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ABSTRACT

The biodegradability, morphology, mechanical, and thermal properties of composite materials com-
posed of maleic anhydride-grafted poly(butylene adipate-co-terephthalate) (PBAT) and cellulose acetate
(CA) were evaluated. Composites containing maleic anhydride-grafted PBAT (PBAT-g-MA/CA) exhibited
noticeably superior mechanical properties due to greater compatibility between the two components.
The dispersion of CA in the PBAT-g-MA matrix was highly homogeneous as a result of ester formation,
and the consequent creation of branched and cross-linked macromolecules between the anhydride car-
boxyl groups of PBAT-g-MA and hydroxyl groups in CA. Each composite was buried in soil and monitored
to assess biodegradability. Both the PBAT and the PBAT-g-MA/CA composite films were eventually com-
pletely degraded, and severe disruption of film structure was observed after 60-100 days of incubation.
Although the degree of weight loss after burial indicated that both materials were biodegradable, even
with high levels of CA, the higher water resistance of PBAT-g-MA/CA films indicated that they were more

biodegradable than those made of PBAT.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A great push is currently ongoing to develop biodegradable
polyesters for use in applications including waste management
and carbon emissions (Davis & Song, 2006; Kijchavengkul et al.,
2010). Some polyesters exhibit similar water resistance properties
as synthetic polymers and the biodegradability and biocompatibil-
ity of agricultural-based raw materials. For decades, research on
biodegradable polymers has been focused on the development of
plastic composites. More recently, these studies are being extended
to address domestic waste. Both academic and industrial interests
are focused on the utilization of biodegradable polyesters from
renewable and/or fossil sources (Raquez, Deléglise, Lacrampe, &
Krawczak, 2010; Satyanarayana, Arizaga, & Wypych, 2009).

The high cost and poor mechanical properties of aliphatic
polyesters, however, have limited the realistic applications of these
materials. Although aromatic polyesters have excellent mechanical
properties and are relatively inexpensive, they do not biodegrade
in most natural environments. Many researchers have synthesized
aliphatic-co-aromatic copolyesters (Kambe, Ichihashi, Matsuzoe,
Kato, & Shintani, 2009; Ki & Park, 2001) to generate biodegradable
polymers with satisfactory mechanical properties. Poly(butylenes
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adipate-co-terephthalate)s (PBAT, Ecoflex®) are a commercialized
aliphatic-aromatic, biodegradable copolymer available from BASF.
Their mechanical and biodegradable properties were presented
by Kumar and coauthors (Jiang, Wolcott, & Zhang, 2006; Kumar,
Mohanty, Nayak, & Parvaiz, 2010; Madera-Santana, Misra, Drzal,
Robledo, & Freile-Pelegrin, 2009). An optimal balance between
biodegradability and physical properties (Shi, Ito, & Kikutani, 2005)
is attained with aliphatic-aromatic copolyesters composed of
35-55 mol% aromatic units. PBAT has been used in composites with
other polymers as a packaging material and has been proposed for
use in agricultural applications including plastic bags, greenhouse
films, and mulch films (Avérous & Digabel, 2006; Kijchavengkul
et al,, 2010). It is ideal for disposable packaging as it decom-
poses in compost within a few weeks or in soil without leaving
any residue (Kijchavengkul, Auras, Rubino, Ngouajio, & Fernandez,
2008). As with other aliphatic polyesters, the biocompatibility of
PBAT and its copolymers has led to several commercially suc-
cessful applications (Gu, Zhang, Ren, & Zhan, 2008; Jao et al.,
2010).

However, PBAT is relatively expensive. One approach to reduce
the cost of PBAT composites is to blend them with natural bioma-
terials. Additionally, a continuing need exists to investigate more
environmentally, friendly and sustainable materials as industry, in
general, attempts to lessen its dependence on petroleum-based
fuels and products. Toward this end, natural cellulose fibers that
can increase the tensile strength of composites have been used as
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Scheme 1. Reaction scheme for the modification of PBAT and CA and the preparation of composite materials.

a means of reinforcing polymer matrices as a replacement for syn-
thetic fibers. Cellulose acetate (CA) is an important and commonly
used derivative of natural cellulose fibers (Edgar et al., 2001; Li &
Frey, 2010).

