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ABSTRACT: In this study, melt intercalation method is
applied to prepare poly(lactic acid) (PLA) and poly(ethyl-
ene glycol) (PEG)-plasticized PLA nanocomposite films
including 0, 3, and 5% organoclay (Cloisite 30B) using a
laboratory scale compounder, which is connected to a
microcast film device. To evaluate the nanomorphology
and the dispersion state of the clays, X-ray diffraction
(XRD) and transmission electron microscopy (TEM) are
conducted. Tensile tests are performed to characterize the
mechanical behavior of the films. Biodegradation rate is
determined by degradation tests in composting medium.
Differential scanning calorimeter (DSC) is applied to
observe the thermal behavior of the films. XRD and TEM
show that the exfoliation predominantly occurrs in plasti-
cized PLA nanocomposites, whereas unexfoliated agglom-
erates together with exfoliated clays are observed in the
nonplasticized PLA. Tensile tests indicate that the addition

of 3% clay to the neat-PLA does not affect the strength;
however, it enhances the modulus of the nanocomposites
in comparison to neat-PLA. Incorporation of 3% clay to
the plasticized PLA improves the modulus with respect to
PLA/PEG; on the other hand, the strain at break value is
lowered ~ 40%. The increase in the rate of biodegradation
in composting medium is found as in the order of PLA >
PLA/PEG > 3% Clay/PLA/PEG > 5% Clay/PLA/PEG >
3% Clay/PLA. DSC analysis shows that the addition of
3% clay to the neat PLA results in an increase in T,. The
addition of 20% PEG as a plasticizer to the neat-PLA
decreases T, about 30°C, however incorporation of clays
increases T, by 4°C for the plasticized PLA. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 114: 24812487, 2009
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INTRODUCTION

A great quantity of the plastic materials consumed
in modernized countries is used for packaging
purposes, which becomes a long-term solid waste
problem. Compostable and biodegradable polymeric
materials are therefore under great attention by both
academy and industry. Poly(lactic acid) (PLA) is a
linear, semicrystalline, aliphatic, biodegradable poly-
ester that can be produced from lactic acid by the
fermentation of renewable sources such as whey,
corn, potato, or molasses. However, PLA is a rela-
tively brittle material, thus it needs to be plasticized
to produce flexible packaging films by cast film
extrusion or blown film extrusion.! The potential
plasticizers for PLA are citrate esters, poly(ethylene
glycol), glucose monoesters, glycerol, oligomeric lac-
tic acid." These additives improve the flexibility and
the processability of the PLA. However, it is more
important to balance the stiffness and the flexibility
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of the packaging films. Organoclay-based nanocom-
posites can be a potential candidate because of their
mechanical, thermal, gas barrier, and optical proper-
ties at low clay content.” PLA-based nanocomposites
have been studied in recent years by applying melt
intercalation technique. Ray et al.*” investigated the
effects of layered silicates on the properties of PLA.
Results of their studies indicated that intercalation of
the clays was achieved. The modulus of the nano-
composites improved and a significant reduction in
oxygen permeability was observed. Pluta et al.
studied the thermal and morphological properties of
the PLA-based organoclay nanocomposites.® It was
shown in their study that PLA and organoclays
formed at least an intercalated structure. Thermal
investigations showed an improvement in the
nanocomposite thermal stability under oxidative
conditions in comparison to those for unfilled PLA.
The effects of plasticizer on the properties of PLA
and PLA nanocomposites have also been studied.
The addition of a plasticizer to the PLA usually
reduces the glass transition temperature and the
melting temperature.”" It also decreases the modu-
lus and the tensile strength, but it increases the elon-
gation at break.”'' Most of the articles on PLA
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nanocomposites reports the properties of injection-
molded specimens. To the best of our knowledge,
there is a limited number of reports published on film
blowing or film casting of PLA that are industrial
processing methods to produce packaging films. In a
study, plasticized PLA montmorillonite nanocompo-
sites were compounded and blown-film processed."
The plasticizer and clay content were kept constant
but the screw speed varied as the process parameter.
It was reported that the nanocomposite films showed
improvement in oxygen and water vapor barrier and
Young Modulus in comparison to the neat PLA. It
was also mentioned that the biodegradation rates
changed with the addition of clay to the PLA.

