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ABSTRACT: A high gas barrier performance should be ensured in case of . 0 o,
biodegradable packing applications. However, the gas barrier properties of the P a 7 ==
biodegradable poly(lactic acid) (PLA) are not much effective. Nanocomposites can s W S T TR
provide innovative solutions to enhance the barrier performance. In this study, = RS —PIV‘1 o
different weight percentages of organically modified montmorillonite (OMMT) (0,2, 3 06 < E- o -

4, 6, 8, and 10 wt %)-incorporated PLA/OMMT nanocomposites were prepared by & \\ ~ ~ <

melt mixing. Ethylene glycol diglycidyl ether (EGDE) was used to regulate the E \ S~ \\ S~
interlayer spacing of OMMT and increase the PLA crystallinity to further improve éﬁ S e T~
the gas barrier performance of the PLA/OMMT films. The crystallinity of PLA was | Se

significantly improved because EGDE-modified OMMT served as an eflicient g—% T~ - -
nucleating agent. The PLA/EGDE/OMMT films demonstrated a unique structure o '*ZH’“JJ\“E# ’i?‘;'ol\" =0

such that the adjacent OMMT layers were linked through the PLA crystals that serve 0 2 4o (vol%e)® 8 10

as a bridge with respect to the spaces between the OMMT layers. The O,
permeability of the PLA/EGDE4/OMMT-6 film decreased by approximately 79%
when compared with that of the neat PLA film. X-ray diffraction and differential scanning calorimetry analyses denoted that the
reduced oxygen permeability of the PLA/EGDE4/OMMT-6 film can be primarily attributed to the high crystallinity of the PLA
matrix and the bridging effect of the PLA crystals between two adjacent layers. Based on the experimental results, the relation
between the relative permeability and vol % OMMT is in good agreement with that of the predicted values obtained using the
Bharadwaj model when S = 0. The added EGDE weakened the thermal stability and tensile strength, mainly because of degradation
of the hydroxyl groups of EGDE formed by epoxy ring opening, and these hydroxyl groups can promote PLA matrix degradation.
However, the practical application temperature of the packaging film is considerably lower than the thermal decomposition
temperature; therefore, the reduction of the thermal decomposition temperature does not affect the use of the packaging film.

1. INTRODUCTION

The usage of novel and efficient polymer materials based on
nanocomposites for food packaging can provide innovative
solutions to enhance the polymer performance. They also
exhibit certain economic and environmental advantages when
compared with the pristine polymers, including an increase in
biodegradability, improved barrier properties with respect to
gases and light, an increase in thermal stability, improved
mechanical properties, and a reduction in the volume of waste
material for landfill disposal."™*

Poly(lactic acid) (PLA) is an important biodegradable
polymer obtained based on lactic acid produced via the
fermentation of polysaccharides such as corn or potato starch.
PLA can entirely degrade into carbon dioxide and water under
specific natural conditions.” It exhibits broad application
potential with respect to packaging materials because of its
high degradability and transparency, good mechanical strength,
and processability.”” However, the barrier properties of neat
PLA are less effective when compared with those of the
traditional materials (e.g., metal and glass), limiting its wide
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application as a packaging material.® Thus, the polymeric
nanocomposites obtained by incorporating impermeable fillers
(nanoplatelets) into a polymer matrix have been utilized to
fabricate high-barrier-performance polymer films.”” "'
Montmorillonite (MMT) is a natural clay having a high
specific surface area that can potentially produce the
“nanobarrier walls” within the nanocomposites. Thus, the
diffusing gas molecules must travel along long and tortuous
pathways through nanocomposites because of the unique
laminar structure of MMT."” We must develop a homoge-
neous dispersion of MMT throughout the polymer matrix to
ensure that the addition of MMT can be advantageously
utilized. The morphological arrangement of MMT within the
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Scheme 1. (a) Molecular Structure of OMMT Containing HOOC(CH,);,NH;" and (b) Schematic of the Side View between

the Layers
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polymer matrix is determined based on the entropic and
enthalpic factors.'>'® However, organically modified mont-
morillonite (OMMT) is used to achieve an improved
dispersion effect within the matrix because the hydrophilic
clay exhibits poor compatibility with the polymer matrix.'*~>°
The gas barrier properties should improve in the presence of
OMMT.