Dried CA, which has been widely used in thermoplastic com-
posites, can aggregate during solvent dispersion and needs a
compatibilizing agent to wet the fibers (Kim, Lee, Choi, Kim, &
Kim, 2007; Raquez, Nabar, Narayan, & Dubois, 2008a). However,
the higher hydrophilicity of PBAT acts as a natural wetting agent
in CA/PBAT composites. Composites of PBAT and CA therefore
offer advantages in both biocompatibility and cost (Biswas, Saha,
Lawton, Shogren, & Willett, 2006; Zhang & Hsieh, 2008). Further-
more, composites of biodegradable polymers and natural cellulose
fibers have demonstrated complete biodegradation (Xu & Hanna,
2005) (Scheme 1).

This report describes the systematic investigation of the
mechanical properties and biodegradability of CA composites with
PBAT and maleic anhydride (MA)-grafted PBAT (PBAT-g-MA). The
composites were characterized using Fourier-transform infrared
spectroscopy (FTIR) and 13C nuclear magnetic resonance (NMR) to
identify bulk structural changes induced by the maleic anhydride
moiety. Additionally, the effects of CA content on biodegradability
were assessed for both types of composite. Composites devel-
oped in the current study were assessed as “green materials” via
biodegradation studies in a soil environment.

2. Experimental
2.1. Materials

PBAT resins were purchased from BASF Corporation (Florham
Park, NJ). Maleic anhydride (MA), obtained from Sigma (St. Louis,
MO, USA), was purified before use by recrystallization from chlo-
roform. Benzoyl peroxide (BPO; Sigma) was used as an initiator
and was purified by dissolution in chloroform and reprecipitation
in methanol. Cellulose acetate (3.5 g, degree of deacetylation 55%),
supplied by Showa Chemical Co. Ltd. (Tokyo, Japan), was dissolved
in 31.5 g of acetone to increase its dispersion in the polymer matrix
and avoid aggregation.

2.2. Grafting reaction and sample preparation

Various reaction conditions including BPO and MA concentra-
tions, reaction time and reaction temperature have been tested to
screen for the optimal one. Thereafter, the grafting reaction was
carried out with the optimal conditions as follows. Maleic anhy-
dride was grafted onto PBAT dissolved in tetrahydrofuran in a
nitrogen atmosphere at 45 °C; the polymerization reaction was ini-
tiated with 0.3 wt.% BPO. The reaction system was stirred at 60 rpm
for 10 h. The grafted product (4 g) was then dissolved in 200 mL of
refluxing tetrahydrofuran at 45 °C and the hot solution was filtered
through several layers of cheesecloth. The cheesecloth was washed
with 600 mL of acetone to remove the tetrahydrofuran-insoluble,
unreacted maleic anhydride, and the remaining product was dried
in a vacuum oven at 80°C for 24 h. The tetrahydrofuran-soluble
component of the filtrate was extracted five times using 600 mL of
cold acetone for each extraction.

2.3. Determination of grafting percentage

Maleic anhydride loading of the tetrahydrofuran-soluble poly-
mer (expressed as grafting percentage) was calculated from the
acid number and was determined as follows. Firstly, about 2 g of
copolymer was heated in 200 mL of refluxing tetrahydrofuran for
2 h. The hot solution was then titrated immediately with a 0.03 N
ethanolic KOH solution, which was standardized against a solution
of potassium hydrogen phthalate, with phenolphthalein used as
an indicator. The acid number was calculated using Eq. (1) below,
and the grafting percentage calculated using Eq. (2) (Grigoryeva &
Kocsis, 2000):

VKOH (mL) X CI(OH (N) x 56.1
polymer (N)

Acid number (mg KOH/g) = (1)

Acid number x 98.1
2 x 561

Grafting percentage (%) = x 100% (2)

A grafting percentage of approximately 1.12wt.% when BPO
loading was maintained at 0.3 wt.% and MA loading was maintained
at 10 wt.%.
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2.4. Composite preparation

Prior to composite fabrication, CA samples were cleaned with
acetone and dried in an oven at 105°C for 24h. Composites
were prepared in a “Plastograph” 200-Nm Mixer W50EHT with a
blade rotor (Brabender, Dayton, OH). The composites were mixed
between 120 and 130 °C for 25 min at a rotor speed of 50 rpm. Sam-
ples were prepared with mass ratios of CA to PBAT or to PBAT-g-MA
of 5/95, 10/90, 15/85, and 20/80. Residual MA in the PBAT-g-MA
reaction mixture was removed via acetone extraction prior to the
preparation of PBAT-g-MA/CA. After mixing, the composites were
pressed into thin plates with a hot press and placed in a dryer for
cooling. These thin plates were cut to standard sample dimensions
for further characterization.

