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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/m?)
compared with composites that showed values not significantly different from each other close to
0.18 MJ/m®. 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).
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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.  Ureaformaldehyde 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.rl, 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], 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], 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 57}, 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 Composition of Cured Samples
(Wt%) (Wt%)
Formulation Water Resin Dry OFMSW Resin Dry OFMSW
OF80_HUF 54.9 21.6 235 48 52
OF70_LUF 479 316 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].

OF80_HUF OF70_LUF OFS0_MF
Figure 1. OFMSW-based panel production with different resins.

The dimensions of the produced panels are 400 mm x 200 mm X 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 ¢ X 50 mm x 50 mm, where ¢ 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 x 50 mm X t , where L is 200 mm,
corresponding to half of the length of the panel and ¢ 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 X 50 mm X 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 x 50 mm X 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/m?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_HUEF, 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 (T) (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 (1) 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 (T is the onset temperature of curing,
1 is the samples final viscosity).

Formulation Ty °O) Slope (Pa*s/°C) n¢ (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 (oR), strain at break (¢r), 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 (p) 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.

220



Polymers 2019, 11, 1838

; ——OF80_HUF gigg-[‘lj’; — OF80_HUF
——OF70_LUF ke 30 ——OF70_LUF
. ——OF50_MF S==0F0.M —OF50_MF
25
104
o 4 = 5 20
£ g £
= 2 g« 15
b 2 © . 0
10
1
05
0 T T T T T 1 0 T 1 0‘HI T T T 1
00 003 006 009 012 015 018 0,00 003 006 000 003 0,06 009 01
£ (mm/mm) & (mm/mm) < (mm/mm)

(a)

()

(©)

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

Table 3. Mechanical tests results (o is the samples strength, ¢ the strain at break, E the modulus and

p the density).
Formulation or (MPa) &R (mm/mm) E (MPa) p (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.
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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).

OF50_MF

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_HUEF 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.
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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.
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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 O,
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.

Smokes and fumes

a)
Heat . .
. — Dispersion
Combustible gases/ Air O
Volatiles l 2
______ - -- — — = Carbon fillers like CNTs
\-201__y r_n_ef_pzrglysm_, Z| == Polymer Matrix

| Smokes and fumes

b)
Heat . :
. — Dispersion
Combustible gases/ Air O
Volatiles l 2
j'~',' ST =7 T T =1 = = -Carbon fillers like CNTs
Protection layer—1, ~ Polymer pyrolys:s, Il == Polymer Matrix

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
Ce0, C70, C78, Csp, Cga, Cop, Cog, and so on, and, among these. the most important and widely used
member in polymer composites is Cg, 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)

229



Polymers 2020, 12, 1518

coating on various flame retardancy properties of poly (methyl methacrylate) (PMMA), in which the
reinforcement used was Cg. The continuous reduction in peak heat release rate (pHRR) was recorded
while incorporating Cg in the PU coated PMMA matrix and compared to neat PU/PMMA, 0.5 wt%
of Cgp added PU/PMMA displayed 61% of reduced pHRR. In addition, C4 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 Cgy. It was reported that,
as compared to neat PP, different amounts of Cg( 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 Cgg 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 Cgy 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 3-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/O, 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 LOL 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 sp? 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-TiO,, and their flammability were
determined. The TiO, 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 CO, 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/m? 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 H3POy 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. Itis 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 (H,SOy4) 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
H,SO4 occurs, which is followed by a redox reaction process (Equation (1)) between HySO4 and the
graphite will produce the blowing gaseous products, such as CO,, SO,, and H,O [46].

C +2H3S04 = CO, T+ 2H0 7 + 250, T (1)

As stated above. the EG contains treated flake graphite with intercalation reagents, such as
H,SO4. When EG material is exposed to high heat. the HySO, 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/m?, respectively.
The reinforcement of 30 wt% of EG in PK displayed 35% of LOI and 182.7 kW/m? 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/m?2. 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/m?, 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]. Tkram 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),, were individually added and their reaction-to-fire properties
were assessed through cone calorimeter test by Das et al. The TTT and pHRR of neat PP was found
as 29 s and 1054 kW/m?, respectively. Whereas, adding 20 wt% of APP and Mg(OH), with WD
(10 wt%)/BC (24 wt%)/PP composites significantly reduced the pHRR to 376.2 kW/m? and 333.3 kW/m?2,
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 O,, 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/m? and 361 kW/m?, 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 X 10 X 4 mm? 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:

(0]

Hot= (([oz} N2

) %100
where, [O;] and [N;] are the flow rate of oxygen and nitrogen in L/min. respectively.