Koh et al. decreased the O, permeability of PLA by 31% by
adding 0.8 wt % OMMT (Closite 15A)," and Sabet and
Katbab decreased the O, permeability of PLA by 26% by
adding 3 wt % OMMT (MMT modified with methyl tallow
bis(2-hydroxyethyl) ammonium).'® Further, Ray et al.
decreased the O, permeability of PLA by 19% by adding 7
wt % OMMT (MMT modified with a trimethyl octadecy-
lammonium cation),"® and Picard et al. added 8 wt % OMMT
(MMT modified with a dihydroxymethyl tallow quaternary
ammonium cation) to decrease the O, permeability of PLA by
24%.”° These results demonstrate that when the concentration
of OMMT reaches a certain level, its content does not
considerably affect the barrier performance of the films. This is
mainly because the morphology of OMMT in the polymer
matrix significantly influences the gas barrier properties. In a
previously conducted study related to polymer nanocompo-
sites in case of the gas barrier applications, it was observed that
less than 10 vol % of the filler contents is sufficient when
adding layered nanoparticles.”’ With respect to OMMT in
nanocomposites, the volume fraction, morphology (i.e.,
exfoliation, dispersion, and orientation), and aspect ratio are
the three main factors affecting the barrier performance of the
nanocomposite films in case of the diffusion of gas
molecules.””*’ However, the gas barrier performance of the
nanocomposite films containing a high volume of OMMT will
remain low. Because excessive OMMT will agglomerate in the
PLA matrix, the diffusing path of O, molecules will be shorter.

In this research, we develop a new process that combines the
impermeability of OMMT and the physical barriers of PLA
crystals to further improve the gas barrier performance of
PLA/OMMT films. The molecular structure of OMMT and
the side view between the layers are presented in Scheme 1a,b.
Ethylene glycol diglycidyl ether (EGDE) is used to regulate the
interlayer spacing of OMMT and increase the PLA
crystallinity.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially available PLA (4032D, M, =
1.06 X 10° g/mol, M,, = 2.23 X 10° g/mol) was supplied by
Nature Works using approximately 2% p-lactic acid (p-LA).
OMMT (1.24TL) with a length/thickness of 80 was purchased
from Nanocor Inc. (USA), and the organic treatment agent
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used in this product was 18-amino stearic acid (HOOC-
(CH,);NH;*). OMMT and PLA were dried in an oven at 80
°C for 12 h before processing. Finally, EGDE (M, = 174.19 g/
mol) was obtained from Shanghai Macklin Biochemical
Technology Co., Ltd. (China).

2.2, PLA/OMMT Composite Film Preparation. An
internal mixer (Haake Rheometer) was used to fabricate
PLA/OMMT nanocomposites with or without the EGDE
agent. The internal mixer was operated at 180 °C and a
rotation speed of 60 rpm for S min. Subsequently, the
nanocomposite plates disintegrated into granules. Further, they
were compression-molded into 60—90 ym thick films using a
hydraulic press at 180 °C and 10 MPa. OMMT, PLA, and a
compatibilizer were added into the internal mixer at a specific
ratio. When preparing the PLA/OMMT nanocomposite film,
the OMMT contents were varied between 2, 4, 6, 8, and 10 wt
%, and the samples were designated as PLA/OMMT-2, PLA/
OMMT-4, PLA/OMMT-6, PLA/OMMT-8, and PLA/
OMMT-10, respectively. When preparing the PLA/EGDE/
OMMT nanocomposite films, the OMMT content was
determined as 6 wt % (PLA/OMMT-6), and PLA/OMMT
nanocomposite materials containing varying EGDE contents of
1, 2, 4, and 6 phr were prepared in the same manner as
mentioned above, with the samples being designated as PLA/
EGDE1/OMMT-6, PLA/EGDE2/OMMT-6, PLA/EGDE4/
OMMT-6, and PLA/EGDE6/OMMT-6, respectively. All the
dried samples were stored in self-sealing bags to prevent any
influence of moisture before performing characterization. The
details of the sample formulas are presented in Table 1.

2.3. Characterization. The samples were subjected to X-
ray diffraction (XRD) using an X-ray diffractometer (Bruker
D8 ADVANCE, Bruker Daltonics Inc., Germany), whose Cu
radiation source operates at 40 kV and 40 mA. The step size

Table 1. Preparation Formula of the PLA/OMMT
Nanocomposite Films with and without EGDE

sample codes PLA (wt %) OMMT (wt %) EGDE (phr)
neat PLA 100 0
PLA/OMMT-2 98 2
PLA/OMMT-4 96 4
PLA/OMMT-6 94 6
PLA/OMMT-8 92 8
PLA/OMMT-10 920 10
PLA/EGDE1/OMMT-6 94 6 1
PLA/EGDE2/OMMT-6 94 6 2
PLA/EGDE4/OMMT-6 94 6 4
PLA/EGDE6/OMMT-6 94 6 6
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Figure 1. XRD patterns of (a,b) PLA/OMMT nanocomposites with varying OMMT contents and (c,d) PLA/OMMT-6 nanocomposites with

varying EGDE contents.

