the viscosity
to decrease with increasing frequency during the flow. With the increase of experimental temperature,
the kinetic energy of the molecule of hot pressed composite is increased, but also increases the degree
of intermolecular collision, which makes the viscosity increase.

In dynamic tests, the relationship between dynamic viscosity and loss viscosity, the Cole-Cole
curve, can give information about the various relaxation processes in heterogeneous polymer systems.
As shown in Figure 11, the right end of the curve of the extruded composite is slightly upturned,
so-called “tailing” phenomenon occurs. This shows that there are two relaxation mechanisms in the
system of the extruded composite. This may be because LLDPE is more prone to entanglement in the
extruded composite system, and this structure relaxes very slowly.
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Figure 11. Loss viscosity of straw/LLDPE composite as a function of storage viscosity.

3.6. Physical Drawing of Extruded and Hot Pressed Straw/LLDPE Composites

The physical picture of the extruded and hot pressed composites is shown in Figure 12.
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(a) 

(b)

Figure 12. Extruded (a) and hot pressed (b) straw/LLDPE composites.

4. Conclusions

This study developed a new method for constructing straw-plastic composite and compared it with
conventional extrusion methods. Tests of the mechanical properties verified that the hot pressed long
straw stem reinforced LLDPE composite had relatively higher strength and modulus. Microstructural
observations showed better fiber orientation of the hot pressed straw/LLDPE composite, and this factor
had the greatest influence on the mechanical properties of the straw/LLDPE composite. According
to the results of DSC, straw fibers have a greater resistance to the melting of LLDPE in hot pressed
straw/LLDPE composite, so that the melting process requires more heat than extruded composite. The
results from dynamic rheological analysis indicated that the storage modulus of the straw/LLDPE
melt manufactured by hot pressing was more stable than that of the extruded composite. The elastic
characteristics of the hot pressed straw/LLDPE melt were more pronounced than those of the extruded
composite. The hot pressed straw/LLDPE composite had higher water absorption, thus indicating
its ability to regulate the surrounding relative humidity. Straw/LLDPE composites are expected to
be applicable in interior decoration materials, owing to their high strength-to-weight ratio and the
absence of chemical emission such as those from adhesives.
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Abstract: Constructing superhydrophobic surfaces by simple and low-cost methods remains a
challenge in achieving the large-scale commercial application of superhydrophobic materials. Herein,
a facile two-step process is presented to produce a self-healing superhydrophobic surface on wood to
improve water and mildew resistance. In this process, the natural hierarchical structure of wood is
firstly modified by sanding with sandpaper to obtain an appropriate micro/nano composite structure
on the surface, then a fluoroalkylsilane/silica composite suspension is cast and dried on the wood
surface to produce the superhydrophobic surface. Due to the full use of the natural hierarchical
structure of wood, the whole process does not need complicated equipment or complex procedures
to construct the micro/nano composite structure. Moreover, only a very low content of inorganic
matter is needed to achieve superhydrophobicity. Encouragingly, the as-obtained superhydrophobic
surface exhibits good resistance to abrasion. The superhydrophobicity can still be maintained after
45 abrasion cycles under the pressure of 3.5 KPa and this surface can spontaneously recover its
superhydrophobicity at room temperature by self-healing upon damage. Moreover, its self-healing
ability can be restored by spraying or casting the fluoroalkylsilane/silica composite suspension
onto this surface to replenish the depleted healing agents. When used for wood protection, this
superhydrophobic surface greatly improves the water and mildew resistance of wood, thereby
prolonging the service life of wood-based materials.

Keywords: superhydrophobic surfaces; self-healing; natural hierarchical microstructures; wood

1. Introduction

The fabrication of superhydrophobic surfaces with water contact angles (CAs) larger than 150◦
and sliding angles less than 10◦ has attracted extensive research attention worldwide due to its great
potential in both theoretical research and practical applications, such as self-cleaning [1], anti-fouling [2],
durable antibacterial uses [3], oil/water separation [4,5], gas sensing and droplet manipulation [6]. The
superhydrophobic property of the surface is controlled by its chemical composition and topography.
The cooperation of micro/nano scale hierarchical structures with low-surface energy materials has
been the main strategy to fabricate superhydrophobic surfaces [7]. Through years of extensive efforts,
many chemical and physical methods that generate superhydrophobic surfaces have been developed,
such as plasma polymerization/etching [8], chemical vapor deposition [9–12], solvent-mediated phase
separation [13], and polymer self-assembly [14–16]. However, some superhydrophobic surfaces are
apt to lose their superhydrophobicity during practical applications since the artificial micro/nano
hierarchical architectures are susceptible to being damaged after a slight scratch, abrasion, or even
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brief contact with fingers, which has hampered their widespread application. Recently, although
many researchers have reported the successful fabrication of mechanically durable superhydrophobic
surfaces [17–23], it is still highly desired to construct superhydrophobic surfaces by simple and low-cost
methods to achieve the large-scale commercial application of superhydrophobic materials.

Wood, as a renewable resource, has great potential in decorative fields to substitute steel, stone,
glass, minerals, and synthetic resin. Nevertheless, because it contains many hydrophilic groups such
as hydroxyl groups, the wood is apt to absorb water, which can result in dimensional instability and
attacks by microorganisms including decay fungi and mildew [24–26]. Therefore, it is of great practical
significance to construct a high-performance superhydrophobic surface for the wood.

In this work, we have described a facile process to fabricate a robust self-healing superhydrophobic
surface on wood with improved water and mildew resistance. In this process, the natural hierarchical
structure of wood was firstly modified by sanding with sandpaper to obtain an appropriate micro/nano
composite structure on the surface, then a fluoroalkylsilane/silica composite suspension was cast
and dried on the wood surface to produce the superhydrophobic surface. Due to the full use of the
natural hierarchical structure of wood, the whole process does not need complicated equipment or
complex procedures to construct the micro/nano composite structure. Moreover, only a very low
content of inorganic matter is needed to achieve superhydrophobicity. Therefore, the as-obtained
superhydrophobic surface is transparent and unveils the natural grains and textures of the original
surface. More importantly, benefiting from the unique micro/nano composite structure originated
from the natural hierarchical structure of wood, the superhydrophobic surface exhibits robust
superhydrophobic performance against physical damages. Furthermore, owing to the intrinsic porous
structures of wood, the superhydrophobic surface can preserve a large number of fluoroalkylsilane
moieties as the healing agent in the wood pores such as cell cavities and grooves. Once the primary
top fluoroalkylsilane layer is decomposed or scratched, the internally-preserved healing agent in the
wood pores will migrate to the surface to heal the superhydrophobicity at room temperature. Thus,
the superhydrophobic surface exhibits good self-healing ability when damaged. And this self-healing
ability can be restored by spraying or casting the fluoroalkylsilane/silica composite suspension onto the
wood surface to replenish the depleted healing agents. In addition, when used for wood protection,
this superhydrophobic surface greatly improves the water and mildew resistance of wood, thereby
prolonging the service life of wood-based materials.

2. Materials and Methods

2.1. Materials

Ethanol (AR,≥99.5%), nano fumed silica (99.8wt%, diameter: 7-40nm) and acetic acid (AR,≥99.5%)
were purchased from Shanghai Chemical Reagent Co. (China). Perfluorooctyltriethoxysilane (KH1322)
and Chinese fir wood were kindly donated by Zhejiang Longyou Wood Bond Co. (China). Woodblocks
with a size of 40 × 35 × 10 mm (longitudinal × radial × tangential) were obtained from the sapwood of
Chinese fir (Cunninghamia lanceolata).

2.2. Preparation of Fluoroalkylsilane/Silica Suspension

Typically, 0.2 g of KH1322 (as a fluoroalkylsilane) was dissolved in 10 g of ethanol. The solution
was mildly stirred until it became homogeneous and transparent. Then, 4 mg silica nanoparticles (the
ratio of silica to KH1322 was 2%) were added into the previous solution and ultrasonically treated for
one minute until the resulting fluoroalkylsilane/silica composite suspension was homogeneous.

2.3. Preparation of Superhydrophobic Surfaces

The woodblock was first sanded with 240-grit sandpaper under a pressure of 40 KN·m−2 until a
visible clean smooth surface was obtained. In this way, the natural hierarchical structure of wood was
modified to obtain an appropriate micro/nano composite structure on the surface. Then, the above
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suspension was cast onto the wood surface (40 mm × 35 mm) and heated in the oven for a certain
period of time to form superhydrophobic surfaces. The dosage of KH1322 plus silica on the wood
surface was calculated to be about 4 g·m−2. Unless specified, the heating temperature was 120 ◦C, and
the duration of heating was 2 hours.

2.4. Characterization

The surface morphology was observed by scanning electronic microscopy (SEM). The VK-X
3D optical laser microscope system (OPM) was used to characterize the three-dimensional surface
morphology. The roughness factor (Ra) was calculated according to JIS B0601:1994. The measurement
of the surface wettability was performed using a dynamic contact angle (CA) testing instrument
(OCA40, Filderstadt, Germany). CA was recorded at 30 seconds after a droplet of liquids (5 μL) was
placed on the surface. The sliding angle (SA) was measured by recording the tilt angle of the sample
platform at which a liquid droplet (10 μL) started to roll off the surface. Average water CAs were
obtained on radial sections by measuring the same sample at six different positions. Fourier transform
infrared spectroscopy (FTIR) measurements were carried out using a Nicolet Nexus 470 spectrometer
(Thermo Fisher, Waltham, MA, USA). The chemical composition of the wood surface was measured by
X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5000C ECSA, Waltham, MA, USA). The
abrasion resistance of the superhydrophobic surface was evaluated by dragging a piece of 240-grit
sandpaper under 500 g of weight in one direction with a speed of 1 cm s−1 at a distance of 10 cm
per cycle. Digital pictures were captured using a Canon Power Shot A 95 digital camera, and the
optical images were obtained with the VK-9710 microscope. Unless specified, the water CA tests and
characterizations such as SEM, XPS, FTIR, and OPM were carried on the radial sections of wood.

3. Results and Discussion

3.1. Fabrication of Superhydrophobic Surfaces

The process to fabricate the superhydrophobic surface was shown in Scheme 1. The raw wood
was first sanded with 240-grit sandpapers to modify the natural hierarchical structure of the wood
to obtain an appropriate micro/nano composite structure on the surface. Then, the homogeneous
suspension of KH1322 fluoroalkylsilane and silica was cast onto the surface of the sanded wood and
heated in an oven or room-dried for a certain period of time to form the superhydrophobic surface.
The resulting material is denoted as coated sanded wood.

Figure 1a displays that the natural hierarchical structure of raw wood is highly uneven with a
maximum height of more than 200 μm (Figure 1b) and a roughness factor (Ra) of 38 μm. Moreover,
some pores were found to be too large (the inset of Figure 1a) to support the weight of the water droplet
that resulted in a homogeneous wetting, namely, Wenzel states [27]. Thus, this natural hierarchical
structure is not applicable to directly construct the superhydrophobic surface. As expected, when the
fluoroalkylsilane/silica suspension was cast and dried on the surface of this raw wood, the water CA
on the resultant surface was only 132◦, hence the superhydrophobicity cannot be achieved. Figure 1c
demonstrates that a relatively uniform micro/nano hierarchical structure can be obtained by sanding
the raw wood with 240-grit sandpapers. Figure 1d manifests that the maximum height and Ra of the
modified surface structure of sanded wood decreased to be less than 100 μm and 5.69 μm, respectively.
The air in the uniform pores can reduce contact areas between water droplets and surface, resulting
in the Cassie–Baxter state [28]. Benefiting from this state, the coated surface obtained by drying the
fluoroalkylsilane/silica suspension on the sanded wood exhibited a typical superhydrophobic feature
with a water CA of 160◦ and a sliding angle below 10◦.
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Scheme 1. Schematic procedure for the preparation of the superhydrophobic wood surface (middle)
and its self-healing mechanism (right).

Figure 1. (a) Scanning electronic microscopy (SEM) and (b) 3D optical laser microscope system (OPM)
images of raw wood. (c) SEM and (d) 3D OPM images of sanded wood. The insets are magnified SEM
images with scale bars at 10 μm. (e) SEM and (f) 3D OPM image of sanded wood coated with KH1322
fluoroalkylsilane and silica.
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To understand the detailed formation mechanism of this superhydrophobic surface, its
three-dimensional surface morphology was investigated by SEM and OPM. The low magnification
SEM image of coated sanded wood in Figure 1e displays a similar micromorphology compared with
that of the sanded wood without coating (Figure 1c). However, we can find some new particles on
the surface in its high magnification SEM image (the inset of Figure 1e). These particles should be
the silane oligomers produced by the KH1322 hydrolysis and silica particles. Their emergence led to
an increase in the roughness. As a result, both the maximum height (113.8 μm) and Ra (10.21 μm) of
coated sanded wood in the OPM image of Figure 1f have a slight increase compared with the data of
the sanded wood without coating (Figure 1d).

Usually, the raw wood surface is hydrophilic due to its naturally porous structure with abundant
hydroxyl groups [25]. Thus, the chemical polarity of the surface must be changed to achieve
superhydrophobicity. The comparison of FITR spectra in Figure 2 reveals that there are five new
absorbance bands for the coated sanded wood compared with the raw wood. Among them, two peaks
at 1267 and 617 cm−1 can be attributed to the vibrations of CF3 and CF groups [29]. The other three
absorbance peaks at 898, 805 and 467 cm−1 are ascribed to the vibrations of Si-O. It is believed that the
molecular chains with these hydrophobic groups combine with the uniform micro/nano hierarchical
structure of the sanded wood to achieve the construction of the superhydrophobic wood surface.

Figure 2. Comparison of Fourier transform infrared spectroscopy (FTIR) spectra between raw wood
and sanded wood coated with KH1322 fluoroalkylsilane and silica.

3.2. The Effect of Silica on the Surface Wettability

In this work, the silica was added to prepare the hydrophobic surface. Thus, the effect of silica
content on the surface wettability was investigated. It was found that the water CA increased from
152◦ to 160◦ when the ratio of silica to KH1322 increased from 0.5% to 2%. However, when the silica
ratio further elevated from 2% to 4%, the water CA remained nearly unchanged at 160◦. The silica
ratio and the total consumption of KH1322 plus silica for superhydrophobic surfaces in the present
study were much less than those in previous works [29]. The minimum silica ratio used in this work
reached as low as 0.5%, and the total consumption per unit area of KH1322 plus silica was only 4 g·m−2,
indicating a low-cost characteristic of the preparation method.

Unlike previously reported method based on silica to prepare the superhydrophobic surface,
the silica plays a major role in accelerating the hydrolysis and condensation of KH1322 in this work,
rather than building micro-nano morphologies. Therefore, the superhydrophobic surface could be
obtained even under a low silica ratio of 0.5%. The detailed reason for the silica ratio affecting the
surface wettability can be explained as follows. When the silica particles were added into KH1322
solutions, the hydrolysis of KH1322 was developed more quickly. The hydrophilic molecular chains
containing C-O groups reduced and the wood surface was covered by more hydrophobic molecular
chains containing Si-O groups, resulting in an increase in the water CAs correspondingly. When the
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silica feeding ratio further increased to 2%, almost all -OC2H5 groups from KH1322 were hydrolyzed
to generate ethanol, which was completely removed from the wood surface during the drying process,
thus the C-O groups could hardly be detected. At this point, the number of hydrophobic groups
reached the maximum value. In order to confirm the above assumptions, XPS was used to analyze the
element change on the wood surfaces. In Figure 3a, the C 1s XPS broad peak of sanded wood coated
with KH1322 and 0.5% SiO2 can be fitted to four peaks with binding energies of 283.8, 285.6, 287.3 and
290.9 eV, which can be indexed to the functional groups of Si-C, C-C, C-O, and CF2, respectively [30].
Here, the ratio of hydrophilic carbons (C-O groups) to all carbon atoms was calculated to be 3.46%
based on the peak areas in Figure 3a. However, for the sanded wood coated with KH1322 and 2%
silica, the hydrophobic C atoms (Si-C, C-C, and CF2 groups) can account for nearly 100% of all C atoms.
Hence, the additional increase in the silica ratio to 4% no longer increased the ratio of hydrophobic
groups, so the water CAs did not increase further.

Figure 3. C 1s X-ray photoelectron spectroscopy (XPS) spectra of (a) sanded wood coated with KH1322
and 0.5% SiO2 and (b) sanded wood coated with KH1322 and 2.0% SiO2.

3.3. The Effect of Drying Temperatures on Surface Wettability

Usually, the drying temperature is a key factor that affects the formation of the coating. Therefore,
the influence of drying temperature on the surface wettability was also researched. As shown in
Figure 4a, the water CA increased from 157◦ and 160◦ to 170◦ with the elevation of the drying
temperature from 100 ◦C and 120 ◦C to 130 ◦C. When the drying temperature was increased again to
140 ◦C, the water CA decreased slightly from 170◦ to 167◦. The previous CA increase should result from
the reduction of hydrophilic C-O groups. It is believed that the increase in the drying temperature from
100 ◦C to 120 ◦C accelerated the hydrolysis of KH1322. More -OC2H5 groups of KH1322 reacted with
the water to release ethanol vapour. Therefore, the hydrophilic C-O groups reduced correspondingly, as
illustrated by the diminished peak intensity of C-O groups at 1271 cm−1 (Figure 4b). When the drying
temperature was further elevated to 130 ◦C, almost all -OC2H5 groups of KH1322 were hydrolyzed to
generate ethanol vapour. The virtual disappearance of the C-O signal in Figure 4b demonstrates the
removal of more hydrophilic groups. Moreover, the adsorption of hydrophobic groups (Si-O at 810
and 470 cm−1) reached the maximum signal. These facilitate the formation of the superhydrophobic
surface with a larger water CA. It could be inferred that the drying temperature of 130 ◦C is high
enough to achieve the complete hydrolysis of KH1322. Thus, when the temperature further increased
to 140 ◦C, the ratio of hydrophobic groups on the wood surfaces no longer increased, with the result
that the water CA would not increase correspondingly.
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Figure 4. (a) The water contact angles (Cas) of the surfaces of coated sanded wood obtained at
different drying temperatures, (b) Comparison of FTIR spectra of sanded woods coated with KH1322
fluoroalkylsilane and silica obtained at different drying temperatures.

Considering that hours of high-temperature drying may induce damages to some wood, the
drying at room temperature (25 ◦C) was also tried to prepare the hydrophobic surface. It was found
that the water CA on the as-obtained surface increased from 75◦ to 155◦ when the drying time was
extended from 2 hours to 8 hours. This result revealed that the fabrication of a superhydrophobic
surface on the wood can also be achieved at room temperature when the drying time is long enough.
This suggests that the method can be extended to produce superhydrophobic surfaces for thermally
unstable wood products.

3.4. Mechanical Robustness and Self-Healing of Superhydrophobic Surfaces

One obstacle to the widespread practical applications of superhydrophobic surfaces is the lack
of enough robustness. To investigate the abrasion resistance of the as-obtained superhydrophobic
surface, under the loading of 500 grams (pressure: 3.5 KPa), the hydrophobic surface of the coated
sanded wood was oriented toward 240-grit sandpaper and moved a distance of 10 cm (each cycle) in a
straight line, as shown in Figure 5a. Then, the water CAs of the resulting wood surface were tested.
This process was repeated for 45 cycles, and the test results of water CAs were recorded in Figure 5b.
One can see that after 45 cycles, the water CA was able to retain a high value of 153◦, and the sliding
angle was still less than 10◦, indicating that the surface of the coated sanded wood maintained its
superhydrophobicity. These results demonstrate the satisfactory abrasion resistance of the as-prepared
superhydrophobic surface.

Figure 5. (a) Illustration of the abrasion resistance test for the superhydrophobic surface. (b) Water
CAs as a function of the number of abrasion cycles.

As an important indicator affecting service life, the self-healing ability of the superhydrophobic
surface was examined by alkali etching. After it was soaked in alkali solution for two hours,
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the water CA of the resulting surface decreased from 160◦ to 0◦, indicating that this surface had
lost its superhydrophobicity. However, after this damaged surface was exposed in an ambient
environment for 8 hours, its water CA and sliding angles returned to 160◦ and <10◦, respectively,
demonstrating that the original superhydrophobicity of the damaged surface was restored. The recovery
of superhydrophobicity should be attributed to the unique inherent porous structure of wood. This
intrinsic porous structure can preserve a large number of fluoroalkylsilane moieties as healing agents
in wood pores (such as cell cavities and grooves) beneath the superhydrophobic surface. Once the
primary top fluoroalkylsilane layer is decomposed or scratched, the internal preserved healing agents
in the cell cavities and grooves will migrate to the wood surface (as illustrated by the right part of
Scheme 1) to minimize the surface free energy due to the exposure to the hydrophobic air [31,32]. As a
result, the superhydrophobicity is healed at room temperature. In this way, the damaged surface
recovered its superhydrophobicity at room temperature when the time duration was long enough
for the healing agents in pores to migrate onto the wood surface. As displayed in Figure 6a, the
etching–healing process can be repeated for nine cycles without decreasing the superhydrophobicity of
the self-healed surface. It is believed that the robust internal porous microstructure of wood is essential
for the recovery of superhydrophobicity as shown in Figure 6b,c. In addition, it was found that when
the temperature increased to 100 ◦C and 140 ◦C, the recovery time of the superhydrophobicity reduced
to 2 h and 1 h, respectively. This indicates that this self-healing is temperature-dependent, with a more
accelerated self-healing process under higher temperatures and vice versa. At present, the self-healing
of the as-constructed superhydrophobic surface can be accomplished at room temperature. Thus,
this self-healing can be applied to some wooden decorative materials that are sensitive to heat and
ultraviolet radiation. Furthermore, if repeated self-healing runs out of healing agents, the suspension
of KH1322 fluoroalkylsilane and silica can be cast and dried onto the surface again to replenish the
healing agents.

 
Figure 6. (a) Water CAs of the surface after repeated alkaline etching and self-healing at room
temperature. (b) SEM and (c) 3D OPM images of the surface of coated sanded wood after alkaline etching.

3.5. Improvement in Water and Mildew Resistance of Superhydrophobic Surfaces

As a natural biomass material with many hydrophilic groups, raw wood is apt to absorb water and
swell in dimension when in contact with water [24]. In order to simulate the rinse effect of rainwater
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on the surface of outdoor wood products, the as-obtained superhydrophobic surface of coated sanded
wood was washed by running water for 20 minutes (Figure 7a). No residual water can be observed on
the superhydrophobic surface after this process (Figure 7b). By contrast, excessive water remained on
the surface of raw wood after the same treatment (Figure 7c–d). These results indicate the excellent
water resistance of the as-constructed superhydrophobic surface.

 
Figure 7. Photographs of the superhydrophobic wood surface (a) during water washing and (b) after
water washing. Photographs of the raw wood surface (c) during water washing and (d) after water
washing. (e) Comparison of mildew infection on the surface of raw wood and coated sanded wood in a
humid environment.

Wood contains protein, starch, cellulose, etc., which can provide nutrients for microbial growth,
so it is easily infected by mildew, especially when the wood surface is wet. Here, the mildew resistance
ability of the as-prepared superhydrophobic wood surface was studied and compared with that of
the raw wood surface. The results in Figure 7e demonstrate that about 13% of the surface area of the
raw wood had been infected by mildew on the 7th day when it was placed in an environment with
a humidity of 90% and a temperature of 30 ◦C, and the percentage of the infected area increased to
100% on the 14th day. By contrast, the coated sanded wood with the superhydrophobic surface was
not infected by mildew until the 14th day and only 12% of its surface was infected by mildew on the
28th day under the same environment. The improved mildew resistance could be due to the fact that
the superhydrophobic surface repelled water and reduced water adsorption thereby inhibiting the
growth of mildew. In addition, this surface can maintain its superhydrophobic ability as shown by only
minimal contact angle fluctuations (Figure 8) after a long period of high-intensity UV irradiation which
demonstrates the fine UV durability of this superhydrophobic surface. Therefore, it is highly promising
to employ this superhydrophobic surface to prolong the service life of wood-based materials.

Figure 8. Water CAs and photographs of the coated sanded wood surface after being irradiated with
365 nm UV lamp (11.6 mW·cm−2) for different times.
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4. Conclusions

In this work, a novel superhydrophobic surface has been fabricated successfully by casting and
drying a composite suspension of KH1322 and silica on the modified hierarchical structure of wood.
Due to the full use of the natural hierarchical structure of wood, the whole process needs neither
complicated equipment nor complex procedures to construct the micro/nano composite structure. Only
a very low content of inorganic matter is needed to achieve superhydrophobicity. Furthermore, the
fabrication of a superhydrophobic surface can be achieved at room temperature. More importantly,
the as-prepared superhydrophobic surface exhibits a satisfactory resistance to abrasion and is able to
self-heal at room temperature upon damage. If the healing agents are depleted, the surface can restore
its self-healing ability by casting the fluoroalkylsilane/silica composite suspension to replenish the
healing agents. When used for wood protection, this superhydrophobic surface greatly improves both
mildew inhibition and water resistance of wood, thereby prolonging the service life of wood-based
materials. The excellent performance of the as-constructed superhydrophobic surface, the facile and
environmentally friendly fabrication process, and the low cost, make this method highly suitable for
the protection of various wood-based materials.
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Abstract: This work was motivated by a study of particle size effects on pyrolysis kinetics and models
of polystyrene particle. Micro-size polystyrene particles with four different diameters, 5, 10, 15, and
50 μm, were selected as experimental materials. Activation energies were obtained by isoconversional
methods, and pyrolysis model of each particle size and heating rate was examined through different
reaction models by the Coats–Redfern method. To identify the controlling model, the Avrami–Eroféev
model was identified as the controlling pyrolysis model for polystyrene pyrolysis. Accommodation
function effect was employed to modify the Avrami–Eroféev model. The model was then modified to
f (α) = nα0.39n − 1.15(1 − α)[−ln(1 − α)]1 − 1/n, by which the polystyrene pyrolysis with different particle
sizes can be well explained. It was found that the reaction model cannot be influenced by particle
geometric dimension. The reaction rate can be changed because the specific surface area will decrease
with particle diameter. To separate each step reaction and identify their distributions to kinetics,
distributed activation energy method was introduced to calculate the weight factor and kinetic triplets.
Results showed that particle size has big impacts on both first and second step reactions. Smaller size
particle can accelerate the process of pyrolysis reaction. Finally, sensitivity analysis was brought to
check the sensitivity and weight of each parameter in the model.

Keywords: particle size; model free; model fitting; avrami–eroféev; DAEM

1. Introduction

To meet the needs of of society, various kinds of advanced materials with different functions have
been invented and updated greatly. In the ultrafine materials research area, researchers have tried
to generate particles with even smaller diameters. After a normal particle is processed by ultrafine
technology, particles will own some unique characteristics, including large specific surface area and high
chemical activity. The peculiar physical and chemical characteristics make ultrafine particles the focus
of advanced materials nowadays. During the processes of particles’ industrial manufacture, storage,
and transportation, particles with different sizes behave differently when considering their safety
concerns. Therefore, particle size effects are essential influence factors needed to be considered when
researchers explore particle thermal safety problems. The chemical kinetics and reaction model can be
greatly influenced by particle size [1]. After the block is processed by ultrafine processing technology,
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particle specific surface area can be greatly increased, which can influence combustible pyrolysis and
reaction rates when heating, and even the reaction model and products can be changed [2,3].

So, the work reported here was motivated by a study of particle size effects on pyrolysis behavior,
chemical kinetics, and reaction model when surrounded with heating. Micro-size polystyrene particles
with four different diameters were selected as typical particle materials. Activation energies were
obtained by several different isoconversional methods. The pyrolysis model of each particle size and
heating rate was examined by nineteen different reaction model candidates by the Coats–Redfern
methods, among which the three best models were then selected, and the reaction model function
was then reconstructed by selected models. The particle size effects on kinetics and reaction model
could be concluded. To separate step reactions from whole reaction and identify their distributions to
kinetics, a distributed activation energy method was then introduced to calculate the weight factor and
kinetic triplets.

2. Literature Review

Polystyrene is a commonly-used polymer material in daily life, which is usually employed
as thermal insulation materials in extruded or expandable formation, whose kinetics and reaction
mechanism have been studied. Jiao et al. studied the kinetics and volatile products of expandable
polystyrene and extruded polystyrene with TGA and TGA-MS-FTIR, respectively. They found that
the activation energies with conversions of expandable polystyrene are a little higher than extruded
polystyrene, which means expandable polystyrene is a little more stable than the extruded one. During
the pyrolysis process, small molecules including CO, C2H3, C2H5, and phenyl were detected [4]. After
this, Jiao and Sun explored the reaction mechanism of polystyrene during the pyrolysis process. It was
found that two pyrolysis reactions exist during the whole heating process. One is the small pyrolysis
of styrene monomers around 275 ◦C, and the other is breakage of the main chain and large amounts of
styrene generation around 430 ◦C [5]. Cheng et al. compared the thermal degradation behaviors of
micron polymethyl methacrylate (PMMA) and polystyrene (PS) by a traditional kinetics method. They
found that the particle size diameters can result in the decrease of activation energies, but have no
obvious influence on pre-exponential factors [6]. Other researchers have conducted related studies
about particle size effects on material pyrolysis behavior. Shen et al. [7] investigated the wood particle
size effects on the yield of bio-oil production. Results showed that the yield of bio-oil production can
decrease with the particle size increasing, among which the light bio-oil fractions increased and the
heavy bio-oil decreased. Marcilla et al. [8] tested different sizes milled powders of almond shells and
olive stones. They found that the milling process can provoke the structure damage of both biomasses,
and thus cause the difference in thermal behavior. Also, the milling process may cause the increase of
mineral substance. Blasi [9] investigated the particle size and heating rate effects on cellulose pyrolysis
by means of a computational model. Three main regimes of particle sizes were found to control
pyrolysis processes, including thermally thick, thermally thin, and pure kinetic control, which were
adjudged by particle size and heating rate conditions. Hanson [10] studied particle size effects on
pyrolysis of coal, and found that a smaller particle was more likely to produce char residue larger than
itself. For larger particle pyrolysis, it is more likely to produce a fragment. Yu et al. [11] ground the
coal sample by a planetary ball mill, and the coal samples were classified into three groups according
to different ground particle sizes. They found that particles with different sizes contain different carbon
and ash contents, which is resulted by the characteristics of coal’s uneven texture and solidity.

Most selected samples of previous pyrolysis studies relating particle size effects were self-ground
in the laboratory, among which biomass and coal were mostly employed. During the grinding process,
it is hard to form particles with uniform shape and component, as these solids have uneven density
and distribution. This can result in that the particles employed in thermal analysis experiments
do not have uniform distribution, which can definitely cause thermal analysis profiles fluctuations
and bad data repeatability. In this study, the polystyrene sample we used was produced by Suzhou
Nanomicro Technology Co., Ltd. The particles were produced with uniform shape and diameter, the
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diameters of which were 5, 10, 15, and 50 μm. Uniform diameter can guarantee the veracity and
reliability of experimental results. More details about experimental sample particle size can be found
in Section 4. Most publications including the above reviewed ones preferred to employ a traditional
kinetics method when dealing with polymer pyrolysis kinetics problems. However, for the case of
polymer pyrolysis, there must be more than one reaction during the pyrolysis procedure. So, in this
study, after the traditional kinetics analysis we will introduce distributed activation energy model to
explore PS pyrolysis kinetics to distinguish the weight of each sub reaction.

3. Traditional Kinetic Methods

Thermogravimetric analysis (TGA) apparatus can heat the sample with a fixed heating rate
and gas flow to blow off the volatiles, and record the instant mass loss. The mass conversion at a
certain time can be calculated by instant mass loss divided by total mass loss. The pyrolysis reaction
can be expressed by the arithmetic product of two functions, including reaction rate constant and
reaction model,

dα/dt = Aexp[−Ea/(RT)]f (α) (1)

where A, Ea, and R are the pre-exponential factor, the apparent activation energy, and the gas constant,
respectively. By TGA testing technique and kinetics calculation methods, the kinetic details can be
obtained by measurement and parameterization. After processing natural logarithm to both sides of
Equation (1) and then integrating, the reaction rate can yield to

g(α) =
A
β

∫ T

T0

exp(−ΔEa/RT)dT (2)

in which the temperature part has no analytical solution. β means heating rate and equals to dT/dt.
Many researchers have tried to solve the integration with reasonable approximations, commonly
used methods like KAS [12,13], FWO [14,15], and Tang et al. [16,17] methods, among which different
approximation solutions were employed to Equation (2) as listed in Table 1.

Table 1. Three commonly used isoconversional methods for activation energy calculation.

Methods Expression Description

Flynn–Wall–Ozawa
method logβ = log (AEa/Rg(α)) − 2.315 − 0.4567Ea/RT Modified general isoconversional

equation by Doyle approximation.

Kissinger–Akahira–Sunose ln(β/T2) = ln(AR/Eag(a)) − Ea/RT
Modified general isoconversional

equation by Coats-Redfern
approximation.

Tang et al. ln(β/T1.894661) = ln[AEa/Rg(α)] + 3.635041 −
1.894661lnEa − 1.001450Ea/RT

Tang et al. proposed an improved
approximation for temperature

integral.

Solved by numerical integration, kinetics parameters can be calculated more accurately with
appropriate approximations. Vyazovkin et al. [18–20] developed an advanced isoconversional method
which contains the temperature integration.

I(Eα, Tα) =
∫ Tα

0
exp(

−Ea

RT
)dT (3)

I =
Ea

R
p(x) (4)
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Then the Vyazovkin method equation can be expressed as Equations (3) and (4), where x equals to
Eα/RT. At a certain conversional extent, the value of apparent activation can be identified by minimizing
the following formula,

Ω(Ea) =
n∑

i=1

n∑
j�i

I(Ea,α, Ta,i)β j

I(Ea,α, Ta, j)βi
(5)

The temperature integration can be calculated after a series of transforms. Farjas and Roura [21]
derived the six-order Padé approximation, which can give an absolute error less than 10−16 for x > 12

p(x) ≈ exp(−x)
x

× ( x5 + 40x4 + 552x3 + 3168x2 + 7092x + 4320
x6 + 42x5 + 630x4 + 4200x3 + 12600x2 + 15120x + 5040

) (6)

By Equations (3)–(6), for each conversion the minimization value can be obtained, by this method,
a relative dependency between activation energy and conversion range can be obtained.

Model fitting method is a reaction model exploring method using well-known different theoretical
reaction models to fit experimental α–T profiles, meanwhile for each model a set of activation energy
and pre-exponential factor can be obtained. The Coats–Redfern method is one commonly used
model-fitting method, which explores the asymptotic series expansion with the following formula,

ln
g(α)
T2 = ln(

AR
βEa

[1− (2RT∗
Ea

)]) − Ea

RT
(7)

where g(α) is the integral form of the reaction model as shown in Table 1, and T* is the average
temperature during all the heating process. For each reaction model as listed in Table 1, plotting
ln[g(α)/T2] vs. 1/T can obtain sets of activation energy and pre-exponential factor. The model which
has the best linearity with experimental profile is considered as the real reaction model.

There are nineteen commonly used reaction models in a kinetics area [5,6]. Each model will be used
to fit the experimental formation with the obtainment of activation energy and pre-exponential factor.
Then according to the fitness of experimental data and theoretical model calculation, one correlation
coefficient can be obtained. So, for all nineteen models, there must exist one maximum correlation
coefficient. In previous studies, usually the model with the maximum coefficient is identified as the
ideal reaction model. However, sometimes the model with the maximum coefficient may be not the real
reaction model, which can be checked by model reconstruction with experimental data. So, this model
reconstruction [22–26] should be further processed to check if the obtained model can fit experimental
profile well, and which procedure is necessary, but is usually ignored in previous related literatures.

The compensation effects means that there must exist one relation between the kinetics parameters
that the change of activation energy causing a linear variation of the natural logarithm of the
pre-exponential factor. The change of activation energy can be caused by the heating rate or model
selection; however, they must be limited to one reaction. When several models are used in the same
heating rate, several sets of activation energies and pre-exponential factors can be obtained, then the
kinetics compensation effects can be created. The compensation effects between kinetics parameters
can be expressed by the following formula,

ln Ai = a + bEi (8)

where i means that the kinetic parameters are obtained from the i-th model, and parameters a and b are
kinetics compensation parameters.

All models listed can be examined by Coats–Redfern method, by which nineteen corresponding sets
of kinetics parameters can be obtained. Then the calculated activation energy and the pre-exponential
factor can be used to evaluate the compensation effect formula parameters a and b. Based on the
obtained compensation effects formula, the pre-exponential factor at each conversional extent can be
evaluated according to the activation energies obtained by isoconversional methods.

142



Polymers 2020, 12, 421

4. Distributed Activation Energy Method

The kinetics methods introduced above belong to traditional kinetics methodology, which
usually regards the pyrolysis reaction as one overall reaction, and the activation energy at a certain
conversion extent is regarded as global activation energy. However, for polymer pyrolysis reaction, it
is unreasonable to take one overall pyrolysis as one step reaction. Considering this reason, distributed
activation energy method (DAEM) is adopted to separate the total reaction into several parallel
reactions, which was originally adopted to separate the sub-reactions of biomass and coal [27–30]. The
idea of distributed activation energy was firstly brought up by Vand [31], and then was developed to
solve the pyrolysis problem of coal by Pitt [32].

DAEM assumes that the total reaction can consist of several parallel reaction groups. For each
reaction group, it has its own sets of reactions on a molecular level. The decomposition reaction on
molecular level can be expressed as,

d
(

mi(t)
mi∗
)
/dt = Ai exp(

−Ei
RT

)

(
m ∗ −mi(t)

mi∗
)

(9)

where i means the ith molecular level reaction, mi(t) means the volatile mass fraction at time t, mi*
means the total volatile mass fraction, Ai and Ei are the kinetic parameters for this reaction.