The aim of this study is to examine the morphol-
ogy, biodegradability, mechanical, and thermal
properties of plasticized and nonplasticized PLA/
organoclay (Cloisite 30B) nanocomposite cast films
prepared by melt intercalation technique as an envi-
ronmentally friendly packaging film. The plasticizer
ratio was kept constant whereas the clay loading
level varied as 0, 1, 3, and 5% by weight. A labora-
tory scale compounder connected to a melt film
casting line was used as the processing tool to mimic
the industrial cast film process.

EXPERIMENTAL
Materials

Poly(lactic acid) (PLA) was provided by Cargill-Dow
at a number average molecular weight of 186,000.
Cloisite® 30B, an organically modified montmorillon-
ite (Southern Clay Products, USA), was used as the
organoclay filler, because it was shown that Cloisite®
30B/PLA nanocomposites exhibited intercalated or
partially exfoliated structures.'>'® It was organically
modified with methyl, tallow, bis-2-hydroxyethyl,
quaternary ammonium by the supplier. The gallery
spacing of this clay is reported as 1.85 nm. Poly(eth-
ylene glycol) (PEG, MW = 1000 g/mol) (Sigma-
Aldrich) was used as the plasticizer.

Compounding and film casting

PLA was dried for 12 h at 65°C, PEG and clay for
12 h at 35°C under vacuum before processing. PEG
content was kept constant at 20% by weight in all
compositions. Clay content was 0, 1, 3, and 5% by
weight with respect to the matrix (PLA or PLA/
PEG). The compounds were prepared in a corotating
twin screw laboratory scale compounder (15 mL
Microcompounder, DSM Xplore). This laboratory
scale device can be either operated in continuous
mode or in batch mode. To produce films, a cast
film line (Micro film device, DSM Xplore) was con-
nected to the laboratory scale compounder (see

Journal of Applied Polymer Science DOI 10.1002/app

OZKOC AND KEMALOGLU

Speed -controlled

Torque -controlled
roller

y roller
¥ o= F
Figure 1 Cast film device connected to the laboratory scale

compounder. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Fig. 1). The barrel temperature was 220°C, the screw
speed was 100 rpm, and the residence time was 5
min under nitrogen atmosphere in compounding
step. At the end of compounding, the compounder
was shifted to force controlled mode from speed
controlled mode to maintain a constant rate of
throughput. A slit die with a thickness of 0.3 mm
was used. To prevent necking and to fix the width,
the film was cooled at the exit of the die by using an
air-knife. The speed of collecting roller (speed
controlled roller in Fig. 1) was arranged to obtain an
average thickness of 0.25 + 0.02 mm and width of
25 £+ 2 mm film.

Characterization

X-ray diffraction (XRD) analysis was conducted on
nanocomposite films by using a RIGAKU D/MAX
2200/PC XRD using X-ray source of Cu Ka (A =
1.54 A) radiation generated at a voltage of 40 kV
and current of 40 mA. The diffraction angle 20 was
scanned from 0.5° to 10° at a scanning rate of
0.5°/min. Organoclay was analyzed in powder form
under same conditions.

The nanomorphology of the films was examined
by transmission electron microscope (TEM) (Philips
CM200 TEM) at an acceleration voltage of 120 kV.
Ultrathin sections of 70 nm in thickness were cryo-
genically cut with a diamond knife at a temperature
of —100°C. All samples were trimmed parallel to the
film casting direction.

Differential scanning calorimeter (DSC) analysis
was performed using a Metler Toledo DSC 1 Star
System between 0 and 200°C at a heating rate of
10°C/min under nitrogen atmosphere. Glass transi-
tion temperature, crystallization temperature, melt-
ing temperature, and corresponding enthalpies of
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the films were obtained from DSC thermograms.
Three replications were done from each batch in
order to obtain an average value.

Tensile tests were performed according to ASTM
D 882 using an Instron Universal Testing Machine.
The crosshead speed was 10 mm/min. Five samples
were tested from each batch. The average values
were reported with the standard deviation.

To obtain biodegradation rate, 2-month-old com-
post was used as the degrading medium. The com-
post was kindly supplied from Mupa Mantar Tarim
ve Gida San. A.§., Kocaeli. It was a mixture of vege-
table wastes, straw, and horse manure. The moisture
content of the compost was determined as 70% by
weight. This moisture level was maintained constant
during biodegradation tests. The weight ratio of the
films to the compost is 0.3% on dry basis. The films
were buried into the compost and kept there at 30°C
in a dark room. The change of weight of the dried
films was measured every 10 days. The % weight
loss was calculated with respect to initial dry-weight
of the films.