Table 2. XRD Parameters of OMMT, PLA, and PLA/OMMT Nanocomposites

samples 20 (1-10°) d-spacing nm 26 (10—40°) d-spacing nm

OMMT 5.22 1.69
PLA 16.4 0.54
PLA/OMMT-2 16.4, 19.7 0.54, 0.4
PLA/OMMT-4 4.28 2.05 16.4, 19.7 0.54, 0.45
PLA/OMMT-6 422 2.09 164, 19.7, 26.6 0.54, 0.45, 0.33
PLA/OMMT-8 4.16, 6.80 2.11, 1.30 16.4, 19.7, 26.6 0.54, 0.45, 0.33
PLA/OMMT-10 4.14, 6.80 2.12, 1.30 16.4, 19.7, 26.6 0.54, 0.45, 0.33
PLA/EGDE1/OMMT-6 4.72 1.86 16.4, 19.0 0.54, 0.46
PLA/EGDE2/OMMT-6 5.94 1.48 16.4, 19.0 0.54, 0.46
PLA/EGDE4/OMMT-6 6.12 1.44 16.4, 19.0 0.54, 0.46
PLA/EGDE6/OMMT-6 2.28, 4.36 3.86, 2.02 19.7 0.45

was 0.02°, and the scan speed was 2°/min at 0.6—40°. Further, _ AH,, — AH_ % 100%

we investigated the dispersion of OMMT in the polymer L wAH® (1)

matrix based on the interlayer distance obtained by considering
the disruption of the crystal structure. Bragg’s law was used to
calculate the interlayer distance of OMMT.

Scanning electron microscopy (SEM) analysis of the
freezing fractured PLA/OMMT nanocomposite specimens
was conducted using a Phenom Pro machine (Phenom World,
Netherlands) at an acceleration voltage of 10 kV.

The differential scanning calorimetry (DSC) measurements
were performed using a Q20 differential scanning calorimeter
(TA Instruments, USA). The samples were stored in sealed
aluminum pans and initially heated from 30 to 190 °C at a
heating rate of 10 °C/min, which was followed by cooling from
190 to 30 °C at a rate of 20 °C/min. The second cycle
involved heating from 30 to 190 °C at a heating rate of 10 °C/
min. The fusion heat was determined based on the area under
the melting peaks, which can be calculated by integrating the
melting enthalpy. The degree of crystallinity (y.) of pure PLA
and the composites can be calculated using eq 1
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where AH,, denotes the experimental melting enthalpy (J/g),
AHY, is the melting enthalpy of 100% crystalline PLA (93.7 J/
g), and w is the weight fraction of PLA in the composites.”"

Gas permeation analysis of the PLA/OMMT nanocompo-
site films with a film area of 10 cm® was conducted using an
oxygen transmission rate tester 31M (Labthink, China) at 23
°C with a relative humidity of 30% according to the ASTM
D398S standard.”

The thermal stability data of the PLA/OMMT composites
were obtained by mounting 5—10 mg of the samples onto
platinum pans, and these composites were placed in a
thermogravimetric analyzer (STA-7200, HITACHI, Japan).
The loss of temperature and weight was recorded at 30—500
°C at a heating rate of 10 °C/min when the N, gas purging
flow was 40 mL/min.

The tensile properties of the samples were verified using an
electric tensile tester (Shenzhen Labsans Material Testing Co.,
Ltd,, China) at a speed of 5 mm/min, with reference to the
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Figure 2. Interlayer spacing of OMMT without adding EGDE and after cross-linking using different amounts of EGDE.

ASTM D882 standard. Finally, we reported the average values
for at least five specimens for all the tests.

3. RESULTS AND DISCUSSION

3.1. XRD Study. We performed XRD measurements for
evaluating the interlayer changes of OMMT and the crystalline
structures of the PLA-based nanocomposites. Figure 1
illustrates the XRD curves of OMMT, neat PLA, and PLA/
OMMT nanocomposites with different amounts of EGDE
within 1—40°. The 20 values obtained based on these curves
and the interlayer spacing values calculated based on Bragg’s
law are presented in Table 2. The 20 values of pure OMMT
and OMMT in the nanocomposites largely correspond with
1—-10°, whereas the 26 values of neat PLA and PLA in the
nanocomposites largely correspond with 10—40°. Figure la
shows that the primary (001) diffraction peak of OMMT can
be observed at 20 = 5.22°, corresponding to an interlayer
spacing of 1.69 nm, whereas PLA did not have any peaks in 1—
10°. In the case of PLA/OMMT-2 and PLA/OMMT-4, a very
subtle characteristic peak can be observed in the XRD curves,
indicating that OMMT was fully exfoliated. By increasing the
OMMT concentration, the (001) characteristic peak of the
nanocomposites strengthened and the interlayer spacing only
slightly changed. However, with a further increase in OMMT
content (greater than 6%), a number of layer stacks produced a
new peak at 20 = 6.8°. This is mainly because the layers are
difficult to disperse, resulting in a certain amount of
aggregation.19