Integrating Equation (9) and assuming that the species i is one of the pool reaction group of
component j, then we have the following expression of degradation of component j,

α j = 1−
∫ ∞

0
exp[−

∫ T

T0

Aj

β j
exp(− Ei

RT
)dT] f (E)dE (10)

dα j

dT
=

∫ ∞
0

Aj

β j
exp[− Ei

RT
−
∫ T

T0

Aj

β j
exp(− Ei

RT
)dT] f (E)dE (11)

aj means the conversion of component j. f (E) means that the group reaction in component j follows
the distribution functions f (E), among which Gaussian distribution function is the earliest and most
extensive applied one. The Gaussian distribution can be expressed as

fG(E) =
1

σ
√

2π
exp(− (E− E0)

2

2σ2 ) (12)

where the distribution has the center at E0 and the standard deviation σ. The random distribution
is distributed symmetrically at the left and right sides of E0. For Gaussian distribution, the range
between E0 − 1.5σ and E0 + 1.5σ covers 99.7% random distribution. In this study, we consider 60 times
standard deviation, which means the integration of Gaussian distribution ranges from E0 − 30σ and E0

+ 30σ. All equations about DAEM have temperature integration, which cannot be solved accurately in
Equations (10)–(12). So, an approximation about temperature integration is also recommended here,
here we calculate p(x) the same as Equation (6). By calculating the jth component DAEM mass loss rate,
the overall reaction formula can be calculated as a linear reaction combination of all components,

α =
M∑

j=1

cjα j (13)

dα/dT =
M∑

j=1

cj(dα/dT) j (14)

where cj means a weight factor equaling to the amount of volatiles formed from the jth
pseudo-component decomposition. It should be noted that Gaussian distribution is a symmetric
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distribution centered at E0 from the shape of the curve. The distributed activation energy assumed that
the total pyrolysis reaction is made of multiple parallel reactions, which is a reasonable assumption for
polymer degradation.

5. Experimental

Micro polystyrene particles were provided by Nano-Micro Technology Co., Ltd., Suzhou, China.
Four available diameters, 5, 10, 15, and 50 μm, were selected. All particles showed uniform size
according to the scanning electron microscopy examining figures (http://en.nanomicrotech.com/).
Furthermore, the particle size was double checked by a Laser Diffraction Particle Size Analyzer,
SALD-2300, produced by Shimadzu Corporation, Kyoto, Japan. Particle size was identified by the
light intensity distribution pattern of scattered light that is irradiated from sample particle surface
when laser lights radiate them. The particle size diameters for four particle sizes are shown in Figure 1.

 
Figure 1. Particle size diameters of polystyrene particles with four different sizes, 5, 10, 15, and 50 μm.

The thermal degradation experiments were conducted on SDT Q600 instrument by TA Instruments
(New Castle, USA). Experiments were performed in nitrogen atmosphere with 40 mL min−1 flow rate
as purge gas and 20 mL min−1 as protective gas. Samples were heated in TGA with four heating rates,
3, 5, 7.5, and 10 K·min−1 from ambient temperature to 850 ◦C. An initial sample weight around 3 mg
was guaranteed for all testing.

6. Results and Discussion

6.1. Pyrolytic Characteristics Observations

Figure 2 shows the TGA and Differential thermogravimetry (DTG) profiles of polystyrene with
four different sizes in nitrogen atmosphere. Detailed thermal pyrolysis temperatures are listed in
Table 2. We can find that the pyrolysis profiles of polystyrene with different sizes show similar
variations. The DTG curve shows an obvious single peak, which can be identified as a one step reaction.
In nitrogen atmosphere, the percentage of heat loss keeps around 90.71 ± 0.80% constantly. From the
TGA and DTG curves, we can find that sample sizes cannot cause the change of the reaction process or
TGA profiles obviously.
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Figure 2. Differential thermogravimetry (DTG) rofiles of polystyrene pyrolysis in nitrogen atmosphere
at 3 K·min−1 for 5, 10, 15, and 50 μm particle sizes.

Table 2. Characteristic temperature T0, Tp and Tf for polystyrene pyrolysis determined from
thermogravimetric analysis (TGA) profiles at different heating rates.

β (oC·min−1) T0 (oC) Tp (oC) Tf (oC) αmax

5 μm

3 367 430 535 91
5 351 438 545 92

7.5 369 443 528 91
10 349 447 530 92

10 μm

3 378 431 572 92
5 378 437 531 91

7.5 381 458 528 90
10 379 460 534 91

15 μm

3 368 433 524 90
5 369 440 534 91

7.5 386 446 529 90
10 382 449 529 91

50 μm

3 375 437.31 537.50 90
5 381 444.23 534.04 90

7.5 385 451.87 530.90 89
10 359 455.82 535.81 90

For all the samples with different sizes, DTG curves show similar variations with one single
peak, as the particles are produced from the same assignment. With the increase of particle size from
5 to 50 μm, the peak temperature increased monotonically. The 5 μm particle shows the minimum
pyrolysis peak temperature and onset temperature, and 50 μm shows the maximum temperatures. For
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a polystyrene particle with a smaller diameter, it has a larger specific surface area, which means for the
same sample masses, a smaller particle has more surface heated than a larger particle. For the TGA
experiments in this study, we controlled all testing at the same weight at around 3 mg. Then for the 5
μm particle, its specific surface area is 10 times larger than 50 μm particle. Large specific surface area
results in faster heat transfer and shorter time to trigger reaction.

6.2. Kinetics Parameters

The activation energies of polystyrene with four different sample sizes were calculated by five
different commonly used isoconversional methods. Then, the dependences of activation energies on
conversional extent for different calculated methods can be obtained. Figure 3a shows the activation
energy calculation results based on different calculation methods. Five curves show the same variation
with increasing conversional extent while Friedman results showed different variation from four other
methods. The main reason that caused the deviation by the Friedman method with others is data noise
brought during data differential process by total mass to use dα/dt, while the other four methods do
not need a derivation step [33–35]. So FWO, KAS, Tang et al., and advanced Vyazovkin methods show
almost the same calculation values, which proved the accuracy of the method calculation.

 
(a) 

 
(b) 

Figure 3. (a) Dependencies of the activation energy on extent of polystyrene conversion determined
by five iso-conversional methods including KAS, FWO, Tang, Friedman, and advanced Vyazovkin
methods. (b) Dependencies of the activation energy on conversional extent of four different size
polystyrene determined by Vyazovkin methods.

Figure 3b shows the dependencies of activation energies on conversional extent for four different
polystyrene particle sizes. The activation energy results were calculated by the advanced Vyazovkin
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method. The advanced isoconversional method developed by Vyazovkin is a commonly used thermal
kinetics method, which excluded the influences of reaction model and needs for differential data to
obtain activation energies. From Figure 3b, we can find that the variation tendencies are the same.
During the conversional extent 0–0.2, the activation energies fluctuate significantly because a small
amount of styrene molecules pyrolyzes and escapes from the main chain. During the conversional
extent 0.2–0.85, four size samples show the same variation tendencies. With the increase of conversional
extent, the activation energies of all four samples decrease almost linearly, which stage corresponds to
the pyrolysis of polystyrene main body. When α > 0.85, the activation energies increase rapidly with the
increase of conversional extent. During this extent, the mass loss is mainly composed by polystyrene
residue, which is hard to pyrolyze continuously and results in a rapid increase of activation energy.

During the main pyrolysis stage, with the increase of conversional extent, activation energies
decrease slowly and linearly for all four sizes of samples. The activation energies of 5 and 10 μm are
very close to each other for each conversional extent, both of which are smaller than activation energies
of 15 μm particle size. The 50 μm size particle shows the maximum activation energies compared with
another three sizes, which means that the reaction of 50 μm is the hardest to trigger. This difference on
kinetics is mainly caused by their different specific surface area. For all four samples, 50 μm particle
sample has the smallest specific surface area, therefore it has the maximum activation energies. The
specific surface area of 5 μm particle size is 10 times than 50 μm particle size.

6.3. Model Fitting Method and Compensation Effects

By the isoconversional method calculation, we learned that the main pyrolysis stage (a = 0.2–0.85)
of four sample sizes has constant activation energies where one existing reaction model may fit well.
Isoconversional methods can only calculate the activation energies at a certain conversional extent, but
fail to obtain the reaction model. With employment of the Coats–Redfern method, experimental data
for four particle sizes can fit with all nineteen models. Then for each tested model, one set of activation
energy and pre-exponential factor can be obtained. Three models with best linear coefficients for four
sample sizes and heating rates are selected to list in Table 3, considering the linearity coefficient and
activation energy appropriateness.

Table 3. Activation energies, pre-exponential, and corresponding linearity coefficient calculated by
Coats–Redfern method for the three best models.

3 ◦C min−1 5 ◦C min−1 7.5 ◦C min−1 10 ◦C min−1

Model lnA Ea r2 Model lnA Ea r2 Model lnA Ea r2 Model lnA Ea r2

5 μm
8 73.17 462.33 0.998 8 73.54 466.64 0.999 8 70.47 451.10 0.999 8 66.29 426.76 0.998

12 45.99 304.33 0.998 12 46.41 307.16 0.999 12 44.47 296.76 0.998 12 41.76 280.52 0.998
13 32.32 225.33 0.998 13 32.75 227.42 0.999 13 31.39 219.59 0.998 13 29.41 207.40 0.998

10 μm
8 75.06 469.28 0.990 8 71.09 448.69 0.988 8 71.57 453.59 0.987 8 68.97 439.20 0.988

12 47.26 308.99 0.990 12 44.76 295.22 0.987 12 45.22 298.44 0.986 12 43.56 288.83 0.988
13 33.28 228.84 0.989 13 31.52 218.48 0.987 13 31.95 220.87 0.986 13 30.77 213.65 0.987

15 μm
8 76.54 478.30 0.993 8 74.02 466.03 0.993 8 72.31 458.14 0.992 8 69.84 444.63 0.992

12 48.26 315.00 0.993 12 46.73 306.77 0.992 12 45.71 301.48 0.992 12 44.15 292.45 0.992
13 34.03 233.35 0.992 13 33.00 227.15 0.992 13 32.32 223.15 0.992 13 31.22 216.36 0.992

50 μm
8 80.36 502.22 0.989 8 77.78 489.67 0.984 8 76.64 485.47 0.983 8 75.33 478.41 0.983

12 50.81 330.93 0.987 12 49.24 322.52 0.984 12 48.61 319.68 0.982 12 47.82 314.95 0.982
13 35.96 245.28 0.988 13 34.89 238.94 0.983 13 34.51 236.78 0.982 13 33.99 233.22 0.981

Models 8, 12, 13 means first order model, Avrami–Eroféev model (n = 1.5), and Avrami–Eroféev model (n = 2).

From the kinetics calculation results listed in Table 3, we can see that the kinetics triplet calculations
are greatly dependable on the model selection. The activation energies calculated by Model 13 are
around 225 kJ·mol−1, while for Model 8, the calculation result is around 463 kJ·mol−1. From Table 3, we
can find that for all cases of each particle size and heating rate, the best three models are the same, i.e.,
first-order model (F1), Avrami–Eroféev (A3/2), and Avrami–Eroféev (A2). All three models show good
linearity, larger than 0.98. However, the A3/2 and A2 models are more reasonable than the F1 model
because the activation energies obtained by Avrami–Eroféev are closer to the results by isoconversional
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methods. Also, the experimental f (α) shows an increase first then decrease variation, whose variation
tendency only fits the Avrami–Eroféev model. Although the dimensional diffusion model has the
similar variation, its magnitude is too small to fit with experimental results.

Calculation of activation energy at each conversional extent allows the reconstruction of the
pyrolysis model, which acquires pre-exponential knowledge in advance. For one fixed reaction at
one known heating rate, the activation energies have a linear relation with natural logarithm of the
pre-exponential factor called compensation effect, which can be expressed as lnAj = a + bEj, where a
and b are constants for one reaction, a = ln kiso and b = 1/RTiso. kiso is called artificial isokinetic rate and
Tiso is defined as artificial isokinetic temperature. The subject j means the selected model. If the model
we employed in calculation is not appropriately hypothesized, then the kinetic parameter artificial
isokinetic temperature may locate out of the experimental temperature.

For each model, one set of kinetic parameters can be calculated. Then all the kinetics parameters
can be used for modelling compensation effects, as listed in Table 4. Results showed that all the heating
rates for each particle size have good linearity, as shown in Figure 4, which allows for the prediction of
the pre-exponential factor at each conversional extent.

Table 4. The values of kiso and Tiso by model fitting methods for pyrolysis of polystyrene particles with
four sizes.

3 K min−1 5 K min−1 7.5 K min−1 10 K min−1

Particle Size kiso Tiso kiso Tiso kiso Tiso kiso Tiso

5 μm 0.001446 704.10 0.002360 711.74 0.003338 719.24 0.004233 722.76
10 μm 0.001407 697.77 0.002181 705.57 0.003241 712.49 0.004162 716.62
15 μm 0.001447 698.59 0.002301 706.27 0.003332 713.09 0.004265 717.20
50 μm 0.001482 701.24 0.00233 708.72 0.003393 715.68 0.004423 719.17

 
Figure 4. The isokinetic relationships (lnA vs. Ea) obtained during degradation process using
Coats–Redfern method for different particle sizes and heating rates.

6.4. Numerical Reconstruction

In Section 6.2, the activation energies at each conversional extent were obtained by isoconversional
methods. Then, nineteen models were checked by the Coats–Redfern method to obtain a reasonable
model describing polystyrene particle pyrolysis for cases of four different particle sizes. Avrami–Eroféev
models (both A3/2 and A2) showed high linearity to the fitting with experimental profiles. Based on
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kinetic triplet results by different models, compensation effects could be employed to create numerical
connection between activation energies and the pre-exponential factors, by which the pre-exponential
factor at each conversional extent can also be clear. Based on the obtained pre-exponential factor on
conversional extent, the calculated reaction model function can be obtained and compared with the
theoretical reaction model function to examine the validity of the reaction model.

For all nineteen models, only the Avrami–Eroféev model can fit with experimental data during all
conversional ranges; however, the results are still unsatisfactory to fit all heating rates well. This is
because the most universally employed model in thermal kinetics is not applicable for reactions in/on
media that are solid or porous structured [36]. So, when the pyrolysis kinetics are being described
and refitted accurately, one accommodation function should be introduced to modify the model based
on its known function. The real reaction model can be calculated by the arithmetic products of two
functions, one is the accommodation function which can be expressed by αm, and the other is a classical
reaction model. The new kinetics model after modification can be expressed by

f (α) = nαm(1 − α)[−ln(1 − α)]1 − 1/n (15)

Figure 5 shows the comparisons of experimental f (α) points during all conversional ranges with
theoretical profiles based on Equation (15) for four particle sizes. Results show that the experimental
and theoretical data can match reasonably well during all conversional extents with two parameters m
and n to describe the reaction model.

Figure 5. The experimental kinetics function f (α) reconstructed from isoconversional kinetic method of
polystyrene pyrolysis for 3, 5, 7.5, and 10 K·min−1 heating rates. The dash line means the reconstructed
profile of modified Avrami–Eroféev reaction model.

By further processing experimental data of each heating rate, sixteen sets of m and n parameters
are obtained. We find that there is a roughly linear relationship between all m and n, which can be
described by m = 0.39n − 1.15 with R2 = 0.92. Then, the pyrolysis model function can be rewritten by

f (α) = nα0.39n − 1.15(1 − α)[−ln(1 − α)]1 − 1/n (16)
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As shown in Figure 6, four sample size experimental data were put together for model
reconstruction since the reconstruction model lines in Figure 5 show similar variations. Results
showed that for all four sample sizes, the reaction model can be described as f (α) = 2.02α−0.27(1 −
α)[−ln(1 − α)]0.50. It can be concluded that the pyrolysis model, f (α), cannot be influenced by sample
particle size because the geometric dimension cannot change the chemical reaction principles. Although
the reaction model function f (α) cannot be influenced by particle size, the activation energies and
reaction rate can be influenced greatly because the specific surface area can influence the heat transfer
and evaporation rate of the particle surface.

Figure 6. The experimental kinetics function f (α) reconstructed for 5, 10, 15, and 50 μm sample size.

It should be noted that in previous literatures about polymer pyrolysis model identification, it is
far from enough that only linearity coefficients are obtained, by which the models are ranked. For each
model will have its one linearity coefficient, and there must exist one model with the highest fitness;
which however, does not mean that this model can describe the pyrolysis process well, especially
when fitting with experimental data. Figures 5 and 6 shows that the reconstructed model can describe
the experimental well after modification, though the format of the final model shows difference with
traditional nineteen models. We can also call the final reaction model an apparent model, which can be
regarded as the combination of several step reaction models.

6.5. Step-Reaction Separation by Distributed Activation Energy Method

By traditional kinetics methods, we can only see that the activation energies are different for
different sample size, while we cannot distinguish which step reaction makes the difference on pyrolysis
kinetics. So, in this section, distributed activation energy method was employed to separate the step
reaction from overall pyrolysis reaction, by which we can see the weight of step reaction on activation
energy for different particle sizes. Details about the mechanism of DAEM have been introduced in
Section 4, and the solution of DAEM equations was based on programming MATLAB to obtain the
kinetics parameters. To improve the accuracy of kinetic results, experimental data of α and dα/dt was
employed to fit by DAEM model at the same time, which was judged by getting the minimum value of
squared sum residuals (SSR), which can be expressed by

SSR =
e∑

n=1

f∑
m=1

⎧⎪⎪⎨⎪⎪⎩
[
αnum(Tk) − αexp(Tk)

]2
+

⎡⎢⎢⎢⎢⎣
(

dα
dTk

)
num
−
(

dα
dTk

)
exp

⎤⎥⎥⎥⎥⎦
2⎫⎪⎪⎬⎪⎪⎭ (17)
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where e and f mean all heating rates and selected experimental data points. The subscripts num and
exp mean the numerical DAEM model and experimental data, respectively.

For PS pyrolysis in nitrogen, the pyrolysis mechanism has been explored a lot. It is generally
acknowledged that the pyrolysis process can be divided into two steps. The first step is the pyrolysis
of the main PS structure with a generation of large volatile molecules, during which the structure
will show a large mass loss. The second step is the generation of single molecule styrene mainly
from the large molecule and a little bit from the residual body. During the DAEM calculation, we
hypothesize that PS pyrolysis process includes two reaction steps. Equations (9)–(14) were solved based
on genetic algorithm (GA) in MATLAB. GA is an advanced algorithm based on Darwin’s evolution
theory, searching the best fitness in solving a high-dimensional optimization problem. For each new
generation, GA will generate a certain amount of individuals randomly and simultaneously, among
which each individual will be employed to fit with experimental data with fitness obtained. The
individual with best fitness will be adopted as a parent to produce next generation. During producing,
each generation process, selection, interaction, cross, and variation are all considered. Finally, one
individual with best fitness is identified as the final parameters.

The aforementioned two-pseudo-component pyrolysis mechanism was employed during DAEM,
and the searching ranges for four parameters, natural logarithm of pre-exponential factor, standard
derivation of Gaussian distribution, activation energy, and weight factor were 5–60, 0–15 kJ mol−1,
100–380 kJ mol−1, and 0–1, respectively. In each heating rate, 100 points with uniform intervals were
selected from the original data during the 600–900 K temperature range. Table 5 shows the DAEM
calculation parameters with best fitness for two component reactions hypothesis. Figure 7 shows the
activation energy distributions for both step reactions. From Table 5 and Figure 7, we can find that
the activation energy distributions of 5 μm is more concentrated than the other three particle sizes
especially for the second step reaction at 260–290 kJ mol-1, which means the 5 μm particle is much
easier to pyrolyze compared with other particles, and the first step reaction group is more concentrated.
The centered activation energy increases with particle size increasing in both reaction processes, which
is in accordance with the results by the isoconversional method. Obviously, the particle size effects on
the second reaction are more obvious than the first step reaction.

Table 5. Distributed activation energy method (DAEM) fitness for different particle size with different
heating rates.

Component Parameter 5 μm 10 μm 15 μm 50 μm

Component 1

lnA1 38.7179 40.8492 42.6370 42.4292
0.0063 2.2146 2.3269 2.4410

E0,1 262.9934 272.7594 283.5884 283.0256
n1 0.9004 0.8426 0.8339 0.8613

Component 2

lnA2 16.3841 18.9673 21.2544 21.8706
4.7951 9.1801 9.1128 8.9726

E0,2 145.3102 155.9962 169.6331 176.2200
n2 0.1153 0.1614 0.1744 0.1430

Figure 8 shows the experimental α and dα/dt, DAEM fitting α and dα/dt, and step reaction
distributions. We can find that the experimental data and DAEM fitting can match each other
reasonably well for all sixteen cases. And the mass loss by the first reaction occupies most of
the reaction.
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Figure 7. Activation energy distribution in distributed activation energy distribution method with
Gaussian distribution for four particle sizes.

Figure 8. Comparison between DAEM calculation (solid lines, including α and dα/dt for overall
reaction and step reactions) and experimental data (points, including α and dα/dt) for different particle
size with different heating rates.
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To quantitatively show the fitness between calculation and experimental, here we use Equation
(18) to evaluate the fitness, and the higher result means better fitness, here we employ the weight
coefficient as 0.5, Equation (18) can be expressed as

Fitν1 = 1−
√√√ b∑

m=1

⎡⎢⎢⎢⎢⎣
(

dα
dT

)
num
−
(

dα
dT

)
exp

⎤⎥⎥⎥⎥⎦
2

/ f /

⎡⎢⎢⎢⎢⎣
(

dα
dT

)
exp

⎤⎥⎥⎥⎥⎦
max

(18a)

Fitν2 = 1−
√√√ b∑

m=1

(
αnum − αexp

)2
/ f /
(
αexp
)
max

(18b)

Fitν = [κFitν1 + (1− κ)Fitν2] × 100% (18c)

Table 6 shows the fitness results for different heating rates during DAEM fitting. We can see
all fitness are larger than 98.5%, which proves the good performance of DAEM in TGA and DTG
curve prediction.

Table 6. DAEM fitness for different particle size with different heating rates.

Fitness

Particle Size 3 K min−1 5 K min−1 7.5 K min−1 10 K min−1

5 μm 98.06 98.01 98.20 98.29
10 μm 98.39 98.77 98.77 98.78
15 μm 98.13 98.74 98.75 98.71
50 μm 98.52 98.72 98.70 98.79

6.6. Sensitivity Analysis of DAEM Parameters

After calculating the DAEM parameters of different particles, we also need to carry out the
sensitivity analysis to judge which parameter is more important and sensitive. The method to check its
sensitivity is to change the target parameter by a small value and remain the rest parameters unchanged.
The variation range of parameter is very small, here we employ the range ±0.1. lg(ssr) to quantitatively
judge the parameter sensitivity, where ssr is the SSR with changed parameter divided by the optimal
SSR value. Parameters lnA1, σ, E0,1, n1, and lnA2, σ, E1,2, n2, are numbered as 1–8 as shown in y-axis of
Figure 9, where x-axis means the relative changed value of parameters ranging from 0.9 to 1.1, y-axis
means the order of eight parameters, and the color value in Figure 9 means lg(ssr). The blue color
presents that the parameter is insensitive and accurate, while the red color means sensitive to the value
change. So, during calculation, we should check the accuracy of these sensitive parameter to make
sure its accuracy. Obviously, the pre-exponential factor and activation energy we obtained by DAEM
methods are insensitive compared with weight factor and distribution factor, which means the result
is reasonably dependable. Here in Figure 9, the data is 50 μm PS pyrolysis DAEM parameters. The
parameters of other particle sizes show the same weight with 50 μm particle, so here we won’t discuss
other particle size cases anymore.
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Figure 9. Sensitivity of eight DAEM parameters for 50 μm PS pyrolysis. This figure shows 50 μm PS
particle case, and the sensitivity of other particles shows the same weight distribution.

7. Conclusion

Here we explore the particle size effects on pyrolysis of polystyrene from aspects of pyrolysis
behavior, kinetics, reaction model, reconstruction, and validation. The final reaction model can provide
scientific guidance to polymer pyrolysis modeling [22–27]. In this study, to explore the particle size
effects on pyrolysis behavior, polystyrene particles with four different sizes, 5, 10, 15, and 50 μm, were
selected to conduct a series of TG experiments. Isoconversional methods were employed to calculate
kinetic parameters during all conversional extents. Results show that the temperature of the DTG
curve peak will decrease first, then increase with particle size for the same heating rate, which may be
caused by the competition of compactness and specific surface area effects. During the main pyrolysis
stage, with the increase of conversional extent, activation energies decrease slowly and linearly for all
four size samples. With the increase of particle size, the activation energies will increase for the same
conversional extent, which means that the reaction of the largest particle is the hardest to trigger. The
Avrami–Eroféev model was identified by the Coats–Redfern method as the controlling model during
the polystyrene pyrolysis process. Considering the accommodation function of the reaction model,
Avrami–Eroféev model was modified as f (α) = 2.02α−0.27(1−α)[−ln(1−α)]0.50, by which the polystyrene
pyrolysis process can be well explained. To find the weight of each step reaction, the DAEM model was
employed to separate the step reaction from overall reaction. Results showed that both step reactions
can be largely influenced by particle size, especially for the second step. For the five μm particle,
the activation energy distributions in both step reactions are more concentrated and forward, and its
reaction is more uniform.
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Abstract: Three different types of nanoparticles, 1D Cloisite 30B clay nanoplatelets, 2D halloysite
nanotubes (HNTs), and 3D nanobamboo charcoals (NBCs) were employed to investigate the
impact of nanoparticle shapes and structures on the material performance of polyvinyl alcohol
(PVA) bionanocomposite films in terms of their mechanical and thermal properties, morphological
structures, and nanomechanical behaviour. The overall results revealed the superior reinforcement
efficiency of NBCs to Cloisite 30B clays and HNTs, owing to their typical porous structures
to actively interact with PVA matrices in the combined formation of strong mechanical and
hydrogen bondings. Three-dimensional NBCs also achieved better nanoparticle dispersibility
when compared with 1D Cloisite 30B clays and 2D HNTs along with higher thermal stability,
which was attributed to their larger interfacial regions when characterised for the nanomechanical
behaviour of corresponding bionanocomposite films. Our study offers an insightful guidance to the
appropriate selection of nanoparticles as effective reinforcements and the further sophisticated design
of bionanocomposite materials.

Keywords: polyvinyl alcohol (PVA); bionanocomposites; nanomechanical behaviour; thin films

1. Introduction

Nanoparticles in spheroidal, platelet-like, and tubular shapes as effective nanofillers have attracted
materials engineers and researchers in the field of nanocomposite materials in the past few decades [1,2].
The incorporation of different nanoparticles into continuous polymer matrices has been proven to
significantly alter the properties of virgin polymers, resulting in a novel-class system of polymer
nanocomposites with superior properties and excellent functionalities [1,2]. In general, when embedded
with a small fraction of nanoparticles being less than 10 wt %, the optical [3], mechanical [4], thermal [5],
electronic [6], and antimicrobial [7] properties of polymer nanocomposites can be remarkably enhanced
while maintaining some features of net polymer systems such as low density and easy processibility [2].
Such polymer nanocomposites possess a wide range of applications including medical devices,
aerospace engineering, and automotive components [1]. For instance, nanocomposites reinforced with
some polymeric and inorganic nanofillers such as chitosan nanoparticles and silver nanoparticles have
been proven to be effective for antimicrobial treatment in dentistry [8] or for bone tissue regeneration [9].
Other studies [10,11] demonstrated that polymer nanocomposites, as exemplified by polypropylene
(PP)/clay nanocomposites, have real automotive industrial potential to result in significant property
improvement with only minor increasing cost if a deeper understanding of their structure–property
relationship can be achieved.
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The effective reinforcing mechanism is based on the fundamental concept that the chain mobility
of polymeric molecules is restricted by rigid nanofillers according to the matrix–particle interfacial
interactions in polymer nanocomposites [2,12]. The specific areas associated with matrix–filler
interactions are known as interfacial regions with completely distinct properties from those of
nanoparticles and polymer matrices individually. More importantly, the material performance of
polymer nanocomposites primarily depends on the volume of interfacial regions and interfacial
properties [12] in relation to critical nanofiller parameters such as nanoparticle shapes and structures.

In addition to a major concern of nanoparticle structures, nanoparticle shapes are also equally
important when matrix–filler interaction is considered in polymer nanocomposites, which can be
classified into three popular shapes, namely 1D platelet-like nanoparticles such as montmorillonite
(MMT) clays and nanoplatelet graphene sheets, 2D tubular nanoparticles such as HNTs and carbon
nanotubes (CNTs), as well as 3D spherical nanoparticles such as diamond nanoparticles and nanosilica
particles and fractal-like or irregular near circular-like nanoparticles such as NBCs. In a nanocomposite
system, the alteration of nanoparticle shapes means that the contact areas inevitably vary between
polymer matrices and nanoparticles to effectively control the volume of their interfacial regions [12].
Most previous studies [13,14] were based on theoretical or numerical modelling approaches such as
atomistic and coarse-grained molecular dynamic (MD) simulations for evaluating the matrix–filler
bonding effect. Nonetheless, current computational capability and the environment may be mostly
restricted to the context of single and two-particle systems by neglecting the effect of actual nanoparticle
structures and shapes induced in different material processing techniques [15].

The main objective and novelty of this study lie in holistically assessing the influence of different
dimensional nanoparticle shapes, structures, and contents on the effective reinforcement mechanism of
PVA bionanocomposites reinforced with 1D Cloisite 30B clays, 2D HNTs, and 3D NBCs, respectively. The
selection of PVA as a base polymer arises from its good biodegradability and water solubility to replace
conventional petroleum-based polymers for generating much less marine plastic wastes [16]. Our
study demonstrated that 3D NBCs could act as relatively new and superior carbon-based nanofillers to
clay-based Cloisite 30B and HNTs for the best material performance of nanocomposites. This highlighted
their great benefit to be more competitive nanoreinforcements in the manufacture of composite materials,
as well as future potential to electronics, material packaging, and biomedical applications.

2. Materials and Methods

2.1. Materials

PVA (material type: MFCD00081922), as a popular water-soluble biopolymer, was purchased from
Sigma Aldrich Pty. Ltd., Castle Hill, NSW, Australia with the molecular weight of 89,000–98,000 g/mol
and the degree of hydrolysis of 99.0%–99.8%. Three different types of nanoparticles used in this study
comprised Cloisite 30B clays, HNTs, and NBCs. In between, NBCs were directly purchased from
US Research Nanomaterials, Inc. Co., Houston, TX, USA (molecular weight: 12.01 g/mol, particle
density: 0.43 g/cm3, and particle size <69.43 nm [4]). Moreover, Cloisite 30B clays with methyl, tallow,
bis-2-hydroxyethyl, quaternary ammonium were supplied by Southern Clay Products, Gonzales, LA,
USA while HNT powders, donated by Imerys Tableware Limited, Auckland, New Zealand, have
particle dimensions of 120–140 nm in outer dimeter, 15–100 nm in inner diameter, and 0.3–1.5 μm in
length [17].

2.2. Fabrication of PVA Bionanocomposite Films

All PVA bionanocomposite films reinforced with Cloisite 30B clays, HNTs, and NBCs were
prepared using solution casting according to the fabrication procedure mentioned in our previous
work [4]. Initially, 5 wt %/v PVA aqueous solution was prepared by mixing 10 g PVA into 190 mL
deionised water under vigorous magnetic stirring at 400 rpm and 90 ◦C for 3 h until PVA was
completely dissolved. Aqueous suspensions of all nanoparticles were achieved by mechanical mixing
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filler powders in deionised water with a rotor speed of 405 rpm at 40 ◦C for 2 h, which was followed by
the ultrasonication (Model ELMA Ti–H–5, Elma Schmidbauer GmbH, Singen, Germany) at 25 kHz and
40 ◦C with a power intensity of 70% for 1 h. Subsequently, nanoparticle contents of 0, 3, 5 and 10 wt %
were obtained by controlling PVA amounts used in each material formulation. Then, such aqueous
suspensions were gradually added in a dropwise manner into PVA solutions and simultaneously
subjected to mechanical mixing at 405 rpm and 40 ◦C for 2 h. Afterwards, their mixtures were stirred
at 400 rpm and 90 ◦C for 1 h prior to the sonication for 30 min to achieve uniform nanoparticle
dispersion. Finally, 20 mL prepared solution was poured on a glass Petri dish and allowed to dry in an
air-circulating oven at 40 ◦C for 48 h. Subsequently, different types of PVA bionanocomposite films
were stored in a silica gel-containing desiccator prior to material testing.

2.3. Characterisation Methods

In this study, nanomechanical properties of PVA bionanocomposite films were quantitatively
assessed in peak force quantitative nanomechanical mapping (PFQNM) [12] via atomic force microscopy
(AFM) based on a Bruker Dimension Fastscan AFM system (Bruker Corporation, Karlsruhe, Germany).
A Tapping Mode Etched Silicon Probe (TESPA) was employed with the nominal spring constant of
40 N/m and tip radius of 8 nm. The image scan rate was controlled at 2 Hz with 256 × 256 digital pixel
resolution. In order to remove unwanted noise, bow and tilt features from the vertical scanner (Z) and
AFM topographic images were first-order flattened via the Flatten command with the aid of Burker
Nanoscope 1.5 software (Bruker Corporation, Karlsruhe, Germany).

Fourier transform infrared (FTIR) spectrometry (PerkinElmer Spectrum 100 FTIR spectrometer,
PerkinElmer, Waltham, MA, USA) was utilised to characterise the chemical bonding effects of PVA,
nanoparticles as well as PVA bionanocomposites in a wavenumber range of 650–4000 cm−1 with a
resolution of 4 cm−1 according to an attenuated total reflectance (ATR) method.

Additionally, X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Advanced
Diffractometer (Bruker Corporation, Karlsruhe, Germany). The X-ray source was Ni-filtered Cu-Kα

radiation (wavelength λ = 0.1541 nm) carried out at the accelerating voltage and current of 40 kV and
40 mA, respectively. X-ray spectra were recorded in a 2θ range of 10–50◦ at the scan rate of 0.015◦/s.

A universal testing machine (Lloyd EZ50, Lloyd Instruments Ltd., West Sussex, UK) was employed
at room temperature at the crosshead speed of 10 mm/min (gauge length: 50 mm) in order to measure
the tensile properties of neat PVA and PVA bionanocomposite films according to ASTM D882-02.
For each material batch, six specimens were tested with the mean values and standard deviations
being calculated accordingly. Moreover, the tensile toughness was also determined based on tensile
energy to break (TEB) with reference to ASTM D882-02.

The fracture morphology for tensile testing specimens was evaluated with the aid of a field emission
scanning electron microscope (FE-SEM, Zeiss NEON 40 EsB Cross Beam, Carl Zeiss Microscopy GmbH,
Jena, Germany) at an accelerating voltage of 5 kV after being coated with platinum (layer thickness:
5 nm).

The thermal properties of PVA bionanocomposite films were examined using a combined
measurement system based on thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) (1 STARe system, Mettler-Toledo, Columbus, OH, USA) from 35 to 700 ◦C at a scan rate of
10 ◦C/min and a flow rate of 25 mL/min under argon atmosphere. The degree of crystallinity χc of PVA
matrices within PVA bionanocomposites was calculated as follows:

χC (%) =
ΔHm

wΔHO
m
× 100% (1)

where ΔHm is the measured melting enthalpy according to DSC data. ΔHO
m = 138.6 J/g [5] is the

enthalpy of fully crystalline PVA, and w is the weight fraction of PVA matrices in corresponding
PVA bionanocomposites.

159



Polymers 2020, 12, 264

3. Results and Discussion

3.1. Nanoparticle Shape and Size

The morphological structures of as-received nanoparticles of Cloisite 30B clays, HNTs, and NBCs
are illustrated in Figure 1. All nanoparticles powders show high irregularities in size and material
morphology. However, HNTs are most likely to possess cylindrical shapes with transparent central
areas running longitudinally along such cylindrical structures, as illustrated in Figure 1a,b. The outer
diameters and lumen diameters of HNTs, as typical tubular nanoparticles in hollow and open-end
structures, were found to be in range of 20–115 and 5–30 nm, respectively. Whereas, the lengths of
HNTs vary from 50 nm to 1.5 μm. On the other hand, the morphological structures of Cloisite 30B clays
were detected using an AFM tapping mode from diluted clay suspension when deposited onto the mica
substrate, as revealed in Figure 1c,d. It is evident that Cloisite 30B clays possess platelet-like structures
with an average particle diameter of approximately 100.75 ± 6.5 nm by measuring 925 clay particles,
while their thickness varies from 1.69 to 5.9 nm, which is exemplified by a cross-sectional analysis for a
typical section (A2–B2) illustrated in Figure 1d. These results suggest that clay platelet-like layered
structures can consist of single platelets (thickness: ~1 nm) [18] as well as stacked layered platelets,
signifying the combination of clay exfoliation and intercalation. NBC sizes were determined previously
to be 69.43 nm by average [4], as shown in Figure 1e,f, which can be considered as 3D anisotropic
nanoparticles as opposed to 1D platelet-like clays and 2D HNTs.

Figure 1. Atomic force microscopy (AFM) characterisation of different nanoparticles: AFM images of
(a) HNTs, (c) Cloisite 30B clays, and (e) NBCs deposited on mica substrate in aqueous solutions, and
height profiles of (b) HNTs, (d) Cloisite 30B clays, and (f) NBCs at typical cut sections A1–B1, A2–B2,
and A3–B3, respectively.
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3.2. Chemical Bonding Effect

FTIR was employed to evaluate functional groups in PVA matrices and nanoparticles as well
as their associated chemical bonding effects. As-received HNTs exhibit two Al2OH stretching bands
assigned to 3691.5 and 3621 cm−1 in Figure 2a, resulting from OH bending in connection with two
Al atoms along with other band features of inorganic aluminosilicate structures of halloysite [19].
Furthermore, FTIR peaks observed at 1004 and 906 cm−1 are associated with Si–O–Si and Al–OH
stretchings, respectively. In comparison, as-received Cloisite 30B clays have an existing peak at 3629.6
cm−1 corresponding to Si–OH and Al–OH stretchings in Figure 2b. The broad band at 3405 cm−1 is
assigned to OH groups in relation to interlayer water, while two typical bands at 2924.6 and 2853.5
cm−1 are related to –CH2 asymmetric and symmetric stretchings, respectively [20,21]. Moreover, FTIR
peaks at 1647 and 1123.3 cm−1 can be due to the deformation vibration of interlayer water and Si–O
bending accordingly, as opposed to an assigned band at 1470 cm−1 arising from –CH2 bending [20].
The NBC results presented in Figure 2c confirm the absence of –OH groups in their FTIR spectra,
which infers much lower moisture and alcohol contents obtained in NBCs. Additionally, FTIR peaks at
2417.5 and 1567.4 m−1 reveal the existence of C≡H stretching [22] and C=C vibration in an aromatic
system [23], respectively. On the other hand, the peak spectrum at 1696 cm−1 was assigned to the C=O
band primarily for ionisable carboxyl groups as an indicator of surface hydrophilicity [24].