2.5. NMR/FTIR XRD/TGA analyses

Solid-state 13C NMR spectra were acquired with an AMX-400
NMR spectrometer at 100 MHz under cross-polarization while
spinning at the magic angle. Power decoupling conditions were
set with a 90° pulse and a 4-s cycle time. Infrared spectra of the
samples were obtained using an FTS-7PC FTIR spectrophotometer
(Bio-Rad, Hercules, CA). XRD diffractograms were recorded using
a D/max 3-V X-ray diffractometer (Rigaku, Tokyo, Japan) with a
Cu target and K, radiation at a scanning rate of 2°/min. Thermo-
gravimetry analysis (TA Instrument 2010 TGA, New Castle, DE) was
used to assess whether two organic phase interactions influenced
thermal stability degradation of hybrids. Samples were placed in
alumina crucibles and tested with a thermal ramp over the temper-
ature range of 30-600 °C at a heating rate of 10 °C/min and then the
initial decomposition temperatures (IDT) of hybrids were obtained.

2.6. Mechanical testing

A mechanical tester (model LLOYD, LR5K type; Instron, Nor-
wood, MA) was used to measure the tensile strength and the
elongation at break, in accordance with ASTM D638. Test samples
were prepared in a hydraulic press at 130°C and conditioned at
50 + 5% relative humidity for 24 h before making measurements.
Measurements were made using a crosshead speed of 20 mm/min.
Five measurements were performed for each sample and the results
were averaged to obtain a mean value.

2.7. Composite morphology

A thin film of each composite was created with a hydraulic press
and treated with hot water at 80°C for 24 h before being coated
with gold. The surface morphology of these thin films was observed
using a scanning electron microscope (SEM, model S-1400; Hitachi,
Tokyo, Japan).

2.8. Water absorption

Samples were prepared for water absorption measurements
by cutting into 75mm x25mm strips (150+5um thick) in
accordance with ASTM D570-81. The samples were dried in a
vacuum oven at 50+ 2°C for 8 h, cooled in a desiccator, and then
immediately weighed to the nearest 0.001g (designated W;).
Thereafter, the samples were immersed in distilled water and
maintained at 25 4 2 °C for a 6-week period. During this time, they
were removed from the water at 3-day intervals, gently blotted
with tissue paper to remove excess water from their surfaces,
immediately weighed to the nearest 0.001g (designated W),
and returned to the water. Each W,, value was an average value
obtained from three measurements. The percentage of weight
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Fig. 1. (A) Effect of BPO and maleic anhydride loading on the grafting percentage of
PBAT at 45°C for 10 h. (B) Effect of reaction time and temperature on the grafting
percentage of PBAT at 0.3 wt.% BPO for 10 wt.% MA.

increase due to water absorption (Wy) was calculated to the nearest
0.01% according to Eq. (3):

Wy — W

Wy = =

x 100% (3)

2.9. Biodegradation studies

Biodegradability of the samples was assessed by measuring the
weight loss of the composites over time in a soil environment. Sam-
ples measuring 35 mm x 20 mm x 1 mm were weighed and buried
in boxes of alluvial-type soil that had been obtained in May 2010
from farmland topsoil before planting. The soil was sifted to remove
large clumps and plant debris. Procedures for soil burial were as
described by Tserki, Matzinos, Pavlidou, Vachliotis, and Panayiotou
(2006). Soil was maintained at approximately 35% moisture by
weight, and the samples were buried at a depth of 10-15cm. A
control box consisted of only samples and no soil. The buried sam-
ples were dug out after 15 days, washed in distilled water, dried in
a vacuum oven at 50 & 2 °C for 3 days, and equilibrated in desicca-
tors for at least 1 day. The samples were then weighed before being
returned to the soil.