Therefore, a material, which demands more oxygen, will display higher LOL In addition, a higher
index indicates that the material is more flame resistant. Given that atmospheric air has 21% of O5.
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].
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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 x 13 x 3 mm? 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)
e  for each specimen <10 <30 <30
e  forall 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
Glonlng or flaming combustion of any specimen to No No No
holding clamp

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 ] g‘1 K1) is defined as the
maximum HRR per unit mass in the test (in W g~!) divided by the average heating rate over the
measurement range (K s71), 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 CO,. The sample size for the test is within 0.1 X 0.1 X
0.001-0.05 m® and the applicable heat flux ranges from 10 to 100 kW/m?. 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/m?) 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. HRRin kW/m?: 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/m?): 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 (FGRin KW/ (s.m?)): FGRis mathematically calculated as FGR = pHRR/(pHRR)y; [81],
(pPHRR)y; 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/m?, 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);) and alcohol, is the preferred synthesis route in
industry, which can result in high molecular weight PLA [7,20,21].
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Figure 1. (A) Chemical structures of L-lactic acid, p-lactic acid, L-lactide, p-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 (-LA)
and p-lactic acid (p-LA). Two optically inactive forms are also available which are the meso-LA and
racemic mixture (50:50) of L-LA and p-LA (Figure 1A) [16]. PLAs formed from the isotactic sequence
of L-LA and p-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 p-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

248



Polymers 2020, 12, 1095

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
Hedengqvist [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(e-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), 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 etal. [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 CO, permeability decreased by 60%, 55% and 90%, respectively, at 5 wt% clay content. All the
modifiers and compatibilizers decreased the CO, 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 CO, transmission. Among them, the MMT system showed the highest barrier
performance with reduction in the transmission rates of water vapor, oxygen and CO; 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 (O,, CO, and Nj) 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: CO, (3.3 A)>0, (3.46 A)>N, (3.64 A), i.e., the films
showed highest permeability for CO, 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 O, 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 O, and CO, 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/k-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%. Sengiil 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 O, 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 O, 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 BIF Ref
Content
Dodecyltrimethyl ammonium,
PLA MMT O 10 wt% 23 64
(Me)3(CiaHas)N* : v (e
Hexadecyl ammonium,
MMT . O 10 wt% 24
(C16H33)NH;™* 2 v
L Dimethyloctyl tallow amine
Cloisite 25A O 10 wt% 23
(Me),(CsHi7) TN §
. Hexadecyltributyl phosphonium -
PLA Smectite O 4 wt% 17 6!
(CaHo)s(CagHi)P* : (e
Octadecyl ammonium o
PLA MMT CysHzyNHy * O, 4wt% 1.2 [66]
Octadecyltrimethyl ammonium
MMT (€ 4wt% 1.1
(Me)3(C1sHzr)N* ’ v
. Hexadecyltributyl phosphonium o
Saponite (CaHo)s(CigHap) P+ O, 4 wt% 1.7
Synthetic Dipolyoxyethylene alkyl (coco) methyl ammonium
fluorine (CH,CH,0)xH(CH,CH,0)yH(Me) 0, 4 wt% 2.8
mica (SFM) R(coco)N*
N-(cocoalkyl)-N,N-[bis(2-hydroxyethyl)]-N-methyl
PLA SEM ammonium O, 10 wt% 55 [67]
(Me)(EtOH),R(cocoalky)N*
Octadecyltrimethyl ammonium
PLA MMT @ 7 wt% 1.2 68
(Me)5(Cr5Hy)N* : v el
PLA MMT Octadecyl ammonium o 7 Wit 15 [69]
CiHa7NH5* ’ ’ '
N-(cocoalkyl)-N,N-[bis(2-hydroxyethyl)]-N-methyl
PLA SFM ammonium O, 4 wt% 2.8 [70]
(Me)(EtOH),R(cocoalkyl)N*
Dimethyl hydrogenated tallow-2-ethylhexyl
PLA Cloisite 25A ammonium O, 5 wt% 1.7 [71]
(Me)y(CgHy7)(HT)N™
H,O 5wt% 2.7
aPLA Kaolinite Not disclosed O, 4 wt% 1.8 [72]
MMT Not disclosed Oy 4 wt% 1.1
Dimethyl dihydrogenated tallow quaternary
PLA Cloisite 20A ammonium H,O 5 pph 1.5 [73]
(Me),(HT),N*
Methyltallow-bis-2-hydroxyethyl quaternary
Cloisite 30B ammonium H,O 5 pph 1.0
(Me)(CH,CH,OH),(T)N*
Cloisite Na* Unmodified H,0 5 pph 0.8
Dimethyl dihydrogenated tallow quaternary
PLA Cloisite 15A ammonium CO, 0.8 wt% 2.0 [76]
(Me),(HT),N*
0, 0.8 wt% 14
N, 0.8 wt% 15
Dimethyl dihydrogenated tallow quaternary
Cloisite 20A ammonium COy 0.8 wt% 14
(Me)y(HT),N*
O, 0.8 wt% 1.1
Ny 0.8 wt% 1.5
Methyl tallow-bis-2-hydroxyethyl quaternary
Cloisite 30B ammonium CO, 0.8 wt% 2.0
(Me)(CH,CH,OH),(T)N™*
0, 0.8 wt% 13
N, 0.8 wt% 2.0
aPLA Kaolinite Not disclosed (e} 4 wt% 1.8 [77]
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Table 1. Cont.