Figure 2. FTIR spectra for chemical interactions of polyvinyl alcohol (PVA) bionanocomposite films
reinforced with (a) HNTs, (b) Cloisite 30B clays, and (c) NBCs.
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In the case of bionanocomposite systems, the FTIR spectra of PVA/HNT bionancomposites and
PVA/Cloisite 30B clay bionanocomposites are also illustrated in Figure 2a,b, respectively. The FTIR
peak located at 3271.5 cm−1 associated with O–H stretching shifts to higher wavenumbers at 3280 and
3289 cm−1, as well as 3279 and 3283 cm−1 with the inclusion of HNTs and Cloisite 30B clays at the
nanoparticle contents of 3 and 5 wt %, respectively. Such a finding was attributed to the strengthening
effect of hydrogen bonds between –OH groups from PVA molecules and those located on clay
surfaces such as silanol groups (–SiOH), which is in good agreement with previous investigations on
PVA/organomodified Cloisite Na+ (OMMT) nanocomposites [21], poly (ε-caprolactone) (PCL)/Cloisite
30B clay nanocomposites [25], and PVA/chitosan (CS)/HNT nanocomposites [26]. However, when
the HNT content increases up to 10 wt %, two Al2OH stretchings appear for embedded HNTs in
bionanocomposite films due to typical HNT agglomeration [27]. As for PVA/NBC bionancomposite
films, increasing the NBC content from 0 to 10 wt % leads to the band-peak shift to a lower wavenumber
at 3240.6 cm−1 owing to large amounts of hydroxyl groups in PVA molecules [4] as well as strong
filler–matrix bonding. As a result, hydrogen bonds are generated to be intertwined at PVA/NBC
interfaces with a broad O–H band. Such a variation associated with –OH stretching vibration proves
the formation of hydrogen bonds, which is in good accordance in PVA/graphene nanocomposites [27]
and PVA/bamboo charcoal (BC) nanocomposites [5]. The aforementioned results fail to show existing
new bands in PVA films with the inclusion of both HNTs and Cloisite 30B clays. On the contrary,
the addition of 3 and 5 wt % NBCs within PVA matrices in bionanocomposite films gives rise to a new
band in relation to –CH2-asymmetric and symmetric stretchings [4]. Such a finding can be ascribed
to typical NBC porous structures enabling absorbing molecular chains of hydrophilic polymers such
as PVA with the combined mechanical and chemical bondings. More consistently, the incorporation
of HNTs and Cloisite 30B clays in PVA bionanocomposites shifts the hydroxyl peaks of PVA to
relatively high wavenumbers compared to the addition of NBCs [4]. Such results indicate that the
numbers of hydrogen bonding generated in PVA/HNT bionanocomposites and PVA/Cloisite 30B clay
bionanocomposites are higher when compared with those detected in PVA/NBC bionanocomposites,
owing to different chemical structures of nanofillers. Since NBCs do not possess –OH peaks, most
hydrogen bonding formed in bionanocomposites can arise from hydroxyl groups of PVA molecules.
Whereas, existing –OH peaks detected in HNTs and Cloisite 30B clays in PVA bionanocomposites are
believed to further facilitate the formation of more hydrogen bonds within PVA matrices.

3.3. XRD Patterns

XRD analysis is a very useful material characterisation method to evaluate the crystalline
structures of polymers and composites as well as to determine d-spacing values between clay
interlayers. By monitoring the position and intensity of basal reflections from distributed silicate
layers, nanocomposite structures (i.e., intercalated or exfoliated) as well as clay aggregated structures
can be identified accordingly [28,29]. The XRD patterns of HNTs and corresponding nanocomposites
are presented in Figure 3a. HNT patterns possess three major peaks of (001), (020)/(110), and (002)
located at 2θ = 11.9◦, 20◦, and 24.9◦, leading to d-spacing values of 0.74, 0.44, and 0.37 nm, respectively.
The relevant peak taking place at 2θ = 24.9◦ is attributed to the presence of silica in the form of
cristobalite and quartz [30]. After the incorporation of HNTs into PVA matrices in nanocomposite
systems, the XRD characteristic peak at 2θ = 11.9◦ appears to be very weak at the low HNT content
of 3 wt %. Similar XRD peaks have been detected at 2θ = 12.5◦ and 12.6◦ with slight peak shift at
relatively high HNT contents of 5 and 10 wt %, respectively. Overall, decreasing the HNT content
significantly reduces the intensity of XRD peaks for all PVA/HNT nanocomposites, which may be due
to uniform HNT dispersion at the low HNT content levels. Such a phenomenon suggests that the
disappearance or intensity reduction of XRD peaks at low HNT contents results from uniform HNT
dispersion in a more randomly oriented manner. On the other hand, the reappearance of XRD peaks at
higher HNT contents is indicative of possible HNT agglomeration.
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Figure 3. XRD patterns for PVA bionanocomposites reinforced with (a) HNTs, (b,c) Cloisite 30B clays
with both wide and small diffraction angles, respectively, and (d) NBCs.

The XRD patterns of Cloisite 30B clays reveal the diffraction peak at 2θ = 4.72◦ corresponding to
the d-spacing value of 1.87 nm, as shown in Figure 3b,c. The (001) diffraction peak shifted to lower
angles, as evidenced by the d-spacing values of 2.5, 2.6, and 2 nm for PVA/Cloisite 30B nanocomposites
at the clay contents of 3, 5 and 10 wt %, respectively. This phenomenon clearly arises from the diffusion
of polymeric chains inside clay interlayers to induce clay intercalation in agreement with PVA/Na+

MMT nanocomposites [21] and PLA/Cloisite 30B nanocomposites [31]. The XRD peak for PVA alone
appears at 2θ = 19.7◦, which is associated with the total (101) crystalline atactic formation of PVA
molecular chains [32] to slightly shift to lower diffraction angles when increasing the clay content
in PVA bionanocomposites. The occurrence of PVA molecular chains at the (101) crystalline plane
suggests that PVA matrices evolve towards crystalline structures under more constraints. A similar
behaviour was also reported in PVA/clay nanocomposites [32,33], which is ascribed to the strong
chemical interactions between nanofillers and polymer matrices. The aforementioned results indicate
that Cloisite 30B clays are successfully intercalated and/or exfoliated by PVA molecular chains, and
HNTs are homogenously dispersed at their low contents within continuous PVA matrices, which is
attributed to active interactions between PVA matrices and clay nanoparticles due to strong hydrogen
bonding taking place between carboxyl groups of PVA molecules and hydroxyl groups in the interlayer
areas of Cloisite 30B clays or on the surface edges of HNTs [28].
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In comparison, the XRD patterns of NBCs demonstrate two broad XRD peaks, as depicted in
Figure 3d. The broad peaks located at 2θ = 22.9◦ are associated with the sharp peaks of graphite
assigned to the (002) diffraction plane [34]. Besides, the second broad peak detected at 2θ = 43.6◦
characterises 2D in-plane symmetry (101) along with graphene layers. Moreover, XRD patterns of
PVA/NBC bionanocomposites only show the diffraction angles from PVA, as illustrated in Figure 3d,
which is consistent with the previous finding [35] in PVA/5 wt % graphene oxide (GO) nanocomposites
with a clear disappearance sign of GO diffraction peaks in regular and periodic structures, leading to
individually exfoliated GOs in PVA matrices.

3.4. Topographic Surface Morphology and Roughness

To assess nanofiller dispersion within PVA matrices, 3D height mapping images of PVA and
PVA bionanocomposites are exhibited in Figure 4. As illustrated in Figure 4b, HNT nanoparticles
are separated from one another with better HNT dispersion in PVA bionanocomposites reinforced
with 3 wt % HNTs, as opposed to typical clay agglomeration and clustering issues beyond the
3 wt % HNTs shown in Figure 4c,d. An excessive amount of HNTs results in decreasing intraparticle
spacing along with the higher intramolecular bonding of HNTs, leading to particle agglomeration [36].
Besides, the average root mean square (Rq) value as an indicator of the surface roughness of PVA
bionanocomposites has been reported to be 2.4 ± 0.13 nm at the HNT content of 3 wt % when compared
with 1.9 ± 0.17 nm for neat PVA, as shown in Figure 4a. It is suggested that the smooth surfaces of
PVA/HNT bionanocomposites remain with the incorporation of HNTs at relatively low HNT contents,
owing to their uniform dispersion. Such a finding is consistent with PVA/HNT hydrogels mentioned
elsewhere [37]. At the low HNT content of 3 wt %, the smooth surfaces of PVA/HNT bionanocomposites
can also be ascribed to the combination of strong interactions and good compatibility between HNTs
and PVA matrices. Nonetheless, increasing the HNT content up to 5 and 10 wt % leads to much
higher surface roughness (i.e., Rq = 4.54 ± 0.18 and 13.1 ± 0.23 nm, respectively) due to the presence of
prevalent HNT aggregates [38].

Figure 4. 3D AFM height mapping images of (a) PVA and PVA bionanocomposites reinforced with (b)
3 wt % HNTs, (c) 5 wt % HNTs, (d) 10 wt % HNTs, (e) 3 wt % Cloisite 30B clays, (f) 5 wt % Cloisite 30B
clays, (g) 10 wt % Cloisite 30B clays, (h) 3 wt % NBCs, (i) 5 wt % NBCs, and (j) 10 wt % NBCs.
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On the other hand, PVA/Cloisite 30B clay bionanocomposites and PVA/NBC bionanocomposites
reveal different dispersibilities as opposed to PVA/HNT bionanocomposites. When nanofiller contents
are below 10 wt %, spiky nanoparticles appear to be separated from one another, resulting in
the homogeneous dipsersion of Cloisite 30B clays and NBCs within PVA matrices, as shown in
Figure 4e,f, as well as Figure 4h,i accordingly. In particular, as the nanofiller content increases from
3 to 5 wt %, Rq values increase moderately from 2.04 ± 0.12 to 2.84 ± 0.18 nm for PVA/Cloisite 30B
clay bionanocomposites, as well as from 2.1 ± 0.11 to 2.5 ± 0.16 nm for PVA/NBC bionanocomposite
in contrast with 1.9 ± 0.17 nm for neat PVA. This finding suggests that the smooth surfaces for PVA
bionanocomposites are evident at the low nanofiller contents of Cloisite 30B clays and NBCs, which is
in good agreement with previous studies of PVA/nanocelloluse composite films [39]. On the contrary,
the inclusion of 10 wt % Cloisite 30B clays and NBCs in PVA bionanocomposites consistently gives rise
to increasing Rq values up to 6.05 ± 0.23 and 4.1 ± 0.19 nm, respectively, which are also far higher than
that of neat PVA at 1.9 ± 0.17 nm. Such results indicate that the presence of aggregated Cloisite 30B
clays and NBCs results in a much higher surface roughness on PVA surfaces, as expected. In omparison,
the Rq value of 4.1 ± 0.19 nm for PVA/NBC bionanocomposites appears to be relatively low as compared
with those of other PVA nanocomposites reinforced with carbon-based fillers such as PVA/reduced
graphene oxide (rGO) nanocomposites with a Rq value of 4.6 ± 0.55 nm based on deposition layers [40].

Notwithstanding that the same manufacturing process condition and nanofiller contents have
been utilised for preparing PVA bionanocomposite films, different nanoparticle types play an important
role in changing the degree of surface roughness. Overall, with increasing the nanofiller content,
the surface roughness of PVA bionanocomposites in this study is enhanced to a different extent,
as evidenced by increasing the maximum relative change of surface roughness up to 589.4%, 218.4%,
and 115.8%, respectively with the inclusion of HNTs, Cloisite 30B clays, and NBCs at the same filler
content of 10 wt % shown in Figure 5. Such results suggest that NBCs may have better ability to be
dispersed uniformly in PVA matrices as opposed to HNTs and Cloisite 30B clays due to their least
increasing level in surface roughness, especially when beyond 5 wt % in filler content. Whereas, the
effect of different nanoparticle shapes and sizes on the surface roughness of PVA bionancomposites
becomes less pronounced at low filler contents below 3 wt %.

Figure 5. Relative change of surface roughness in terms of filler content in different
PVA bionanocomposites.

3.5. Aspect Ratios of Embedded Nanofillers in PVA Bionanocomposites

The aspect ratio of nanofillers is regarded as one of key factors in reinforcement efficiency and
mechanical performance of nanocomposites, which is generally defined as the ratio between the
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largest dimensions over the smallest dimension of nanofillers. According to this fundamental concept,
the largest dimension of nanofillers can be represented by the lengths of tubular HNTs and platelet-like
Cloisite 30B clays or the diameters of NBCs, while the smallest dimension is represented by the
diameter of HNTs or thickness of Cloisite 30B clays and NBCs [28].

For instance, it is well known that when nanoclays are uniformly dispersed within polymer
matrices, the formation of their exfoliated or intercalated structures leads to the improvement of
the mechanical performance of nanocomposites to different extent, which is totally different from
agglomerated nanoclays, resulting in the deterioration of their mechanical properties [1].

To investigate the degree of clay-exfoliated structures in detail, the height profiles of clay platelets
relative to those of PVA matrices have been determined (Figure S1 in the Supporting Information).
The thickness of 3 wt % Cloisite 30B clays within PVA matrices in bionanocomposites appears to
be in range of 0.85–1.43 nm, suggesting typical exfoliated clay structures in dispersion. MMT clays
are well known to be exfoliated when their thickness is similar to that of individual clay platelets
(i.e., ~1 nm) [18]. Gaume et al. [33] and other groups [41,42] also detected intercalated and exfoliated
structures of MMT clays in the thickness range of 1.3–5 nm.

The surface roughness mentioned earlier can be associated with nanofiller shapes and sizes
since HNTs and Cloisite 30B clays may possess relatively high aspect ratios when compared with
those of NBCs despite an existing ‘nanofiller waviness’ issue. HNTs and Cloisite 30B clays with high
aspect ratios inevitably undergo considerable wavy nanofiller formation, thus undermining their
homogeneous dispersion within polymer matrices [28]. Moreover, ultrasonication, as an effective
fine nanoparticle dispersion technique in this study, also enables potentially damaging nanofiller
structures particularly by applying high-power intensity or using a longer sonication time [43]. As such,
the specific sizes/dimensions of nanofillers may vary to different extent, which are required to be
determined for embedded HNTs, Cloisite 30B clays, and NBCs in PVA bionanocomposites to calculate
their actual aspect ratios, as evidenced in Figure 6. The relevant frequency distribution of nanofiller
dimensions are presented in Figures S2–S4 in Supporting Information as the reference. It is clearly
revealed that the aspect ratios of nanofillers increase from 5.91 to 10.60 for HNTs in Figure 6a–c,
as well as 5.75 to 8.17 for NBCs in Figure 6g–i with increasing the nanofiller content from 3 to 10 wt %.
In contrast, the aspect ratios of Cloisite 30B clays decrease from 22.70, 12.38 to 13.46 when increasing the
clay contents from 3, 5 to 10 wt % accordingly, despite their overall highest aspect ratios among all the
nanofillers, as shown in Figure 6d–f. Such findings imply that the majority of Cloisite 30B clays tend to
form exfoliated or intercalated clay structures with relatively high aspect ratios. However, the decrease
in the aspect ratios of Cloisite 30B clays can be associated with more severe clay aggregation. It is
very convincing that the aspect ratios of nanofillers can be greatly influenced by nanofiller shapes,
and apparently 3D NBC nanoparticles have relatively low aspect ratios when compared with 1D
platelet-like Cloisite 30B clays [28].

Overall, the aspect ratio may play a significant role in mechanical performance of nanocomposites
when nanofiller shapes or structures are only considered within polymer matrices. However,
for different types of nanofillers, several other factors such as the number of particles per unit
volume, interphase modulus, interphase volume, and surface area, as well as the ratio of interphase
volume per nanoparticle volume should also be taken into account for their overall material properties.
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Figure 6. AFM topographic images of PVA bionanocomposites associated with aspect ratios of
embedded fillers: (a) 3 wt % HNTs, (b), 5 wt % HNTs, (c) 10 wt % HNTs, (d) 3 wt % Cloisite 30B clays
(e) 5 wt % Cloisite 30B clays, (f) 10 wt % Cloisite 30B clays, (g) 3 wt % NBCs (h) 5 wt % NBCs, and (i)
10 wt % NBCs.

3.6. Mechanical Properties

Figure 7 displayed the mechanical properties of PVA bionanocomposites reinforced with HNTs,
Cloisite 30B clays, and NBCs at different nanofiller contents. Overall, the tensile moduli of such
bionanocomposites increase significantly in a monotonic manner with the increasing nanofiller
content, as shown in Figure 7a. The addition of only 3 wt % HNTs, Cloisite 30B clays, and NBCs
result in increasing the tensile moduli by 40%, 52%, and 70.67% as opposed to that of near PVA at
2.08 GPa, which is in good accordance with the previous results obtained in PVA/starch/ glycerol
(GL)/HNT nanocomposites [44] and PVA/chitosan/HNT nanocomposites [45]. More remarkably,
the maximum increases in tensile modulus are achieved by 61.5%, 84.1%, and 123% with the addition
of 10 wt % HNTs, Cloisite 30B clays, and NBCs, respectively when compared with that of neat PVA.
This phenomenon usually takes place for most polymers filled with more rigid inorganic nanoparticles,
as the reinforcements lead to much stiffer nanocomposite materials [46]. In particular, NBCs induce
more reinforcement efficiency as nanofillers when compared with Cloisite 30B clays and HNTs. This can
be clearly seen from the overall relatively high tensile moduli of PVA/NBC bionanocomposites, arising
from much closer interactions between PVA matrices and NBCs via the formation of mechanical and
hydrogen bonds owing to highly porous structures of NBCs. On the other hand, a different trend for
the tensile strengths of PVA/NBC bionanocomposites is clearly revealed from those of PVA/Cloisite
30B clay bionanocomposites and PVA/HNT bionanocomposites, as shown in Figure 7b. The tensile
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strength of PVA/HNT nanocomposites is improved by 23% with the addition of 3 wt % HNTs relative
to that of neat PVA at 70.32 MPa. Nonetheless, a drastic strength-decreasing tendency takes place with
the strength reductions of 3.2% and 13.9% when embedded with 5 and 10 wt % HNTs accordingly.
Such results indicate that the enhancement of tensile strengths for PVA/HNT nanocomposites depends
on effective stress transfer from PVA matrices to HNTs, resulting from homogeneous HNT dispersion
within PVA matrices. On the contrary, increasing the HNT content inevitably causes noticeable particle
aggregation with more stress concentration sites around HNT agglomerates as a result of potential
crack initiation to deteriorate the mechanical performance of bionanocomposites. With repect to
PVA/Cloisite 30B clay bionanocomposites, their tensile strengths are increased by 18.8% and 28.4%
with the incorporation of 3 and 5 wt % Cloisite 30B clays, respectively. This finding is ascribed to more
uniform clay dispersion as well as the formation of stronger matrix–filler network structures, resulting
from increasing hydrogen bonding between these constituents due to larger clay surface areas [47,48].
When the Cloisite 30B clay content increases up to 10 wt %, the tensile strength of PVA/Cloisite 30B clay
bionanocomposites is decreased by 5.16% as opposed to that of near PVA. This phenomenon suggests
that the aggregation of nanofillers at high clay content levels can undermine the tensile strengths
of bionanocomposites. On the contrary, the tensile strengths of PVA/NBC bionanocomposites have
the initial improvement up to 147.94 MPa (by a maximum level of 110.4%) when the NBC content
increases from 0 to 3 wt %. Beyond 3 wt % NBCs, the tensile strengths of such bionanocomposites
tend to decline until they reach the lowest strength levels of 96.34 MPa at the NBC content of 10 wt %.
However, such lowest strength levels are still better than that of neat PVA. Overall, both tensile
moduli and tensile strengths of PVA/NBC bionanocomposites are consistently superior to those of
PVA/HNT bionanocomposites and PVA/Cloisite 30B bionanocomposites to confirm the most effective
reinforcement efficiency of NBCs among all three different nanofillers.

The elongation at break and tensile toughness of PVA/Cloisite 30B clay bionanocomposites and
PVA/NBC bionanocomposites were continuously decreased, especially beyond the nanofiller content
of 3 wt %, as shown in Figure 7c,d. The maximum decreasing levels by approximately 59.5% and
58% in elongation at break have been detected for PVA bionanocomposites reinforced with 10 wt %
Cloisite 30B clays and NBCs, respectively. This finding can be associated with the stiffening effect from
filler reinforcements of NBCs and Cloisite 30B clays to restrict the mobility of PVA molecular chains,
thus resulting in the overall flexibility reduction in bionanocomposite films [49]. As for PVA/HNT
bionanocomposites, elongation at break and tensile toughness are increased by 12.7% and 16.9% with
the incoproration of 3 wt % HNTs. Beyond that, they both remarkably diminish until maximum
reductions of 50% and 45.3% take place at the HNT content of 10 wt %, respectively, as opposed to
those of PVA. The former finding can be explained by good particle–matrix interactions with more
uniform particle dispersion at low HNT contents. Whereas, the latter result can be associated with
typical particle agglomeration at high HNT contents up to 10 wt % with the disapearance of the ‘nano
effect’ of HNTs, since most HNT aggregates become less favourable microfillers with poor particle
dispersion. As such, those HNT aggregates act as typical defects with high stress concentration prone
to crack initiation towards mechanical failure, thus leading to poor material toughness [36].

In this study, the incorporation of three different nanofillers (i.e., HNTs, Cloisite 30B clays,
and NBCs) has successfully enhanced the mechanical properties of PVA bionanocomposite films.
According to our results, the highest increasing level among PVA/HNT bionanocomposites and
PVA/NBC bionanocomposites can be achieved at the filler content of 3 wt %, as opposed to the
optimum content of 5 wt % for PVA/Cloisite 30B clay bionanocomposites. Nonetheless, such an
increasing rate achieved in PVA bionanocomposites using three types of nanofillers appears to
be quite different, which is associated with various nanofiller features in terms of their structures
and geometries, as well as the degree of compatibility between nanofillers and polymer matrices.
With respect to nanofiller shape, it is well known that NBCs are regarded as 3D nanofillers as opposed
to 2D nanofillers for HNTs and 1D nanofillers for Cloisite 30B clays. Different nanofiller shapes
thereby influence the overall interfacial areas between fillers and polymer matrices, which plays a key
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role in the improvement of tensile strengths of nanocomposites with different levels of filler–matrix
interactions. The second aspect is related to the structures, particularly the location of hydroxyl
groups for nanofiller structures and amounts of hydroxyl groups within nanofillers. In the case
of NBCs, hydroxyl groups are located inside their pores, which tend to more closely interact with
PVA from a 3D point of view. As for HNTs, the majority of hydroxyl groups are constrained in
inner tubes between layers, which makes the matrix–HNT interaction limited to the inner tubes of
HNTs only. Moreover, in the case of Cloisite 30B clays, hydroxyl groups are located between layered
structures, which means that the interactions between polymer matrices and platelet-like clays are
limited to small highly constrained interlayer areas. The highest tensile moduli and tensile strength of
bionanocomposite films have been achieved with the incorporation of NBCs relative to that of PVA.
Several reasons can explain the above-mentioned results in relation to the mechanical properties of
bionanocomposites. First, 3D nanofiller shape of NBCs can be generated at low nanofiller contents
and in small particle sizes with relatively large interfacial areas, as compared with 2D HNTs and 1D
Cloisite 30B clays. Liu and Brinson [2] investigated the effect of nanofiller geometry on the reinforcing
efficiency of nanocomposites, which shows that at a low nanofiller content with the random nanofiller
orientation, the transverse modulus of nanoparticle-based nanocomposites significantly exceeded
those of nanotube-based nanocomposites, as well as nanoplatelet-based nanocomposites. Schadler et
al. [50] reported that in the case of a nanocomposite system, with the incorporation of nanoparticles and
nanotubes having a nanofiller diameter of 10 nm at the volume fraction of 10 vol%, the volume fraction
of interfacial polymers was about 30% in the case of nanoparticle-based nanocomposites as opposed to
only 10% for nanotube-based nanocomposites. The second reason in relation to the high mechanical
performance of PVA/NBC bionanocomposites can be ascribed to the chemical structures of nanofillers
in terms of the amounts and locations of hydroxyl groups in order to control the nanofiller dispersion
within bionanocomposites, thus reflecting upon the bonding between polymer matrices and nanofillers.
Pakzad et al. [51] indicated that the number and nature of hydrogen bonds had a substantial effect on
the mechanical properties of nanocomposites. In the case of PVA/3 wt % NBC bionanocomposites,
NBCs have highly porous structures with a large amount of hydroxyl groups located inside these pores
when NBCs are uniformly dispersed. As confirmed by the FTIR and XRD results, polymeric chains
enter these pores and form both hydrogen and mechanical bondings. Such two bonding types can
be particularly recognised for NBCs as compared to Cloisite 30B clays and HNTs, thus significantly
reflecting upon the enhanced mechanical properties of nanocomposites [4,5]. In case of PVA/5 wt %
Cloisite 30B clay bionanocomposites in comparison to PVA/5 wt % HNT bionanocomposites, the strong
adhesion of clays in polymer matrices associated with uniform clay dispersion leads to the strong
interfacial bonding between nanoclays and polymer matrices, which thus significantly contributes to
the improvement of mechanical properties of bionanocomposites.

The dispersion state of nanofillers can also influence the mechanical properties of PVA
bionanocomposites. As mentioned earlier, NBCs have a better dispersion state than Cloisite 30B
clays and HNTs. The incorporation of NBCs within PVA matrices yields smoother bionanocomposite
films with higher tensile strength when compared with those of PVA/HNT bionanocomposites and
PVA/Cloisite 30B clay bionanocomposites. The better dispersion state of NBCs improves their intercation
with PVA matrices, thus leading to the higher tensile strengths of PVA/NBC bionanocomposites. On the
contrary, increasing the nanofiller content appears to induce higher surface roughness as well as lower
tensile strengths of nanocomposites, which indicates that nanofiller agglomeration apparently has
detrimental effect on the improvement of tensile strength. This is particularly the case for PVA/HNT
bionanocomposites due to the poor HNT dispersion state. On the contrary, PVA/3 wt % HNT
bionanocomposites yield much higher elongation at break and fracture toughness as opposed to those
of neat PVA, which are different from PVA/3 wt % NBC bionanocomposites and PVA/5 wt % Cloisite
30B clay bionanocomposites with corresponding lower values. Such results can be clearly explained
by two major reasons. The first reason is ascribed to the number of nanoparticles depending on the
volume and volume fraction of nanoparticles in bionanocomposites. At the same volume fraction,
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the number of NBCs is significantly larger than those of tubular HNTs or platelet-like Cloisite 30B
clays. As such, this finding results in increasing the number of available reinforcements for improving
the matrix rigidity and then decreasing the fracture toughness [43,52]. The second reason is related to
the mechanism of fracture toughness, including the pre-crack effect for the fracture of nanocomposites.
In general, crack deflection and crack pinning are most well-known mechanisms resulting in an
increase in fracture energy [53], and consequently an increase in fracture toughness of nanocomposites.
In both mechanisms mentioned earlier, the crack growth path can increase as long as those cracks reach
nanofiller regions and the reinforcement shape highly affects the amount of crack deviation from their
initial path. Since HNTs have larger lateral dimensions in comparison with NBCs, the cracks tend to
pass over longer distances in PVA bionanocomposites reinforced with HNTs. Moreover, crack bridging
is also well recognised as a fracture mechanism in nanocomposites reinforced with nanoparticles
with a high aspect ratio [43]. An ideal situation in this mechanism occurs when nanotube fillers are
still embedded in matrices while aligned in a perpendicular direction to crack faces. Consequently,
PVA/HNT bionanocomposites achieve less reduction in fraction toughness when compared with the
PVA/Cloisite 30B bionanocomposites and PVA/NBC bionanocomposites in Figure 7d.

Figure 7. Mechanical properties of PVA bionanocomposites at different filler contents: (a) tensile
modulus. (b) tensile strength, (c) elongation at break, and (d) tensile toughness.

3.7. Fracture Morphology

Figure 8 shows typical SEM micrographs of cross-sectional fracture surfaces for PVA, PVA/HNT
bionanocomposites, PVA/Cloisite 30B clay bionanocomposites, and PVA/NBC bionanocomposites.
It can be clearly seen in Figure 8b,e that PVA bionanocomposites reinforced with 3 wt % of HNTs and
Cloisite 30B clays reveal much rougher fractured surfaces when compared with that of neat PVA films,
as illustrated in Figure 8a. Moreover, 3 wt % HNTs or Cloisite 30B clays are distributed uniformly
within PVA matrices. The good dispersion of both nanoparticles and the strong interaction between clay
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particles and polymer matrices clearly contribute to the reinforcing effect, as reflected by the increase
in both tensile strength and elastic modulus. Nevertheless, in both PVA/HNT bionanocomposite and
PVA/Cloisite 30B clay bionanocomposite systems, uniform multi-layered structures have not been
achieved similar to those detected in PVA/3 wt % NBC bionanocomposites, as illustrated in Figure 8h.
Such results are indicative of high NBC dispersability as compared with those of HNTs and Cloisite
30B clays, resulting in the highest mechanical performance. Meanwhile, at the HNT content of 5 wt %,
particle–particle interactions are more favourable than their particle–matrix counterparts, as evidenced
by more filler agglomeration in the presence of debonding and microvoid effects depicted in Figure 8c.
Such defects in nanocomposite systems give rise to the decreasing tensile strengths of PVA/HNT
bionanocomposites. However, as for PVA/5 wt % Cloisite 30B clay bionanocomposites, the clay
dispersion appears to be still relatively uniform with the presence of small particle agglomeration
shown in Figure 8f. With increasing the nanofiller contents of HNTs and Cloisite 30B clays from 5 to
10 wt %, the fracture surfaces of bionanocomposites films are altered from ductile characteristic to
more brittle behaviour, as illustrated in Figure 8d,g, respectively. Similar phenomena are also found in
PVA/NBC bionanocomposites according to Figure 8j. As is well known, decreasing surface roughness
reveals that the failure mode of PVA bionanocomposite films can be quite different by changing
from ductile to brittle fracture [54], which is consistent with the reduced mechanical properties of
bionanocomposite films in this study.

Figure 8. SEM micrographs of tensile fracture surfaces: (a) PVA, (b) PVA/3 wt % HNT
bionanocomposites, (c) PVA/5 wt % HNT bionanocomposites, (d) PVA/10 wt % HNT bionanocomposites,
(e) PVA/3 wt % Cloisite 30B clay bionanocomposites, (f) PVA/5 wt % Cloisite 30B bionanocomposites,
(g) PVA/10 wt % Cloisite 30B clay bionanocomposites, (h) PVA/3 wt % NBC bionanocomposites,
(i) PVA/5 wt % NBC bionanocomposites and (j) PVA/10 wt % NBC bionanocomposites. Note that
Figure 8a shows the SEM micrograph with a scale bar of 2 μm while the rest of micrographs are labelled
with a scale bar of 10 μm.
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3.8. Thermal Properties

PVA is a water-soluble semicrystalline polymer, in which high physical interchain and
intrachain interactions exist because of the typical hydrogen bonding between hydroxyl groups.
The inclusion of nanoclays with hydroxyl groups can alter the intramolecular and intermolecular
interactions of PVA molecular chains. This may affect both the crystallisation behaviour and physical
structures of PVA. Similar observations can be found in previous studies dealing with PVA/HNT
bionanocomposites [46,55].

Figure 9 shows the DSC results of PVA/HNT bionanocomposites, PVA/Cloisite 30B clay
bionanocomposites, and PVA/NBC bionanocomposites. The summarised data of these thermal
characteristics are reported in Table S1 in Supporting Information. For PVA/HNT bionanocomposites,
it is clearly seen that the glass transition temperature Tg of PVA becomes unchanged with the addition
of HNTs in bionanocomposite films, implying that HNTs do not play an important role in inhibiting the
chain mobility of PVA molecules. Qiu and Netravali [46] also reported a similar result in Tg with the
incorporation of HNTs into PVA. Such a finding might be related to the reduction in the entanglements
and interactions of PLA polymeric chains with HNT inclusions. The relatively unchanged Tg in
PVA/HNT bionanocomposites, as compared to that of neat PVA, may arise from different nanofiller
geometries. The diameters of HNTs are at a nanoscaled level as opposed to submicron- or microsized
tubular lengths that considerably exceed the typical gyration radii of polymeric chains [4]. As a result,
HNTs cannot be completely wrapped by PVA molecular chains leading to many voids surrounding
HNT particles. On the contrary, the high Tg values for all PVA/Cloisite 30B clay bionanocomposites
are evident, as opposed to that of neat PVA. With the incorporation of 3, 5 and 10 wt % Cloisite
30B clays, the Tg values of such PVA bionanocomposites are moderately enhanced up to 67.5, 70.2
and 71.8 ◦C, respectively when compared with that of neat PVA at 65.19 ◦C. This phenomenon
can be attributed to the confinement of polymeric chains by intercalated clay structures to prevent
their segmental motions [1], which has also been recorded in PVA/MMT nanocomposites [56,57],
PVA/bentonite nanocomposites [58], as well as PVA/starch/MMT nanocomposites [59]. In the case
of PVA/NBC bionanocomposites, the Tg increases monotonically up to 75.06 ◦C with increasing the
NBC content from 0 to 10 wt % accordingly. The incoporation of rigid NBC particles can restrict the
chain mobility of PVA matrices so that higher Tg values are required for the phase transformation
of nanocomposites from a glassy state to a rubbery state. This finding is well known for many
types of nanofillers such as nanoclays, GOs, CNTs, HNTs, etc. [1]. Overall, the Tg values of PVA
bionanocomposite films with the incorporation of NBCs and Cloisite 30B clays are much higher
than those of PVA/HNT bionanocomposites. Such results indicate that NBCs and Cloisite 30B clays
can restrict PVA chains more efficiently, as evidenced by the enhanced mechanical properties of
corresponding bionanocomposite films. According to previous studies [60,61], the phenomenon of
increasing Tg is primarily associated with the reduction in polymeric chain mobility by incorporating
inorganic nanofillers. The incorporation of nanoparticles into polymer matrices can change the
distribution of chain segments, which is most likely due to a change in the chain packing density in the
vicinity of nanofiller surfaces. It should be noted that filler geometry may play a critical role to influence
Tg. NBCs and Cloisite 30B clays have different nanofiller shapes to render the absorption of polymeric
chains with entangled structures on their surfaces when nanofiller diameters are comparable to the
gyration radii of polymeric chains. As such, it leads to increasing the packing density for polymeric
chains and restricting their chain mobility as a result of higher Tg values. However, the incorporation
of HNTs into PVA matrices has a minor impact on increasing Tg instead, which is consistent with
the previous work [55]. Although the diameter of HNTs is on the nanometer scale, their length turns
to be submicron- or microsized, which becomes considerably higher than the typical gyration radii
of polymeric chains. As a consequence, it is very difficult for polymeric chains to cover entire HNT
structures. Moreover, the presence of microvoids along HNT lengths could offer free sites for the
segments of polymeric chains, resulting in an insignificant increase of Tg [55].
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Figure 9. Differential scanning calorimetry (DSC) thermograms of PVA bionanocomposites reinforced
with (a) HNTs, (b) Cloisite 30B clays, and (c) NBCs. The curves are shifted vertically for clarity.

The degree of crystallinity (χc) of PVA slightly increases from 36.65% for neat PVA to 38.2% and
37.2%, 40% for corresponding bionanocomposites with the incorporation of 5 wt % HNTs and Cloisite
30B clays and 10 wt % of NBCs, respectively. This suggests that such nanofillers have minor effect
on the crystalline phases of PVA matrices in bionanocomposites. On the other hand, the melting
temperature Tm of PVA bionanocomposites virtually has no change with the addition of Cloisite 30B
clays and NBCs, as evidenced by the given Tm ranges of 220.44–221.62 ◦C and 221–225 ◦C, respectively
when compared with that of neat PVA at 222.91 ◦C. However, PVA/HNT bionanocomposites possess a
moderate increase in Tm up to 226.67 ◦C with the inclusion of 10 wt % HNTs. A similar phenomenon
has also been noticed in PHBV/HNT nanocomposites [28] with their Tm values being increased from
169 to 173 ◦C when incoprorated with 5 wt % HNTs. Based on their XRD results, thicker and more
oriented HNT/PHBV structures could be formed, leading to higher melting temperatures.

The thermal decomposition behaviours of PVA/HNT bionanocomposites, PVA/Cloisite 30B clay
bionanocomposites, and PVA/NBC bionanocomposites have been evaluated using thermogravimetric
analysis (TGA) with the corresponding results being presented in Figures 10 and 11, as well as Table S1
in Supporting Information. The relevant results for both systems reveal the existence of three major
degradation steps according to previous studies [21]. Initially, the first degradation takes place at
107 ◦C owing to the breakage of hydrogen bonds, impurities, and monomers of vinyl alcohol. Then,
the second degradation occurring at 274 ◦C involves a dehydration reaction on PVA molecular chains,
the degradation of main backbones, as well as the decomposition of organic clays. This process
is accompanied by a drastic mass change caused by the removal of organic compounds such as
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CO2 and the long molecular chains of alkyl derivatives. Finally, the third degradation step appears
at a temperature level below 429 ◦C with more complexity including the further degradation of
polyene residues to yield the carbon and hydrocarbon. The incorporation of HNTs, Cloisite 30B clays,
and NBCs can increase the thermal stability of PVA by reducing the weight loss and increasing the
decomposition temperatures, as presented in Figures 10 and 11. As for PVA/HNT bionanocomposites,
the decomposition temperature at 5% weight loss T5% increases from 200.2 ◦C for PVA to 265.3, 268.1,
and 270.2 ◦C for PVA bionanocomposites reinforced with 3, 5 and 10 wt % HNTs, respectively. Such a
finding suggests that HNTs work as an effective barrier material to heat and mass transfer. Moreover, the
intrinsic hollow tubular structures of HNTs can produce the traps for volatile particles, thus improving
the thermal stability by delaying the mass transfer during a decomposition process. Moreover, as clearly
seen from the derivative thermogravimetry (DTG) curves in Figure 11a, the maximum decomposition
temperature Td of PVA shifts to a higher temperature level, which means that the dehydration process is
hindered, resulting from strong interactions between PVA matrices and HNTs, as well as an important
role of HNTs as good barrier materials to increase the thermal resistance of PVA bionanocomposites.
Furthermore, the second DTG peaks of PVA/HNT bionanocomposites reinforced with 5 and 10 wt %
HNTs are much wider than that of neat PVA in the presence of main and side peaks as compared to the
single DTG peak for PVA at the same step. This signifies that a single peak for PVA can be attributed to
the eliminated reaction while the side and main peaks of PVA/HNT bionanocomposites correspond to
the eliminated reaction as well as the overlap of continual elimination and chain-scission reaction with
the requirement of more energy to accrue at high temperatures [60].