Figure 1b shows that the main characteristic diffraction peak
of neat PLA was at 20 = 16.4°, corresponding to the (110)/
(200) diffraction peak.”®*” At the same time, for the PLA/
OMMT nanocomposites, a new peak can be observed at 26 =
19.7°, corresponding to the (203)/(113) characteristic
diffraction peak. With the addition of OMMT into PLA, the
intensity of the (110)/(200) and (203)/(113) diffraction
peaks initially increased before decreasing with an increase in
OMMT loading, indicating that the crystallinity of the
nanocomposite with a 6 wt % loading of OMMT was higher
than that of the remaining PLA/OMMT nanocomposites.
Therefore, at a low loading level, intercalated and exfoliated
OMMT served as a nucleating agent, indicating that the
crystallinity of the nanocomposite improved.”® At the same
time, because of layer aggregation with increasing OMMT
content (greater than 6%), the PLA chain arrangement was
hindered and the crystallinity of the PLA/OMMT nano-
composites decreased.”” Therefore, PLA/OMMT-6 was
selected as the optimal sample for the subsequent cross-
linking procedure.
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Figure 1lc shows that with increasing amount of EGDE, the
20 values of the (001) diffraction peak initially increased and
subsequently decreased, indicating that the interlayer spacing
of OMMT displayed an opposite behavior, that is, the
interlayer spacing initially decreased and subsequently
increased. This is mainly because two hydroxyl groups reacted
with one molecule of EGDE at low EGDE concentrations, and
the distance between two interlayers decreased with an
increase in EGDE loading (increasing number of hydroxyl
groups cross-linked with the epoxy groups of EGDE). PLA/
EGDE4/OMMT-6 exhibited the lowest interlayer spacing,
with a value of 1.44 nm. However, one hydroxyl group will
react with one molecule of EGDE, and the distance between
the two interlayers will drastically increase when the
concentration of EGDE is sufficiently high. Meanwhile,
PLA/EGDE6/OMMT-6 demonstrated the highest interlayer
spacing, with a value of 3.86 nm.

Figure 1d shows that the sample with the lowest interlayer
spacing, PLA/EGDE4/OMMT-6, exhibited the highest
intensity of diffraction peaks, indicating that the highest
crystallinity of the PLA matrix could be observed in
nanocomposites containing 4 phr EGDE. As noted above,
OMMT serves as a nucleating agent to promote the
crystallization of PLA. After the addition of EGDE, the
crystallinity of PLA in the nanocomposites significantly
improved because the linear chains of EGDE served as
nucleating agents to enhance crystallization.

In conclusion, as illustrated in Figure 2, on one hand, the
hydroxyl groups on the OMMT surface could react with the
EGDE epoxy groups, and the amount of EGDE could regulate
the interlayer spacing of OMMT. The cross-link reaction
between OMMT and EGDE was confirmed by attenuated total
reflection (ATR) spectra, as shown in Figure S1. A new peak at
691 cm™! occurred in PLA/EGDE/OMMT-6, which corre-
sponds to the Si—O—C bond. This can prove that the cross-
link reaction occurred between the Si—OH group of OMMT
and the epoxy group of EGDE. On the other hand, the
crystallinity of the PLA matrix within the nanocomposites is
significantly improved because EGDE could act as a nucleating
agent to enhance the crystallization. The crystallinity of the
PLA/OMMT composites with and without EGDE cross-
linking agents will be revealed based on the DSC measure-
ment.

3.2. Crystallization and Melting Behaviors. The EGDE
cross-linking agents in the PLA/OMMT nanocomposites can
decrease the interlayer spacing, indicating that the adjacent
layers of OMMT will be connected by the crystal between two
layers. Because of this connection effect, in terms of OMMT
with the addition of EGDE, the aspect ratio significantly
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Figure 3. DSC curves of (a) PLA/OMMT nanocomposites with different OMMT contents and (b) PLA/OMMT-6 nanocomposites with different

EGDE contents.

Table 3. DSC Data and Crystallinity Obtained by Wide-Angle X-Ray Diffraction (WAXD) Characterization for PLA/OMMT

Composites with Different OMMT and EGDE Contents

samples T, (°C) T. (°C) T, (°C)
neat PLA 58.9 112.8 163.1
PLA/OMMT-2 58.4 108.8 163.5
PLA/OMMT-4 59.1 110.0 163.2
PLA/OMMT-6 58.7 109.2 162.8
PLA/OMMT-8 58.8 111.4 163.4
PLA/OMMT-10 59.2 112.7 164.2
PLA/EGDE1/OMMT-6 56.2 106.4
PLA/EGDE2/OMMT-6 55.0 104.1
PLA/EGDE4/OMMT-6 56.5 107.1
PLA/EGDE6/OMMT-6 56.2 104.0