3. Results and discussion

3.1. Effects of reaction conditions on percentage grafting for
PBAT-g-MA

Fig. 1(A, solid symbols) shows the effect of BPO loading on graft-
ing percentage of PBAT with maleic anhydride loading maintained
at 10 wt.%. It was found that grafting percentage increased steadily
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Fig. 2. FTIR spectra for (A) PBAT, (B) PBAT-g-MA, (C) PBAT/CA (10wt.%), and (D)
PBAT-g-MA/CA (10 wt.%).

with the BPO loading until 0.3 wt.%, while at BPO loading above
0.3 wt.%, grafting percentage approximated to a maximum value.
The above findings are similar to those of Gaylord, Mehta, Kumar,
and Tazi (1989). Fig. 1(A, open symbols) also illustrates the effect of
maleic anhydride loading on grafting percentage with BPO loading
maintained at 0.3 wt.%. A noticeable increase in grafting percentage
occurred as the loading was increased from 0 to 10 wt.% with only
a slight increase thereafter. It is probable, therefore, that 10 wt.%
represents the approximate point at which MA is replaced as the
rate-limiting factor by availability of free radical sites on the PBAT
backbone. Sathe, Rao, and Devi (1994) has similar results.
Additionally, Fig. 1(B, solid symbols) gives the variations in
grafting percentage with reaction time. The reaction temperature
was 45 °C. It could be found that the grafting percentage increase
steadily while the reaction time is increased to 10h then the
reaction will approach equilibrium. Fig. 1(B, open symbols) also
illustrates the effect of reaction temperature on grafting percent-
age with reaction time for 10 h. A noticeable increase in grafting
percentage occurred as the temperature was increased from 30 to
45 °C, with only a slight increase thereafter. It is probably, therefore,
that 45°C represents the approximate equilibrium point. By the
above results, the optimal reaction conditions for graft copolymer-
ization of PBAT-g-MA were at 45 °C for 10 h when BPO loading was
maintained at 0.3 wt.% and MA loading was maintained at 10 wt.%.

3.2. FTIR/NMR analysis

The FTIR spectra of unmodified PBAT and PBAT-g-MA are shown
in Fig. 2A and B, respectively. The characteristic transitions of
PBAT (Raquez, Nabar, Narayan, & Dubois, 2008b) at 3300-3700,
1700-1760, and 500-1500 cm~! appeared in the spectra of both
polymers, with two additional shoulders observed at 1781 and
1851 cm! in the modified PBAT spectrum. These features are char-
acteristic of anhydride carboxyl groups. Similar results have been
reported previously (Nakason, Kaesaman, & Supasanthitikul, 2004).
The shoulders represent free acid in the modified polymer and
therefore denote the grafting of MA onto PBAT.

In the composite PBAT/CA (10 wt.%), the peak assigned to the
O-H stretching vibration at 3200-3700 cm™! intensified (Fig. 2C)
due to contributions from the -OH group of CA. The FTIR spectrum
of the PBAT-g-MA/CA (10wt.%) composite in Fig. 2(D) revealed
a peak at 1739cm~! that was not present in the FTIR spectrum
of the PBAT/CA (10wt.%) blend. This peak was assigned to the
ester carbonyl stretching vibration of the copolymer. Wu (2009)
also reported an absorption peak at 1739 cm~! for this ester car-
bonyl group. These data suggest the formation of branched and
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Fig. 3. Solid-state '>C NMR spectra for (A) PBAT, (B) PBAT-g-MA, (C) PBAT/CA
(10wt.%), (D) PBAT-g-MA/CA (10 wt.%), and (E) CA.

cross-linked macromolecules in PBAT-g-MA/CA by covalent reac-
tion of the anhydride carboxyl groups in PBAT-g-MA with the
hydroxyl groups of CA.

To further confirm this conclusion, solid-state 13C NMR spectra
of PBAT and PBAT-g-MA were compared in Fig. 3(A and B), respec-
tively. The 13C NMR spectrum of neat PBAT (Fig. 3A) was similar to
that measured by Herrera, Franco, Rodriguez-Galan, and Puiggali
(2002) and exhibited 10 peaks: (1) §=173.8 ppm; (2) 6 =34.5 ppm;
(3), (5), (10) §=26.3 ppm; (4), (9) §=65.1 ppm; (6) 6=164.8 ppm;
(8) §=134.3 ppm; and (7) §=129.8 ppm. The 13C NMR spectrum
of PBAT-g-MA showed additional peaks (11: §=41.7 ppm; 12:
§=37.7ppm; 13: -C=0 §=170.5 ppm), thus confirming that MA
was covalently grafted onto PBAT.