Figure 10. TGA curves for PVA bionanocomposites reinforced with (a) HNTs, (b) Cloisite 30B clays,
and (c) NBCs.
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Figure 11. DTG curves for PVA bionanocomposites reinforced with (a) HNTs, (b) Cloisite 30B clays,
and (c) NBCs.

On the other hand, in the case of PVA/Cloisite 30B clay bionanocomposites, with increasing the
clay content, the thermal stability of bionanocomposites improves as compared to that of PVA, which is
evidently demonstrated from consistently high T5%, the decomposition temperature at 80% weight loss
T80%, and Td values shown in Figure 10b. For instance, the T80% of PVA increases from 363.5 to 407 ◦C
with the inclusion of 5 wt % Cloisite 30B clays. Such a result is in good agreement with previous studies
of PVA/MMT nanocomposites [21,62]. Moreover, the shift in the decomposition temperatures Td for
PVA/Cloisite 30B bionanocomposites depicted in Figure 11b suggests the hindrance of a dehydration
process. Such a finding in thermal stability is associated with the presence of nanolayers acting as
the barriers to maximise the heat insulation and minimise the permeability of volatile degradation
products in the materials. This increase is also attributed to the decrease in oxygen permeability related
to good clay dispersion in PVA matrices.

Moreover, the thermal stabilities of PVA/NBC bionanocomposites are improved significantly
relative to that of PVA, as evidenced by consistently higher T5%, T80%, and Td values, as shown in
Figure 10c. The degree of thermal stability of bionanocomposites is even more pronounced when
incorporated with NBCs in relation to T5% and T80%. The T5% of PVA/3 wt % NBC bionanocomposites
was determined to be 256.3 ◦C, and it increases to 262.95 ◦C with the incorporation of 5 wt % NBCs,
which is relatively similar to that of PVA/5 wt % Cloisite 30B bionanocomposites at 261.1 ◦C. On the
other hand, the T5% of PVA/3 wt % HNT bionanocomposites appears to be determined at 265.29 ◦C,
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which is significantly higher as compared with PVA bionanocomposites reinforced with NBCs and
Cloisite 30B clays. On the contrary, the T80% of PVA/3 wt % NBC bionanocomposites has been found to
be 390.67 ◦C and reaches 440.28 ◦C with the inclusion of 5 wt % NBCs, which is significantly higher than
those of PVA bionanocomposites reinforced with HNTs and Cloisite 30B clays. This result infers that the
maximum thermal stability is achieved in the presence of NBCs as compared with HNTs and Cloisite
30B clays. As opposed to other nanofillers, the better NBC dispersion within PVA matrices takes place
along with the higher barrier towards the thermal degradation. Therefore, such a barrier effect can
counterbalance the degradation drawback with the further improvement of thermal stability [5].

The shift of maximum decomposition temperatures for the first and second degradation steps Td
and Td’ in Figure 11c also means the obstruction of the dehydration process, which can result from the
interaction between the hydroxyl groups of PVA and the hydroxyl groups on NBCs, as confirmed from
our previous FTIR results. Furthermore, the mass loss process occurring in the second DTG peaks
suggests that the thermal decomposition of PVA bionancomposites requires more reaction activation
energy with the higher reaction order [63]. This finding may be attributed to the existence of NBCs
working as effective barrier materials to limit the exothermicity of pyrolysis reaction with the better
thermal resistance of PVA bionanocomposites. The wider DTG peaks of PVA/NBC bionanocomposites
beyond 3 wt % NBCs at the second decomposition step demonstrates a similar trend to those of the
corresponding PVA/HNT bionanocomposites along with the same dual-peak effect, as mentioned
elsewhere [63].

4. Conclusions

PVA bionanocomposites reinforced with Cloisite 30B clays, HNTs, and NBCs have been successfully
prepared and characterised. The following conclusions can be drawn.

The properties of PVA/HNT bionanocomposites are remarkably affected when embedding HNTs,
which primarily depend on the HNT content. Nanofiller dispersion can lead to various morphological
structures resulting in enhanced mechanical properties at different levels for such bionanocomposites.
In particular, the incorporation of 3 wt % HNTs has improved mechanical properties, while increasing
the HNT content beyond that causes the decreases in tensile strength, elongation at break, and tensile
toughness of PVA/HNT bionanocomposites, which is possibly associated with the typical filler–matrix
debonding effect. Moreover, the thermal properties of PVA/HNT bionanocomposites in terms of the
degree of crystallinity, melting temperature, and thermal stability are enhanced with increasing the
HNT content as opposed to those of neat PVA films.

The morphological structures of PVA/Cloisite 30B clay bionanocomposites demonstrate uniform
clay dispersion within PVA matrices in combined clay exfoliated and intercalated structures, which
are in agreement with those obtained from XRD results. The tensile strengths and Young’s moduli
of PVA/Cloisite 30B clay bionanocomposite films are increased considerably with increasing the clay
content up to 5 wt % amid decreasing elongation at break and fracture toughness. The thermal
properties of PVA/Cloisite 30B clay bionanocomposites are improved compared to those of neat PVA
films due to the strong hydrogen-bonding interactions between PVA matrices and nanofillers.

The effect of different nanofiller shapes and structures on the properties of PVA/NBC
bionanocomposite films reveals that the maximum tensile strength and tensile modulus can be
achieved with the incorporation of NBCs. This can be related to the large amount of interphase
resulting from a high degree of filler dispersion in the case of PVA/NBC bionanocomposites relative
to those reinforced with HNTs and Cloisite 30B clays. Moreover, the thermal stability of PVA/NBC
bionanocomposites is remarkably enhanced with the inclusion of NBCs in contrast to those incorporated
with HNTs and Cloisite 30B clays. This can be ascribed to the uniform dispersion of NBCs to generate
more efficient interfacial regions as opposed to other nanofillers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/264/s1,
Figure S1: Characterisations of PVA/ 3wt% Cloisite 30B clay bionanocomposites: (a) height mapping image and
(b) height profiles on cut-line sections AS1-BS1 and AS2-BS2, Figure S2: Frequency distributions of dimensions of
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HNTs embedded within PVA/HNT bionanocomposites at different HNT contents: (a) and (b) for HNT length
and diameter (3 wt% HNTs), (c) and (d) for HNT length and diameter (5 wt% HNTs), as well as (e) and (f) for
HNT length and diameter (10 wt% HNTs), Figure S3: Frequency distributions of dimensions of Cloisite 30B clays
embedded within PVA/Cloisite 30B clay bionanocomposites at different clay contents: (a) and (b) for clay length
and thickness (3 wt% Cloisite 30B clays), (c) and (d) for clay length and thickness (5 wt% Cloisite 30B clays), as well
as (e) and (f) for length and thickness (10 wt% Cloisite 30B clays), Figure S4: Frequency distributions of dimensions
of NBCs embedded within PVA/NBC bionanocomposites at different NBC contents: (a) and (b) for NBC thickness
and diameter (3 wt% NBCs), (c) and (d) for NBC thickness and diameter (5 wt% NBCs), as well as (e) and (f) for
NBC thickness and diameter (10 wt% NBCs), Table S1: Thermal properties of PVA bionanocomposite films.
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Abstract: The fire behavior of materials is usually modeled on the basis of fire physics and material
composition. However, significant strides have been made recently in applying soft computing
methods such as artificial intelligence in flammability studies. In this paper, multiple linear regression
(MLR) was employed to test the degree of non-linearities in flammability parameter modeling by
assessing the linear relationship between sample mass, heating rate, heat release capacity (HRC) and
total heat release (THR). Adaptive neuro-fuzzy inference system (ANFIS) was then adopted to predict
the HRC and THR of the extruded polystyrene measured from microscale combustion calorimetry
experiments. The ANFIS models presented excellent predictions, showing very low mean training
and testing errors as well as reasonable agreements between experimental and predicted datasets.
Hence, it can be inferred that ANFIS can handle the non-linearities in flammability modeling, making
it apt as a modeling technique for accurate and effective flammability assessments.

Keywords: flammability; heat release rate; microscale combustion calorimetry; multiple linear
regression; adaptive neuro-fuzzy inference system

1. Introduction

Material flammability analysis is carried out using flammability characteristics obtained from fire
experiments. Fire experiments are grouped into small-scale, bench-scale and full-scale experiments
depending on the size of sample required. In reality, full-scale fire experiments provide the best
estimates of material flammability since they imitate actual fire scenarios. However, due to the high
cost, operational and technical challenges, small-scale experiments have been adopted for flammability
evaluations. To validate the accuracy of small-scale experiments, correlation analysis conducted
between the different scales of experiments shows feasible relationships in the test results [1–4].

Microscale combustion calorimetry (MCC) is a small-scale fire experiment operated on the
principles of oxygen consumption calorimetry. MCC has received significant attention in recent years
and remains the most commonly cited fire experiment for polymer flammability assessments due to
the wealth of data measured from it [5,6]. Amongst the data is the heat release capacity (HRC), a
flammability parameter and material property measured exclusively from the ‘Method A’ [6] of MCC.
HRC integrates thermal stability and combustion properties, hence rendering it the best predictor of a
materials response to fire. HRC is defined as the ratio of the maximum value of the specific heat release
rate to the average heating rate of a sample [5–9]. The total heat released (THR) is a measure from the
total heat released when a sample undergoes a complete combustion in an oxygen atmosphere. THR is
also a flammability property calculated from the results measured from the Method A procedure [7,9,10].
Several chemistry-based models, such as inverse modeling, quantitative structure-property relationship
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(QSPR), quantitative structure-activity relationship (QSAR) and additive molar group contribution
methods, have been developed over the years to estimate these important fire safety parameters (HRC
and THR). Although effective, some disadvantages, like large prediction errors, have been identified in
the traditional modeling approaches and need to be addressed.

Until now, correlation analysis and statistical prediction models have been appropriate analytical
tools in material flammability [11]. The significance of the prediction models lies in the employment
of robust techniques and strategies for the accurate estimation of flammability parameters, whereas
correlation analysis assesses the relationship between the predicted or measured parameters. Statistical
analysis is mostly empirical, devoid of the chemical compositions and physical structure of the material
under consideration [12]. It is imperative to note that fire experiments are demanding, expensive and
time consuming. Similarly, traditional flammability parameter predictions involve sophisticated fire
modeling and calibration, requiring a great deal of expertise and computing power. It is, therefore,
quite convenient for researchers to opt for these system theoretical models as opposed to conceptual
models. Statistical models in recent times largely embrace the artificial neural network (ANN) due to
its ability to capture complex nonlinearities in a system when compared to linear regression methods.
ANN mimics the operation of the human brain by processing information available to the input layers
to achieve a desirable output.

Generalized regression and the ANN’s feed-forward back propagation methods have been applied
in flammability studies to predict peak heat release rate, heat release capacity, total heat released,
etc., with a high level of accuracy [13,14]. Deviation of the predicted results from the actual or
experimental results was seen to be low when compared with classical methods including quantity
structure activity/property relationships. Alternative methods, such as the group method of data
handling neural network, also enhanced the predictability of the aforementioned methods, as reported
by Mensah et al. [15]. It is well-known that the overall performance of these models highly depends on
physical variables such as the network architecture, transfer and activation functions. Despite their
simple implementation, the iterative process employed to obtain optimal variables for the prediction
makes them quite cumbersome.

Adaptive neuro-fuzzy inference system (ANFIS) was developed in the 1990’s on the principles of
the Takagi-Sugeno fuzzy inference system [16]. This method has been applied in several research areas
with an excellent degree of accuracy; however, it has not been applied in in flammability studies. It is a
hybrid analytical method, i.e., it combines the merits of the neural network and theories of fuzzy logic
systems in its operation [17]. Each concept plays an important role in achieving the required result.
While neural networks control the representation of information and the physical architecture, fuzzy
logic systems imitate human reasoning and increase the model’s ability to manage uncertainty within
the system [17]. ANFIS basically learns the features of a given data and alters the system parameters to
suit the required error criterion of the system in order to generate an output. It utilizes less computing
power with shorter training times and, therefore, serves as a suitable method for the prediction of
flammability parameters [18,19].

In the current study, an MCC experiment was conducted with extruded polystyrene samples at
heating rates ranging from 0.1 to 3.5 K s−1. This research explored the applicability of ANFIS in the
prediction of HRC and THR derived from the experiment. The degree of accuracy was determined
by comparing the root mean squared error (RMSE) criterion, the coefficient of correlation and the
coefficient of determination. A comparative analysis was carried out with multiple linear regression
and the feed-forward back propagation neural network to show the efficacy, accuracy and superiority
of ANFIS. The modeling results obtained from this research will help validate the robustness of ANFIS
and its continual usage in future flammability assessments.
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2. Experimental Methods

2.1. Material

The flammability of pure extruded polystyrene (XPS) obtained from Zhengbang New Building
Material Co. Ltd. located at Zaozhuang, China was studied. The samples were cut from large boards
of XPS into milligram sizes for the experiments. The Mettler AX-205 Analytical Semi Micro Balance
Delta Range from Hamilton company in Reno, NV, US. The instrument has a readability of 0.01 mg
and a weighing range of 81 g was used to weigh the samples. The material properties are listed in
Table 1 [5,11].

Table 1. Properties of XPS.

Property Value

Thermal conductivity/Wm−1 K−1 0.1316
Thermal diffusivity/m2 s−1 0.4201

Specific heat capacity/kJ g−1 K−1 1.34
LOI % 19.3

Density, ρ/kg m−3 52.6
Density of molten material, ρ/kg m−3 828

2.2. Microscale Combustion Calorimetry (MCC)

The MCC experiment took place at the VTT Technical research center of Finland in MCC-2
equipment from Govmark (Farmingdale, NY, US) Limited. According to standards in ASTM
D7309-13 [20], the experimental procedure applied was in line with Method A. Milligram samples taken
from extruded polystyrene boards were weighed and prepared for the MCC experiment. Samples of
mass ranging from 1 to 4 mg were heated at a temperature of 75 to 600 ◦C in a pyrolyzer under heating
rates ranging from 0.1 to 3.5 K s−1. The volatile pyrolysis products were removed from the pyrolyzer
by nitrogen gas and were oxidized with excess oxygen at 900 ◦C in a tubular combustion furnace.
Oxygen consumption calorimetry was applied for calculating the heat release rate from the volumetric
flow rate and the oxygen concentration of the gases that flowed out of the combustor [6,13,14,20]. The
samples were tested in three replicates and an average of the measured results was recorded. The
samples were labelled as xps_1_0.1 representing the first sample tested under 0.1 K s−1, and so on. The
heat release temperature, time to heat release and heat release rate were measured and recorded. HRC
was obtained by dividing the specific heat release rate by the corresponding heating rate. Additionally,
THR was calculated from the area under the specific heat release rate against time plots at a given
heating rate.

2.3. Adaptive Neuro-Fuzzy Inference System (ANFIS)

The artificial neural network has a unique quality of learning the input and output datasets for
the system and reproducing accurate values to match the data. Fuzzy logic, on the other hand, has
the capability of interpreting, organizing, representing and also adding an element of reasoning to
an applied data. A Fuzzy Inference System (FIS) is made up of four distinct components, namely a
fuzzifier, fuzzy rules, inference engine and a de-fuzzifier [17]. With a given input dataset, the output of
an FIS is determined by building the fuzzy rules, fuzzifying the inputs with the membership functions,
developing a rule strength and finding its consequences. The consequences are then put together
to obtain an output distribution, which is then further de-fuzzified. There are two types of FIS, the
Mamdani and Sugeno types. The Mamdani type FIS requires the use of fuzzy rules to link fuzzy
set to outputs, which are de-fuzzified to produce scalar variables. The Sugeno FIS is quite similar to
the Mamdani type, however, no output distribution or output membership function is included in
the system. Instead, to obtain the output, the inputs are multiplied by a constant and the results are
added [21].
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A combination of ANN and FIS, therefore, employs the architecture of ANN with its learning
ability and integrates fuzzy reasoning to add logic and the prior knowledge effect. With this method,
ANN accurately learns the membership functions of a fuzzy logic system in order to build the input
data of the model, which is organized as fuzzy IF-THEN rules by the FIS. This hybridization is carried
out to ensure the optimization of the parameters used in developing the FIS with an application of a
learning algorithm for input-output mapping. The architecture of a typical ANFIS structure that has
two input variables with five layers is presented in Figure 1 [21]. It must be noted that the squares and
circles in Figure 1 represent adaptive nodes and fixed nodes, respectively.

The first layer has four adaptive nodes showing the premise parameters A1, A2, B1, B2. The fuzzy
IF-THEN rules for Figure 1 are described below.

Rule 1: If x is A1 and y is B1, then

f1 = p1x + q1y + r1. (1)

Rule 2: If x is A2 and y is B2, then

f2 = p2x + q2y + r2 (2)

where pi, qi, ri are the consequent parameters and i = 1, 2. The first layer has two inputs x and y
representing the heating rate and sample mass, respectively, with one output (either HRC or THR).
The values in each input variable are changed to a membership value using the assigned membership
functions. The membership function usually applied for ANFIS is the generalized bell function. The
output of Layer 1, which is also the fuzzy membership value, is denoted as Oi, representing the value
for any ith node in layer j. The operations in the adaptive nodes are shown in Equations (1) and (2).

O1,i = μAi(x), i = 1, 2 (3)

O1,i = μBi−2(y), i = 3, 4 (4)

From Equations (1) and (2), O1,i represents the membership function (generalized bell function,
triangular function or Gaussian function) of the fuzzy set A1, A2, B1, B2, which also shows the connection
between the input set x and y and the fuzzy set. The variables Ai and Bi−2 are all parameters in the ith
node of layer j.

μAi(x) =

⎧⎪⎪⎨⎪⎪⎩1 +

⎡⎢⎢⎢⎢⎣ (x− ci)

a2
i

⎤⎥⎥⎥⎥⎦
bi
⎫⎪⎪⎬⎪⎪⎭
−1

(5)

The membership functions can be expressed in mathematical forms as Equations (4)–(7).

Triangular : μx(a) =
(a−x)
(y−x) , x ≤ a ≤ y

=
(z−a)
(z−y) , y ≤ a ≤ z

= 0

(6)

Gaussian : μx(a) =
1

1 +
(

a−z
x

)2 (7)

Bell shaped:

μXi(a) =
1

1 +
( a−zi

xi

)2xi
, i = 1, 2, . . . . (8)

μYi(b) =
1

1 +
(

b−zj
xj

)2yj
, j = 1, 2, . . . . (9)
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Altering the consequent parameters of the membership function will subsequently produce a
different membership function and ensures the flexibility in defining membership functions.

Layer 2 contains fixed nodes that operate on multiplication rules. In Layer 2, the product of
the various input signals is obtained to generate rule-firing strengths. This operation is presented in
Equation (8).

O2,i = ωi = μAi(x) × μBi(x), i = 1, 2 (10)

Normalization of the firing strengths attained in the second layer takes place in Layer 3. The
ratio of the firing strength of the ith rule to the sum of rules in the model is assessed at this point. The
mathematical expression of the normalization process is shown in Equation (9) [22–25].

O3,i =
−
ωi =

ωi
ω1 +ω2

, i = 1, 2 (11)

The rules for the outputs are computed in the fourth layer. The consequent parameters are
adjusted until an optimal value is obtained with minimal errors. This layer is made up of adaptive
nodes, which helps in calculating the total output of the developed model. The output of Layer 3, wi, is
multiplied by a parameter set {ai, bi, ci} to get the output of Layer 4 [26].

O4,i =
−
ωi fi =

−
ωi(pix + qiy + ri) (12)

Lastly, the various outputs in Layer 4 are added up to obtain the final output of the ANFIS model.
Layer 5 has one fixed node with a summation function operation [17].

O5,i =
∑

i

−
ωi fi (13)

The neuro-fuzzy app designer in Matlab provides a very simple platform for ANFIS predictions.
After loading the training and test data, the app trains the data to shape the membership functions and
generates fuzzy rules for the calculation of the output data. The language recognition and reasoning
aspect is handled by the fuzzy logic part of the app.

Figure 1. Structure of Adaptive Neuro Fuzzy Inference System.
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2.4. Multiple Linear Regression (MLR)

Regression analysis is used to evaluate the cause-effect relationship among variables in a given
dataset with the aim of developing prediction equations. Multiple linear regression is a statistical method
applied to describe how several explanatory variables define a corresponding dependent variable.
MLR basically models the linear relationship between dependent and independent variables [27]. MLR
fits a linear equation of the form shown in Equation (12) to the observed data. The coefficients in the
fitted equation show the effect of or the changes in the dependent variable when the independent
variables change by one unit, while the constant attached (ε) shows the value of the dependent variable
if all the other variables are zero.

yi = β0 + β1xi1 + β2xi2 + . . .+ βpxip + ε (14)

where for any i = n observations, yi is the dependent variable (HRC and THR), xi represents the
independent variable (sample mass and heating rate) and the y-intercepts are denoted by β0 and βp,
representing the slope coefficients of xi. Lastly, the error obtained during the modeling process is
represented by ε. The degree of linearity is evaluated using the coefficient of determination, while the
error term accounts for the variation or the difference between the predicted and actual variables. To
ascertain the suitability of conducting MLR on a specific dataset, various tests such as the linearity,
normality, missing value test and extreme value test are conducted [28,29].

2.5. Model Implementation

ANFIS prediction technique was applied to estimate the heat release capacity and total heat
released of extruded polystyrene samples. The Sugeno method was used since it is known to display
faster convergence and better accuracy than the Mamdani method [15]. A trial and error method was
used to select the optimal membership function for the model. The membership function that presented
the least root mean squared error was chosen. The other variables such as the optimization method
(hybrid or back propagation), method of generating FIS (sub-clustering or grid partition), the number
of membership functions within a hidden layer, the types of composition function and interference
were selected based on the minimum error approach. The MCC experimental data, divided into
training and testing sets, were used as input data in the neuro-fuzzy designer app built in MATLAB
(R2018a). The computer used for the training has the following specifications: 64-bit operating system
and a 4 GB memory with an i3-4005U CPU @ 1.70 GHz processor. The suitable structure for the model
was selected depending on the data size and application. The necessary parameters were selected
and the model was trained to evaluate the learning ability and determine the structural parameters
(consequence and premise) with an optimization algorithm. The hybrid optimization algorithm is an
integration of the gradient descent and the least squares method [21]. The outputs of the various nodes
are forward propagated until it reaches the fourth layer. The consequent parameters in this section are
determined by the least-squares method. The errors attained are back propagated, and the premise
parameters are altered and adjusted using the gradient descent algorithm. The error factor in ANFIS is
defined as presented in Equation (13).

E =
n∑

k=1

(
fk − f ′k

)2
(15)

Basically, the hybrid method employs different algorithms for each of the training parts, hence,
eliminating the local minima convergence and increasing the performance of the model. The overall
performance was assessed using the test patterns in the Neuro-Fuzzy Designer app [21].
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3. Results and Discussion

3.1. MCC Experimental Results

The specific heat release rate of XPS measured during the MCC experiment is plotted against
temperature in Figure 2. The figure affirms the relationship between HRR, heating rate and temperature
at peak HRR (pTemp), which is that the heat release rate and the corresponding heat release temperature
increases with the increasing heating rate. Figures 3 and 4 also show the variation of HRC with respect
to sample mass and heating rate. On average, 1.5 mg samples had the highest HRC values compared
to the other masses. More distinct lines at lower heating rates are shown in Figure 4, which are the
HRC values versus the inverse of heating rate [11,14,30–32].

Figure 2. Plot of specific heat release rate versus temperature.

Figure 3. Plot of Heat Release Capacity versus heating rate for different sample masses.
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Figure 4. Plot of HRC versus inverse of heating rate for different sample masses.

3.2. Statistical Analysis

To determine the regression equation using multiple regression analysis, HRC and THR were
selected as the independent variables with heating rate and sample mass being the dependent variables.
The descriptive statistics of the input data are listed in Table 2. The analysis of variance showing the
influence of HRC and THR on heating rate and sample mass in this regression analysis is presented
in Tables 3 and 4. It is clearly seen that the dependent variables have a greater significance in the
estimation of HRC than THR. The test statistic of HRC has an F-value of 53.85, which is larger than the
critical value F0.05, 2,25 = 3.385. This analysis signifies that there is a significant statistical difference
in the means of the variables. However, the F-value for THR is quite smaller than the critical value;
hence, the null hypothesis for equal population means cannot be rejected.

Table 2. Descriptive statistics of experimental data.

N Mean SD Sum Min Max

HRC/J g−1 K−1 28 966.64571 349.69697 27,066.08 580.4 1630
THR/kJ g−1 28 32.10357 1.29257 898.9 28.6 34.6
Heating rate 28 1.56786 1.1757 43.9 0.1 3.5

Mass 28 1.49607 0.41362 41.89 0.93 2.11

Table 3. Analysis of variance for HRC.

DF Sum of Squares Mean Square F Value Prob > F

Model 2 2.68 × 106 1.34 × 106 53.85 8.68 × 10−10

Error 25 622,061.52 24,882.46
Total 27 3.31 × 106

Table 4. Analysis of variance for Total Heat Release.

DF Sum of Squares Mean Square F Value Prob > F

Model 2 3.20 1.60 0.95 0.39
Error 25 41.91 1.68
Total 27 45.11

In Table 5, the multiple linear regression model summarized for HRC and THR are presented. It
can be seen that the adjusted R-square for HRC is higher than THR. HRC has a linear relationship with
sample mass and heating rate, while THR is almost constant throughout the range of heating rates
applied. It should be noted that to get a very accurate prediction of these flammability parameters,
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especially for THR, a method that can handle non-linear modeling could be used. Hence, the next
section applies ANFIS networks in the prediction of HRC and THR.

Table 5. Summary of regression analysis.

HRC/J g−1 K−1 THR/kJ g−1

Variable Value Std. Error Variable Value Std. Error

Constant 1392.82 120.32 Constant 31.42 0.99
Heating rate −267.94 25.82 Heating rate 0.29 0.22
Sample mass −4.07 73.4 Sample mass 0.16 0.61

Adjusted R2 0.8 Adjusted R2 0.033

3.3. ANFIS Network Prediction Results

The present study employed ANFIS networks to model the relationship between sample mass,
heating rate, heat release capacity and total heat release rate measured from the MCC experiment. To
develop the ANFIS model, the hold-out data splitting technique was adopted. Twenty-four randomly
selected data-points out of the 28 experimental data were used for training, while the remaining 4
represented the test data for the model. For improved accuracy, the test data covered the entire range
of the available dataset. Table 6 shows the datasets used for developing the models [14].

Table 6. Training and testing datasets.

Training Set

β/K s−1 Mass/m THR/kJ g−1 HRC/J g−1 K−1

0.1 1.00 29.3 ± 0.9 1528 ± 23.5
0.1 1.98 31.6 ± 0.7 1585 ± 33.3
0.2 2.02 30.9 ± 0.3 1481.5 ± 28.5
0.5 0.93 32.9 ± 0.5 1224.2 ± 39
0.5 1.38 34.5 ± 1.8 1336.0 ± 18.2
1.0 0.99 31.1 ± 0.7 907.1 ± 40.8
1.0 1.52 31.9 ± 0.5 892.3 ± 67.3
1.0 2.03 32.7 ± 0.3 922.6 ± 59.3
1.5 1.02 33.2 ± 0.8 774.7 ± 27.5
1.5 1.99 32.1 ± 0.9 795.0 ± 33.4
1.5 1.45 32.2 ± 0.5 824.3 ± 65.1
2.0 0.99 33.3 ± 1.3 763.8 ± 49.3
2.0 1.48 34.6 ± 0.7 744.2 ± 57.8
2.0 1.99 32.1 ± 0.7 737.4 ± 37.4
2.5 1.07 32.7 ± 0.5 669.8 ± 28.6
2.5 1.53 32.5 ± 0.8 723.6 ± 21.3
2.5 2.11 33.0 ± 0.6 667.28 ± 53.2
3.0 0.97 32.6 ± 0.5 664.6 ± 55.2
3.0 1.49 32.6 ± 5.5 666.6 ± 30.2
3.0 2.08 32.8 ± 2.5 643.7 ± 47.2
3.5 1.02 32.3 ± 1.6 615.1 ± 35.8
3.5 1.41 31.1 ± 0.5 626.3 ± 50.9
3.5 1.94 32.5 ± 0.9 580.4 ± 26.7

Testing Test

0.1 1.46 32.4 ± 0.07 1630.0 ± 62.4
0.2 1.06 28.6 ± 3.0 1422.0 ± 28.3
0.2 1.52 31.0 ± 1.5 1503.0 ± 33.8
0.5 1.96 31.5 ± 2.8 1188.8 ± 25.7

The membership function for the model was selected by trial and error, and the hybrid learning
algorithm was adopted for the training process. The model structure for HRC and THR, as illustrated
in Figure 5, consists of two inputs, three membership functions for each input and one output.
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Figure 5. ANFIS model structure.

Three logical operators—and, or and not—are adopted in ANFIS applications. However,
depending on the fuzzy logic rules extracted, any of the operators can be used to suit the structure of
input data. In this research, only the ‘and’ logical operator was utilized.

The neurons in Layer 3 consist of fuzzy rules, the conditions of each rule and the consequences.
The fuzzy IF-THEN rules generated for the membership functions from the input data of the developed
models are detailed from 1–10. These conditional statements describe how the outputs were formulated
according to the three membership functions applied.

1. If (input1 is in1mf1) and (input2 is in2mf1), then (output is out1mf1) (1).
2. If (input1 is in1mf1) and (input2 is in2mf2), then (output is out1mf2) (1).
3. If (input1 is in1mf1) and (input2 is in2mf3), then (output is out1mf3) (1).
4. If (input1 is in1mf2) and (input2 is in2mf1), then (output is out1mf4) (1).
5. If (input1 is in1mf2) and (input2 is in2mf2), then (output is out1mf5) (1).
6. If (input1 is in1mf2) and (input2 is in2mf3), then (output is out1mf6) (1).
7. If (input1 is in1mf3) and (input2 is in2mf1), then (output is out1mf7) (1).
8. If (input1 is in1mf3) and (input2 is in2mf2), then (output is out1mf8) (1).
9. If (input1 is in1mf3) and (input2 is in2mf3), then (output is out1mf9) (1).

The models were trained using 100 iterations. The modeling parameters for the developed ANFIS
network after the training process are as listed in Table 7.

Table 7. Specifications for ANFIS model.

Variable
HRC/J g−1 K−1 THR/kJ g−1

Value Value

Number of nodes 53 35
Number of linear parameters 24 9

Number of nonlinear parameters 32 12
Total number of parameters 56 21

Number of training data pairs 24 24
Number of checking data pairs 0 0

Number of fuzzy rules 9 9
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Plots of experimental data against predicted data from the HRC ANFIS model during training and
testing are illustrated in Figures 6–8. From the simulation, the minimal training Root Mean Squared
Error (RMSE) was 0.0224, while the average testing error obtained was 0.625. It is quite clearly seen
that the predicted data show a close proximity to the experimental data. A surface plot demonstrating
the relationship between the predicted HRC, sample mass and heating rate is presented in Figure 8.
The shape of the curve is similar to the one illustrated in Figure 3; hence, the plots from the ANFIS
model show that the model has a high predictive ability.

Figure 6. Plot of predicted and measured HRC for training.

 

Figure 7. Surface plot of output (HRC), input2 (sample mass) and input1 (heating rate).

Figure 8. Plot of predicted and measured HRC for testing.
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Similarly, plots of experimental and predicted THR datasets were obtained from the Neuro-Fuzzy
Designer app. The minimum average training and testing RMSE for THR were 0.00781 and
0.9395, respectively.

Table 8 indicates the performance of ANFIS models in estimating THR and HRC from the MCC
experiment. The basic attributes considered are the adjusted R-squared and the root mean squared
errors. It is quite obvious from Table 8 that the RMSEs in all the predictions are less than one, indicating
an excellent performance. Although, the training of THR outperformed the other models in terms
of prediction errors, no obvious differences can be observed. The learning ability of the developed
THR model was more accurate than the generalization one, as shown in the training and testing plots
(Figures 9–11). Furthermore, the training of the THR model was better than the HRC model, while
the test results of HRC outperformed THR. In general, the predictions were in good agreement and
fitted the experimental data accurately. Considering the R2 values obtained, one notable conclusion
can be made: the model predicted HRC better than THR since both training and testing of HRC had
the best results. This is due to the fact that HRC has a direct and significant statistical relationship with
the input parameters, whereas THR is almost constant at any given heating rate and sample mass,
thus presenting an uneven statistical distribution. It should also be noted that the test results are an
indication of the excellent ability of the developed models to predict data beyond the limits of the
training range.

Table 8. Performance of ANFIS models.

Statistical Indicator
HRC THR

Training Testing Training Testing

R2 0.99994 0.99904 0.99315 0.9148
RMSE 0.0224 0.625 0.00781 0.9395

Figure 9. Plot of predicted and measured THR for training.

 

Figure 10. Surface plot of out1 (THR), in2 (sample mass) and in1 (heating rate).
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Figure 11. Plot of predicted and measured THR for testing.

The average training and testing errors in the present study have been compared with the results
obtained from prediction of HRC and THR with the feed-forward back propagation neural network
(FFBPNN) by Mensah et al. [14]. Table 9 shows the RMSE obtained from both the models. Similarly,
Figures 12–15 give a visual representation of the variations in the predicted data from the ANFIS and
FFBPNN models.

Table 9. Error comparison from ANFIS and Feed Forward Back Propagation Neural Network models.

Model
HRC THR

Training Testing Training Time (s) Training Testing Training Time (s)

ANFIS 0.0224 0.625 7.8 0.00781 0.9395 7.35
FFBPNN 0.382 0.980 13.3 0.457 1.048 12.26

Although the results from both ANFIS and FFBPNN models are seemingly good, the comparison
in Table 9 indicates the presence of significant differences in the attainable prediction errors as well as
the training time. From the table, the ANFIS models attained very low average errors in all cases (both
training and testing). The high errors presented in the ANN models could be attributed to the limited
amount of data used for the simulation. The results further affirm the superiority and accuracy in the
application of ANFIS over ANN.

Figure 12. Comparison of HRC training results.
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Figure 13. Comparison of HRC testing results.

Figure 14. Comparison of THR training results.

Figure 15. Comparison of THR testing results.

The combination of fuzzy reasoning and artificial neural networks optimizes and improves the
learning and generalization capabilities of models. The ability of the system to tackle non-linearities in
datasets is also greatly enhanced. This improvement can be observed in the application of ANFIS in
flammability studies covered in the present study. The insignificant RMSE values obtained show that
ANFIS is suitable for predicting HRC and THR from MCC experiments. With sufficient training, testing
data and the right selection of input parameters, this modeling method can be accurately extended to a
double scale analysis, such as the prediction of cone calorimeter test data from MCC test results.
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4. Conclusions

The adaptive neuro-fuzzy inference system is an artificial intelligence-based computing predictive
technique that combines fuzzy inference and the artificial neural network. The method has been
applied in various research areas for predicting an output from various input variables. An attempt
has been made in the present study to predict HRC and THR measured from the Method A procedure
of the MCC experiment. This was done after realizing the degree of non-linearities in flammability
parameter modeling using multiple linear regression. While developing the ANFIS models, sample
mass and heating rate were used as input variables. The training and testing datasets consisted of 24
and 4 data points, respectively. The research showed that ANFIS has a great potential in flammability
simulations and assessments and can, therefore, be used accurately and reliably in flammability studies.
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Abstract: In this work we focused our attention on an innovative use of food residual biomasses.
In particular, we produced biochar from coffee waste and used it as filler in epoxy resin composites
with the aim to increase their electrical properties. Electrical conductivity was studied for the biochar
and biochar-based composite in function of pressure applied. The results obtained were compared
with carbon black and carbon black composites. We demonstrated that, even if the coffee biochar
had less conductivity compared with carbon black in powder form, it created composites with
better conductivity in comparison with carbon black composites. In addition, composite mechanical
properties were tested and they generally improved with respect to neat epoxy resin.

Keywords: electrical properties; mechanical properties; recycling; epoxy resin

1. Introduction

Anthropogenic waste stream management is one of the main unresolved problems of industrialized
societies [1,2]. In the food waste sector, coffee residuals could be considered not only a waste material but
a resource. Recently Christoph Sänger [3] reported that worldwide coffee production was 159.7 million
of bags in crop year 2017/18 (about 9.6 MTons), with a mean of 5 kg/capita per year in traditional
markets (Germany, Italy, France, USA and Japan) and an increasing consumption in emerging markets
(South Korea, Russia, Turkey and China). The coffee waste stream becomes a relevant problem not only
after consumption but also during the wet processing of coffee beans when 1 ton of fresh berries results
in only about 400 kg of wet waste pulp. Several solutions have been proposed to solve the problem of
waste coffee biochar, such as the production of biogas [4] and flavours [5], use as filler in ceramics [6]
or as absorbent for the removal of basic dyes from aqueous solutions [7]. Coffee wastes have been
also used as feedstock for pyrolytic conversion producing hydrogen-rich gas [8] and fuel-quality
biochar [9]. Biochar has been used not only as solid fuel but also as high performance material [10,11],
as a flame retardant additive [12,13], for electrochemical [14] and energy storage applications [15] and
for production of composites [16–19].