To calculate water absorption (A), the method
described in ASTM standard D570-98 was applied.
The films were dried in an oven at 50°C for 24 h.
Subsequently, they were weighed and immersed in
distilled water at 25°C for 26 h. The films were taken
out, and the surface moisture was wiped off with a
paper tissue, and then weighed again. After the film
was taken out from water, the container was placed
in an oven for 24 h at 50°C to evaporate the water.
The residuals were the water-soluble contents. The
weight-gain of the films and the weight of the
water-soluble residuals were counted as the total
absorbed water. Water absorption (A) was calculated

by eq. (1):

Wi — Wo + W)

_(
A= e

x 100 1)

where W, and W; are the weights of the films before
and after being submerged in water, respectively,
and W, is the weight of the water-soluble residual.

RESULTS AND DISCUSSION
Nanomorphology by TEM and XRD

XRD patterns of Cloisite 30B, 3% Clay/PLA, and 3%
Clay/PLA/PEG nanocomposites are given in Figure
2. Cloisite 30B has a typical peak around 20 ~ 5°
which corresponds to a basal spacing of 1.8 nm,
which is consistent with the value of 1.85 nm
reported by the manufacturer. When clays are com-
pounded with PLA, the resulting pattern shows only
two weak peaks around 20 =~ 2° and 20 =~ 5° that
corresponds to the d-spacing of 44 and 1.8 nm,
respectively. This indicates that most of the clays are
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Figure 2 XRD patterns of (A) Clay (Cloisite®30B), (B) 3%
Clay/PLA, and (C) 3% Clay/PLA/PEG nanocomposites.

intercalated or partially exfoliated by the help of
shear forces during processing and diffusion of poly-
mer chains through the clay galleries, but there still
exist some unexfoliated clay agglomerates. The XRD
pattern of plasticized PLA-based nanocomposites
does not show a peak indicating more or less an
exfoliated structure. For PEG as the plasticizer, it
can be much easier to diffuse through clay galleries
in comparison to PLA chains due to lower molecular
weight; therefore, this may promote the exfoliation
of the clays.

TEM micrographs of PLA-based nanocomposites
are shown in Figure 3(A—C). The partially exfoliated
clay layers are visible together with unexfoliated tac-
toids, which is consistent with the XRD patterns.
The TEM micrographs of the nanocomposites based
on PLA/PEG blends is given in Figure 4(A-C). It is
observed that the clays are dispersed as submicron
aggregates of several platelets stacked on top of each
other. These aggregates seem to be 100-400nm in
length and between 5 and 50 nm in thickness. When
compared to the PLA-based nanocomposites, the
level of dispersion of clay particles is improved by
the addition of PEG as a plasticizer. The flow direc-
tion of the melt during film casting is shown with
an arrow on the micrographs of both PLA- and
PLA /PEG-based nanocomposites [see Figs. 3(A) and
4(A)]. It is seen that the clay layers are well oriented
in the direction of the flow.

Differential scanning calorimeter

DSC thermograms of PLA, plasticized PLA, and
their nanocomposites are shown in Figure 5 and
thermal properties such as glass transition

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM micrographs of 3% Clay/PLA nanocompo-
site system at various magnifications.

temperature (T,), cold crystallization temperature
(T;), melting temperature (T,), melting enthalpy
(AH,,), and degree of crystallinity (y.) are summar-
ized in Table I. y. is calculated based on the
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enthalpy of fusion of 100% crystalline PLA, which is
93 kJ/g.'

The neat PLA is characterized by a T, at 59.9°C, a
cold crystallization peak at 106.1°C, and finally a
melting peak at 152.6°C. The addition of 3% clay to

Figure 4 TEM micrographs of 3% Clay/PLA/PEG nano-
composite system at various magnifications.
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Figure 5 DSC thermograms of PLA, plasticized PLA, and
their nanocomposites.

the neat PLA resulted in an increase in T,. This can
be attributed to the restriction of the mobility of the
polymer chains as a consequence of bonding or
adsorbing on the clay surface. The addition of 20%
PEG as a plasticizer to the neat-PLA resulted in ~
30°C decrease in T,. This reduction is slightly recov-
ered (~ 4°C) by the incorporation of clays to the
plasticized PLA. Further increase of the clay content
does not change the glass transition of the resulting
nanocomposite structure.