Ty (°C) AH.. (J/g) AH,, (J/g) Xensc (%) Xewaxp (%)
170.8 23.67 24.81 1.23 0.73
169.8 23.70 25.76 2.26 1.85
169.6 24.12 26.87 3.08 2.72
169.7 24.52 27.24 3.11 293
169.7 24.15 26.55 2.80 2.82
170.0 23.24 25.84 3.10 2.90
168.4 24.53 28.76 4.83 3.95
167.7 24.25 32.52 9.45 11.87
169.0 25.84 34.83 10.28 22.75
167.9 23.96 30.92 7.95 0.71

Table 4. Summary of the Results with Respect to the Oxygen Transmission Rate of the PLA/OMMT Composites with

Different OMMT Loadings

OMMT content O, permeability

reduction
Sample (wt %) (vol %) barrer® 107 cm® cm/cm? s Pa (%) test condition
neat PLA 0 0 0.218 £ 0.015 1.635 + 0.11 0 23 °C with a relative humidity of 30% according to the
ASTM D398S standard
PLA/OMMT-2 2 14 0.154 + 0.01 1.155 + 0.08 29.4
PLA/OMMT-4 4 2.8 0.141 + 0.007 1.058 + 0.05 353
PLA/OMMT-6 6 42 0.132 + 0.01 0.990 + 0.08 39.4
PLA/OMMT-8 8 5.6 0.151 + 0.02 1.133 + 0.15 30.7
PLA/OMMT-10 10 7.0 0.158 + 0.03 1.185 + 0.23 27.5
PLA/EGDE1/OMMT-6 6 42 0.134 + 0.012 1.005 + 0.09 38.5
PLA/EGDE2/OMMT-6 6 42 0.108 + 0.01 0.810 + 0.08 50.5
PLA/EGDE4/OMMT-6 6 42 0.046 + 0.005 0.345 + 0.38 789
PLA/EGDE6/OMMT-6 6 42 0.143 + 0.01 1.073 + 0.08 34.4
PLA/1.37 vol % GONS*° 1.145 45 RT, 50% RH
PLA/0.4 wt % GO 12 68 25 °C
PLA/0.8 wt % OMMT"’ 0.8 0.34 29 30 °C
PLA/3 wt % OMMT"® 3 26 ASTM 1434-82
PLA/7 wt % OMMT" 7 19 20 °C and 90% RH
PLA/8 wt % OMMT> 8 0.38 24 20 °C

1 barrer = 1 X 107'° cm® (STP) cm/cm? s em Hg = 7.5 X 107¥ m?/s Pa = 7.5 X 107" cm® (STP) cm/cm? s Pa; 1 Pa = 7.5005 X 10™* cm Hg.

increased with the increasing crystallinity of PLA between
adjacent lamellae. To examine this phenomenon, the DSC
heating curves of neat PLA and the OMMT nanocomposite
films with and without the EGDE cross-linking agents were
determined, as shown in Figure 3. The glass-transition
temperature (T,), cold crystallization temperature (T.),
melting temperature (T,,), and crystallinity (y.) data are
presented in Table 3.
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As depicted in Figure 3a, with increasing OMMT content,
T.. reduced and the crystallinity of the PLA matrix was slightly
modified. With the incorporation of 6 wt % OMMT into PLA,
the crystallinity increased from 1.23 to 3.11%. Once the mass
fraction of OMMT became more than 6 wt %, T, shifted to a
high-temperature region, whereas the crystallinity did not
increase any further. These results imply that an appropriate
amount of OMMT provides heterogeneous nucleating sites to
enhance the cold crystallization ability of PLA, whereas the
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movement of the PLA chain is restricted by an OMMT
overload.

After the addition of EGDE into the composites, as shown in
Figure 3b, the T, and T of PLA decreased, and the
crystallinity of PLA improved compared with that of PLA/
OMMT without adding EGDE. With an increase in the
amount of EGDE, the y. of PLA initially increased and
subsequently decreased, which is in accordance with the
aforementioned XRD study and the oxygen permeation
performance. The crystallinity increased from 3.11 to 10.28%
with the addition of 4 phr EGDE into PLA/OMMT-6. When
the addition of EGDE was 4 phr, most of EGDE could react
with OMMT. EGDE-modified OMMT could act as a
nucleating agent to increase the crystallinity of PLA. The
high crystallinity of PLA can be explained in terms of the
strong heterogeneous nucleation effect in the presence of
EGDE-modified OMMT. However, when the addition of
EGDE was greater than 4 phr, there was some unreacted
EGDE in the composite, which can act as a plasticizer. EGDE
was inserted between the PLA chains, making the interaction
force between the PLA chains weaker and the rearrangement
ability weaker. Therefore, the crystallinity of PLA was
remarkably decreased. Thus, our stated assumption, that is,
the newly formed crystalline region between two adjacent
layers could serve as a bridge for connecting several OMMT
layers into a whole, can be confirmed. The closer the distance
between the lamellae, the higher the crystallinity and the
greater the probability of connection.