Traditionally, in the realm of carbon fillers in polymer composites, carbon black (CB) plays
the main role especially in the automotive field with an estimated consumption of 8.1 MTon/year
according to data released by the International CB association [20]. CB has been used for producing
conductive composites [21] but, as recently reported by Quosai et al. [22], coffee-based biochar also
shows remarkably conductive properties. Furthermore, coffee biochar production has an indisputable
advantage if compared with CB. Coffee biochar production uses a food waste stream while oil-based
feedstock is required for CB production. This decreases the environmental impact of the production
process [23–25].

Among different polymers, in this work we focused our attention on epoxy resins doped with these
two carbon fillers. As is well known, epoxy resin is a thermoset polymer widely applied in the field of
coatings [26], adhesives [27], casting [28], potting [29], composites [30], laminates [31] and encapsulation
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of semiconductor devices [32]. Epoxy resins are used intensively because of their peculiar properties
such as high strength, good stiffness, good thermal stability and excellent heat, moisture and chemical
resistance [33,34]. Another, unneglectable advantage of epoxy resin is the possibility of being dispersed
into the cross-linked polymeric matrix additives, such as micro-encapsulated amines [35,36], that could
be realised after material failure promoting the self-healing process of the epoxy composite [37].

In the field of composites materials, production of conductive reinforced plastic materials has
attracted an increasing interest in the last few decades [38,39]. Large-scale application fields deserve
particular attention. For example conductive epoxy resin has a large-scale application in the field of
coatings and adhesives [40]. In these large-scale applications, filler cost is a crucial issue. Epoxy resins
have been used as a polymeric host for plenty of carbonaceous materials for the production of
conductive reinforced materials [41–44], but the cost of carbon filler has to be take in account. High-cost
carbon fillers such as carbon nanotubes and graphene are problematic for large-scale applications.
These carbon fillers induce an increment of its electrical and mechanical properties in the host polymer
matrix [45–48] but are not a suitable choice for industrial scale production. This is mainly due to the
high-cost, up to 300 k$/kg [49], and the problem of low productivity of the plants is well known [50].
Thus, low cost carbon fillers which are not derived from fossil fuels, such as CB, are a topic of
relevant interest.

In this study, we investigated the use of biochar derived from pyrolytic conversion of the coffee
waste stream, such as low cost carbon fillers derived by recycling materials. Results were compared with
CB-based composites. Mechanical properties were also investigated for full composite characterization.

2. Materials and Methods

2.1. Carbonaceous Materials Preparation and Characterization

Exhausted coffee powder was selected as a real case study. It was collected from Bar Katia
(Turin, Italy) supplied by Vergnano (Arabica mixture). 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 of 15 ◦C/min and kept at the final temperature (400, 600, 800 and 1000 ◦C) for 30 min in an argon
atmosphere. Samples were named as C400, C600, C800 and C1000 respectively. Biochar was grinded
using a mechanical mixer (Savatec BB90E) for 10 min in order to decrease the particle size. Commercial
CB (VULCAN® 9 N115) was used to compare with coffee biochar.

Ash contents of coffee and carbon-based materials (biochars and CB) were evaluated using a static
furnace set at 550 or 800 ◦C respectively for 6 h.

All samples were investigated from morphological point of view using a field emission scanning
electrical microscopy (FE-SEM, Zeis SupraTM 40, Oberkochen, Germany). The microscope was equipped
with an energy dispersive X-ray detector (EDX, Oxford Inca Energy 450, Oberkochen, Germany) that
was used to explore the carbon composition of biochars.

Particle size distribution of carbon fillers was evaluated using a laser granulometry (Fritsch Analysette
22, Idar-Oberstein, Germany) after a dispersion in ethanol and sonication in an ultrasonic bath for 10 min.

Coffee, biochars and CB were analysed through FT-IR (Nicolet 5700, Thermoscientific, Waltham,
US) on attenuated total reflectance (ATR) mode (Smartorbit, Thermoscientific) in the range from 500 to
4000 cm−1.

Biochars and CB were analysed through Raman spectroscopy using Renishaw® Ramanscope
InVia (H43662 model, Gloucestershire, UK).

2.2. Composites Preparation

Biochar, derived from coffee, and commercial CB containing epoxy composites were produced using
a two component bis-phenol A (BPA) diglycidyl resin (CORES epoxy resin, LPL). Carbonaceous filler
(15 wt. %) were dispersed into epoxy monomer using a tip ultrasonicator apparatus (Sonics Vibra-cell)
for 15 min. After the addition of the curing agent, the mixture was ultrasonicated for another 2 min
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and left into the moulds for 16 h at room temperature. A final thermal curing was performed using a
ventilated oven (I.S.C.O. Srl “The scientific manufacturer”) at 70 ◦C for 6 h.

2.3. Electrical Characterization

The measurement set-up was derived from Gabhi et al. [51] and is sketched in Figure 1a for
fillers and Figure 1b for composites. The instrument was composed of two solid copper cylinders,
30 mm in diameter and 5 cm in length, encapsulated in a hollow Plexiglas cylinder with a nominal
inner diameter of 30 mm in the case of filler electrical characterization. In this configuration, the inner
diameter was slightly higher so that it was possible to force the copper rods inside the Plexiglas cavity
and the upper rod could slide inside the cylinder during the measurement. This arrangement created
an internal chamber between the two cylinders, where the carbon powder could be inserted. In the
case of composites, the Plexiglas cylinder was removed and the sample was positioned between the
aligned copper cylinders. The electrical resistance of the powders or composites was measured at
increasing loads (up to 1500 bar) applied by a hydraulic press (Specac Atlas Manual Hydraulic Press
15T). Electrically insulating sheets were placed between the conductive cylinders and the load surfaces
in order to ensure that the electrical signal passed through the sample. The resistance of the carbon
fillers was measured using an Agilent 34401A multimeter.

Figure 1. Sketch of measurement set-up for conductivity study of (a) carbon fillers and (b) composite.

2.4. Composites Mechanical Characterization

Carbonaceous materials containing composites were produced as dog-bone shaped according
to the ASTM 638 procedure. Samples were tested using a mechanical stress test (MTS) machine
(MTS Q-test10) in tensile test mode until break point. Data were analysed using a self-developed
software compiled using Matlab.

2.5. Data Analysis

Statistical analysis used were based on t-tests with a significance level of 0.05 (p < 0.05) were
carried out using Excel™ software (Microsoft Corp.) and the “data analysis” tool.

3. Results

3.1. Carbonaceous Materials Characterization

Pyrolysis of spent grounds coffee proceeded according to the mechanism reported by Setter
et al. [52]. The main mechanisms that occurred during the degradative processes were those related with
decomposition of the small lignin fraction [53] and the most abundant polysaccharides (i.e., cellulose
and hemicellulose) [54] with the formation of bio-oils rich in anhydrosugars, furans and acetic acid
with trace of aromatics [55–57].
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Ash content of feedstock and carbonaceous materials were preliminary investigated and
summarized in Figure 2.

Figure 2. Ash contents of neat coffee, carbon black (CB) and coffee biochar samples heated at 400, 600,
800 and 1000 ◦C (C400, C600, C800 and C1000 respectively). Columns marked with different letters
were significantly different (p < 0.05).

The ash content of neat coffee was 1.70 ± 0.14 wt. % and it increased with temperature increments
reaching a value around 9 wt. % in the case of C800 (8.92 ± 0.61 wt. %) and C1000 (9.09 ± 0.09 wt. %).
As expected, CB showed a very low ash content (0.07 ± 0.01 wt. %) according to Medalia et al. [58]
mainly as oxides. Ash content increment at higher temperatures was imputable to advance pyrolytic
degradation of the organic matrix leading to the concentration of inorganic residue [59] that did not
undergo any temperature induced degradation.

The effect of pyrolytic temperature on biochar morphology was studied using FE-SEM as shown
in Figure 3. Neat coffee displayed flaked collapsed structures (Figure 3a, b) that was retained by
C400 after pyrolysis at 400 ◦C (Figure 3e,f). With the increase of temperature to 600 ◦C lead to the
formation of porous structures with average diameters close to 30 μm separated by carbon lamellae
with a thickness around 1 μm (Figure 3g,h). At 800 ◦C, the biochar recovered lost the structure due
to the massive release of volatile organic matters during the overall pyrolytic process that induced
the collapse of carbonaceous structures together with an improved grindability [60]. At 1000 ◦C,
the increased temperature allowed the massive formation of carbon–carbon bonds that promoted the
stabilization of the porous architecture with nanoscale lamellae structures. CB showed a typical highly
aggregate spherule-based shape with average diameter of single particles around 50 nm.
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Figure 3. FE-SEM captures of (a,b) neat coffee, (c,d) CB, (e,f) C400, (g,h) C600, (i,j) C800 and (k,l) C1000.
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Organic component of significant carbonaceous materials was also analysed using both FT-IR and
Raman spectrometry techniques. Among carbonaceous materials, we reported neat coffee, C1000 and
CB. Results are shown in Figure 4.

Figure 4. FT-IR spectra (ATR mode) of (a) neat coffee, (b) coffee biochar produced at 1000 ◦C and (c)
CB in the range of 500–4000 cm−1.

The FT-IR spectrum of neat coffee showed the broad band of νO–H (3300–3500 cm−1), the bands
of saturated νC–H (2850–2950 cm−1), νC=O (1710–1741 cm−1) due to the carboxylic functionalities,
νC=C (1540–1638 cm−1) due to the presence of aromatic structures, saturated and unsaturated δC–H

(1370–1440 cm−1), saturated νC–C (1243 cm−1), νC–O (1030–1148 cm−1) and out-of-plane δO–H below
700 cm−1. Those bands clearly identified a lignocellulosic derived matrix with massive presence
of polysaccharides and aromatics. C1000 did not show any of the characteristic bands of organic
matrix but show an envelope of bands below 1800 cm−1 due to carbon skeletal movements. Contrary,
CB showed low bands intensity below 1000 cm−1 due the lower variety of carbon structure embedded
into particles.

Raman spectra normalized on G peak are shown in Figure 5. Coffee biochars had the typical
profiles of amorphous materials [61] in contrast to CB which was more graphitic. The graphitic structure
for CB could be observed by the deep gorge between D and G peaks and their shaped structure.
An increase of ID/IG ratio was evident for biochars moving from a pyrolytic temperature of 400 to
1000 ◦C. This increase of ID/IG ratio could be ascribed to the progressively loss of residual functional
groups with the increase of temperature. This observation was also supported by the decrease of
fluorescence [62]. Due to the loss of less intense parts of these weak interactions, biochar underwent an
appreciable disorganization together with aromatic structure formation, in particular up to 600 ◦C,
without the completion of a proper graphitization process that occurs at higher temperature [63].
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Figure 5. Magnification of Raman spectra in the range from 800 to 2000 cm−1 of C400, C600, C800,
C1000 and CB.

The evolution of biochar structures due to temperature increment could be monitored though
Raman according to Ferrari et al. [61]. Accordingly, the D peaks (Figure 5) showed wave numbers
close to 1350 cm−1 that is typical of transition from amorphous carbon to nanocrystalline graphite.
At the same time the biochar G peaks showed wavenumbers close to 1580 cm−1 with exception of
C1000. This last showed a G peak at 1600 cm−1 due the high amount of nanocrystalline domains not
yet rearranged in the ordered structure [64].

The above mentioned consideration was also supported by EDX analysis that showed the
carbon content that significantly increased from C400 to C600–C1000 while oxygen content decreased.
Carbon content of C600–C1000 were not significantly different from CB even if CB showed a more
ordered structure. This support the hypothesis that the driving force of the biochar enhanced
conductivity is the reorganization of nanocrystalline domains and not merely the carbon content,
shown in Figure 6. Traces of Mg, P, K and Ca were also detected.

Figure 6. Carbon content of biochars and CB. Evaluated though energy dispersive X-ray (EDX) analysis.
Error values were reported as 5% of the detected values according with Laskin et al. [65]. Columns marked
with different letters are significantly different (p < 0.05).
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3.2. Composites Characterization

3.2.1. Electrical Characterization of Carbonaceous Filler and Composites

The set-up shown in Figure 1a was used for biochar powders electrical characterization. Around 3 g
of carbonaceous powder, which creates a few millimetres distance between copper cylinders was
positioned in the chamber. After the closure of the chamber a pressure was applied with the aim of
compacting the powder. The pressure range was from 0 to 1500 bar (step of 250 bar). For each step
the stabilized value of resistivity was registered such as the distance between the copper cylinders.
The same procedure was repeated for composites of few millimetre thickness. Carbonaceous powders
and composites decreased their resistance value during compression until they reached a plateau when
high pressure was reached. The decreasing of resistance value could be correlated with the decreasing
of space between carbon particles as sketched in Figure 7. In the case of powders, the void among
particles collapsed with a production of compact carbon agglomerate as shown in Figure 7a. In the
case of composites, Figure 7b shows the mechanism where the polymer chains flow let the carbon
particles situate.

Figure 7. Behaviour of (a) powders and (b) composites during compression.

The resistance value, R, with the value of surface S and distance l between copper surfaces were
used in Ohm law (σ = l/RS) to evaluate the conductivity σ. The conductivity value of carbon powder
and composites were evaluated following this procedure:

(1) A starting value of conductivity was evaluated without any sample in order to measure the value
of resistance of the system. This value was subtracted to the resistance value read with samples.

(2) The same quantity of carbon powders (CB and biochar) were positioned between copper cylinders
and kept by the Plexiglas hollow cylinder. The measurement was repeated several times in order
to have a reliable value.

(3) Composites were positioned between copper cylinders, in this case the Plexiglas hollow cylinder
was not necessary and the value of conductivity was measured in different sample portions.

Preliminary results are shown in Figure 8 showing the conductivity of the biochar powders
(red line) and percolation curves of related composites.
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Figure 8. Trends of composites conductivity as function of filler percentage. Red line represents the
biochar conductivity trends while yellow, blue and green show respectively the percolation curves of
composites containing C400–C600, C800 and C1000.

C400 did not show an appreciable conductivity while an increment of pyrolytic temperature up
to 600 ◦C induced a conductivity of up to 0.02 S/m. Further increments of processing temperature
up to 800 and 1000 ◦C led to a conductivity of up to 0.04 and 35.96 S/m. This remarkable increment
of conductivity between 800 and 1000 ◦C was due the enlargement of aromatic region formed as
consequence of high temperature carbonization [64]. This deeply affected the electrical behaviour of
related composites. Consequently, C400 and C600 containing composites were not conductive for
all the range of filler percentage investigated. CB composites were not conductive until the filler
concentration of 15 wt. % reaching a conductivity of 5.4 × 10−8 S/m with a filler loading of 20 wt. %.
C1000 composites showed the best performances showing a detectable electrical conductivity with a
15 wt. % of filler and reaching a conductivity of 2.02 S/m with a filler loading of 20 wt. %.

Accordingly, with these data, electrical properties of C1000 and C1000 containing composites
were studied under a wide range of static pressures comparing with the related CB and CB composites
as shown in Figure 9.
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Figure 9. Trends of CB and C1000 powders and related composites conductivity as a function of
pressure applied.

CB powder reached a conductivity around 1700 S/m while in the same conditions C1000 reached a
conductivity of 300 S/m. Composites containing of CB and C1000 were conductive but the results showed
a different trend compared with the relative powders. CB 15 wt. % reached the value of 4 × 10−3 S/m
and its conductive value showed an influence of applied pressure in the first compression movement.
C1000 15 wt. % reached to 10−2 S/m, with an increment around one order of magnitude if compared
with CB 15 wt. %. This difference was more relevant for a filler concentration of 20 wt. %. In this case,
the conductivity of CB-based composites dropped down to 10−5–10−4 S/m in contrast to C1000 which
reached ~10 S/m. The high conductive value for coffee biochar could be due to more uniform filler
dispersion inside epoxy resin. Dispersion of the filler inside the epoxy matrix was investigated through
FE-SEM (Figure 10) after samples were cryo-fractured using liquid nitrogen and compared to composites
with a filler loading of 15 wt. % due to the similarity of conductivity. CB containing composites showed
a dark and clear area (Figure 10a) with different compositions. The clear ones were rich in CB aggregates
(Figure 10b,c) while the darkest were poor (Figure 10d). C1000 containing composites showed smooth
surfaces with holes (Figure 10e) due the expulsion of embedded C1000 particles during the fracturing
(Figure 10e) as clearly shown in Figure 10g. Particles size analysis (Figure 11) showed clearly that C1000
was composed by two particle populations, one around 100 μm and one around 20 μm. Considering
the average size of C1000 particles into the composites was reasonable it was assumed that the bigger
ones underwent a disruption during the ultrasonication forming small sized well-dispersed particles.
CB particles size showed also that it would be more appropriate speaking of CB aggregates instead of
single particles [66]. Aggregates could be justified also from Figure 10c where the CB single particles
were less than 100 nm but they created agglomerates that also the particle size analysis (Figure 11) was
not able to detect.
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Figure 10. Field emission scanning electrical microscopy (FESEM) of cryo-fractured (a–d) CB and (e–g)
C1000 containing composites with a filler loading of 15 wt. %.
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Figure 11. Particle size distribution for CB and C1000.

3.2.2. Composites Mechanical Characterization

With the aim of confirming mechanical consistence of samples, a stress–strain curve was
investigated for composites of 15 wt. % for CB and C1000 compared with neat resin. Mechanical tests
on dog-bones shaped samples are summarized in the Figure 12.

Figure 12. Stress–strain curves of composites containing 15 wt. % of (a) C1000, (b) CB and (c) neat resin.

According to data report in Figure 13, maximum elongation of neat resin (3.50% ± 0.64%) was
the highest compared with those of C1000 and CB containing composites (1.16% ± 0.09% and 1.63%
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± 0.08% respectively). Neat resin showed also a remarkably higher toughness (0.48 ± 0.03 MJ/m3)
compared with composites that showed values not significantly different from each other close to
0.18 MJ/m3. Young′s modulus (YM) showed a significant difference between C1000-based composites
(3258 ± 273 MPa) and CB ones (1940 ± 163 MPa). These last values were quite close to those of neat
resin (1510 ± 160 MPa) and a similar trend was observed with ultimate tensile strength with values of
CB composites not significantly different from those of neat resin (both close to 19 MPa) and higher
values for biochar-based composites (up to 24.9 ± 1.5 MPa).

Figure 13. Summary of (a) ultimate tensile strength, (b) Young′s modulus, (c) toughness and (d)
maximum elongation of neat resin, biochar and carbon-based composites. Columns marked with
same letters were not significantly different (p < 0.05).

Composites behaviour observed during the mechanical tests enlightened the different interaction
between different carbonaceous filler with epoxy matrix with magnification of filler–resin interaction,
and in the case of biochar-based composites with an increase brittleness and a reduced elongation.

As reported by Chodak et al. [39] about CB containing poly(propylene) composites, the formation
of a diffuse particles network is detrimental for the mechanical properties. The same behaviour was
observed in the production of CB-based composites which presented a decrement of Ultimate tensile
strength compared with CB1000 ones. CB1000 were very close to the percolation threshold (Figure 7)
and this induced a very relevant decrement of maximum elongation. Working below the percolation
threshold allowed the preservation of some of the appealing properties of a brittle resin (i.e., high Young’s
modulus and ultimate tensile strength) together with the magnification of electrical conductivity.
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4. Conclusions

The coffee waste stream was efficiently used as feedstock for pyrolytic conversion at different
temperatures. The effect of process temperature on the properties of biochar was investigated and it
was observed that further increments of temperature improved the porous stability and conductivity
of the material. This phenomenon was probably due to both the formation of new C–C bonds and to
the rearrangement of graphitic and quasi-graphitic domains formed during pyrolysis as shown by
Raman characterization.

The most relevant result of this study was that even if neat biochar produced at 1000 ◦C showed
less conductivity with respect to CB when it was dispersed in composite, the electrical properties
of a composite containing coffee biochar were some orders of magnitude higher than composites
containing CB. In the case of 20 wt. % of C1000, composites showed four orders of magnitudes more
that composites containing 20 wt. % of CB. This could be ascribed to the uniform dispersion of coffee
biochar, in contrast to CB which creates agglomerations. These agglomerations induced a non-uniform
composite structure in the CB containing composites. Mechanical properties of composites with
coffee biochar were verified and they were not compromised with respect to composites containing
C1000, showing better UTS and YM. Both materials were more brittle than neat resin but C1000
showed some of the properties of high performances resins. Mechanical properties also showed a
direct correlation with filler dispersion. Where the filler dispersion was uniform, the mechanical
performances were improved.

A new era could be at the door for carbon fillers in polymer composites. Considering the sustainability
of coffee biochar production, the results reported show how biomass-derived carbon could be a sound
replacement for oil-derived carbon fillers such as CB.
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Abstract: Following the innovative research activity carried out in the framework of the POIROT
(Italian acronym of dOmotic Platform for Inertization and tRaceability of Organic wasTe) Project,
this work aims to optimize the composition of the blends between the organic fraction of municipal
solid waste (OFMSW) and formaldehyde-based resins, in order to improve the durability properties.
To this aim, in this work, commercial urea-formaldehyde and melamine-formaldehyde powder
polymers have been proposed for the inertization of the OFMSW, according to the previous optimized
OFMSW-transformation process. A preliminary study about the mechanical properties of the
composite panels produced with the different resins was carried out by evaluating compressive,
flexural, and tensile performances of the panels. Artificial weathering by cyclic (heating–cooling) and
boiling tests were carried out and the mechanical properties were evaluated in order to assess the
resistance of the panels to water and humidity. The melamine-formaldehyde based resin had the best
performances also when subjected to the weathering tests and despite the higher content of resin in
the composites, the panels produced with melamine-formaldehyde have the lowest values of release
of formaldehyde minimizing their potential hazard level.

Keywords: solid urban waste; formaldehyde; durability

1. Introduction

In the last decade, municipal solid waste management has grown to be one of the main challenges
of modern smart cities in the world. Any solution to improve the environmental sustainability
represents a welcome candidate that can improve the quality of life for the population. In our previous
research [1–3], we reported on the design and realization of an innovative prototype platform able
to produce inertized and valorized panels, starting from the organic fraction of the municipal solid
waste (OFMSW). The platform is managed by Arduino-based electronic sections for controlling process
parameters and integrated with user recognition and a product traceability system based on radio
frequency identification (RFID) technology. The POIROT (Italian acronym of dOmotic Platform for
Inertization and tRaceability of Organic wasTe) prototype machinery implements a transformation
process, constituted by different sequential steps for transforming the organic wastes into a fully inert
material. In particular, the main purposes of the transformation process are:

To transform the organic material into bricks, which are inert from a bacteriological point of view
and, thus, storable for a long time without any problems in domestic environments;

To modify the composition of the produced inert material by adding specific additives, for giving
it appropriate physical and mechanical characteristics, aimed at targeting the specific application of
the products, for efficient reuse and recycling;
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To label by means of a RFID tag and to properly identify the products for allocating them into
storage centers so that they can be recovered and then reutilized in a targeted manner, thanks to the
possibility of identification and traceability given by the RFID technology.

Among the other thermos-setting resins, such as epoxy and polyurethane, urea-formaldehyde (UF)
systems were previously selected for inertization of OFMSW [1,2], due to their distinct advantages, such
as high crosslinking, water solubility, high strength, cost effectiveness, and rapid curing performance [4].
For its own specific characteristics formaldehyde is, in fact, employed for a wide range of applications.
The large diffusion of formaldehyde-based materials is due to the high chemical activity and relative
cheapness that allows the employment of formaldehyde in several industrial realities. The high
bactericidal action is exploited in the medical sector for the conservation of biological material
or for sterilizing and disinfecting in pharmacology. Formaldehyde is used in chemical synthesis
in the production of detergents, soaps, shampoos, and other cosmetic products as well as for the
manufacturing of building materials, such as plywood lacquers, coatings, or glues. Outside of industrial
processes, it is also well known that formaldehyde exists naturally in some vegetables and fruits [5].
For instance, pears (38.7–60 mg/kg), grapes (22.4 mg/kg), potatoes (19.5 mg/kg), bananas (16.3 mg/kg),
bulb vegetables (11.0 mg/kg), apples (6.3–22.3 mg/kg), carrots (6.7–10.0 mg/kg), and watermelons
(9.2 mg/kg) are the aliments that contain the most amount of formaldehyde. Formaldehyde is also
employed as a feed hygiene substance in feed for animals [6–8]. The food industry widely uses
formaldehyde like food preservatives (identified as E240) especially in smoked food products [9].
The use of formaldehyde as a preservative for food is still an open issue in Europe [7,10], although
concentrations equal to 2.5 g/kg are permitted in the United States [9,11]. On one side, people are
exposed to small amounts of formaldehyde by eating food, on the other side, the greatest damage occurs
by inhalation. Nowadays, automobile and aircraft exhaust emissions, natural gas, fossil fuels, waste
incineration, and oil refineries are the major man-made sources of formaldehyde [12]. Formaldehyde
is normally present in both indoor [13] and outdoor air [14]. Building materials can be significant
emission sources of volatile organic compounds (VOCs), affecting high concentration levels in indoor
environments [15,16]. The urea-formaldehyde foam for insulating (UFFI) the buildings, particularly
diffused in the 1970s, was substituted, in recent years, by the urea-formaldehyde spray foam (UF) [14],
that is dried to remove any volatile compounds, thus less formaldehyde would be expected to be
released. A variety of products present in the home can be sources of formaldehydes release, among
those more diffused are wood floor finishes, pressed-wood, and wood-based products containing UF
resins, such as wallpaper, paints, cigarette smoke, cooking fumes, but also carpets or gypsum board.
Due to their porosity, they absorb significant amounts of formaldehyde that could become trapped
inside these materials and subsequently released over time in the indoor air. Despite the wide presence
of formaldehyde in several materials, it has been classified as cytotoxic, a mutagen, and a human
carcinogen by the International Agency for Research on Cancer [17–20]. For such reasons, it is very
important to preventively note the risks for human health and the environment by evaluating the
hazards in order to limit the exposure. The UF resins have been proven to be efficient, cost and time
saving, materials for the inertization of OFMSW. In previous works [1–3], the pre-sterilized OFMSW is
mixed with a given amount of UF and water for the production of a pourable slurry. The developed
OFMSW-transformation process without any pressure application in the POIROT prototype machinery
allows curing of the resin. This approach enables the resin to block the release of odors and percolates
from the OFMSW, and at the same time produce low cost bricks or panels, which can be useful in
different industrial and building applications.

On the other hand, the aforementioned issues associated with the use of UF-based systems
suggest the possibility of replacing them, also in view of their poor water resistance, which can cause
degradation of the properties and release of free formaldehyde.

Therefore, this work is aimed at studying the suitableness of different formaldehyde systems
(urea/formaldehyde and melamine/formaldehyde) for the inertization of the treated OFMSW. The choice
of a proper matrix is mainly based on the durability of the produced panels, with particular emphasis on
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the resistance towards the effect of water, which can be detrimental for the mechanical properties, and
at the same time can promote hydrolysis of the matrix, and consequent release of free formaldehyde.

2. Materials and Methods

Three resins, with decreasing formaldehyde content, were used in this work, in order to allow the
intertization of the OFMSW, by producing composite panels with different performances:

1. Urea formaldehyde powder polymer, commercialized by Sadepan as SADECOL P 100N (Sadepan
Chimica S.r.l, Viadana, Italy). It is supplied as fine powder/granules with defined grain size and a
viscosity from 60 to 130 mPa*s at 20 ◦C. The resin is characterized by a formaldehyde content
lower than 1% [21]. This resin is labelled as HUF (urea-formaldehyde with higher content of free
formaldehyde);

2. Urea-formaldehyde powder polymer, commercialized by Sadepan as SADECOL P 410 (Sadepan
Chimica S.r.l, Viadana, Italy). The resin is characterized by a formaldehyde content lower
than 0.1% [22]. This resin is labeled as LUF (urea-formaldehyde with lower content of free
formaldehyde);

3. Melamine-formaldehyde powder polymer, commercialized by Sadepan as SADECOL P 656
(Sadepan Chimica S.r.l, Viadana, Italy), obtained by condensation between melamine and
formaldehyde, modified by addition of fillers, additives, and hardeners. The resin is
characterized by a formaldehyde content lower than 0.1% [23]. This resin is labelled as MF
(melamine–formaldehyde).

An amount of 10 wt% of a proper catalyst was added (Fast sad SD 10, supplied by Sadepan
Chimica S.r.l, Viadana, Italy), in order to reduce the time and temperature of the curing process.

The OFMSW used was unsorted food waste collected according to standard Italian regulation.
In particular, OFMSW was collected from a local dining room, and apart from food wastes, it contained
small amounts (less than 0.5% in weight) of different soft wastes, such as tissues or napkins.

The amount of resin was chosen as the lowest quantity able to reach a complete hardening after
the cure (Table 1). Lower amounts involved a partial, or total, desegregation of the sample after the
polymerization. Each sample is labelled according to the amount of the organic fraction of municipal
solid waste (OFMSW), which is therefore, for three samples, equal to 80% (labelled as OF80), 70%
(labelled as OF70) and 50% (labelled as OF50). However, it should be kept in mind that the OFMSW is
actually made of about 70% by water, which, however, is removed by evaporation at the end of the
curing process. Therefore, in Table 1, the amount of water and the amount of dry OFMSW are also
reported. In addition, the composition of cured samples, in which water is completely removed, is
reported. The three samples also differ by the type of matrix which was used. Sample OF80_HUF with
80% of wet OFMSW was obtained with the UF SADECOL P 100N matrix (above defined HUF resin)
characterized by a higher free formaldehyde content, whereas sample OF70_LUF with 70% of wet
OFMSW was obtained with the SADECOL P 410 matrix (above defined LUF resin) characterized by
a lower content of free formaldehyde. Finally, the sample OF50_MF with 50% of wet OFMSW was
obtained with the melamine-formaldehyde P 656 matrix (above defined MF resin).

Rheological analyses were carried out on a Rheometrics Ares rheometer (TA Instruments,
New Castle, DE, USA) on the slurry produced with the different resins. Steady rate tests were carried
out at 25 ◦C, varying the shear rate from 0.05 to 1 s−1, in order to evaluate the possible changes in
viscosity due to the use of the different resins. In addition, dynamic temperature ramp tests were
performed on all of the mixtures produced, in order to analyze the curing process of the samples
during a heating scan from 25 to 120 ◦C with a heating rate of 5 ◦C/min, on a parallel geometry plate
with a gap of 0.3 mm, constant oscillatory amplitude (1%), and frequency (1 Hz).
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Table 1. Composition of the blends: OF80_HUF sample is a blend with 80% of wet OFMSW inertized
in 20% of HUF resin, OF70_LUF refers to blend with 70% of wet OFMSW and 30% of LUF resin, finally
OF50_MF is a blend with 50% of wet OFMSW and 50% of MF resin.

Composition of the Slurry
(wt%)

Composition of Cured Samples
(wt%)

Formulation Water Resin Dry OFMSW Resin Dry OFMSW

OF80_HUF 54.9 21.6 23.5 48 52

OF70_LUF 47.9 31.6 20.5 60 40

OF50_MF 33.6 52 14.4 78 22

Several panels with the different resins of Table 1 (some of them shown in Figure 1) were produced
by using the POIROT prototype machinery [1,3]. The latter prototype, besides the possibility to carry
out a mechanical and thermal process for the transformation and valorization of the OFMSW, allows
us to perform an electronic control aimed to check the correct operation of the different transformation
processes. Additionally, a continuous diagnostic is ensured by means of appropriate measurement
systems of the physical-chemical parameters related to each transformation phase of the conferred
organic waste and of the intermediate and final waste water [3].

Figure 1. OFMSW-based panel production with different resins.

The dimensions of the produced panels are 400 mm × 200 mm × 30 mm, with an in-plane standard
deviation of 3 mm and a through thickness standard deviation of 1 mm (Figure 1).

Compression, tensile, and flexural tests were performed according to, respectively, UNI EN
826 [24], UNI EN 319 [25], and UNI EN 310 [26] Italian standards that implement European directives
on the cured panels for building applications. Before mechanical tests, all of the samples were
weathered at RH 65%, 20 ◦C, up to constant weight. Referring to the standards, six samples were
extracted from the panels with the following geometry:

UNI EN 826 (compression tests) [24]: sample dimensions equal to t × 50 mm × 50 mm, where t is
the thickness of the panel (30 mm). Tests were carried out with a crosshead speed of 0.3 mm/min;

UNI EN 319 (tensile tests) [25]: sample dimensions equal to L × 50 mm × t , where L is 200 mm,
corresponding to half of the length of the panel and t is the thickness of the panel (30 mm). The crosshead
speed was chosen as 5 mm/min, in order to obtain broken samples in 60 s;
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UNI EN 310 (flexural tests) [26]: sample dimensions equal to t × 50 mm × 20t , where t is the
thickness of the panel (30 mm). The crosshead speed was chosen as 1.5 mm/min, in order to obtain
broken samples in 60 s.

Afterwards, all the samples were subjected to cyclic boiling tests, in order to assess their resistance
to water and humidity. In particular, according to UNI EN 321 [27], cyclic tests involved immersion in
water for 70 h at 20 ◦C, followed by freezing at −18 ◦C for 24 h and heating at 70 ◦C for 70 h, and finally
keeping them at room temperature for 4 h. The whole cycle is repeated three times. At the beginning
and at the end of the test, the sample is weathered in a climatic chamber (at 20 ◦C and 65% RH) until
constant weight is reached.

Samples exposed to cyclic tests were then subjected to compression tests, according to UNI EN
826 standard.

Also, boiling tests were performed on samples extracted from the panels, by following the UNI EN
1087-1 standard [28]. Tests consisted of immersion of the samples in neutral water at 20 ◦C, followed
by heating in an oven at 110 ◦C. After water boiling, the sample is held in the oven for 120 min. After
cooling, differently from the cyclic tests, the sample is not weathered.

After boiling, all the samples were subjected to compression, tensile and flexural tests with the
procedures described above.

For each test, six repetitions were performed. The six samples were extracted from three different
panels, in order to account also for the change of the properties due to different batches of OFMSW.

Finally, the formaldehyde emission for each panel was assessed, according to the UNI EN
717-2 standard [29]. Tests, performed in external laboratories, consisted of placing samples of
400 mm × 50 mm × board thickness in a 4-liter cylindrical chamber with controlled temperature
(60 ± 0.5 ◦C), relative humidity (RH ≤ 3%), air flow (60 ± 3 L/h) and pressure. Air is continuously
passed through the chamber at 1 L/min over the test piece, whose edge was sealed with self-adhesive
aluminum tape before testing. The determinations were made in duplicate using two different
pieces and the actual formaldehyde value is the average of the two pieces after 4 h expressed in
mg-HCHO/m2·h. The formaldehyde amount in the water is then determined photometrically by acetyl
acetone spectrophotometric analysis. The determination is based on the Hantzsch reaction, in which
aqueous formaldehyde reacts with ammonium ions and acetyl acetone to yield dia-cetyldihydrolutidine
(DDL) [30].

3. Results and Discussion

In Figure 2a, the steady state viscosity is reported as a function of shear rate for the different
formulations reported in Table 1. In order to attain a low viscosity of the slurry, necessary to allow its
pressure-free processing in the POIROT prototype, the matrices used in this work required different
amounts of water. In the developed process, the required amount of water was supplied by the
OFMSW, which was composed of about 70% water and the remaining fraction (about 30%) is made,
above all, of different types of lipids, carbohydrates, and proteins. Reducing the amount of water
necessary to attain the same viscosity has the distinct advantage of reducing the porosity of the panels,
which in turn involves better mechanical properties [3].
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Figure 2. (a) Steady rate sweep tests at room temperature and (b) dynamic temperature ramp tests on
OF80_HUF, OF70_LUF and OF50_MF samples.

The reactivity of the different mixtures was assessed through dynamic rheological analyses.
Results, reported in Figure 2b, show that all of the tested formulations are characterized by similar
onset temperatures of curing (T0) (Table 2). On the other hand, as clearly shown in Figure 2b, the
melamine/formaldehyde resin shows a much faster curing, as highlighted by the much higher slope of
the curve (Table 2). Furthermore, the final viscosity (ηf) that is reached with this sample is much higher
than those of the other two blends. This result is related to the lower water content of the mixture,
which allows lower reaction times and higher final viscosity values.

Table 2. Rheological data obtained from the curves of Figure 2 (T0 is the onset temperature of curing,
ηf is the samples final viscosity).

Formulation T0 (◦C) Slope (Pa*s/◦C) ηf (Pa*s)

OF80_HUF 74.2 0.02688 1.47E4
OF70_LUF 71.5 0.04939 4.41E4
OF50_MF 70.7 0.20397 6.83E6

Typical stress-strain curves from compression, tensile, and flexural tests are reported in Figure 3a–c,
respectively. The corresponding values for the strength (σR), strain at break (εR), and modulus (E) are
reported in Table 3. The panels produced by the MF SADECOL P 656 resin are characterized by higher
strength and elastic modulus in all of the loading conditions. This is due to the higher value of the
density (ρ) of the panels, also reported in Table 3. In turn, the higher density is a direct consequence
of the lower amount of water added in the slurry, which reduced the porosity of the panels. All of
the samples show much better properties in compression than in tension. This is due to the brittle
behavior of all of the panels and to the significant amount of porosity in each sample. As highlighted
by the results of Table 3, all of the samples show, in flexural tests, an intermediate behavior between
that measured in tension and in compression.
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σ ε ρ

Figure 3. (a) Compression, (b) tensile, and (c) flexural tests on samples realized with different resins.

Table 3. Mechanical tests results (σR is the samples strength, εR the strain at break, E the modulus and
ρ the density).