Matrix Nanoclay Name and Formula of Organic Modifier Penetrant Clay BIF Ref
Content
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium O, 5 wt% 1.6 [78]
(Me)(CH,CH,OH),(T)N*
HO 5wt% 21
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium O, 3 phr 1.5 [80]
(Me)(CH,CH,OH),(T)N*
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium O, 1wt% 187.0 [81]
(Me)(CH,CH,OH),(T)N*
H,0 1 wt% 1.25
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium Oy 2 wt% 1.6 [82]
(Me)(CH,CH,OH),(T)N*
H,O 1 wt% 12
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium H,O 5wt% 2.8 [83]
(Me)(CH,CH,;OH),(T)N*
Methyl tallow-bis-2-hydroxyethyl quaternary
PLA Cloisite 30B ammonium Oy 3wt% 1.3 [84]
(Me)(CH,CH,OH),(T)N*
Methyl dihydrogenated tallow quaternary
PLA Cloisite 93A ammonium Oy 3 wt% 2.0 [85]
(Me)(HT),NH*
CO, 3wt 345
Dellite HPS Not disclosed O, 3 wt% 18.4
CO, 3wt 30.2
PLA Cloisite-Na™ Agar/k-carrageenan O, 5 wt% 516.0 [86]
PLA MMT unmodified H,0 7 wt% 190  [87]
PLA MMT Not disclosed Oy 3wt% 1.5 [88]
pLa  Claynamenot Not disclosed 0, swt% 26 [89]
mentioned
H,0 6 Wt% 3.1
PLA Ag-based MMT Not disclosed H,O 10 wt% 1.2 [90]
Dimethyldialkyl ammonium o
PLA MMT (Me) RN 0, 10 wt% 20 [91]
H,0 10 wt% 4.8
Aminopropyltriethoxysilane o
(CH3CH,0)38i(C5Hg)NH, 0, 10wt% 15
H,O 10 wt% 27
Distearyldimethyl ammonium
O 10 wt% 1.9
(CisHa7)2(Me)N* ’ v
H,0 10 wt% 5.0
Hydrogenated tallow quaternary ammonium o
TN 0, 10 wit% 17
H,O 10 wt% 23
MMT Octadecyl ammonium o
PLA (Southern clay) Cy5H3NH5* O, 5 wt% 1.8 [92]
Octadecyl ammonium o
MMT (Nanocor) CysHyyNHz* Oy 5 wt% 1.3
Octadecyl ammonium o
SFM CrotiyNHy " 0, 5wt% 2.1
Hexadecyltrimethyl ammonium
PLA MMT H,O 4 wt% 1.6 93
(Me)3(CreHa)N* : el
0O, 4 wt% 1.7
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Rinse and dry
Lbl coating

MMT/crﬁos-a-l-w_ layers
on PLA film

>

Rinse with
deionized

Chitosan solution et MMT suspension

Nanoclay

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 O, CO,, H;O, Ny, 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].