Therefore, the remarkable enhancement of the barrier
properties of the PLA/EGDE4/OMMT-6 film can be mainly
attributed to the crystals between adjacent layers, their
impermeable properties, and bridging effects because of the
high oxygen barrier performance.

3.3. Gas Barrier Properties. The oxygen permeability
(Po,) of the PLA/OMMT nanocomposite films with or
without EGDE cross-linking agents was used to characterize
the barrier properties of the films, and the results are presented
in Table 4. Figure 4 shows the plot of the oxygen permeability

0.30
0.259 Neat PLA
E o1
g 0.20 4
z PLA/EGDEGOMMT-6
;:—% 0.15 o ® /j f +
E 0.104 PLA/EGDEVOMMYZS w piA/EGDEZ/OMMT-6
&
0.05 1 @ PLA/EGDE4/OMMT-6
0.00 T T T T T T

0 2 4 6 8 10
OMMT content (wt%)

Figure 4. O, permeability of the PLA/OMMT nanocomposites with
various OMMT contents and EGDE cross-linking agents.

as a function of the OMMT mass fraction based on the data
obtained from Table 4 for the films with or without EGDE;
this allows for a considerably intuitive comparison of the gas
barrier performance. Specifically, an approximate reduction of
39.4% could be observed with respect to Py from 0.218 to

0.132 barrer by adding 6 wt % OMMT (PLA/OMMT-6).

However, Py increased when the OMMT content was higher

than 6 wt %. This behavior can be attributed to the poor
dispersion of OMMT in the PLA matrix, resulting in several
defects with respect to the film structure.

The oxygen permeability of the PLA/OMMT-6 film
decreased with the addition of EGDE. The Py of the

nanocomposite films initially decreased and subsequently
increased with an increase in the EGDE content, and the
addition of 4 phr EGDE into the composites resulted in the
highest oxygen barrier performance. Specifically, PLA/
EGDE4/OMMT-6 demonstrated a reduction of approximately
79% (0.218—0.046 barrer) with respect to P, when compared

with the neat PLA film. As presented in Table 3, the PLA/
EGDE4/OMMT-6 film exhibited a considerably better barrier
performance when compared with those exhibited by the
remaining PLA-based nanocomposites with OMMT or
graphene oxide (GO) nanosheets.

Compared with the commercial plastic packaging films, the
PLA/EGDE4/OMMT-6 film exhibited a considerably better
barrier performance when compared with those exhibited by
poly(vinyl acetate), polyethylene (PE), polystyrene, and
cellulose acetate.””™* This barrier performance is comparable
to the gas barrier performance of the poly(vinyl chloride) and
poly(ethylene terephthalate) films even though it is inferior to
the performance of the poly(vinyl alcohol) and poly-
(vinylidene fluoride) films, which are two types of commercial
films exhibiting the highest barrier performance.**™’

The reduction in the gas permeability of the films could be
related to (1) the tortuosity effect induced by incorporating an
impermeable nanoplate, (2) the modification of the properties
of the polymer matrix (e.g, free volume of the polymer,
crystallinity, and nucleating effect of the particles), and (3) the
modification of the sorption sites for the sorption of the
penetrating molecule.””*" In this study, the gas barrier
performance of the PLA/OMMT-6 films was varied after the
addition of different amounts of EGDE. This can be majorly
attributed to the increase in the crystallinity of the polymer
matrix and the bridge effect of the crystals. In other words, the
adjacent OMMT layers are linked by the PLA crystals that
serve as a bridge with respect to the spaces between the
OMMT layers. Therefore, when O, diffuses in such a structure,
it should follow a considerably restrictive diffusional pathway,
resulting in the reduced gas permeability of the composite film.
If the orientation of the nanofiller is not perpendicular to the
gas molecule diffusion direction, the Bharadwaj model can be
considered to be a good fit to the experimental data.*'~* This
can be calculated using eqs 2 and 3™*

R__1-4
P ge(5)s+) @

S = l(3 cos’ 0 — 1)
2 ®3)
where P and P, are the permeabilities of the composite film

and neat PLA, respectively, ¢s denotes the volume fraction of
OMMT, and L/W denotes the aspect ratio (a), which can be
defined as the ratio of the length to thickness of the
impermeable flakes. S is the order parameter that is dependent
on the orientation of nanoplatelets, where 6 is the angle
between the plane of the nanoplatelets and the perpendicular
direction with respect to the diffusive gas molecules.
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Figure S. (a) Predictions of the Bharadwaj model for the relative permeability as a function of the volume fraction of the nanoplatelets for L/W =
80 and three different orientations and (b) comparison between the experimental data obtained with respect to Py, and the Bharadwaj model for

the relative permeability in terms of the OMMT loadings.