Formulation σR (MPa) εR (mm/mm) E (MPa) ρ (g/cm3)

Compression Tests

OF80_HUF 1.75 ± 0.36 0.16 ± 8.5E-02 40.79 ± 3.48 0.76 ± 0.02

OF70_LUF 1.98 ± 0.72 0.27 ± 6E-03 26.61 ± 6.16 0.75 ± 0.04

OF50_MF 5.17 ± 1.04 0.12 ± 1.3E-02 86.48 ± 10.69 0.86 ± 0.05

Tension Tests

OF80_HUF 0.41 ± 0.13 0.07 ± 1.5E-02 79.14 ± 46.63

OF70_LUF 0.44 ± 0.10 0.03 ± 1.4E-02 74.07 ± 20.84

OF50_MF 1.02 ± 0.12 0.02 ± 3E-03 126.69 ± 15.87

Flexural Tests

OF80_HUF 0.76 ± 0.24 0.07 ± 0.02 75.87 ± 21.51

OF70_LUF 1.21 ± 0.17 0.01 ± 2E-03 118.27 ± 17.10

OF50_MF 2.79 ± 0.41 0.01 ± 2E-03 236.43 ± 41.61

Compression tests were then carried after subjecting samples to cyclic humidity weathering
according to UNI EN 321 standard. Only the OF80_HUF and OF50_MF samples were tested, since
OF70_LUF ones were completely broken after the heating–cooling cycles, as detailed in Section 2.
Results, reported in Figure 4, indicate, for both systems, a decrease of about 20% in compressive
strength. On the other hand, the compressive modulus was strongly affected by the heating-cooling
cycles, with a reduction of about 40% for OF50_MF system and a sharp decrease of about 70% for
OF80_HUF samples. Therefore, in accordance with the results in Table 3. Mechanical tests resultsthe
analysis of the compressive behavior indicates better performances of OF50_MF samples even after
cyclic tests.
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Figure 4. Normalized compressive tests after repeated heating-cooling cycles on OF80_HUF and
OF50_MF samples.

Afterwards, all of the produced samples were subjected to boiling tests, according to UNI
EN 1087-1. Once extracted, samples were tested in wet conditions with compressive, tensile, and
flexural tests.

All of the measured properties showed a significant decrease after the boiling tests. In particular,
referring to compressive tests, the results of Figure 5a,b show a reduction of about 30% and 90%
respectively for the strength and modulus of the OF80_HUF samples. Referring to compressive
properties, the ratio between the strength of the OF50_MF sample after and before the aging are
comparable to that of OF70_LUF sample, whereas the ratio of modulus after and before the boiling
tests of OF50_MF sample is much higher than that of OF70_LUF sample.

Figure 5. Mechanical response of OF80_HUF, OF70_LUF and OF50_MF samples after the boiling tests;
ratio between strength of the samples after and before the boiling tests (a), ratio of samples’ modulus
after and before the boiling tests (b).

Tensile and flexural properties are, in general, much more affected by the boiling tests compared
to compression properties. In particular, a reduction of about 90% for the strength was found relative
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to the OF80_HUF sample, both in the flexural and tensile tests. The corresponding modulus decrease
is about 95%. Therefore, even for boiling tests, the OF80_HUF sample showed the higher sensitivity.

The strength reduction for the OF70_LUF and OF50_MF samples are substantially equivalent
both in tension and flexural tests. In both cases, a reduction of about 75–80% is found. However, the
OF50_MF sample showed a better retention of the stiffness compared to the OF70_LUF sample, both in
tension and flexural tests. Therefore, even in this case, better performances were reached with the
OF50_MF composition.

Formaldehyde release was evaluated according to the UNI EN 717-2 standard, in order to assess
whether the formaldehyde emission of the produced panels is lower than the standard limits for
manufactured housing at the time of sale, thus allowing a possible commercialization of the realized
products. Results in Figure 6 indicate that only OF50_MF samples show a formaldehyde release lower
than the threshold limit value (TLV), thus confirming that these samples comply with the UNI EN 717-2
standard. On the other hand, both OF80_HUF and OF70_LUF panels showed a higher formaldehyde
release than the TLV, with a higher gap for OF80_HUF samples. This result is attributable to a higher
water content of the slurry before the curing process. Higher moisture and water content implies
higher formaldehyde emissions, either due to retention of dissolved formaldehyde, less effective cure,
or higher hydrolysis rate. Therefore, a lower release could be attained by decreasing the water content
of the mixtures before the curing process.

Figure 6. Formaldehyde release according to UNI EN 717-2 standard.

4. Conclusion

An innovative prototype machinery for the stabilization and valorization of the organic fraction
of municipal solid waste (OFMSW) has been already assessed in the framework of the POIROT Project
research activities, by using a urea–formaldehyde resin containing a formaldehyde content of less than
1 wt% [1,2]. In this paper, the possibility to substitute the previous resin with two different matrices
containing a lower amount of free formaldehyde was evaluated. The composition of the blends between
OFMSW and formaldehyde resins were, initially, optimized in order to improve the processability of
the slurries. Attaining the same viscosity with the three different resins required different amounts of
water, and therefore, different amounts of dry OFMWS. In particular, the melamine-formaldehyde
SADECOL P 656 resin required the lower amount of water. The panels produced by the POIROT
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platform showed a density which is strictly correlated to the initial amount of water of the slurry.
A lower porosity was found for samples requiring lower amount of water.

As a consequence of this, the melamine–formaldehyde-based blend showed the best mechanical
performances on the as-produced samples. However, even after artificial weathering cyclic
heating–cooling or boiling tests, the melamine-formaldehyde based blend showed a better retention
of the initial mechanical properties. In addition, the panels produced with melamine–formaldehyde
showed the lowest values of formaldehyde release, evidencing the lowest hazard level. Starting from
the results obtained in this work, the melamine–formaldehyde-based resin was selected as the more
suitable matrix for the production of OFMSW-based composites with high mechanical and durability
properties and low environmental impact, as achieved with the use of POIROT machinery.

Author Contributions: Investigation, F.F. and R.S.; supervision, C.E.C. and A.G. and P.V.; project administration, P.V.

Funding: This work is funded by the project POIROT with CUP code B89J17000370008 supported by the MISE
(Ministry of Economic Development) of Italy within the European Union’s Horizon 2020 research and innovation
program, in collaboration with Italian companies Medinok SpA (Volla, NA) and Arter Srl (Castello di Cisterna, NA).

Acknowledgments: The authors gratefully acknowledge SADEPAN CHIMICAL S.r.l. for supplying the
Urea-Formaldehyde resin and for technical support.

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

References

1. Esposito Corcione, C.; Ferrari, F.; Striani, R.; Minosi, S.; Pollini, M.; Paladini, F.; Panico, A.; Greco, A. An
innovative green process for the stabilization and valorizationof organic fraction of municipal solid waste
(OFMSW) I part. Appl. Sci. 2019, 9, 4516. [CrossRef]

2. Esposito Corcione, C.; Ferrari, F.; Striani, R.; Minosi, S.; Pollini, M.; Paladini, F.; Panico, A.; Greco, A. An
innovative green process for the stabilization and valorization of organic fraction of municipal solid waste
(OFMSW) II part: Optimization of the curing process. Appl. Sci. 2019, 9, 3702. [CrossRef]

3. Ferrari, F.; Striani, R.; Minosi, S.; De Fazio, R.; Visconti, P.; Patrono, L.; Catarinucci, L.; Esposito Corcione, C.
An innovative IoT-oriented prototype platform for the management and valorization of the organic fraction
of municipal solid waste. Submitt. J. Clean. Prod.. under review.

4. Conner, A.H. Urea-Formaldehyde Adhesive Resins. Polym. Mater. Encycl. 1996, 128, 8496–8501.
5. Nowshad, F.; Islam, M.N.; Khan, M.S. Analysis of the Concentration and Formation Behavior of Naturally

Occurring Formaldehyde Content in Food. Int. J. Food Eng. 2018, 4, 71–75. [CrossRef]
6. European Food Safety Authority (EFSA). Scientific Opinion on the safety and efficacy of formaldehyde as a

feed hygiene substance in feed for pigs and poultry. EFSA J. 2014, 12, 3790. [CrossRef]
7. Adiveter, S.L. Scientific Opinion on the safety and efficacy of formaldehyde for all animal species. EFSA

J. 2014, 12, 3562. Available online: https://efsa.onlinelibrary.wiley.com/doi/abs/10.2903/j.efsa.2014.3562
(accessed on 30 October 2019).

8. Regabl, B.V. Scientific opinion on the safety and efficacy of formaldehyde for all animal species based.
EFSA J. 2014, 12, 3561. Available online: https://efsa.onlinelibrary.wiley.com/doi/abs/10.2903/j.efsa.2014.3561
(accessed on 30 October 2019).

9. Wahed, P.; Razzaq, M.A.; Dharmapuri, S.; Corrales, M. Determination of formaldehyde in food and feed by
an in-house validated HPLC method. Food Chem. 2016, 202, 476–483. [CrossRef] [PubMed]

10. Directorate, C. Update of the Opinion of the Scientific Committee for Animal Nutrition on the Use of Formaldehyde as
a Preserving Agent for Animal Feeding Stuffs of 11 June 1999 Scientific Opinions; European Commission: Brussels,
Belgiumc, 1999; pp. 1–19.

11. United States Environmental Protection Agency (USEPA). Toxicological Review of Formaldehyde-Inhalation
Assessment USEPA; USEPA: Washington, DC, USA, 2010.

12. Liteplo, R.G.; Beauchamp, R.; Chénier, R.; Meek, M.E. International Programme on Chemical Safety; World
Health Organization: Geneva, Switzerland, 2002.

13. Salthammer, T.; Mentese, S.; Marutzky, R. Formaldehyde in the indoor environment. Chem. Rev. 2010, 110,
2536–2572. [CrossRef] [PubMed]

224



Polymers 2019, 11, 1838

14. U.S. Consumer Product Safety Commission. An Update on Formaldehyde; U.S. Consumer Product Safety
Commission: Bethesda, MD, USA, 2016. Available online: https://www.cpsc.gov/s3fs-public/An-Update-On-
Formaldehyde-725_0.pdf (accessed on 30 October 2019).

15. Knudsen, H.N.; Kjaer, U.D.; Nielsen, P.A.; Wolkoff, W. Sensory and chemical characterization of VOC from
emissions from building products: Impact of concentration and air velocity. Atmos. Environ. 1999, 33,
1217–1230. [CrossRef]

16. Calisti, R.; Isolani, L.; Rossano, M. Formaldehyde exposure patterns in a set of Italian indoor workplaces
with and without specific emission sources-2011–2018. Ital. J. Occup. Environ. Hyg. 2018, 9, 165–175.

17. International Agency for Research on Cancer—IARC, Monographs on the Evaluation of Carcinogenic Risks
to Humans–Internal report 14/002, France, 2014. Available online: https://monographs.iarc.fr/wp-content/
uploads/2018/08/14-002.pdf (accessed on 30 October 2019).

18. Yu, P.H. Deamination of methylamine and angiopathy; toxicity of formaldehyde, oxidative stress and
relevance to protein glycoxidation in diabetes. J. Neural Transm. 1998, 52, 201–216.

19. Feron, V.J.; Til, H.P.; de Vrijer, F.; Woutersen, R.A.; Cassee, F.R.; van Bladeren, P.J. Aldehydes: Occurrence,
carcinogenic potential, mechanism of action and risk assessment. Mutat. Res. Toxicol. 1991, 259, 363–385.
[CrossRef]

20. World Health Organization–International Agency for Research on Cancer–IARC, Overall Evaluation of Carcinogenicity
to Humans; Formaldehyde-Monographs Series; Lyon, France, 2004.

21. Technical Data-Sheet, Sadepan SADECOL P 100N-Product Specifications. 2018. Available online: https:
//www.sadepan.com/en/products/ (accessed on 30 October 2019).

22. Technical Data-Sheet, Sadepan SADECOL P 410-Product Specifications. 2018. Available online: https:
//www.sadepan.com/en/products/ (accessed on 30 October 2019).

23. Technical Data-Sheet, Sadepan SADECOL P 656-Product Specifications. 2018. Available online: https:
//www.sadepan.com/en/products/ (accessed on 30 October 2019).

24. Italian standardization institute, UNI EN 826:2013 Isolanti Termici per Edilizia–Determinazione del
Comportamento a Compressione; 2013. Available online: http://store.uni.com/catalogo/uni-en-826-2013,
(accessed on 30 October 2019).

25. Italian Standardization Institute. UNI EN 319:1994 Pannelli di Particelle di Legno e Pannelli di Fibra di
Legno. Determinazione Della Resistenza a Trazione Perpendicolare al Piano del Pannello; 1994. Available
online: http://store.uni.com/catalogo/uni-en-319-1994 (accessed on 30 October 2019).

26. Italian Standardization Institute. UNI EN 310:1994 Pannelli a Base di Legno. Determinazione del Modulo di
Elasticità a Flessione e Della Resistenza a Flessione; 1994. Available online: http://store.uni.com/catalogo/
index.php/uni-en-310-1994 (accessed on 30 October 2019).

27. Italian Standardization Institute. UNI EN 321:2002 Pannelli a Base di Legno—Determinazione Della
Resistenza All Umidità Mediante Prove Cicliche; 2002. Available online: http://store.uni.com/catalogo/index.
php/uni-en-321-2002 (accessed on 30 October 2019).

28. Italian Standardization Institute. UNI EN 1087-1:1997 Pannelli di Particelle di Legno. Determinazione Della
Resistenza All Umidità. Prova in Acqua Bollente; 1997. Available online: http://store.uni.com/catalogo/uni-
en-1087-1-1997 (accessed on 30 October 2019).

29. Italian Standardization Institute. UNI EN 717-2:1996 Pannelli a Base di Legno. Determinazione del Rilascio
di Formaldeide. Rilascio di Formaldeide con il Metodo Dell’analisi del Gas; 1996. Available online:
http://store.uni.com/catalogo/index.php/uni-en-717-2-1996 (accessed on 30 October 2019).

30. Salem, M.Z.M.; Böhm, M.; Barcík, S.; Beránková, J. Formaldehyde Emission from Wood-Based Panels Bonded
with Different Formaldehyde-Based, Resins. Wood Ind. Drv. Ind. 2011, 62, 177–183. [CrossRef]

© 2019 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/).

225





polymers

Review

A Review on the Flammability Properties of
Carbon-Based Polymeric Composites:
State-of-the-Art and Future Trends

Karthik Babu 1, Gabriella Rendén 2, Rhoda Afriyie Mensah 3, Nam Kyeun Kim 4, Lin Jiang 3,

Qiang Xu 3, Ágoston Restás 5, Rasoul Esmaeely Neisiany 6, Mikael S. Hedenqvist 2,*,

Michael Försth 7, Alexandra Byström 7 and Oisik Das 8,*

1 Center for Polymer Composites and Natural Fiber Research, Tamil Nadu 625005, India;
karthikbabunitt@gmail.com

2 Department of Fibre and Polymer Technology, Polymeric Materials Division, School of Engineering Sciences
in Chemistry, Biotechnology and Health, KTH Royal Institute of Technology, 100 44 Stockholm, Sweden;
grenden@kth.se

3 School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China;
ramensah@ymail.com (R.A.M.); ljiang@njust.edu.cn (L.J.); xuqiang@njust.edu.cn (Q.X.)

4 Centre for Advanced Composite Materials, Department of Mechanical Engineering, University of Auckland,
Auckland 1142, New Zealand; nam.kim@auckland.ac.nz

5 Department of Fire Protection and Rescue Control, National University of Public Service,
H-1011 Budapest, Hungary; Restas.Agoston@uni-nke.hu

6 Department of Materials and Polymer Engineering, Faculty of Engineering, Hakim Sabzevari University,
Sabzevar 9617976487, Iran; r.esmaeely@hsu.ac.ir

7 Structural and Fire Engineering Division, Department of Civil, Environmental and Natural Resources
Engineering, Luleå University of Technology, 97187 Luleå, Sweden; michael.forsth@ltu.se (M.F.);
alexandra.bystrom@ltu.se (A.B.)

8 Department of Engineering Sciences and Mathematics, Luleå University of Technology, 97187 Luleå, Sweden
* Correspondence: mikaelhe@kth.se (M.S.H.); oisik.das@ltu.se (O.D.)

Received: 26 April 2020; Accepted: 1 June 2020; Published: 8 July 2020

Abstract: Carbon based fillers have attracted a great deal of interest in polymer composites because
of their ability to beneficially alter properties at low filler concentration, good interfacial bonding with
polymer, availability in different forms, etc. The property alteration of polymer composites makes
them versatile for applications in various fields, such as constructions, microelectronics, biomedical,
and so on. Devastations due to building fire stress the importance of flame-retardant polymer
composites, since they are directly related to human life conservation and safety. Thus, in this review.
the significance of carbon-based flame-retardants for polymers is introduced. The effects of a wide
variety of carbon-based material addition (such as fullerene, CNTs, graphene, graphite, and so on) on
reaction-to-fire of the polymer composites are reviewed and the focus is dedicated to biochar-based
reinforcements for use in flame retardant polymer composites. Additionally. the most widely used
flammability measuring techniques for polymeric composites are presented. Finally. the key factors
and different methods that are used for property enhancement are concluded and the scope for future
work is discussed.

Keywords: biochar; carbon fillers; nanocomposites; flame retardants; fire

1. Introduction

In the forwarded note of World Health Organization (WHO), it is mentioned that burns constitute a
major public health problem, especially in low- and middle-income countries, where over 95% of all burn
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deaths occur. Fire-related burns alone account for over 300,000 deaths per year [1]. The development
of safer buildings and appliances is one of the reasons for low death rate in high-income countries.
Nowadays, polymers and their composite products are ubiquitous in numerous fields in day-to-day
life, such as microelectronics, construction, furniture, automotive, packaging, etc. However, an
important limitation is that most polymers are easily flammable [2]. Initially, polymers start to degrade
(pyrolyse) when a sufficient amount of heat and oxygen are present. Further. the release of combustible
gases, which mixes with atmospheric air, together promote the vigorous burning of substrate and the
consequent decomposition of materials. This burn initiation (ignition) depends on flash point and
auto-ignition of the material. In brief, polymer decomposition mainly depends on its ignitability, fire
spread, and heat release characteristics. The sufficient amount of heat, fuel, and oxygen supply are
needed at each and every stage of combustion, and these sources may be ambient or self-induced
(especially during material burn. the release of volatile gases and particulates act as a sources for further
combustion and create a cyclic process). It is critical to improve the flame retardancy of the polymers
and their composites in order to satisfy safety guidelines. Carbon-based materials have demonstrated
exceptional thermal, chemical and mechanical properties along with their inherent resistance towards
degradation by combustion. Therefore. the enhancement of the flame retardancy of polymer composites
by utilizing the carbo-based nano-fillers, such as fullerene, CNTs, graphene, graphene nanosheets
(GNSs), Graphene quantum dots (GQDs), graphite, etc., is currently being attempted by numerous
researches. Thus, it is worthwhile to gain a holistic view on the effect of carbon-based nano-fillers on
flammability characteristics of various multifunctional polymer composites. There are numerous tests
that enable the determination of the fire behaviour of polymeric composite materials. For instance.
the Limiting Oxygen Index (LOI) test can give information regarding the minimum amount of O2

that is required by a material to sustain burning. Common polymers like polypropylene (PP) and
polyethylene (PE) have LOI ranging between 17 to 19%. This means that the aforementioned materials
require 17 to 19% of oxygen concentration for complete material combustion process in 3 min. [3].
In addition, one of the most potent technique to judge the reaction-to-fire properties of materials is
cone calorimetry. The fire properties of polymers can be determined at various fire circumstances
(Time to ignition/TTI: ignition stage, Heat release rate/HRR: fire developing stage, and Total heat
release/THR: fully developed fire stage). The main purpose of the above outline is to emphasise the
need for fire testing of polymeric composites and the widely used fire tests, such as LOI test, UL-94
vertical burning test, cone calorimetry, and micro- combustion calorimetry, are discussed in detail
in this review. It is envisaged that this review will provide a summative information regarding the
flammability properties of carbon-based polymeric composites, thus aiding researchers to gain insight
into the efficacy of particular carbon-based additives.

2. Carbon Family Materials

Carbon and its family materials are employed in numerous applications owing to their inherent
advantages, such as porosity, high strength and stiffness, conductivity, etc., and the family is comprised
of carbon black (low cost), biochar (widely available and eco-friendly) or single and multi-walled
carbon nanotubes (sophisticated), and so on. In the past two decades, a significant diversion and
development in material science research were noticed when new members entered into the carbon
family. This kind of revolutionary development in engineering primarily started with the discovery of
fullerene [4]. Subsequently, such developments were propagated by the discovery of carbon nanotubes
(CNTs) [5] and graphene [6]. The application of these carbon-based materials to address the issue
of flammability in polymeric composites stems from the fact that conventional fire retardants (FRs)
are detrimental for the mechanical properties. Additionally, some halogen-based FRs are pernicious
towards the environment. Chen et al. used both nanoclays and CNTs FRs in epoxy composites and
arrived at the following conclusions. The reduction in the flammability of the polymer composite is
primarily due to the formation of network structure layer on the burning surface and, as compared to
nanoclays FR, this layer is effectively formed while using CNTs [7]. For instance, Figure 1 shows the
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importance and role of carbon-based filler addition in polymer. During polymer pyrolysis, a protective
layer (Figure 1b) is formed on the polymer composites, which restricts the transfer of combustible
gases and heat; thus. the further degradation of materials can be avoided.

Figure 1. Polymer Combustion (a) at initial stage and (b) carbon fillers formed protection layer.

2.1. Effect of Various Carbon-Based Materials on Flammability of Polymer Composites

2.1.1. Fullerene

Fullerene, informally called buckyball, is an allotrope of carbon. The fullerene family contain
C60, C70, C78, C82, C84, C90, C96, and so on, and, among these. the most important and widely used
member in polymer composites is C60, which is spherically shaped carbonaceous nanomaterial having
excellent medical benefits and it is also an antioxidant [8]. C60 is called radical sponge i.e., C60 shows
high reactivity towards free radicals and can trap more than 34 free radicals during the combustion of
polymer [9]. In the past decade. the influence of fullerene reinforcement on the mechanical strength
of different polymer matrices has adequately been studied and presented [10–12]. However, there
are limited studies available regarding the effect of fullerene on the enhancement of fire resistant
properties of polymer matrix composites. For instance, Kausar analysed the effect of polyurethane (PU)
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coating on various flame retardancy properties of poly (methyl methacrylate) (PMMA), in which the
reinforcement used was C60. The continuous reduction in peak heat release rate (pHRR) was recorded
while incorporating C60 in the PU coated PMMA matrix and compared to neat PU/PMMA, 0.5 wt%
of C60 added PU/PMMA displayed 61% of reduced pHRR. In addition, C60 reinforced composites
have showed prolonged time delay to ignition and reduced time to pHRR [13], and the reasons are
subsequently explained. Song et al. have demonstrated the flammability behaviour of polypropylene
(PP) nanocomposites, in which the reinforcement used was fullerene C60. It was reported that,
as compared to neat PP, different amounts of C60 reinforced PP composites have showed significantly
reduced flammability i.e., notable drop in pHRR and extended time to ignition [14]. Guo et al. prepared
the surface functionalised C60 using 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide in order to
further promote the flame retardancy of PP composites. Compared to as received C60 nano-fullerene.
the reinforcement of 3 wt% surface functionalised filler had exhibited higher TTI and lower combustion
duration [15]. The enhancement of flame retardancy of polymers while adding different carbon-based
FRs can be perceived from Table 1. Various fire properties are quantitated and their improvement
(in %) corresponding to neat polymer value are calculated.

In summary. the combustion mechanism of most of the polymer chains follow a free radical chain
reaction via β-scission and the presence of fullerene in polymers might trap these free radicals produced
due to thermal degradation of polymers. This process subsequently forms an in-situ crosslinked
network and as a result of this network formation the thermal stability and fire-resistant properties are
enhanced. Fullerene also shows good synergistic effect with inorganic metal flame retardant (mFR),
intumescent flame retardants (iFRs), brominated flame retardants (bFRs), nanoclay, CNTs, graphene
oxide (GO), and so on.

2.1.2. Nanotubes

There are generally three classes of carbon nanotubes, namely multi-walled carbon nanotube
(MWCNT), double-walled carbon nanotube, and single walled carbon nanotubes (SWCNT). Amongst
these. the first discovered MWCNT has two or more tubular shaped graphite fibres and these hollow
nanotubes form a concentric cylindrical structure with a space between them that is near to that of
the interlayer distance in graphite (0.34 nm) [7]. The MWCNT is a potent FR and its performance
is more effective than the organoclays [16]. On the other hand, a single layer tube extending from
end to end is called SWCNTs, which has uniform cross section of 0.7–3 nm and their size is close
to fullerenes [17]. Both classes of CNTs are widely used as nanofillers in polymer nanocomposites
because of their inherent and superior electrical and thermal conductivity and mechanical strength [18].
These varieties of fillers have been used in order to improve the flame retardancy of polymers since the
discovery of CNTs in 1991. This is because of the effective formation of continuous thin protective
layer on the surface of the polymer, acting as a thermal shield between the oncoming heat/O2 and
underneath virgin polymer. Most importantly, a considerable reduction in HRR might be accomplished
with low filler concentrations [19]. P. Patel et al. applied both single and multi-walled CNTs separately
in polyether ether ketones (PEEK) matrix and the flammability behaviour of prepared nanocomposites
was investigated. The study revealed that the incorporation of small quantity of CNT (0.1 to 1 wt%)
showed significant changes of thermal decomposition and flammability of PEEK. Notably. the optimum
loading amount of SWCNT (1 wt%) in PEEK is twice than that of MWCNT (0.5 wt%), because the
MWCNT showed better dispersion in PEEK than SWCNT [20]. The principal challenge in using
nanofillers, like CNTs, is obtaining uniform dispersion and distribution. Since most of the polymers
are viscous in nature. the possibility of agglomeration increases with an increasing concentration of
nanofillers in the matrix. Kashiwagi et al. showed an impact of CNTs dispersion and concentration on
the flammability of PMMA. The better fire resistance performance of the samples during the burning
test was found when the dispersion of the SWCNTs is uniform and the filler concentration was between
0.2 to 1 wt%. The PMMA nanocomposites with less than 0.2 wt% of SWCNT showed large number of
black discrete islands from which vigorous bubbling during burning occurred. On the other hand.
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the samples having more than 0.2 wt% SWCNT exhibited reduced crack formation and the creation of
an effective network on the nanocomposite surface during the burning test. The nanocomposites with
good network layer and very low discrete islands showed significantly reduced pHRR. The pHRR of
the nanocomposite that had good network structured layer is approximately 50% less than those that
formed the islands [21]. Therefore. the dispersion of nano-fillers in a matrix can strongly influence the
flammability behaviour of the composites and, to improve it further. the functionalization of CNT
can also be performed [22]. Mostly, coupling agents were used to functionalize the surface of the
CNTs, through which the uniform dispersion was accomplished [23]. For instance, epoxy composites
with 9 wt% concentration of vinyltriethoxysilane functionalized CNTs showed 22 to 27% of increase
in LOI and V-1 to V-0 rating progress in UL-94. Moreover. the glass transition temperature (Tg)
was shifted from 118 to 160 ◦C and char yield at 750◦ was increased by 47% for the same level of
reinforcement [24]. The uniform dispersion and distribution of CNTs have the main contribution
in the formation of continuous barrier layer with the help of high quality char. This high-quality
char plays a predominant role in the minimization of pHRR [25,26]. The other commonly used
techniques are the use of surfactants [27], controlled sonication of fillers in various solvents [28],
and ultra-speed mechanical stirring [29]. Besides. the combined effects of CNTs with other fillers
are also demonstrated to enhance the flame retardancy of polymers. For instance. the hybrid filler
reinforced composites formed a superior barrier char layer with reduced cracks during cone calorimeter
test when compared to individual CNTs or organoclay reinforced composites [30]. In another study,
Wen et al. demonstrated the effect of carbon black (CB) on thermal stability and flame retardancy
of PP/CNTs ternary nanocomposites. When compared to neat PP and PP/CNTs nanocomposites.
the carbon black added nanocomposites (PP/CNTs/CB) displayed improved thermal stability and
exhibited lower pHRR and higher LOI. It was concluded that the improvement of flame retardancy
was strongly dependent on the concentration of CB [31].

2.1.3. Graphene and Graphene Derivatives

Graphene has the unique structure of one atomically thick and two-dimensional (2D) monolayer
composed of sp2 hybridised carbon atoms. Graphene is the relatively younger member in the carbon
family, which was discovered in the year 2004 by the exfoliation of graphite. Graphene has high specific
surface area [32], excellent tensile modulus, high strength [33], and superior thermal conductivity [34].
Besides, graphene is an effective FR due to its layered and graphitized structure [35]. Because of
these properties of graphene, it is used as a potential reinforcement to enhance the fire retardancy and
thermal conductivity of polymer composites. In this section. the recent studies regarding the effect of
graphene addition on flammability of various polymer composites are discussed.

Huang et al. prepared poly (vinyl alcohol) (PVA) nanocomposites, in which they have reinforced
various amounts of graphene and compared their flammability behaviour with sodium montmorillonite
(Na-MMT) and MWCNT reinforced PVA nanocomposites. The PVA filled with 3 wt% of graphene
displayed 49% of reduced pHRR when compared to neat PVA. For the same level of filler concentration.
the graphene/PVA composites exhibited superior flame retardancy as compared to Na-MMT/PVA
and MWCNTs/PVA composites. When compared to neat PVA. the 2 wt% graphene reinforced PVA
composites displayed 11 s delay in time to ignition (TTI) and 45% reduction of pHRR, whereas
5 wt% graphene reinforced PVA composites showed 27 s delay in time to ignition (TTI) and 64%
reduction of pHRR. When compared to smooth surface of MWCNTs. the presence of oxygen and
hydroxyl groups on graphene surface is the main reason for intimate graphene/PVA interactions,
which led to the enhancement of flame retardancy of polymer [36]. Attia et al. synthesised graphene
while using the ultrasonication process in which maleate diphosphate (MDP) was used as dispersant.
Followed by synthesis, acrylonitrile-butadiene-styrene (ABS) composites were fabricated, in which
the reinforcements were MDP, graphene-MDP, and graphene-MDP-TiO2, and their flammability were
determined. The TiO2 nanoparticles decorated graphene reinforced ABS composite exhibited 49%
of reduction in both pHRR and total heat release (THR). In addition. the average mass loss rate
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and emission of CO2 were significantly reduced by 50% and 37%, respectively. When compared to
neat ABS. the nanocomposites exhibited a slow burning rate and the reduction in burning rate was
recorded as 71% [37]. In addition. the possibility of using reduced graphene oxide (rGO) as an active
synergist for iFR/PP composites was demonstrated by Yuan et al. The reduced heat and smoke release
were observed at a lower content (between 0.5 to 1 wt%) of rGO addition in the iFR/PP composites
and this was due to the improved char swelling and better insulation by the char. The high thermal
conductivity of rGO leads to an increase in thermal conductivity of iFR/PI composites. This caused
the enhancement of pHRR from 156 to 262 kW/m2 while increasing the rGO concentration from 1 to
2 wt%, respectively. This shows that FR synergism is effective at a lower amount of graphene (less than
1 wt%) and higher loading of rGO exhibits antagonistic effect on the iFR. Li et al. prepared epoxy
nanocomposites in which the reinforcement used was silane treated graphene oxide nanosheets (GON).
The 2-(Diphenylphosphino)ethyltriethoxy silane (DPPES) was grafted onto the surface of the GON
while using a condensation reaction, as a result of this synergistic phosphorus/silicon-contained GON
FR was obtained. The effect of DPPES-GON addition on the flammability of epoxy was assessed
using LOI and UL-94 tests. The 10 wt% of DPPES-GON incorporated epoxy composite displayed
significantly enhanced flame retardancy. The LOI of neat and DPPES-GON 10 wt%/epoxy composite
is 20% and 36%, respectively. In addition. the UL-94 results changed from no-rating to V-0 rating
when 10 wt% of DPPES-GON was added with neat epoxy. The protective layer arrested the flammable
gases and acted as a barrier between the heat and unburned epoxy. The synergism of phosphorus and
silicon was increased by the effectiveness of the FR system. The presence of phosphorus in compounds
formed H3PO4 during thermal decomposition and subsequently produced pyrophosphoric acid.
The residue from the condensation of phosphoric acid played the major role in curbing combustion.
Glass-like phosphorus-containing solid residue is formed due to the condensation of pyrophosphoric
acid. This layer would limit the production of volatiles and inhibit the combustion process. Silicon
also plays a vital role in this FR system. The low surface energy of silicon caused it to move towards
the surface of the protective layer and the protective char layer was evidenced by the char that is
obtained from the samples after the LOI test. As the sample was burned. the silicon oxidized into
inorganic silicon dioxide due to high heat generation and it formed a thermally stable protective char
layer [38]. Thus. the incorporation of low concentration of graphene into iFR/PP composites leads to
the formation of closed chamber in the char residue and, consequently, an enhanced char swelling was
accomplished that imparted flame retardancy [39].

GQD is zero-dimensional graphene nanofragments, which consists of one or a few layers of
graphene and their lateral dimension is less than 100 nm [40]. GQDs exhibit different properties
as compared to bulk graphene, like easy functionalization, good physical and chemical stability,
high surface to mass ratio, and offer many benefits for energy storage applications [41]. More recently,
GQDs have been used as a FR material in polymer composites. Mostly. the hydrothermal method
was adopted to synthesise GQDs from nitrogen, nitrogen phosphorous, GO, etc., since this method
is economical, sustainable, and the resultant FR will be effective [42–44]. Rahimi-Aghdam, et al.
prepared two types of GQDs, in which the first one is nitrogen doped GQDs (NGQDs) and the other
one is nitrogen and phosphorous co-doped GQDs (NPGQDs). They have used the hydrothermal
method to perform the synthesis process. Subsequently. the polyacrylonitrile (PAN) nanocomposites
were prepared with the two types of GQDs as additives and their flammability behaviours were
recorded. PAN/NGQDs and PAN/NPGQDs nanocomposites both achieved V-0 rating in UL-94 test [42].
The same group of authors have synthesised ZnAl layered double hydroxide and mixed with NPGQDs.
The resultant hybrid fillers were used as reinforcement in PAN nanocomposites and their flammability
performance was assessed through cone calorimeter (Table 1) [43]. Khose et al. effectively synthesised
functionalized FR GQDs while using GO and phosphorous source via a hydrothermal treatment and
recommended for textile applications. It was reported that the transparency of prepared carbon-based
GQDs FR retains the colour of the cloth. The flame test results showed that the FR GQDs coated cloth
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initially emitted very low smoke and did not ignite for more than 300 s while retaining its shape.
On the contrary. the normal cloth ignited in just in 5 s and it was completely burnt within 15 s [44].

In summary, graphene and newly found graphene derivatives, like GO, rGO, and GQDs,
are potent FRs. These can be employed individually (graphene alone) and in hybrid form (graphene
with conventional FRs or inorganic nanofillers) in order to enhance the flame retardancy of the
polymer composites.

2.1.4. Graphite

Graphite, which is also known as plumbago or black lead, is an important allotrope of elemental
carbon. It is a layered mineral set (can be natural or synthetic) that is made up of stacked GNSs, in which
the carbon atoms in the layer forms hexagonal rings through covalent bonds and the successive carbon
layers are connected together by weak Van der Waals forces. The usage of as received graphite as FRs in
polymers is limited, since the infiltration of viscous polymer resins is very difficult in natural graphite.
Therefore. the chemically treated natural graphite, known as expandable graphite (EG), has been
extensively used as FR for a variety of polymers. Chemicals, such as sulfuric acid (H2SO4) or nitric acid
(HNO3), may be inserted between the graphite layers [45]. Hence, EG acting as an intumescent additive
is also a graphite intercalation compound. When EG is exposed to a heat source. the decomposition of
H2SO4 occurs, which is followed by a redox reaction process (Equation (1)) between H2SO4 and the
graphite will produce the blowing gaseous products, such as CO2, SO2, and H2O [46].

C + 2H2SO4 = CO2 ↑ + 2H2O ↑ + 2SO2 ↑ (1)

As stated above. the EG contains treated flake graphite with intercalation reagents, such as
H2SO4. When EG material is exposed to high heat. the H2SO4 starts to decompose and release
gaseous products. This process leads to an increase in inter-graphene layer pressure and generates
sufficient strong push, which keeps graphite layers apart. As a result of high heat and successive
pressure development. the material starts to expand and the volume of the EG increases about 10
to 100 times the initial volume, known as the blowing effect. The expansion suffocates the flame,
acts as a good smoke suppressant, and restricts mass transfer from the polymers, which prevents
further degradation of the underneath virgin materials [47,48]. Therefore, when a material is exposed
to high temperature, EG expands and produces a voluminous protective layer, thus providing FR
performance to various polymeric matrices [49]. Lee et al. demonstrated the enhancement of flame
retardancy and self-extinguishing properties of polyketone (PK) nanocomposites. The authors have
reinforced hybrid fillers in PK matrix, which has EG and MWCNTs, in order to achieve superior flame
retardancy. The addition of small quantity of MWCNTs (1 wt%) with EG led to better protection
network formation in PK and, as a result. the thermal stability and LOI were significantly enhanced.
This network that formed during combustion acted as a barrier and restricted the polymer degradation.
From the experimental results. the LOI and pHRR for neat PK is 25% and 464.4 kW/m2, respectively.
The reinforcement of 30 wt% of EG in PK displayed 35% of LOI and 182.7 kW/m2 of pHRR. Further
addition of 1 wt% of MWCNTs with 40 wt% of EG hybridisation showed the LOI of 45% and pHRR
of 118.4 kW/m2. This tremendous enhancement of flame retardancy was due to the formation of
bridging network by EG and MWCNTs. During combustion. the exfoliation of EG is restricted while
adding 1 wt% of MWCNTs and degradation of underneath materials are also prevented [47]. Zhu et al.
analysed the synergistic effect of adding EG and ammonium polyphosphate (APP) on flame retardancy
of poly lactic acid (PLA)-based composites. The prepared PLA composites contained 15 wt% of
APP/EG (1:3 ratio) that exhibited 36.5% of LOI and rated V-0 in UL-94 test. The PLA containing same
combination of filler showed 38.3% reduced pHRR than neat PLA. The synergism between APP and
EG was advantageous, since they together formed a stable and more dense char protective layer. This
layer formation avoided the further combustion of underlying substrate [50].
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In summary, EG is widely used as an effective FR in various polymeric materials. Compared to
individual EG as FR. the synergistic effect of two fillers produced significant enhancement of flame
retardancy in polymeric composites. Addition of small amount of CNTs with EG performed well
during combustion.

2.1.5. Biochar (BC)

The limitations of inorganic carbon family based (fullerene, CNT, etc.) FRs are their high cost, since
they need advanced synthesis techniques. There is a huge demand for green, sustainable, eco-friendly,
and renewable alternative materials for composite applications due to the increased environmental
awareness. Hence, carbon rich filler materials derived from the renewable source is an appropriate
substitute for this issue and can be used as reinforcement in polymer composites preparation to enhance
various physical, mechanical, and FR properties.