The addition of plasticizer and/or clay to the PLA
affects cold crystallization behavior. The T, observed
in neat PLA at 106.1°C is depressed to 85.1°C with
the addition of PEG in the absence of clay. More-
over, the addition of clay also depressed the T. of
the nanocomposite when compared to neat PLA.
This indicates that organoclay act as a nucleating
agent for PLA crystallization.'” It was shown by
Nam et al. and Ray et al. that the large surface area
of the exfoliated clays facilitates the PLA crystalliza-
tion process. The size of the crystals in PLA nano-
composites was found to be smaller than that of
neat-PLA.>'® When the plasticizer and the clays are
processed together, T, remained the same for PLA/
PEG/3% Clay, whereas it is lowered for PLA/
PEG5% Clay nanocomposites in comparison to the
PEG/PLA and 3% Clay/PLA systems.

The melting behavior is also influenced by the
addition of clay and/or PEG to the PLA. The single
melting peak appeared at 152.6°C in neat-PLA is
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divided into two small peaks (ie., at 147.2 and
155.3°C) in the case of 3% Clay/PLA nanocomposite
indicating the formation of two different crystal
types. The addition of PEG to the PLA as the plasti-
cizer lowered (~ 2°C) the T,, of the resulting blend.
Similar observation is also made elsewhere."” The
plasticization in the presence of clay addition does
not change the T, of the nanocomposites in compar-
ison to neat-PLA. The degree of crystallinity of neat-
PLA and plasticized PLA are nearly the same with
each other. The addition of clay to these systems
enhances the degree of crystallinity about 8%.

Mechanical properties

The results of tensile test are summarized in Table II
and the representative stress—strain curves for PLA,
PLA/PEG blends, and their nanocomposites are
shown in Figure 6. The addition of 3% clay to the
neat-PLA does not affect the strength; however, it
enhances the modulus of the nanocomposites in
comparison to neat-PLA. Furthermore, the addition
of clays to the PLA resulted in a decrease in strain
at break value. The stress—strain behavior also
changed with the addition of clays to the PLA. Neat-
PLA exhibits a maximum at the yield point followed
by a cold-flow region and finally failure, which is
typical for ductile polymers (see Fig. 6). However, in
3% Clay/PLA nanocomposite system, due to the
restricted slippage of the polymer chains because of
the presence of the clay particles the failure happens
just after the yield point without cold flowing. Plasti-
cization of PLA by PEG can be characterized by the
significant decrease in strength and modulus and
significant increase in strain at break value. The
stress—strain behavior of plasticized PLA is charac-
terized by a maximum at yield point and following
cold-flow of more than 90% strain before failure.
Incorporation of 3% clay to the plasticized PLA
improved the modulus with respect to PLA/PEG;
on the other hand, the strain at break value is low-
ered ~ 40%. Further addition of clay (5%) does not
change the modulus but lowered the tensile strength
and strain at break values. When the stress—strain
curves are considered, yielding still exists in the case

TABLE 1
Thermal Properties of PLA, Plasticized PLA, and Their Nanocomposites

Material T, (°C) T, (°C) T, °C) AH,, (J/8) Ye (%)
PLA 599 £+ 0.8 106.1 + 1.1 152.6 = 1.1 199 +£ 23 21.4
PLA/PEG 294 + 0.7 85.1 £ 0.7 1509 + 0.6 205 + 1.7 22.0
PLA/3% Clay 61.1 £ 05 98.9 + 0.7 1472 £ 1.1 26.7 + 2.6 28.7

155.3 £ 1.2

PLA/PEG/3% Clay 335 +£1.1 84.1 + 0.8 151.6 £ 0.7 282 +£23 30.3
PLA/PEG/5% Clay 334 +£0.8 81.6 + 0.9 152.2 £ 0.8 274 +£19 30.5

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1I
Summary of the Mechanical Test Results of PLA,
PLA/PEG, and Their Nanocomposites

Strength Modulus Strain at
Material (MPa) (MPa) break (%)
PLA 33.58 + 0.8 1406 £ 101 491 + 142
PLA/PEG 25.74 + 0.84 826 + 28 96.6 & 8.45
PLA/3% Clay 324 + 1.85 1884 + 97 2.76 + 0.62
PLA/PEG/3% 2495 +1.67 1124 +74 63.2 + 12.63
Clay
PLA/PEG/5% 201+ 15 1130 + 270 162 £7.75
Clay

of plasticized PLA-based nanocomposites followed
by a cold drawing with declining stress.