We can calculate the volume fraction of the flakes in the
polymer matrix using the following equation*’

1
1+ (ps(l - MS)/ppMS)

%= (4)

where ¢ is the volume fraction of OMMT, pg and pp denote
the densities of OMMT and PLA, respectively, and Mg is the
mass fraction of OMMT. The weight content of OMMT in the
nanocomposites was converted to volume content using
densities of 1.25 and 2.1 g/cm® for PLA and OMMT,
respectively.””*¢

Figure Sa shows the predicted dependency of the relative
permeability (PS/PP) of PLA/OMMT on the OMMT loading
(¢,) when L/W is maintained constant at 80. The value of S is
—0.5, and @, has little effect on the relative permeability when
the orientation of the nanoplates is perpendicular to the film
surface. The random orientation of the nanoplates resulted in
an S value of 0; in this case, the relative permeability clearly
decreased as a function of @, When the orientation of the
nanoplates was parallel to the film surface, S reached its
maximum value of 1. A comparison between the experimental
data obtained with respect to Py, and the Bharadwaj model for

the relative permeability in terms of the OMMT loadings
without EGDE is shown in Figure S2. When the OMMT
content is 2, 4, and 6 wt %, our experimental data about the
reduction in P,/P, are scattered randomly between the
predicted Bharadwaj values in the case of S = 0 and S = 1,
which suggest that OMMT is apt to randomly disperse
throughout the PLA matrix. Figure S3 shows the transmission
electron microscopy (TEM) image of PLA/OMMT-6, which
shows the random dispersion of OMMT in the PLA matrix.
However, when the OMMT content is 8 and 10 wt %, because
of the aggregate effect, the Bharadwaj model is no longer
applicable. Figure S5b shows the plot of the relative
permeabilities P,/P, calculated based on the oxygen perme-
ability as a function of ¢, using the Bharadwaj model with an S
value of 0. For PLA/OMMT-6 and PLA/EGDE1/OMMT-6,
the data were close to the Bharadwaj curve at @ = 80. With an
increase in the EGDE content, the data approached the curve
at @ = 130 and 500. However, the data approached the curve at
a = 66 at an EGDE concentration of 6 phr.

Because the L/W value of a single OMMT layer is fixed, the
increase in the « value can be attributed to the PLA crystals,
which filled the spaces between two adjacent OMMT layers
and served as a bridge to link the layers. Chen et al.*’
previously reported that when using isothermal recrystalliza-
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tion techniques, GO nanosheets could be linked using the
poly(vinyl alcohol) (PVA) crystals that serve as a bridge at the
spaces between the GO nanosheets. In view of this, the authors
prepared a hybrid PVA/GO composite film exhibiting
improved gas barrier properties. Here, the distance between
two adjacent layers considerably influences the gas barrier
performance of the nanocomposite films. Thus, if the distance
between two adjacent layers is sufficiently close, they will be
tightly connected by the PLA crystals. As depicted in Figure
5b, PLA/EGDE4/OMMT-6 showed the highest aspect ratio,
which is in accordance with the XRD analysis, where this
sample exhibited the lowest interlayer spacing. The closer the
distance between the lamellae, the easier it can be filled by the
crystals. Figure 6 shows the manner in which the adjacent

0,
@ O () o,
— —
s Vd ~— S
\
—_— ) = ==\ 2=
\, = =
== PLA crystals ===OMMT
Lower crystals Higher crystals
a=80 a=500

Figure 6. Illustration of the gas barrier film of the PLA/EGDE/
OMMT nanocomposites with (a) low crystals and high interlayer
spacing and (b) high crystals and low interlayer spacing linked by
PLA crystals.

layers are connected by the PLA crystals and that the
considerably low O, relative permeability can be attributed
to the considerably long diffusion path in the PLA/EGDE4/
OMMT-6 film.

3.4. Thermal and Mechanical Properties. We con-
ducted thermogravimetric analysis (TGA) to study the thermal
stability of PLA/OMMT and its nanocomposites with varying
amounts of EGDE. The typical TGA data are presented in
Table 5, whereas the TGA curves are shown in Figures 7 and
S4. The initial thermal decomposition temperature (T;) of
PLA/OMMT-6 was 343.9 °C, at which a weight loss of 5%
could be observed. With respect to the EGDE-containing
nanocomposites, T; gradually decreased with increasing EGDE.
When adding 4 phr EGDE, T; decreased from 343.9 to 338.5
°C. The thermal stability of the PLA/EGDE/OMMT
nanocomposites deteriorated more than that of the nano-
composites without EGDE. The thermal stability deterioration
can be attributed to the degradation of the EGDE hydroxyl
groups obtained after epoxy ring opening. In addition, these
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Table 5. TGA Data for all the PLA/OMMT Composite
Samples

samples T, (°C) Toex (°C)
PLA 340 377
PLA/OMMT-2 341 380
PLA/OMMT-4 344 382
PLA/OMMT-6 345 383
PLA/OMMT-8 341 380
PLA/OMMT-10 339 381
PLA/EGDE1/OMMT-6 340 378
PLA/EGDE2/OMMT-6 340 375
PLA/EGDE4/OMMT-6 338 378
PLA/EGDE6/OMMT-6 331 375
PLA/OMMT-6
100 PLA/EGDE1/OMMT-6
PLA/E MMT-6
PLA/E 4/OMMT-6
PLA/EGDE6/OMMT-6
= 80 PLA/OMMT-6
< w
£l
E‘) o PLA/EGDE6/OMMT-6
2 40}
0L w s T
C;SO 2(‘)0 2;0 3(‘]0 3;0 460 4;0 500