BC, or biocarbon, is a carbonaceous material that is made by heating virtually any biomass in
a neutral environment. This carbon rich material has been recently used as the reinforcement in
polymer composites and led the way for the production of eco-friendly composites with enhanced
mechanical and FR properties [51,52]. Instead of using the organic wastes directly in the manufacturing
of biocomposites, BC derived from various biomasses, such as Rice Husk [53], bamboo [54], paunch
grass, pine wood saw dust, date palm [55], poultry litter, and sewage and dewatered sludge [56],
are utilized as a reinforcement. Thermo-chemical conversion technology of slow pyrolysis is the main
process that is used for the generation of high yield BC. The physical and chemical properties of the BC
are highly dependent on the selected biomass and thermal processing conditions, such as pyrolysis
temperature, residence time, heating rate, sweep gas flow rate, etc. [57,58]. These properties include
density, surface area, microscopic changes, like pore growth (size and volume), hardness/modulus,
and pulverisability [59]. The density of the selected biomass as a feedstock has strong influence on the
density of BC. For instance. the high-density BC could be produced using high density biomass [60].
The BC has better thermal stability than the natural fibres [61]. The macro, meso, and micro-pores on its
surface provide better physical bonding with matrix (Figure 2) [59]. Chemically treated and untreated
BCs reveal different functional groups on their surfaces, which consist of carboxyl (−COOH) and
hydroxyl (−OH) groups. These functionalities are sensitive to carbonisation temperature and, with the
increase in temperature, they start to dwindle [62]. Better bonding and good compatibility between
matrix and BC could be obtained while the surface area and pore volume are high. Typically. the BC
surface has a porous honeycomb structure consisting of a high concentration of carbon. These porous
honeycomb structures of BC filler allow for the infiltration of the molten polymer during processing
and they create a physical bonding, which could result in an improvement of mechanical properties of
the composites [63]. Liu et al. studied the combustion characteristics of bamboo-BCs at the heat flux
of 35 kW/m2, which were produced at three different pyrolysis temperatures (200, 250, and 300 ◦C)
and at three different residence times (1, 1.5, and 2 h). For all temperatures. the TTI is shortened
with an increase in residence time, while all of the bamboo-BCs (produced at different temperatures
and residence time) displayed a shorter TTI when compared to bamboo materials. It was observed
that with an increase in test time, bamboo-BCs exhibited random cracks on its surface due to the
differential thermal stability of their compositions. With the help of these cracks, some volatile material
is released and caused faster ignition. The pHRR of bamboo-BCs was lower when compared to bamboo
materials, which indicated a lower content of moisture content and volatile matter [64]. Zhao et al.
analysed the flammability of BC, which were produced from different feedstocks, namely, corn, wood,
dairy manure with rice husk, and bull manure with sawdust at different pyrolysis temperatures
and as a function of time post production. In general, BCs made at higher pyrolysis temperatures
had lower flammability. All four BCs used in the study also displayed the highest surface area at
high temperature. The study also confirmed that none of the tested biochar samples qualified as
flammable substances, which extend its application in manufacturing FR polymer composites [65].
Das et al. fabricated BC/PP biocomposites and their mechanical, thermal stability, and flammability
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behaviour were evaluated. The reinforced biocomposites showed increased thermal stability, reduced
pHRR, and lower smoke release when compared to neat PP. The strong covalent bonding of carbon
atoms makes them difficult to be separated during combustion, thereby increasing fire resistance.
The BC had high thermal stability, as observed from TGA by the authors and, thus, their addition
in composites also increased the thermal stability of the polymer due to the additive effect. It was
concluded that both tensile and flexural modulus of the biocomposites were increased with an increase
in concentration of BC. Additionally. the major reasons for this enhancement of mechanical properties
are better compatibility and good physical bonding between the BC and the matrix, owing to the
porous structure of the BC [66]. Elnour et al. used lignocellulosic biowaste from date palm, which
were pyrolysed at different temperatures and their effect on physical structure and surface morphology
was studied. The authors manufactured BC/PP composites and concluded that the reinforced PP
showed better thermal stability and enhanced stiffness. In particular, as compared to neat PP. the BC
added PP displayed reduced thermal decomposition and lower maximum degradation temperature.
Moreover. the authors suggested surface functionalization of filler for the further enhancement of
the mechanical, thermal, and flammability properties [67]. Ikram et al. studied the mechanical and
flammability characteristics of wood/pine wood BC/PP biocomposites and demonstrated the properties
with respect to neat PP/and maleated anhydride polypropylene. It was concluded that the addition
of MAPP coupling agent and wood particles have significantly enhanced the tensile and flexural
properties, but the pHRR remained unaffected [68]. Elsewhere. the hybridisation technique was
followed by Das et al., where the authors used a mixture of BC and wool. Biocomposites with hybrid
fillers significantly minimised the pHRR and smoke release when compared to neat PP. The char layer
limited the heat and fuel transfer between the ambient air and underneath polymer. The LOI value
was enhanced because of the hybridisation with wool [69]. When BC is made at high temperature,
all of the volatiles escape from its surface, leaving behind a carbon skeleton. The absence of these
flammable volatiles does not provide the fuel for combustion to occur [67,70]. Two batches of wood
dust (WD)/BC/PP composites were fabricated, in which two types of conventional FRs such as APP
and magnesium hydroxide Mg(OH)2, were individually added and their reaction-to-fire properties
were assessed through cone calorimeter test by Das et al. The TTI and pHRR of neat PP was found
as 29 s and 1054 kW/m2, respectively. Whereas, adding 20 wt% of APP and Mg(OH)2 with WD
(10 wt%)/BC (24 wt%)/PP composites significantly reduced the pHRR to 376.2 kW/m2 and 333.3 kW/m2,
respectively. In both cases. the PP composite, which has higher BC concentration and less WD,
actively reduced the pHRR. The carbonaceous layer that formed by the thermally stable BC with other
constituents have restricted the transport of fuel and O2, which led to improved fire properties, such as
LOI, pHRR, and THR. In addition. the tensile strength was unaffected, whereas other mechanical
properties, such as tensile modulus, flexural strengths, and flexural modulus, were considerably
improved when compared to neat PP. However, some of the FR particles got trapped inside the biochar
pores, thereby somewhat reducing their efficiencies. APP was more affected, because it relies on
condensed phase reaction requiring contact with the polymer [71]. In summary, enhanced flame
retardancy of polymer composites using BC reinforcement is one of the best techniques, since both
environmental sustainability and low-cost are considered. The BC that is derived from wood, grasses
and agricultural wastes using any suitable thermo-chemical conversion technique can be effectively
used in biocomposites fabrication, which significantly reduces the landfilling of agro wastes and also
provides a new platform for the development of new materials [72,73].
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Figure 2. Schematic of biochar (BC) with different functional groups and pores. Adapted with permission
from Ref. [59].

2.1.6. Other Carbon-Based Materials

Apart from all of the aforementioned fillers, nanosized carbon black (CB) is a low cost, abundantly
available, electrically conductive, and low-density reinforcement that has been widely used to enhance
properties of polymer composites. A few studies reported its effect on the flammability of various
polymeric matrices (Table 1) Studies revealed that the CB filled composites not only exhibited good
flame retardancy, but also the thermal stability was improved [74–76]. Yang et al. studied the effect of
CB incorporation on flame retardancy and thermal decomposition of PP/carbon fibre (CF) composites.
The authors confirmed the uniform dispersion of CB fillers in PP/carbon fibre composites while using
morphological analysis. LOI of neat PP was 18.2% and the individual effect of 3 wt% of CF and 5 wt%
of CB reinforced PP composites on LOI was 19.9% and 24.6%, respectively. The hybrid form of CF and
CB fillers showed significant beneficial effect on the flammability of PP composites when compared to
individual CF and CB reinforcement. LOI of 3 wt% CF and 5 wt% CB reinforced PP composites was
recorded as 25.7%. Importantly. the pHRR assessed from cone calorimeter for neat PP and hybrid
fillers reinforced composites is 1212 kW/m2 and 361 kW/m2, respectively. This synergistic effect of
hybrid form of CB and CF have shown better flame retardancy in the PP matrix as compared to the
individual performance of CB and CF. The one-dimensional (1-D) CF and zero-dimensional (0-D) CB
together formed a strong three-dimensional (3-D) network in PP matrix. The developed network had
significant role in the formation of compact carbonaceous protection layer during pyrolysis. As a result,
as compared to neat PP, PP/CF, and PP/CB composites, a significant enhancement of flame retardancy
of PP/CF/CB composites was obtained [75].

3. Flammability Measuring Techniques

Experiments for measuring material flammability and fire behaviour are classified into small,
bench, and large scales, depending on the sample size required [77]. However, these tests involve a
great deal of expertise in their operation. Hence, standard protocols, like ASTM and ISO, have been
provided for easy application. The following sections briefly reports some commonly used small-scale
and bench-scale experiments for flammability analysis.
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3.1. LOI Test

The LOI test (Figure 3a) is a laboratory scale test process that provides a measure of the lowest
amount of oxygen needed to ignite a vertically positioned sample of size 80 × 10 × 4 mm3 in an oxygen
and nitrogen mixed environment [78,79]. The test procedure and calibrations can be found in ASTM
D2863, ISO 4589-2, and NES 714. According to the standards. the gas stream flows in an upward
direction to the vertically oriented sample in a chimney, whilst a propane gas flame ignites the upper
part of the material. Thus. the sample’s burning length and time are determined for flammability
analysis. LOI can be calculated by following mathematical expression:

LOI =
(

[O2]

([O2] + [N2])

)
× 100

where, [O2] and [N2] are the flow rate of oxygen and nitrogen in L/min. respectively.
Therefore, a material, which demands more oxygen, will display higher LOI. In addition, a higher

index indicates that the material is more flame resistant. Given that atmospheric air has 21% of O2.
the risk of burning of polymer materials is high, whose LOI value is less than 21; however, materials
with an LOI above 21 are categorized as self-extinguishing because their combustion cannot be retained
at standard atmosphere without the support of an external source [80].

Figure 3. Experimental set-up: (a) LOI and (b) UL-94 vertical burn tests. Adapted with permission
from Ref. [81].

In summary, LOI is a common characterisation method and it has been used in numerous studies.
The main objective of most of the studies is fabricating polymer composites with increased flame
retardancy, so that it will demand higher oxygen percentage in order to combust.

3.2. Vertical Burn Test (UL 94)

This test has been developed by Underwriters Laboratory Inc. for testing the flammability of
plastics. In practice. the UL 94 vertical burning test is common technique (Figure 3b), which provides
the rating for the test specimens based on its ignition and flame spread of materials exposed to
a small flame [82]. The test protocol is designated in ASTM D3801. The procedure involves the
preparation and exposure of the said sample of size 127 × 13 × 3 mm3 to a carefully controlled flame
for 10 s. Any burning action after the removal of the flame is monitored and recorded. If the specimen
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self-extinguishes. the flame is then reapplied for another 10 s, and then removed. For improved
accuracy and reliability, at least five samples are tested for each material combination. The burning
time for flame exposures and afterglow are recorded. The qualitative ranks for evaluating the test
results of the experiment are no-rating, V-0, V-1, and V-2, as shown in the test protocol. Materials are
classified into these three categories, depending on satisfaction of the conditions that are mentioned in
Table 2. If the sample continue to burn upon initial flame application, it is given no rating.

Table 2. Conditions for UL-94 classifications [83].

Specific Flaming Characteristics
Rating

V-0 V-1 V-2

Total flaming combustion time (in seconds)
• for each specimen ≤10 ≤30 ≤30
• for all five specimens of any set ≤50 ≤250 ≤250
Flaming and glowing combustion for each specimen after
second burner flame application ≤30 ≤60 ≤60

Cotton ignited by flaming drips from any specimen No No Yes
Glowing or flaming combustion of any specimen to
holding clamp No No No

3.3. Micro-Scale Combustion Calorimetry (MCC)

MCC is used to characterize the fire behaviour of materials. It uniquely measures the heat release
capacity (HRC), which is a combination of thermal stability and combustion properties of materials that
can be used to categorise the flammability [77,84]. The HRC is also described as a rate-independent
flammability parameter and, from thermodynamics point of view, it is an intensive property and can
be measured from chemical structure of a material [84]. The HRC (in J g−1 K−1) is defined as the
maximum HRR per unit mass in the test (in W g−1) divided by the average heating rate over the
measurement range (K s−1), and this is the single best measure of the fire hazard of a material [85].

The test apparatus has two separate stages. the pyrolysis and combustion phases. In ASTM
D7309-19. the experimental procedure consists of two selectable pyrolysis modes, namely Method-A
and Method-B, which are used for controlled thermal and thermal oxidative decomposition, respectively.
Samples of mass 0.5–50 mg are pyrolysed in inert gas and the volatile effluent is mixed with excess
oxygen prior to combustion in Method-A, while pyrolysis in Method-B occurs in a mixture of oxygen
and inert gas [86]. The heat release rate from the test is obtained from oxygen consumption calorimetry.
Other derived parameters are the total heat release rate, time, and temperature at pHRR. MCC curves
are represented by plots of heat release rate against temperature or time.

3.4. Cone Calorimetry

Cone calorimetry is the most widely applied bench-scale fire experiment. The test method
measures the heat release rate, ignition time, mass loss rate, combustion or extinction time, smoke
production, soot yield, and quantities of CO and CO2. The sample size for the test is within 0.1 × 0.1 ×
0.001–0.05 m3 and the applicable heat flux ranges from 10 to 100 kW/m2. The prepared samples are
wrapped in aluminium foils and positioned horizontally or vertically under the cone-shaped heater,
according to the designated standards (ASTM E1354, ISO 5660). A load cell measures the weight
change and the pyrolysate is ignited by an electric pilot spark igniter. The smoke is collected in the
hood of the equipment for further analysis. The cone calorimeter operates on the principles of oxygen
consumption calorimetry. Extrinsic factors, such as geometry and orientation of the sample, sample
thickness, ignition source, ventilation, and temperature, affect the measurement accuracy [77,87].
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1. TTI or tig in s: describes the ease of ignition of the polymeric material by measuring how
fast the flaming combustion occurs when the polymeric material is exposed to incident heat
flux (in kW/m2) and in oxygen-controlled ambient environment. Hence, polymeric material
with a high TTI indicates material that is difficult to be ignited. In the case of flame-retarding
polymer composites, sometimes the addition of FRs lead to advance decomposition and, thereby.
the reduction of TTI (Table 1. Thus. the shorter TTI is not an indication of worsening flame
retardancy of a material.

2. HRR in kW/m2: is known as the heat release per unit time and unit surface area during the cone
calorimetry test. Mainly. the amount of peak HRR (pHRR) and time taken to reach the pHRR are
used to measure the fire performance of polymeric materials.

3. Total heat release (THR in kJ/m2): is the total quantity of calorific value released per unit area
after the combustion of materials, and this can be determined according to the integration of the
HRR vs. time.

4. Fire growth rate (FGR in KW/(s.m2)): FGR is mathematically calculated as FGR=pHRR/(pHRR)ti [81],
(pHRR)ti is the time taken to reach the pHRR. The faster FGR indicates the shorter the time that is
taken to notice the fire [88].

5. Mass loss rate (MLR in g/s): is the amount of mass loss of polymeric material per unit time
during combustion.

4. Conclusions and Scope for Future Research

In summary, carbon and its family materials are potential FR reinforcement in polymer composites
and these reinforcements are attractive alternatives for conventional FRs. The carbon-based fillers
actively reduce the flammability of the polymer composites by (1) the formation of protective char
layer and (2) absorbing free radicals. In the first case. the contact of atmosphere and flame with
underlying materials is reduced, since the char layer acts as a shield between them. The second is
the internal process, which minimise the reaction rate and, as a result. the combustion is disrupted.
In addition, carbon-based filler reinforcements are able to improve thermal stability, mechanical
properties, and thermal conductivity of the polymers. Chemicals, like silane, can be grafted onto the
surface of the carbon-based fillers and analysing their performance on flame retardancy in polymers
without compromising the mechanical strength still has scope for further research.

The high purity nanofillers are cost intensive; therefore, achieving the flame retardancy at lowest
filler concentration is desired. This could be achieved by using carbon based nanofillers (like CNTs,
Fullerene, graphene sheets, etc.). Either one of following methods was followed in order to obtain
further enhancement of flame retardancy in polymer composites: surface functionalization, coupling
agents, and hybridisation of fillers. In most of the cases. the best FR synergism with iFRs can be
achieved at less than 1 wt% of CNTs or graphene concentration and further loading of carbon-based
fillers exhibits adverse effects. Recently, there is a huge scope for the enhancement of fire safety of
polymers using GQDs based FRs and limited studies are available in this field.

Most importantly, eco-composites that were produced with BC reinforcement exhibited acceptable
FR effect and this BC could be derived from various biomasses (feedstock is agro and forestry wastes) by
the pyrolysis process, which also reduces the landfilling of agro wastes. However, scientific studies are
required to understand the synergistic effect of BC with other fillers (it might be a carbon-based filler or
inorganic particle in hybrid form) on FR properties of polymer composites. BC is merely a fire-resistant
additive that indicates further research is needed to make them fire retarding. Furthermore, BC could
be used in conjunction with other FRs. In addition. the incorporation of FRs reduces the mechanical
properties, such as tensile and flexural strength of composites, and the use of BC with conventional
FRs could conserve the strength and enhance fire resistance. However. the application of BC in the
field of FR polymer composites is mainly at the stage of laboratory experiments or at infant stages in
some industrial application. However, in the future, such a situation might be entirely changed, since
BC could be produced in large quantity at a low cost.
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Abstract: Poly(lactic acid) (PLA) is considered to be among the best biopolymer substitutes for
the existing petroleum-based polymers in the field of food packaging owing to its renewability,
biodegradability, non-toxicity and mechanical properties. However, PLA displays only moderate
barrier properties to gases, vapors and organic compounds, which can limit its application as a
packaging material. Hence, it becomes essential to understand the mass transport properties of
PLA and address the transport challenges. Significant improvements in the barrier properties
can be achieved by incorporating two-dimensional clay nanofillers, the planes of which create
tortuosity to the diffusing molecules, thereby increasing the effective length of the diffusion path.
This article reviews the literature on barrier properties of PLA/clay nanocomposites. The important
PLA/clay nanocomposite preparation techniques, such as solution intercalation, melt processing
and in situ polymerization, are outlined followed by an extensive account of barrier performance of
nanocomposites drawn from the literature. Fundamentals of mass transport phenomena and the
factors affecting mass transport are also presented. Furthermore, mathematical models that have
been proposed/used to predict the permeability in polymer/clay nanocomposites are reviewed and
the extent to which the models are validated in PLA/clay composites is discussed.

Keywords: barrier properties; poly(lactic acid); clay; nanocomposite; permeability

1. Introduction

Amid the growing environmental concern about the decreasing fossil resources and the increasing
plastic footprint, biopolymers obtained from renewable resources such as agricultural products
represent a promising alternative to the non-degradable petroleum-based polymers for short-life
range applications, for example food packaging [1–5]. Poly (lactic acid) (PLA) has emerged as the
frontrunner among the many biopolymers in this regard owing to its many eco-friendly attributes
such as low energy consumption during production, availability and low cost of the raw material,
biodegradability in soil and water and being non-toxic to the environment [6–12]. Although the most
successful application of PLA is in the containers and food packaging industry, other applications
include biodegradable scaffolds for tissues, bioresorbable implants, surgical equipment, intravenous
administration of antivirals, cardiovascular stents and controlled drug delivery. PLA is also used for
making fibers in the textile industry and mulching materials for agriculture. The important properties
which make PLA a promising candidate for food packaging is that it possesses sufficient thermal
stability, i.e., the onset degradation temperature lies in the range of 330–350 ◦C [13,14] and good
mechanical properties: tensile strength of ca. 50–70 MPa, Young’s modulus of ca. 3 GPa, elongation at
break of ca. 4% and impact strength of around 2.5 kJ/m2, making it a useable substitute for single-use
plastics such as PE, PP and PET [10,15].

PLA is derived from renewable agro-resources such as corn, cassava, potato, cane molasses and
sugar beet, and hence is considered as an eco-friendly thermoplastic. The polymer is produced from
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the monomer of lactic acid (LA), the simplest hydroxy acid, which is obtained either biologically by the
fermentation of carbohydrates by lactic bacteria belonging to the Lactobacillus genus or by chemical
synthesis [16–18]. PLA is produced through two important routes—(a) direct polycondensation (DP)
of LA and (b) ring opening polymerization (ROP) of the cyclic dimer of LA, i.e., lactide (Figure 1B).
The DP route is an equilibrium reaction which demands high temperature, long reaction times and
continuous removal of water from the reaction vessel, often leading to low molecular weight PLA [19].
Hence, ring opening polymerization (ROP) of lactide (cyclic dimer of LA) in the presence of a robust
catalyst–initiator, tin(II)bis(2-ethylhexanoate) (Sn(Oct)2) and alcohol, is the preferred synthesis route in
industry, which can result in high molecular weight PLA [7,20,21].

Figure 1. (A) Chemical structures of l-lactic acid, d-lactic acid, l-lactide, d-lactide and mesolactide, (B)
Schematic representation of direct polycondensation (DP) of lactic acid and ring opening polymerization
(ROP) of lactide.

LA is a chiral molecule and exists in two stereo-isomeric forms (optical isomers) l-lactic acid (l-LA)
and d-lactic acid (d-LA). Two optically inactive forms are also available which are the meso-LA and
racemic mixture (50:50) of l-LA and d-LA (Figure 1A) [16]. PLAs formed from the isotactic sequence
of l-LA and d-LA are referred to as PLLA and PDLA, respectively. PLA prepared from a racemic
mixture of both the enantiomers and from meso-LA is referred to as PDLLA [22]. The final properties
of PLA largely depend on the ratio and distribution of the LA enantiomers in the polymer chains. A
high L-isomer in the chains results in a crystalline matrix, whereas a high d-isomer (>15%) results
in an amorphous matrix. The meso-form (atactic PDLLA) is also amorphous. The polymer chain
orientation and packing affect the crystallinity, crystal thickness, spherulite size and morphology [12].
These are important factors which influence two important physical properties, i.e., mechanical and
barrier performance [23–25]. Although PLA is among the best biodegradable and nontoxic polymers
with high thermal stability and good mechanical stability (although with low extensibility without
a plasticizer), its limiting property is its permeability to low molecular weight gases, vapors and
organic molecules [26]. Permeation of oxygen and water vapor through polymer films can drastically
decrease the service performance of a packaging material, thereby making it difficult to maintain food
quality throughout its shelf life [27,28]. Research on mass transfer in polymers is, therefore, of high
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importance. Inclusion of two-dimensional (2D) platelets or disk-shaped nanoparticles in the polymer
matrix has proven to be a good strategy to significantly decrease gas/liquid permeation in polymers.
The 2D inclusions act as physical obstacles in the diffusion path of the permeant molecule creating
a tortuosity effect. This helps to enhance the barrier performance of the polymer and increases the
food shelf-life [29–32]. Nanoclays such as mica, saponite, montmorillonite and kaolinite are widely
used 2D nanoparticles for improving the barrier properties in many polymers [33]. Thousands of
publications can be found on PLA/Clay nanocomposites which have largely focused on improving
the thermal [34–36], mechanical [37–39] and optical properties [40,41] and biodegradability [42,43].
However, only a meagre number of publications have been devoted to the study of mass transfer
in PLA, and just a handful on PLA/clay nanocomposites. This encourages further review so as
to update the trends, accomplishments and recurring challenges in this field. This review intends
to highlight the usefulness of clay platelets for improving the barrier properties of PLA. First, the
current methods of fabrication of PLA/clay nanocomposites are summarized, and then the barrier
performance of the nanocomposites is reviewed. A brief introduction to the theory, mechanism and
factors affecting mass transport in polymers is presented followed by a description of some of the
important mathematical models that have been proposed to predict permeability in polymer/clay
nanocomposites. The validation of some of the models in PLA/clay nanocomposites is reviewed.

2. PLA/Layered Silicate Nanocomposites

The 2D layered inorganic nanofillers like clays and silicates, owing to their abundance, low cost,
high aspect ratio, rich intercalation chemistry, high strength and stiffness and thermal stability, provide
favorable synergetic effects that help to significantly improve many polymer properties, especially
mechanical and barrier properties [44–47]. However, the extent of dispersion of the clay layers and
the morphology thus achieved in the polymer matrix (intercalation, exfoliation, mixed intercalation
and exfoliation, aggregation, etc.) greatly affect the gas barrier properties. To achieve a high level of
exfoliation and desired orientation of the platelets has remained a challenging task [48–51]. Good
dispersion can be realized by increasing the affinity between the clay layers and the polymer through
organic modification of the interlayer galleries with organic ammonium, sulfonium or phosphonium
cations. A detailed and extensive list of common organic modifiers has been reported by Nordqvist and
Hedenqvist [33]. The common routes to achieve dispersion of the organo-modified layered silicates in
a PLA matrix are solution intercalation, melt processing and in situ polymerization (Figure 2) [52].

2.1. Solution Intercalation

Solution intercalation is one of the easiest techniques on a laboratory scale to prepare
nanocomposites. In this technique, clay platelets are first exfoliated in a solvent in which the polymer
is also soluble. The polymer solution is then mixed with the clay suspension, where the polymer chains
intercalate/are adsorbed on the surface of the platelets and form a clay–polymer complex. The solvent is
later removed by evaporation. This method is considered environmentally unfriendly because of the use
of organic solvents [51]. Maharana et al. [12] demonstrated the preparation of PLA/clay nanocomposites
using a solution intercalation method and showed improved mechanical and barrier properties of
the nanocomposites. The effect of the structure of different organic modifiers of clay nanoparticles,
Cloisite-15A, -25A and -30B modified with dimethyl dihydrogenated tallow quaternary ammonium,
dimethyl hydrogenated tallow-2-ethylhexyl ammonium and methyl tallow-bis-2-hydroxyethyl
quaternary ammonium, respectively, was studied by Pochan and Krikorian [53] to determine the extent
of exfoliation of the nanoclay in a PLA matrix by solvent intercalation. Cloisite is a montmorillonite
(MMT) clay: the term ‘Cloisite’ followed by an alphanumeric sequence refers to the commercially
available clay, whereas the organically modified MMT (OMMT) refers to the tailor-made clay prepared
by individual research groups. Cloisite 30B containing an organic diol in the inter-galleries established
favorable interactions with the carbonyl functionality of PLA, leading to significant intercalation of
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PLA chains into the clay spacing. Hence, PLA/Cloisite 30B formed the best nanocomposites in terms of
maximum intercalation.

2.2. Melt Intercalation

This is a widely used technique to fabricate PLA/clay nanocomposites. The method involves
mixing organo-modified nanoclay and the polymer and heating the mixture above the melting
temperature of the polymer, either under shear or no shear. Due to the high temperatures and
mechanical forces used, polymer chains are forced to diffuse into the clay galleries, giving rise to either
intercalated or exfoliated nanostructures depending on the amount of polymer chains diffused into the
silicate layers [32]. The main advantage of the technique is the specificity for the polymer intercalation
into the clays as there is no solvent in the system that can give rise to competing clay–solvent or
polymer–solvent interactions [54]. Most of the PLA/clay systems prepared by melt processing have
resulted in intercalated structures. To achieve further exfoliation, Sabet and Katbab [55] investigated
the role of oligo(ε-caprolactone) as compatibilizer. Although the effort did not result in complete
exfoliation, it did result in flocculation of the clay layers due to hydroxylated edge-edge interactions
and, therefore, better parallel stacking of the layers. However, fully exfoliated nanostructures were
achieved by Chen et al. [56] who performed a second time functionalization of Cloisite 25A using
an epoxy containing organic modifier—(glycidoxypropyl)trimethoxysilane. Melt processing of the
nanoclay with PLA yielded fully exfoliated nanostructures when the epoxy content in the clay was
high (about 0.36 mmol/g). PLA nanocomposites with epoxy containing Cloisite 25A showed better
mechanical properties than those of the unmodified Cloisite composites. Melt blending of PLA in the
presence of nanoclay with other polymers have been reported by several authors [57–59].

2.3. In Situ Polymerization

This technique is the most effective to obtain well exfoliated clay platelets in the polymer matrix.
First, the clay is swollen in a suitable monomer melt or monomer solution. Then, polymerization
is carried out induced by heat or radiation or by pre-intercalated initiators or catalyst. During the
polymerization reaction, polymeric chains are formed inside the clay galleries which force delamination
of the platelets in the matrix. Melt intercalation of LA monomer in the clay galleries followed
by in situ ROP of PLA was found to be an efficient route to prepare high molecular weight PLA
composites. Here, the silicate inter-galleries are considered as “nano-reactors” yielding high molecular
weight PLA. Cloisite-Na+, Cloisite 20A, Cloisite 30B and organo-modified montmorillonite (abbr. as
OMMT) (modified with hexadecyltrimethyl ammonium bromide and dioctadecyldimethyl ammonium
bromide) nanoclays were used to first form the LA monomer–clay intercalated mixture. The mixture
was subjected to ROP using Sn(Oct)2 as the catalyst for 2 h at 120–180 ◦C. High molecular weight
PLA composite, ca. 126,000 g/mol, was obtained [60]. Katiyar and Nanavati [61] demonstrated
a novel solid-state polymerization route to prepare high molecular weight PLA using a two-step
in situ ROP process. The PLA prepolymer was first synthesized via ROP inside the clay layers
followed by solid-state polymerization at 150–160 ◦C. Another innovative approach using in situ
coordination insertion polymerization was reported by Paul et al. [62], referred to as the “grafting-from”
approach. In this method, aluminum oxide reactive species was first formed in situ by reacting
triethylaluminum with hydroxyl groups of the ammonium cation (organic modifier) of Cloisite 30B.
ROP of the intercalated monomer was then carried out at the site of active species in the presence of
initiator and catalyst.
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Figure 2. Outline of polymer nanocomposite preparation techniques.

3. Barrier Performance

The effects of the type of organo-modifier used, clay volume fraction, aspect ratio and dispersion
on the barrier properties of PLA/organoclay nanocomposite films have been investigated. The
nanocomposite films demonstrated improved barrier properties compared to the neat PLA film.
Gorrasi et al. [63] prepared PLA nanocomposites with Cloisite 30B by the melt blending method where
PLA, clay and polyethylene glycol (PEG) as plasticizer and stabilizer were mixed together in a counter
rotating mixer. Films were then produced by compression molding the blend. These authors also
prepared nanocomposite by in situ polymerization of PLA from the monomer–swollen clay. Fully
exfoliated nanostructures were obtained from the in situ process that had significantly lower water
solubility and diffusivity than the melt processed composite. It was also observed that the water vapor
zero concentration diffusivity measured at 30 ◦C was decreased in the case of in situ blends by about
two orders of magnitude compared to that of the melt-processed blend and neat PLA films.

The oxygen permeability of PLA nanocomposites prepared with different clay modifications
(Cloisite 25A, OMMT modified with dodecyltrimethyl ammonium cation and OMMT modified with
hexadecylamine) was investigated by Chang et al. [64]. The permeability of all the composites was
found to be less than that of pure PLA films and, at a clay content of 10 wt%, the permeability decreased
to less than half the value of the neat PLA film. The barrier performance was determined from
the barrier improvement factor (BIF) which is the ratio of transmission through the neat film to the
transmission through the composite film. The BIF values are tabulated in Table 1. Maiti et al. [65]
studied the effect of chain length of organic modifier in different types of clay, smectite, mica and
OMMT. The clays were modified with a phosphonium ion containing three butyl branches and an
alkyl chain the length of which was varied from 1–16 carbon atoms. The composite containing the C16
modifier was only evaluated for oxygen permeability. Smectite clays showed better dispersion than
other clays and, therefore, showed better barrier properties than the mica and MMT loaded films (BIF
for the highest clay loading of 4 wt% is shown in Table 1). The mica system with stacked clay layers
exhibited poor barrier performance and low modulus.

Ray et al. [66–70] measured the oxygen permeability of PLA/organo-modified clays in a series
of papers where the nanocomposites were prepared by melt extrusion in a twin-screw extruder
followed by compression molding the granulated material. In Ref [66], three different clays with
three different organic modifiers were used to assess the PLA nanocomposite properties. MMT
was modified with octadecyl ammonium and octadecyltrimethyl ammonium cations, saponite
was modified with hexadecyltributyl phosphonium cation, and synthetic fluorine mica (SFM) was
modified with dipolyoxyethylene alkyl(coco) methyl ammonium cation. Although the saponite system
showed the best dispersion, higher barrier properties were obtained with the mica system. Synthetic
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fluorine mica modified with hydroxy functional ammonium cations was dispersed in the PLA matrix,
resulting in intercalated stacks and a fairly large number of exfoliated layers being revealed in TEM
micrographs. The highest barrier performance in terms of oxygen permeability was seen at 10 wt%
mica content [67]. OMMT modified with octadecyltrimethyl ammonium cation [68] and also with
the linear analog (octadecyl ammonium cation) [69], was blended with PLA. Interestingly, the linear
surfactant-containing composite displayed higher barrier properties at 7 wt% clay than with the
trimethyl functional surfactant.

Investigation of the effect of different processing parameters and techniques such as compounding
and blown-film processing using a co-rotating twin screw extruder, were carried out by Thellen et al. [71].
The nanocomposite films showed 48% improvement in oxygen barrier and 50% improvement in water
vapor barrier properties compared to the neat PLA film. Their results indicated that barrier property
enhancements can be achieved by conventional processing techniques.

Lagaron et al. [72] used food contact approved nanoclays and amorphous polylactic acid
(aPLA) to fabricate aPLA/organoclay nanocomposites. The organoclays used were Nanoter C1
(kaolinite) and AE21 (MMT) from nano-biomatters S.L. (Spain) (organo-modifiers not disclosed). TEM
analyses revealed a mixed morphology of exfoliation and agglomeration of the clay platelets in the
OM-kaolinite/aPLA matrix. The oxygen permeability BIF was higher (1.8) for the kaolinite system at
40% RH and 21 ◦C, whereas for the MMT system BIF was 1.1 (Table 1). The nanocomposites displayed
very little swelling in water compared to the neat unfilled aPLA.

The solvent casting method was used to prepare nanocomposite films of PLA with Cloisite Na+,
Cloisite 30B and Cloisite 20A nanoclays by Rhim et al. [73]. Among the clays used, Cloisite 20A showed
the highest water vapor barrier performance with a BIF of 1.5 measured at 99% RH, but the tensile
properties were sacrificed. The BIF values for the Cloisite Na+ and Cloisite 30B systems were 0.8 and
1.05, respectively. Zenkiewicz and Richert [74] used Cloisite 30B and Nanofil 2 nanoclays, poly(methyl
methacrylate) (PMMA) and ethylene–vinyl alcohol copolymer as modifiers and polycaprolactone
and poly(ethylene glycol) (PEG) as compatibilizers to fabricate a series of 27 PLA nanocomposite
samples, and studied the effect on oxygen, water vapor and carbon dioxide permeability. Cloisite
30B samples improved the barrier properties much more than Nanofil clay—water vapor, oxygen
and CO2 permeability decreased by 60%, 55% and 90%, respectively, at 5 wt% clay content. All the
modifiers and compatibilizers decreased the CO2 transmission rate, whereas the oxygen and water
vapor transmission rates were reduced only with the modifiers and not with the compatibilizers.
The same group also studied the effect of blow molding ratio of PLA/MMT nanocomposite films
containing (i) MMT, (ii) MMT with PMMA as modifier and iii) MMT and PEG as plasticizer on water
vapor, oxygen and CO2 transmission. Among them, the MMT system showed the highest barrier
performance with reduction in the transmission rates of water vapor, oxygen and CO2 by 40%, 40%
and 80%, respectively. A further decrease by 10% to 27% was achieved by extrusion blow molding.
The least permeable films were obtained at a blow molding ratio of 4 [75].

Koh et al. [76] prepared PLA nanocomposites with Cloisite 15A, Cloisite 20A and Cloisite 30B clays
using the solution intercalation method. The Cloisite 30B system revealed exfoliated morphology in the
TEM analysis and, consequently, outstanding gas (O2, CO2 and N2) barrier properties were obtained
compared to the other clay systems and neat PLA. It was also found that the gas permeability decreased
with decreasing kinetic diameter of the molecule: CO2 (3.3 Å) > O2 (3.46 Å) >N2 (3.64 Å), i.e., the films
showed highest permeability for CO2 owing to its comparatively small size. The BIF values are shown in
Table 1. Nanocomposites of aPLA and aPLA/polycaprolactone blends with organo-modified kaolinite
(OM-kaolinite) were reported by Cabedo et al. [77]. Addition of OM-kaolinite drastically decreased
the O2 permeability of aPLA (BIF 1.8, Table 1). The BIF of aPLA/PCL was 0.44 and the addition of
OM-kaolinite was not as effective as in a neat aPLA matrix because of the effect of the interfaces in
blend systems which provide a path for permeation. Trifol et al. [78] explored the synergistic effect of
Cloisite 30B and cellulose nanofibers (CNF) on PLA barrier properties. A combination of 5 wt% Cloisite
30B and 5 wt% CNF showed a reduction of 90% in oxygen transmission rate and 76% in water vapor
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transmission rate compared to the neat PLA film. Even at a low filler content, 1 wt% of both materials,
significant reductions in oxygen transmission rate, OTR (74%) and water vapor transmission rate,
WVTR (57%), were achieved. However, in another study [79] 1 wt% Cloisite 30B in PLA showed only a
26% decrease in OTR and 43% in WVTR. Many groups have used Cloisite 30B as filler material in PLA
matrix and demonstrated improved barrier properties, and the BIF values are shown in Table 1 [80–84].
Darie et al. [85] used nanoclays (Cloisite 93A modified with methyl dihydrogenated tallow quaternary
ammonium and Dellite HPS, a hydrophilic smectite clay) varying in their degree of hydrophilicity
to prepare PLA nanocomposites by melt processing. The O2 and CO2 transmission rates reduced by
half in the Cloisite 93A matrix, and an even more drastic reduction occurred in the hydrophilic Dellite
HPS matrix. Rhim [86] performed lamination of PLA films by using agar/κ-carrageenan modified
Cloisite-Na+. The double layer and multilayer nanocomposite films showed a large decrease in OTR.
Jalalvandi et al. [87] prepared nanocomposites of PLA/starch blend using unmodified MMT. The barrier
properties of the nanocomposites were studied in terms of water uptake of the films. Neat starch
films showed an uptake of 38%, whereas the nanocomposite with the highest clay loading of 7 wt%
showed only 2% uptake. Othman et al. [88] varied the MMT clay content from 1 wt% to 9 wt% in the
PLA matrix and obtained the best barrier performance at 3 wt% (BIF 1.5). In a similar study, Mohsen
and Ali [89] varied the clay content and achieved best barrier properties at 4 wt%–6 wt% of nanoclay
in a PLA matrix. A novel silver based organo-modified MMT (Bactiblock® from Nanobiomatters,
Spain) was used by Busolo et al. [90] to prepare antimicrobial PLA nanocomposite coating for food
packaging. However, a reduction in the permeability of water vapor by only 20% was achieved at
a clay loading as high as 10 wt%. Sengül et al. [91] used MMT clay modified with different organic
modifiers (Table 1) and investigated the effect of clay modification and ratio on the barrier properties
of PLA nanocomposites. The oxygen permeability decreased by 22% to 49% and the water vapor
permeation by 46% to 80%. Chowdhury [92] investigated the effect of clay aspect ratio and the degree
of dispersion on the barrier properties of PLA nanocomposites. Three different clays modified with the
same organic modifier were used in the study. The trend in permeability depended on the aspect ratio,
dispersion and the degree of disorder of the clays in the matrix. Jorda-Beneyto et al. [93] prepared
PLA/MMT nanocomposite bottles by injection stretch blow molding and obtained decreased oxygen
and water vapor permeability compared to the neat PLA bottle.