Sorption  Diffusion Desorption

Low concentration/
Low pressure side

High concentration/ % |
2 . °®
High pressure side 0o’

N

S mn’

Membrane
Thickness, [

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]:

dc
F=-D= )]

256



Polymers 2020, 12, 1095

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:

9
F=-—1 2
T @
where g is the amount of the permeant, A is the membrane area and ¢ is the time. At steady state,
the permeant concentration is constant on both sides (just inside the material), c1 and ¢2 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:

(€1 -c)
F=D T 3)
Equations (2) and (3) can be equated to get g:
— ) At
g=D (c1 LCZ) @)

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=S5p ®)

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:

—p2)At
4= Ds (p1=p2) ©)
L
which, can be rearranged as:
L
ps— 1= @)
(p1 = p2)At
Equation (7) is nothing, but the permeability, P, of the permeant at steady state:
_ 4t
- AtAp ®

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 ©)

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 = (10)

<
p

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
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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 d(_dc
@ E(D a) )
When D is position-, concentration- and time-independent, Equation (11) is expressed as:
dc dc
i Dﬁ (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]:

_ Deyf, I[*\ 2Lep v (-1)" —Dn?nr?t
1= - 5) = LR 49

When steady state is reached, t becomes sufficiently large, i.e., t—oo, then the exponential term in
Equation (13) becomes negligibly small and hence the Equation reduces to:

_ DC1 L2
7= T(f - 6_D) 8

A plot of g 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 (t5¢) (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):

12
tlag = 6_D (15)
The diffusion coefficient D can then be calculated from the above Equation as:
12
D=— 1
6t15g (16)

This is a simple time-lag analysis and may result in errors when measuring diffusion coefficient in
concentration-dependent cases where tj,; 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 ¢ to the flux at equilibrium (steady state) as a function of
time. The diffusion coefficient can then be estimated using the relationship [105]:

L2

b= 7.199%, 17)

where ty), 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 _ 4 B o[
Qw vz VDt “Plapy (18)

is fitted to Q/Qw Vs f curve using a simplex search algorithm [106]. Q is the flow rate at time t and
Qw 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:
Q!
= 1
5=35 ” 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]:

S

Pgas

Vsp = V=0V = (20)
where v, is the specific free volume, v is the specific volume, vy is the occupied specific volume and
Pgas is the density of the gas. The fractional free volume, vy, is given by:

Usp

?Jf = p (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:

Rea iU 2
=0\ 4 (22)

The gas diffusivity depends on the dynamic free volume of the matrix, size of the gas molecules
(molecular diameter, 4’) and the velocity of the gas molecules (i) by [111]:
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D=gdu exp(—zﬂ) (23)
sp

where, g is a geometric factor and y 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(—%) (24)

The higher the fractional free volume, the larger will be the diffusivity. The dependence of
solubility on vy 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]:

~E,

P =Py exp(ﬁ) (25)

D =Dy exp(%) (26)
—AH,

S=5) exp( RT s) 27)

where Py, Dy and S are the pre-exponential factors, Ep and Ep are the activation energies for permeation
and diffusion, respectively and AHj is the heat of dissolution of the permeant molecule in the polymer.
Based on Equation (9), Ep can be given as:

E, = Ep + AH, (28)

Ep is always positive, AHg can be positive for light gases like Hp, O, and N, and negative for
condensable vapors like water, C3Hg and C4Hjy.

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 = So(1- ) (29)

where Sy is the solubility coefficient of the amorphous phase and ¢, 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 (¢), (b) aspect ratio (//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/Py) or the ‘relative
permeability,” is plotted as a function of the filler volume fraction (¢) to describe the transport properties
in several models. A typical plot displays the nonlinear decay in (P/Pj) with increasing filler volume
fraction [33]. The volume fraction, which is the main input parameter in all mathematical models, can
be calculated with [49]:

wnp

S R
Wap 1 = Wpotymer

¢ = (30)

Pnp Ppolymer

where wyy and pyy are, respectively, the weight fraction and density of the nanoparticles and wWpoymer
and ppoiymer 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 0 # 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 (/) 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.