Temperature (°C)

Figure 7. Thermal gravimetric curves of the PLA/OMMT-6
nanocomposites with different amounts of EGDE (10 °C/min
under N,).

hydroxyl groups can facilitate the degradation of the PLA
matrix.”® These two reasons caused the decrease in the thermal
stability of nanocomposites after addition of EGDE. However,
the reduction of the thermal decomposition temperature does
not affect the use of the packaging film because its practical
application temperature is considerably lower than the thermal
decomposition temperature.

The tensile strength and elongation at break of the
nanocomposites are shown in Figure 8. The tensile strength
of PLA/OMMT-6 increased by 6.8 MPa when compared with
that of neat PLA. However, the tensile strength of the
composite was lower than that of neat PLA when the OMMT
content was increased up to 10 wt %. Here, this is mainly
because the increased aggregation in OMMT increased the
concentration of defects, which decreased the tensile strength.
However, after the addition of EGDE, the tensile strength
decreased to become approximately 46 MPa. This deterio-
ration in tensile strength can be mainly attributed to the

degradation of PLA in the presence of hydroxyl groups when
preparing nanocomposite films, which formed by epoxy ring
opening of EGDE. Although the PLA/EGDE/OMMT films
show a relatively lower tensile strength when compared with
that shown by the neat PLA film, it is still in agreement with
the actual requirements and is higher than that of the PE
package film (22.5 MPa).*” In addition, the elongation at break
of PLA/OMMT-6 increased from 2.8 to 4.5% when compared
with that observed in the case of neat PLA, and PLA/EGDE4/
OMMT-6 showed approximately the same value as that shown
by PLA/OMMT-6.

The SEM morphologies of the fracture surface with respect
to neat PLA, PLA/OMMT-6, and PLA/EGDE4/OMMT-6 are
presented in Figure 9. As shown in the SEM image of PLA/
OMMT-6 (Figure 9b), a rough fractured surface can be
observed, and OMMT displayed some aggregation in certain
regions, which is in contrast with the smooth fractured surface
of neat PLA. In terms of PLA/EGDE4/OMMT-6 (Figure 9¢),
a smooth fractured surface can be observed, and OMMT was
largely individually exfoliated and dispersed in the PLA matrix
with no suggestion of aggregation, which is in contrast with the
smooth fractured surface of neat PLA.

4. CONCLUSIONS

In this work, the effect of the usage of OMMT nanoplates
accompanied by the enhancement of the crystallinity on the
barrier properties of PLA was investigated. EGDE was used to
regulate the interlayer spacing of OMMT and increase the
crystallinity of PLA to improve the gas barrier performance of
the PLA/OMMT films. The crystallinity of PLA significantly
improved because EGDE-modified OMMT served as an
efficient nucleating agent for enhancing the crystallization.
The PLA/EGDE/OMMT films had a unique structure, in
which the adjacent OMMT layers were linked by the PLA
crystals that served as a bridge at the spaces between the
OMMT layers. The PLA/EGDE4/OMMT-6 film demon-
strated an O, permeability reduction of approximately 79%
when compared with the neat PLA film. The XRD and DSC
analyses indicated that the reduced oxygen permeability of
PLA/EGDE4/OMMT-6 was primarily a consequence of the
high crystallinity of the PLA matrix and the bridging effect of
the PLA crystals between two adjacent layers. Based on the
experimental results, the relation between relative permeability
and vol % OMMT was in good agreement with those of the
predicted values using the Bharadwaj model when S = 0. The
added EGDE deteriorated the thermal stability, mainly because
of the degradation of the hydroxyl groups of EGDE formed by
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Figure 8. (a) Tensile strength and (b) elongation at break of the nanocomposites.
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Figure 9. Typical SEM images for the fractured surfaces of (a) neat PLA, (b) PLA/OMMT-6, and (c) PLA/EGDE4/OMMT-6.

epoxy ring opening, whereas these hydroxyl groups can further
promote the degradation of the PLA matrix. However, the
practical application temperature of the packaging film is
considerably lower than the thermal decomposition temper-
ature; therefore, the reduction of the thermal decomposition
temperature does not affect the usage of packaging films.
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