The best improvement in O2 permeability of a PLA/clay system to date was achieved
with layer-by-layer (Lbl) technique. Svagan et al. [94] prepared transparent films of PLA/MMT
nanocomposites using Lbl techniques that showed tunable O2 barrier properties (Figure 3). Very thin
laminar multilayer structures of chitosan and MMT were constructed by an Lbl process (driven by
electrostatic interactions) on extruded PLA films. Light transmittance analysis revealed high optical
clarity for the coated PLA films, and TEM images showed well-ordered laminar structures of the
bilayers. When 70 bilayers were used, the oxygen permeability coefficient of the coated PLA reduced
by 99% and 96% at 20% and 50% RH, respectively. The data correspond to better oxygen barrier
properties than PET at these humidity levels. Federico et al. [95] developed quadlayers (QL) and
hexalayers (HL) of alternating branched poly(ethylene imine), Nafion and MMT on PLA thin film
by Lbl technique. The oxygen permeability reduced by 98% and 97% in dry and humid conditions,
respectively for 10 HL and QL layers, whereas the water vapor transmission reduced by 78%. HL films
displayed efficient barrier properties than the QL films.
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Table 1. Barrier improvement factors (BIFs) for PLA/clay nanocomposites.

Matrix Nanoclay Name and Formula of Organic Modifier Penetrant
Clay

Content
BIF Ref

PLA MMT Dodecyltrimethyl ammonium,
(Me)3(C12H25)N+ O2 10 wt% 2.3 [64]

MMT Hexadecyl ammonium,
(C16H33)NH3

+ O2 10 wt% 2.4

Cloisite 25A Dimethyloctyl tallow amine
(Me)2(C8H17)TN+ O2 10 wt% 2.3

PLA Smectite Hexadecyltributyl phosphonium
(C4H9)3(C16H33)P+ O2 4 wt% 1.7 [65]

PLA MMT Octadecyl ammonium
C18H37NH3

+ O2 4 wt% 1.2 [66]

MMT Octadecyltrimethyl ammonium
(Me)3(C18H37)N+ O2 4 wt% 1.1

Saponite Hexadecyltributyl phosphonium
(C4H9)3(C16H33)P+ O2 4 wt% 1.7

Synthetic
fluorine

mica (SFM)

Dipolyoxyethylene alkyl (coco) methyl ammonium
(CH2CH2O)xH(CH2CH2O)yH(Me)

R(coco)N+
O2 4 wt% 2.8

PLA SFM
N-(cocoalkyl)-N,N-[bis(2-hydroxyethyl)]-N-methyl

ammonium
(Me)(EtOH)2R(cocoalkyl)N+

O2 10 wt% 5.5 [67]

PLA MMT Octadecyltrimethyl ammonium
(Me)3(C18H37)N+ O2 7 wt% 1.2 [68]

PLA MMT Octadecyl ammonium
C18H37NH3

+ O2 7 wt% 1.5 [69]

PLA SFM
N-(cocoalkyl)-N,N-[bis(2-hydroxyethyl)]-N-methyl

ammonium
(Me)(EtOH)2R(cocoalkyl)N+

O2 4 wt% 2.8 [70]

PLA Cloisite 25A
Dimethyl hydrogenated tallow-2-ethylhexyl

ammonium
(Me)2(C8H17)(HT)N+

O2 5 wt% 1.7 [71]

H2O 5 wt% 2.7

aPLA Kaolinite Not disclosed O2 4 wt% 1.8 [72]

MMT Not disclosed O2 4 wt% 1.1

PLA Cloisite 20A
Dimethyl dihydrogenated tallow quaternary

ammonium
(Me)2(HT)2N+

H2O 5 pph 1.5 [73]

Cloisite 30B
Methyltallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

H2O 5 pph 1.0

Cloisite Na+ Unmodified H2O 5 pph 0.8

PLA Cloisite 15A
Dimethyl dihydrogenated tallow quaternary

ammonium
(Me)2(HT)2N+

CO2 0.8 wt% 2.0 [76]

O2 0.8 wt% 1.4

N2 0.8 wt% 1.5

Cloisite 20A
Dimethyl dihydrogenated tallow quaternary

ammonium
(Me)2(HT)2N+

CO2 0.8 wt% 1.4

O2 0.8 wt% 1.1

N2 0.8 wt% 1.5

Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

CO2 0.8 wt% 2.0

O2 0.8 wt% 1.3

N2 0.8 wt% 2.0

aPLA Kaolinite Not disclosed O2 4 wt% 1.8 [77]
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Table 1. Cont.

Matrix Nanoclay Name and Formula of Organic Modifier Penetrant
Clay

Content
BIF Ref

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

O2 5 wt% 1.6 [78]

H2O 5 wt% 2.1

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

O2 3 phr 1.5 [80]

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

O2 1 wt% 187.0 [81]

H2O 1 wt% 1.25

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

O2 2 wt% 1.6 [82]

H2O 1 wt% 1.2

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

H2O 5 wt% 2.8 [83]

PLA Cloisite 30B
Methyl tallow-bis-2-hydroxyethyl quaternary

ammonium
(Me)(CH2CH2OH)2(T)N+

O2 3 wt% 1.3 [84]

PLA Cloisite 93A
Methyl dihydrogenated tallow quaternary

ammonium
(Me)(HT)2NH+

O2 3 wt% 2.0 [85]

CO2 3 wt% 3.45

Dellite HPS Not disclosed O2 3 wt% 18.4

CO2 3 wt% 30.2

PLA Cloisite-Na+ Agar/κ-carrageenan O2 5 wt% 516.0 [86]

PLA MMT unmodified H2O 7 wt% 19.0 [87]

PLA MMT Not disclosed O2 3 wt% 1.5 [88]

PLA Clay name not
mentioned Not disclosed O2 4 wt% 2.6 [89]

H2O 6 wt% 3.1

PLA Ag-based MMT Not disclosed H2O 10 wt% 1.2 [90]

PLA MMT Dimethyldialkyl ammonium
(Me)2(R)2N+ O2 10 wt% 2.0 [91]

H2O 10 wt% 4.8

Aminopropyltriethoxysilane
(CH3CH2O)3Si(C3H6)NH2

O2 10 wt% 1.5

H2O 10 wt% 2.7

Distearyldimethyl ammonium
(C18H37)2(Me)2N+ O2 10 wt% 1.9

H2O 10 wt% 5.0

Hydrogenated tallow quaternary ammonium
(HT)4N+ O2 10 wt% 1.7

H2O 10 wt% 2.3

PLA MMT
(Southern clay)

Octadecyl ammonium
C18H37NH3

+ O2 5 wt% 1.8 [92]

MMT (Nanocor) Octadecyl ammonium
C18H37NH3

+ O2 5 wt% 1.3

SFM Octadecyl ammonium
C18H37NH3

+ O2 5 wt% 2.1

PLA MMT Hexadecyltrimethyl ammonium
(Me)3(C16H33)N+ H2O 4 wt% 1.6 [93]

O2 4 wt% 1.7
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Figure 3. Schematic representation of layer-by-layer (Lbl) deposition of chitosan and montmorillonite
(MMT) on extruded poly(lactic acid) (PLA) film. Reprinted with permission from Ref [94]. Copyright
(2012) American Chemical Society.

4. Mass Transfer in Polymers

Small molecules, such as O2, CO2, H2O, N2, permeate through a polymer membrane due to a
gas chemical potential gradient through the membrane. The chemical potential difference acts as
the driving force for the molecules to permeate from the high chemical potential side to the side of
low chemical potential. The phenomenon of permeant transport in polymers is described using the
solution–diffusion model. According to this model, the permeation in polymers consists of three
steps, as depicted in Figure 4: (a) sorption of the permeant from the high concentration side onto
the membrane/film surface, (b) diffusion of the permeant along the concentration gradient through
the membrane and (c) desorption through evaporation from the low concentration surface of the
membrane. Deviations from a gradient with a straight line can be observed when the permeating
molecule interacts with the polymer and is categorized as non-Fickian diffusion, which is described by
the diffusion–relaxation model [96,97].

Figure 4. Schematic illustration of the solution diffusion model.

Based on the assumption that the diffusion takes place in the x-direction of a flat membrane/film,
the process is described by Fick’s first law of diffusion that gives the relationship between flux (F) and
the concentration gradient (dc/dx) [96]:

F = −D
dc
dx

(1)
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where D is the diffusion coefficient, c is the concentration and x is the direction of the moving permeant.
This equation is used in steady-state conditions, i.e., when the permeant concentration does not change
with time. The flux at steady state is defined as the amount of the permeant (no. of moles or weight)
passing through a surface of unit area (perpendicular to the flow direction) per unit time:

F =
q

At
(2)

where q is the amount of the permeant, A is the membrane area and t is the time. At steady state,
the permeant concentration is constant on both sides (just inside the material), c1 and c2 for high and
low concentration, respectively, of the film. Therefore, Equation (1) can be integrated across the total
thickness (L) of the membrane which gives:

F = D
(c1 − c2)

L
(3)

Equations (2) and (3) can be equated to get q:

q = D
(c1 − c2)At

L
(4)

For gases, it is convenient to measure the partial pressure (p) of the gas that is in equilibrium with
the polymer rather than the concentration. Henry’s law is applied [96] at sufficiently low concentration
and, when the interaction between the permeating molecule and the polymer is small:

c = Sp (5)

where S is the solubility coefficient of the permeant in the polymer. Hence, assuming there is no
interaction between the permeant and the polymer, Equation (4) can be expressed as:

q = DS
(p1 − p2)At

L
(6)

which, can be rearranged as:

DS =
qL

(p1 − p2)At
(7)

Equation (7) is nothing, but the permeability, P, of the permeant at steady state:

P =
qL

AtΔp
(8)

Therefore, from Equations (7) and (8) permeability can be expressed as the product of the diffusion
coefficient D and the solubility coefficient S:

P = DS (9)

D is the kinetic term (from Equation (1)) describing the mass flux of permeant through the
film in response to a concentration gradient and S is the thermodynamic factor arising due to the
interactions between the polymer and permeant molecules, which, is the ratio of equilibrium permeant
concentration at the high concentration side of the film to the permeant partial pressure [98]:

S =
c
p

(10)

Equations (7) and (8) are very simplistic and can be applied to penetrants in rubbery polymers
which typically exhibit Fickian behavior at low concentrations. For glassy polymers, deviation from

257



Polymers 2020, 12, 1095

Fickian behavior can be observed due to the restricted chain mobility, leading to slow polymer chain
reorganization in comparison to permeant-induced swelling [99]. As a consequence, a dual-mode
sorption model is used to describe gas sorption in polymers at temperature below the glass transition
temperature (Tg) [100].

The unsteady state portion of the mass transfer permeation process is described by Fick’s second
law, given by [101]:

dc
dt

=
d

dx

(
D

dc
dx

)
(11)

When D is position-, concentration- and time-independent, Equation (11) is expressed as:

dc
dt

= D
d2c
dx2 (12)

When there is a strong interaction between the polymer and the permeant, D becomes dependent
on time, position and concentration and Equation (11) is solved using numerical methods [102].

4.1. Measurement of Mass Transport Properties

Two basic methods are used to determine the permeability of gases or vapors in polymer films:
(a) isostatic and (b) quasi-isostatic methods [103]. In the isostatic method (continuous flow method),
one side of the film is exposed to a constant concentration of the permeant and zero concentration is
maintained on the other side. On the zero-concentration side, inert gas is purged to carry the permeant
to the detector for quantification. In the quasi-isostatic method (lag-time method) constant permeant
concentration is maintained on one side and the permeant is allowed to accumulate on the other side
to a very low concentration of <5 wt% of the concentration on the feed side. The permeant from the
accumulated side is removed at regular time intervals and quantified to generate a plot of permeant
quantity vs time. By applying specified initial conditions (concentration throughout the film to be
equal to zero) and specified boundary conditions with constant permeant concentration on the feed
side and zero permeant concentration on the permeate side, a mathematical expression can be derived
to describe the situation [104]:

q =
Dc1

L

(
t− L2

6D

)
− 2Lc1

π2

∞∑
n=1

(−1)n

n2 exp
(−Dn2π2t

L2

)
(13)

When steady state is reached, t becomes sufficiently large, i.e., t→∞, then the exponential term in
Equation (13) becomes negligibly small and hence the Equation reduces to:

q =
Dc1

L

(
t− L2

6D

)
(14)

A plot of q vs t gives a straight line with an intercept on the time-axis. The slope of the straight-line
curve is the steady state flux (F = DC/L, from Equation (1)) and the intercept is the time-lag (tlag) (the
intercept is an extrapolation from the straight-line curve to the time-axis, thus it is a shorter time to
reach the steady state):

tlag =
L2

6D
(15)

The diffusion coefficient D can then be calculated from the above Equation as:

D =
L2

6tlag
(16)

This is a simple time-lag analysis and may result in errors when measuring diffusion coefficient in
concentration-dependent cases where tlag may vary with pressure differences across the membrane. In
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this case, a concentration-averaged diffusion coefficient can be estimated from the plot of normalized
permeant flux, i.e., ratio of the flux at time t to the flux at equilibrium (steady state) as a function of
time. The diffusion coefficient can then be estimated using the relationship [105]:

D =
L2

7.199t1/2
(17)

where t1/2 is the time required to reach half of the steady state value. The permeability coefficient can
be calculated using Equations (7) and (8). There is also another method to determine D, whereby the
equation:

Q
Q∞

=
4√
π

√
l2

4Dt
exp
( −l2

4Dt

)
(18)

is fitted to Q/Q∞ vs t curve using a simplex search algorithm [106]. Q is the flow rate at time t and
Q∞ is the steady-state flow rate. Equation (18) can be obtained from dynamic flow rate permeation
experiments [107,108]. Assuming Henry’s law is valid, the solubility, S, can be calculated using:

S =
Q∞l
Dp

(19)

It is also possible to obtain D and S and then P from a gravimetric method, but it is not considered
here [109].

4.2. Factors Affecting Mass Transport

One important factor affecting the mass transfer in polymers is the free volume of the polymer.
Free volume holes are created due to Brownian motion and thermal perturbations of the polymer
chains. During the sorption process, the permeant molecule occupies a free volume hole and then
diffuses by short “jumps” into neighboring holes. It can also occur through gradual motion into a
new hole that develops next to the first hole due to Brownian motion. The latter process is not really
thermally activated since there is no barrier in energy to get across. Thus, the transport depends on the
static free volume (number and size of the holes) and dynamic free volume (frequency of jumps). The
static free volume is independent of the thermal motions of the polymer chains and is related to the
permeant solubility, S, whereas the dynamic free volume is due to the segmental motions of the chains
and is related to permeant diffusivity, D. The solubility coefficient S is related to specific free volume
by [110]:

vsp = v− v0 =
S
ρgas

(20)

where vsp is the specific free volume, v is the specific volume, v0 is the occupied specific volume and
ρgas is the density of the gas. The fractional free volume, vf, is given by:

v f =
vsp

v
(21)

Assuming that the holes are identical spheres arranged in a cubic lattice with lattice constant ‘a’,
the average radius of the holes, R can be calculated by:

R = a
3

√
3v f

4π
(22)

The gas diffusivity depends on the dynamic free volume of the matrix, size of the gas molecules
(molecular diameter, d′) and the velocity of the gas molecules (u) by [111]:
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D = g d′u exp
(
−γv0

vsp

)
(23)

where, g is a geometric factor and γ is the overlap free volume factor, i.e., the degree to which more
than one molecule can access the same free volume site. Therefore, after regrouping, the constants in
Equation (23) become:

D = A exp
(
− B

v f

)
(24)

The higher the fractional free volume, the larger will be the diffusivity. The dependence of
solubility on vf is weaker than the diffusivity. Thus, permeability often follows a similar dependence
on free volume as the gas diffusivity.

The effect of temperature on permeability, diffusivity and solubility is modeled using the Arrhenius
equation [104]:

P = P0 exp
(−Ep

RT

)
(25)

D = D0 exp
(−ED

RT

)
(26)

S = S0 exp
(−ΔHs

RT

)
(27)

where P0, D0 and S0 are the pre-exponential factors, EP and ED are the activation energies for permeation
and diffusion, respectively and ΔHS is the heat of dissolution of the permeant molecule in the polymer.
Based on Equation (9), EP can be given as:

Ep = ED + ΔHs (28)

ED is always positive, ΔHS can be positive for light gases like H2, O2 and N2 and negative for
condensable vapors like water, C3H8 and C4H10.

Other factors which affect the transport phenomenon include polymer chain structure (flexibility,
polarity), crystallinity, chain orientation and packing, permeant solubility and humidity [28,104]

5. Modeling of Permeability of Polymer/Clay Nanocomposites

The mass transport mechanism in polymers containing platelet fillers (like nanoclays, graphene,
etc.) is similar to that in semi-crystalline polymers. In semi-crystalline polymers, the content, shape
and size of the crystals and the superstructure they form (spherulites, axialites) affect the transport
properties. Thus, the crystals are considered as the gas-impermeable phase in an otherwise permeable
amorphous matrix. There is, however, an important difference between the effects of crystals and
impermeable platelets. It is only in special cases that the crystals are randomly dispersed in the
amorphous matrix, e.g., in ultra-high molar mass polyethylene. Normally, the spherulitic structure
gives rise to “dead-ends” at points where the crystals splay, and all amorphous parts are not necessarily
reachable by the permeant [112,113]. The gas sorption in amorphous polymers at low to moderate
uptake is given by Equation (10) (Henry’s law) and for semi-crystalline polymers it is given, assuming
that all the amorphous parts are accessible by the permeant, by [114]:

S = S0(1−φc) (29)

where S0 is the solubility coefficient of the amorphous phase and φc is the volume fraction of the
crystalline phase. For a “theoretically” 100% crystalline polymer, S = 0. In nanocomposites, the clay
platelets are the non-permeable phase dispersed in the permeable polymer phase. The three main
factors that influence the transport properties in clay/polymer nanocomposites are (a) the volume
fraction of the nanoparticles (φ), (b) aspect ratio (l/w) of the platelets and (c) platelet orientation with
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respect to the direction of diffusion [45,51]. Incorporation of nano-platelets results in a decrease in
the permeability of the polymer due to the permeant having to circumvent the platelets (leading
to a tortuous diffusion path, or, in other words, a labyrinth effect) and this reduced permeability,
represented as the ratio of composite permeability to the neat matrix permeability (P/P0) or the ‘relative
permeability,’ is plotted as a function of the filler volume fraction (φ) to describe the transport properties
in several models. A typical plot displays the nonlinear decay in (P/P0) with increasing filler volume
fraction [33]. The volume fraction, which is the main input parameter in all mathematical models, can
be calculated with [49]:

φ =

wnp
ρnp

wnp

ρnp
+

1−wpolymer

ρpolymer

(30)

where wnp and ρnp are, respectively, the weight fraction and density of the nanoparticles and wpolymer
and ρpolymer are the weight fraction and density of the polymer matrix. The main assumptions in
most of the models are that the platelets have a regular geometry (thin rectangular or circular shaped
platelets) and form an ordered array in space arranged either parallel to each other or display a
distribution of orientation [45]. The average orientation is assumed to be at a particular angle to the
direction of diffusion of the permeant molecules. Some of the important and common models can be
grouped into three categories of spatial arrangement (i) parallel arrangement, (ii) random positioning
and (iii) arrangements at an angle θ � 90◦ and these are discussed below.

5.1. Periodic Arrangement of Parallel Nanoplatelets

A simple permeability model was proposed by Nielsen [115]. In this model the platelets are
considered to have a rectangular shape with a finite length (l) and thickness (w) and are dispersed
evenly in the polymer matrix with orientation perpendicular to the diffusion direction. The basic
theory of the model is that the presence of impermeable platelets forces the permeant molecules to
follow a longer diffusion path by traversing around the platelets. Therefore, this is also called the
‘tortuous path’ model, as shown in Figure 5.

Figure 5. Schematic illustration of the tortuous path model.

The solubility coefficient, S, of this clay/polymer composite can be arrived at, from Equation (29)
as:

S = S0(1−φ) (31)

where S0 is the solubility coefficient of the neat polymer and φ is the volume fraction of the clay
nano-filler. The diffusion coefficient, being influenced by the tortuous path, is given by:

D =
D0

τ
(32)
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where D0 is the diffusion coefficient of the neat polymer and τ is the tortuosity factor that depends on
the platelet shape, aspect ratio and its orientation in the matrix. It is defined as:

τ =
d′
L

(33)

where, d′ is the distance that the permeant molecules must travel through the film in the presence of
platelets and L is the actual distance the molecule would have traveled in the absence of platelets, i.e.,
thickness of the membrane. From Equations (9) and (31), we have;

P
P0

=
1−φ
τ

(34)

If 〈N〉 is the average number of platelets that the permeant molecule encounters during diffusion
and if each platelet enhances the diffusion length by l/2 on average, then the tortuous path length
(prolonged diffusion length) is given by:

d′ = L + 〈N〉 l
2

(35)

Since, 〈N〉 = Lφ
w , the tortuosity factor, τ becomes:

τ = 1 +
l

2w
φ (36)

Combining Equations (34) and (36) gives:

P
P0

=
1−φ

1 + α
2φ

(37)

where α = l/w is the aspect ratio of the clay platelets. This is Nielsen’s equation which shows that
the relative permeability decreases with increase in α and φ in the nanocomposite membrane [115].
However, it can be used as a rough estimate only up to a threshold limit in filler content, φ ≤ 10%,
beyond which the particles may aggregate leading to increased permeation. The Nielsen equation was
remarkably successful in validating the permeability reduction in many polymer systems. Figure 6
shows the predicted permeability decay curves for Nielsen’s model at different aspect ratios. However,
it should be highlighted that incomplete exfoliation or orientation of the platelets and the occurrence
of voids will result in systems deviating from the Nielsen model [115].

Figure 6. Prediction plot of Nielsen’s model at different aspect ratios.
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A second model where the resistance to diffusion arising from the tendency of the permeant
molecule to get constricted in the slits (distance between two adjacent platelets) along with the
contribution from the platelet length is given by Cussler et al. [116]. In this model, platelets are
considered to be arranged parallel in multiple layers with a narrow-slit separation (s) between the
platelets in each layer. In this case the following equation was derived:

P
P0

=

(
1 +

da
s(a + b)

+
d2

b(a + b)
+

2b
L

ln
(

d
2s

))−1

(38)

where L is the film thickness and other parameters are as defined in Figure 7.

Figure 7. Ribbon arrangement of platelets.

Here, the volume fraction and aspect ratio are given by:

φ =
da

(d + s)(a + b)
, α =

d
a

(39)

In this model, d is half the platelet length, and hence the aspect ratio is half that of the Nielsen
model. Since the slit is considered to be very narrow, the second term was neglected, and the simplified
expression of the relative permeability is given as:

P
P0

=

(
1 +
α2φ2

1−φ
)−1

(40)

This model predicts a rapid reduction in relative permeability at low volume fraction, as opposed
to Nielsen’s model which requires high volume fraction or aspect ratio to achieve the same reduction
in permeability.

5.2. Random Arrangement of Parallel Nanoplatelets

Brydges et al. [117] described the relative permeability considering random positioning of the
parallel platelets in each layer and used a stacking parameter γ′ = x/2d to account for the deviation
from periodicity, i.e., it defines the horizontal offset of each ribbon layer with respect to the platelet
layer beneath it. A case of γ′ = 1/2 is when the platelets in one ribbon layer are positioned at the center
of the slit gaps of the layer underneath, and thus gives the lowest permeability. For very high aspect
ratio, α > 100, this model gives:

P
P0

=

(
1 +
α2φ2

1−φγ
′(1− γ′)

)−1

(41)

In another case, Lape et al. [118] also considered platelets of the same aspect ratio arranged in a
random fashion in the parallel ribbons. The reduced permeability is given by the product of reduced
area and increased diffusion path length:

P
P0

=

(
A
A0

)(
d′
L

)
(42)
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The distance that the permeant has to diffuse through the nanocomposite films is given by:

d′ = L + 〈N〉〈n〉 (43)

This equation is similar to Equation (35) except that l/2 is replaced by 〈n〉, which is the average
distance the permeant travels to reach the platelet edge. Using statistical considerations, d′ is estimated
to be:

d′ =
(
1 +

1
3
αφ
)
L (44)

The area available for diffusion is calculated by dividing the volume available for diffusion by the
distance traversed to cross the membrane:

A
A0

=

(
Vtot −Vnp

)
/d′

Vtot/L
(45)

where Vtot is the total volume of the membrane and Vnp is the volume of the nanoplatelets. Using
Equation (44), the relative permeability is then given by:

P
P0

=
1−φ(

1 + 1
3αφ
)2 (46)

Fredrickson and Bicerano [119] modeled the case of circular shaped nanoplatelets with length 2R
and thickness w having an aspect ratio α = R/w. Two situations were considered, as shown in Figure 8,
(a) when the average distance between the platelets exceeds R due to low volume fraction and aspect
ratio (αφ << 1), i.e., in the dilute regime, the relative diffusivity is given by:

D
D0

=
1

1 + καφ
(47)

where κ = π/ln α and (b) in the semi-dilute regime when the circular disks overlap due to higher aspect
ratios (αφ >> 1), the relation is given by:

D
D0

=
1

1 + μα2φ2 (48)

where μ is a geometric factor.

Figure 8. Schematic illustration of the dilute and the semi-dilute regimes of the oriented
disk-shaped platelets.

Gusev and Lusti [120] developed periodic three-dimensional computer models containing a
random dispersion of disk platelets in an isotropic matrix and solved the Laplace’s equation for the
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local chemical potential μ, (∇P(r).∇u = 0). The expression developed for the relative permeability is
given as:

P
P0

= exp

⎡⎢⎢⎢⎢⎣−
(
αφ

x0

)β⎤⎥⎥⎥⎥⎦ (49)

The values of β and x0 are 0.71 and 3.47, respectively [98].
In Figure 9, prediction curves for Nielsen, Cussler, Fredrickson and Bicerano and Gusev and Lusti

models are compared for three different aspect ratios, α = 10, 100 and 1000.

Figure 9. Prediction plots of relative permeability for different models at a fixed aspect ratio, (A) α =
10, (B) α = 100 and (C) α = 1000.

It is observed that the predictions for the decrease in relative permeability is different for different
models, particularly in the region of low φ values. To avoid this anomaly, P/P0 vs αφ can be plotted [46].
Cussler and Gusev’s models predict dramatic decrease in P/P0 to almost zero permeability for φ ≥ 0.02
at very high aspect ratios. The plots also show that, at low aspect ratios, the models predict the need
for a large volume fraction to achieve a significant decrease in permeability.

5.3. Platelet Arrangement at an Angle θ � 90◦ to the Diffusion Direction

The main assumption in all the models discussed above is that the platelets are aligned
perpendicular to the diffusion direction and hence the tortuosity is the highest. However,
Bharadwaj [121] described the case where the platelets can be oriented at different angles (�90◦)
with respect to the direction of diffusion. For describing this nonuniformity in alignment, Nielsen’s
model was modified accordingly by introducing an order parameter which gives the degree of
orientation of the platelets to the diffusion direction:

S′ = 1
2

(
3 cos2 θ− 1

)
(50)
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where θ is the angle between direction of diffusion and the unit vector normal to the nanoplatelets’
large surface. When the platelets are oriented perpendicular to the direction of diffusion (i.e., θ = 0),
then S′ = 1, whereas when platelets are oriented parallel to the diffusion direction (i.e., θ = π/2, then S′
= −1/2. For a random degree of orientation, S′ = 0. The modified Nielsen’s equation is then given by:

P
P0

=
1−φ

1 + αφ
2

2
3

(
S′ + 1

2

) (51)

The case of S′ = 1 presents maximum tortuosity, and hence, the greatest reduction in relative
permeability can be observed. The values of the order parameter for the different orientations are
shown in Figure 10.

Figure 10. Different orientations of the platelets with the corresponding order parameter.

6. Model Validation for PLA/Clay Nanocomposites

Although a large body of literature is available describing the effects of two-dimensional clay
sheets on reducing the water vapor permeability and gas permeability in PLA/clay nanocomposites,
only a handful is available where the mathematical models have been successfully validated to account
for the experimental results. Ray et al. [67] prepared PLA nanocomposites with organically modified
(N-(coco alkyl)-N,N-[bis(2-hydroxyethyl)]-N-methyl ammonium cation) synthetic fluorine mica by
melt extrusion using a twin-screw extruder. Films were prepared by compression molding at 190 ◦C.
The WAXD and TEM analysis revealed intercalation of the clay platelets. However, the reduction in
oxygen permeability with increasing clay concentration could not be explained by an intercalated
nano-structure. Nevertheless, HRTEM revealed the co-existence of mixed intercalated and exfoliated
structures that were found to be responsible for the improved oxygen barrier. Nielsen’s tortuosity
model was found to match the experimental results well, which confirmed the presence of exfoliated
mica sheets in large amounts in the matrix, with negligible role of the intercalated structures in the
observed gas barrier properties.

Guo et al. [122] used two different modifications of Cloisite-Na+; (i) Cloisite 30B modified with
bis(2-hydroxyethyl) methyl hydrogenated tallow quaternary ammonium cation and (ii) Cloisite- RDP
modified with resorcinol di (phenyl phosphate) (RDP) and studied the oxygen barrier properties of the
organically modified clay composites and compared them with those of the unmodified clay composite.
The O2 barrier performance was explained using the work of adhesion (Wa) parameter obtained from
contact angle measurements. Wa essentially describes the strength of affinity between PLA and the
clay sheets. Higher Wa values, indicating strong affinity, were obtained for PLA/Cloisite 30B, and
the lowest value was observed for the PLA/Cloisite-Na+. The bulky tallow molecule in Cloisite 30B
helped in forming exfoliated nanostructures in the PLA matrix that, in turn, demonstrated the best
barrier performance of the three clays. On the other hand, the PLA/Cloisite-Na+, with less interfacial
interactions, was shown to be a poor barrier film. The authors obtained best fit of the experimental
permeability data with Nielsen’s model. The aspect ratios calculated from curve fitting of the Nielsen
model were smaller than that observed by TEM, and the difference was attributed to the tilt angle
(angle between platelet and the direction of diffusion).
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Picard et al. [123] investigated the role of clay platelets (Nanofil 804; MMT modified with a
dihydroxy methyl tallow quaternary ammonium cation) on the PLA crystallization, as well as the
gas (O2 and He) permeability and established a crystallization-permeability relationship in PLA/clay
nanocomposites for the first time. Melt compounding of PLA and OMMT was carried out using a
mini-extruder to prepare the nanocomposites, followed by compression molding to make 100 μm
thick films. The nanocomposites showed improved gas barrier properties at two different filler
concentrations. A ca. 15% to 25% reduction in permeability/diffusivity was observed –a change
that was higher than that reported by Ray et al. [66–70] for several PLA/OMMT systems. Nielsen’s
tortuosity model was used to provide an accurate description of the experimental results for relative
permeability and diffusivity of the nanocomposites. A mean clay aspect ratio of 24 calculated from
the model curve was found to be in good agreement with that obtained from TEM micrographs. The
presence of the OMMT platelets increased the crystallinity of the PLA by 46%, which decreased the O2

permeability in the annealed nanocomposite films. This permeability decrease induced by the increase
in crystallinity was described well by the Maxwell equation [122].

Li et al. [124] prepared PLA/OMMT nanocomposites by solution intercalation and, later,
coagulation in water. The coagulated solid was dried, and compression molded to form films.
Experimental results of relative permeability of CO2 were found to follow the Nielsen model well at
low clay loadings, but the model underestimated the permeability at higher clay content; the model
predicted 60% reduction in the permeability of the clay-free material at a clay content of 3 wt%, whereas
the corresponding experimental value was only 40%. This is because the model describes the system
better in the dilute regime but is inaccurate in the semi-dilute regime. In their study, composites
with >3 wt% OMMT loading belonged to the semi-dilute regime, and the theoretical permeability
matched well with the measured permeability at 1 wt% and 3 wt% of clay loading. Nevertheless,
the Cussler model still overestimated the permeability at higher clay loading of 7 wt% (theoretical
permeability = 9% and measured permeability = 19%). The reason is the aggregation of silicate layers
at higher clay concentrations leading to nonuniform dispersion of the layers/platelets and a decreased
“effective” aspect ratio. According to Equation (40), a decrease in α will substantially increase the
relative permeability. However, the Cussler model was found to give a better prediction of the system
compared to other models. The Bharadwaj model fitting for S′ = 0 was unsuitable at all clay loadings
and was attributed to the uneven orientation of the silicate layers, corroborating with the observations
from theTEM micrographs. The use of S′ = 1 (platelets perpendicular to the diffusion direction) yielded
the same description of the system as the Nielsen model.

PLA/poly(butylene succinate)/clay nanocomposites prepared by Bhatia et al. [125] by melt
extrusion showed improved O2 barrier property with increasing clay content. However, the formation
of clay stacks and nonuniform dispersion at high clay loading (>3 wt%) led to reduced tortuosity,
and further improvement in barrier properties was negligible. Nanocomposite films prepared by
compression molding could be described by the Bharadwaj model only up to 3 wt% clay, beyond which
deviations from the model occurred because of the aforementioned clay agglomerates/nonuniform
clay dispersion.

Tenn et al. [126] investigated the effect of the clay platelet hydration on the barrier properties
of PLA/OMMT nanocomposites. The relative water and oxygen permeability results were fitted to
the Bharadwaj model. However, the fitting for the water permeability was quite unsuitable. It was
concluded that, apart from the aspect ratio and orientation of the clays, other parameters, such as
interaction between silicate layers and water molecules, rigidity of the polymer chains in the vicinity of
the clay layers, degree of crystallinity and percolation effects at the clay–polymer interface can interfere
with the tortuosity concept, and thus make the tortuosity models less useable for prediction purposes.
Nevertheless, the Nielsen–Bharadwaj model was found to be the best model to fit for the relative
oxygen permeability experimental data of the PLA/OMMT nanocomposites. It was suggested that
the tortuosity concept can be applied in a straightforward way to a gas-polymer system when there
is no interaction between the diffusing gas molecules and the polymer matrix, whereas in the case
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of water or organic species, in addition to the tortuosity, different physical phenomena and chemical
interactions can play a large role during the course of permeation, which can result in significant
deviation from the expected tortuosity-based results.

7. Conclusions

Two-dimensional platelet/disk-shaped fillers (e.g., nanoclays) have been identified as the most
effective nano-filler for increasing the gas barrier properties of polymers. These nanoparticles not
only improve barrier properties of the polymer, but also improve mechanical properties and, often,
the thermal stability owing to interfacial interactions with the polymer matrix. In this article, the
commonly followed preparation methods for PLA/organoclay nanocomposites were elaborated which
are solution intercalation, melt processing and in situ polymerization. The melt processing method is
the most preferred route because of ease of implementation in industry. The barrier performance of
PLA/clay nanocomposites with different kinds of nanoclay and with a vast variety of modifiers were
reviewed to highlight the structure-property relationship, which varied from case to case. In general,
the extent of exfoliation and stacking orientation of the nanoclays was found to be the most important
factor affecting the barrier properties of PLA, where improvement by one or two orders of magnitude
can be observed for fully exfoliated platelets. The individual clay platelets act as blockages and create
tortuosity to the diffusing permeant molecules, and thus extend the diffusion path length and time. In
many cases, they also reduce the solubility of the permeating gas molecules. Best barrier performance
was found to be obtained through the Lbl technique. Although it is successful on the laboratory scale,
the future success of this technique will depend on industrial implementation. The ability of the Lbl
prepared clays to impart delayed diffusion is most useful in packaging and coating applications.

Some important mathematical models for estimating the relative permeability of polymer/
organoclay nanocomposites have been described. The commonality among the models is the
dependence of relative permeability on three factors: clay aspect ratio, volume fraction and the
clay platelet orientation with respect to the direction of diffusion. Experimental validation of the
models on PLA/clay systems has been studied only by a few groups and the results were reviewed
in this article. Most of the models, Nielsen’s model in particular, were found to fit the data well
at lower clay content. However, the models cannot be compared as the aspect ratios are different:
some authors define aspect ratio as the width to thickness ratio while others define it as half width
to thickness ratio. It can become more complicated because the degree of interaction between the
polymer and the clay particles and the degree of delamination can be expected to vary. Nevertheless,
with known aspect ratios of the clay, the simplest model proposed by Nielsen has proven to predict
the relative permeability reasonably well. Another model which describes the tortuosity in polymer
nanocomposites is the Fricke model that has been applied successfully in several composite systems,
but has not so far been applied to PLA systems, although there is scope for in future studies [127].
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