Biodegradation rate

A major problem of using PLA as a biodegradable
material is the slow rate of degradation when com-
pared to other biodegradable materials.” The biode-
gradation of PLA in a composting environment has
two steps. In step one, the high-molecular-weight
PLA chains hydrolyze to low-molecular-weight
oligomers. This step is affected by temperature and
moisture. The second step is the conversion of the
oligomeric compounds into CO,, water, and humus
by means of rnicroorganisms.20 Therefore, any fac-
tors that increase the hydrolysis tendency can pro-
mote the degradation of PLA. Other factors effective
in biodegradation of polymers are the molecular
weight and the degree of crystallinity.”' Lower
molecular weight chains of PLA may show higher
rates of enzymatic degradation because of hi§h con-
centration of accessible chain end groups.” It is
known that the amorphous phase is easy to degrade
compared with crystal phase. Figure 7 shows the
rate of biodegradation of PLA, PLA/PEG, and their

40
——neat-PL&
—a—PLA PEG
—w—FLA3%Clay
—a—PLA /PEGI3%Clay
—8—PLA PEG 5% Clay

35

Straine=l 5
_—

Strain=0.6
—]

0 0.05 0.1 0.15 02
Strain (rm/mm)

Figure 6 Representative stress—strain curves for PLA,
PEG/PLA, and their nanocomposites.
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Figure 7 Time dependence of weight loss (%) during
biodegradation.

nanocomposites. The order of increase in the rate of
biodegradation is PLA > PLA/PEG > 3% Clay/
PLA/PEG > 5% Clay/PLA/PEG > 3% Clay/PLA. It
is clear that the addition of clay retards the rate of
biodegradation, although opposite claims are
reported in the literature.”® The 30% of weight loss
happens in the first 30 days for PLA, and then the
biodegradation rate slows down. For the nanocom-
posites, the biodegradation is about 10% at the end
of 100 days.

In this study, molecular weight can be assumed to
be unchanged because of the same processing his-
tory of the materials. Two main factors that can be
effective in the biodegradation rates are the differ-
ence in hydrophilicity and crystallinity of the films.
The hydrophilicities of the films are tested by means
of water absorption tests (see Table III). The addition
of clay to the PLA increases the water absorption of
resulting nanocomposite films, probably due to the
hydrophilic character of the Closite 30B. Moreover,
plasticization also promotes the water absorption of
the films. When the relationship between water
absorption and biodegradation rate are considered, a
correlation cannot be obtained. Therefore, water

TABLE III
Water Absorptions (%) of PLA, PLA/PEG, and Their
Nanocomposites
Materials Water absorption (%)
PLA 3.1
PLA/PEG 7.7
PLA/3% Clay 6.1
PLA/PEG/3% Clay 14.4
PLA/PEG/5% Clay 14.5
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absorption is found to be a nondominant factor in
biodegradation. The degree of crystallinity is another
factor as mentioned earlier. It is seen that y. values
get higher by the addition of the clay (see Table II).
Therefore, it can be concluded that increasing crys-
tallinity as a result of clay inclusion may be the rea-
son of observing lower rate of biodegradation for
the PLA and plasticized PLA-based nanocomposites.

CONCLUSIONS

PLA and PEG-plasticized PLA nanocomposite films
including 0, 3, and 5% organoclay are prepared by
melt intercalation method using a laboratory scale
compounder connected to a cast film device. It is
concluded from XRD and TEM results that the exfo-
liation is predominant in plasticized PLA nanocom-
posites, whereas the intercalated and unexfoliated
agglomerates for the nonplasticized PLA are
observed together. Tensile tests indicate that the
addition of clay to the neat-PLA does not affect the
strength, however, it enhances the modulus of the
nanocomposites in comparison to neat-PLA. The
incorporation of clay to the plasticized PLA
improved the modulus with respect to PLA/PEG.
The plasticization effect of PEG is slightly deterio-
rated by the inclusion of clay. The rate of biodegra-
dation is significantly affected by the incorporation
of PEG and/or clay.

The authors are gratefully acknowledged to Mr. Onder
Dogan for his experimental assistance in biodegradation
tests, DSM Xplore for technical support in the production of
films and TEM studies, and Dr. Tamer Sinmazcelik for allow-
ing us to use his laboratory facilities for mechanical tests.
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