Tortuosity Direction of diffusion
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:

§=50(1-¢) (1)
where S is the solubility coefficient of the neat polymer and ¢ is the volume fraction of the clay

nano-filler. The diffusion coefficient, being influenced by the tortuous path, is given by:

_ Do
77,'

D (32)
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where Dj is the diffusion coefficient of the neat polymer and 7 is the tortuosity factor that depends on
the platelet shape, aspect ratio and its orientation in the matrix. It is defined as:

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_1-9¢

= (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 /2 on average, then the tortuous path length
(prolonged diffusion length) is given by:

=L+ (N}é (35)

Since, (N) = %, the tortuosity factor, T becomes:

!
=1 + E(P (36)
Combining Equations (34) and (36) gives:
P 1-¢
— = 37
Py 1+ %(P 37)

where a = [/w is the aspect ratio of the clay platelets. This is Nielsen’s equation which shows that
the relative permeability decreases with increase in a and ¢ in the nanocomposite membrane [115].
However, it can be used as a rough estimate only up to a threshold limit in filler content, ¢ < 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].

1.0
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0.6
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Volume fraction (¢)

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 da a2 2 (d\\!
e L T a 38
Py ( Tty Tharn T ”(2s)) %)

where L is the film thickness and other parameters are as defined in Figure 7.

L X, 2s

Figure 7. Ribbon arrangement of platelets.

Here, the volume fraction and aspect ratio are given by:

da d
=  _a== 39
¢ (d+s)(a+Db) 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:

224\~1
P%:(l+ f_d)(p) (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 )" = 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 y” = 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, & > 100, this model gives:

242
L PP
Py 1-¢
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 A\(d
n () @
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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 //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:

- (1 + %m)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 (Vtof - Vnp)/d/ 45)
Ao Viot/L
where Vi, is the total volume of the membrane and Vy, is the volume of the nanoplatelets. Using
Equation (44), the relative permeability is then given by:
P 1-
P__1-¢ (46)
Py 141
(1+ 300)

Fredrickson and Bicerano [119] modeled the case of circular shaped nanoplatelets with length 2R
and thickness w having an aspect ratio @ = 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 (a¢p << 1), i.e., in the dilute regime, the relative diffusivity is given by:

2_ 1
Dy _1+1<a¢

(47)
where «x = 7/In & and (b) in the semi-dilute regime when the circular disks overlap due to higher aspect
ratios (a¢ >> 1), the relation is given by:

D 1
- 48
Dy 1+ pa?¢? “8)

where 11 is a geometric factor.

Dilute regime, a¢ << 1 Semi-dilute regime, a¢ >> 1
I I ?___
—e —— | —— |
— Y L
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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

264



Polymers 2020, 12, 1095

local chemical potential 1, (VP(r).Vu = 0). The expression developed for the relative permeability is

given as:
P ap\’
_PO = eXP[—(—X0 ) ] (49)

The values of § and x( 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, « = 10, 100 and 1000.
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Figure 9. Prediction plots of relative permeability for different models at a fixed aspect ratio, (A) o =
10, (B) & = 100 and (C) & = 1000.

It is observed that the predictions for the decrease in relative permeability is different for different
models, particularly in the region of low ¢ values. To avoid this anomaly, P/Pj vs a¢ can be plotted [46].
Cussler and Gusev’s models predict dramatic decrease in P/P to almost zero permeability for ¢ > 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 0 # 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 = %(3 cos? 0 - 1) (50)
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where 0 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., 6 = 0),
then S’ = 1, whereas when platelets are oriented parallel to the diffusion direction (i.e., 0 = 71/2, then &’
= —1/2. For a random degree of orientation, S = 0. The modified Nielsen’s equation is then given by:
p 1-
Py ad o 2 1 1)
0 1+ 73(5’ + §)
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.

T Direction of diffusion
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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 O, barrier performance was explained using the work of adhesion (W,) parameter obtained from
contact angle measurements. W, essentially describes the strength of affinity between PLA and the
clay sheets. Higher W, 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 (O, 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 um
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/JOMMT 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 O,
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 CO, 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 a 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 O, 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/JOMMT 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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