The solid-state 13C NMR spectra of PBAT-g-MA/CA (10 wt.%),
PBAT/CA (10 wt.%), and CA are shown in Fig. 3(C-E). The CA spec-
tra in Fig. 3(E) are similar to those reported by Xiao et al. (2004).
Relative to unmodified PBAT, additional peaks were observed in
the spectra of composites containing PBAT-g-MA. These additional
peaks were located at §=41.7ppm (11) and §=37.7 ppm (12).
These same features were observed in previous studies (Marshall
& Wilson, 1988; Wu, 2009) and indicate grafting of MA onto PBAT.
However, the peak at §=170.5 ppm (C=0) (13) (shown in Fig. 3B),
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Fig. 4. X-ray diffractograms for (A) PBAT, (B) PBAT/CA (10 wt.%), (C) PBAT-g-MA/CA
(10wt.%), and (D) CA.

which is also typical for MA grafted onto PBAT, was absent in the
solid-state spectrum of PBAT-g-MA/CA (10 wt.%). This is most likely
a result of an additional condensation reaction between the anhy-
dride carboxyl group of MA and the —-OR group of CA that caused
the peak at §=170.5ppm to split into two bands (§=177.7 and
179.1 ppm). This additional reaction converted the fully acylated
groups in the original CA to esters (represented by peaks 14 and
15 in Fig. 3C) and did not occur between PBAT and CA, as indi-
cated by the absence of corresponding peaks in the FTIR spectrum
of PBAT/CA (10 wt.%) in Fig. 3D. The formation of ester groups sig-
nificantly affects the mechanical properties of PBAT-g-MA/CA and
is discussed in greater detail in the following sections.

3.3. X-ray diffraction

X-ray diffractograms of pure PBAT, PBAT/CA (10 wt.%), PBAT-g-
MA/CA (10 wt.%), and CA are shown in Fig. 4(A-D). Similar to the
results of Chivrac, Kadlecova, Pollet, and Avérous (2006), pure PBAT
(Fig. 4A) exhibited four diffraction peaks at about 17.5°,20.5°, 22.9°,
and 24.5°, designated 1, 2, 3, and 4, respectively. The diffractogram
of neat CA in Fig. 4(D) also revealed two peaks at 10.1° and 22.6°,
designated 6 and 7, respectively (Filho, Silva, Meireles, Assuncao, &
Otaguro, 2005). A comparison of the diffractograms of PBAT/CA and
CA suggests that peaks 6 and 7 may be the result of physical dis-
persion of CA throughout the PBAT matrix. Furthermore, Fig. 4(C)
shows an additional peak at 18.2° (designated 5) in the diffrac-
togram of the PBAT-g-MA/CA composite. This peak, also identified
by Danyadi et al. (2007), may have been caused by the formation
of ester carbonyl groups. This would indicate that the crystalline
structure of the PBAT/CA composite was altered when PBAT-g-MA
was used in place of PBAT.

3.4. Thermal behavior

The thermal stability of the PBAT, PBAT-g-MA, CA and its
composites is measured with TGA under nitrogen atmosphere,
respectively. It is known that the defunctionalization of CA can be
realized by thermal decomposition. In the present study, TGA was
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Fig. 5. Effect of CA content on TGA curves is shown for PBAT/CA and PBAT-g-MA/CA
composites.

used to determine the effect of CA content on the weight loss of
hybrids, and the results are presented in Fig. 5 and Table 1. For
both composites, IDT decreased with increasing CA content. This
may be due to CA-induced expansion of PBAT or PBAT-g-MA, which
produces a slack polymer structure and a reduced IDT.

At the same CA content, the PBAT-g-MA/CA composites had a
higher IDT than the PBAT/CA composites (Fig. 5 and Table 1). This
reduced IDT was probably caused by increased difficulty in arrang-
ing the polymer chain, due to the already noted prohibition of
movement of polymer segments by CA. Similarly, another poten-
tial cause is the condensation reaction, which leads to increased
adhesion of CA with PBAT-g-MA. These results are similar to those
obtained with composites of polymer and other natural fibers (Kim
et al., 2007). This outcome is a result of the difference in interfacial
forces in the two hybrids: the weaker hydrogen bonds of PBAT/CA
compared with the stronger coordination sites associated with the
anhydride carboxyl groups of PBAT-g-MA/CA. The values of ther-
mal stability (IDT) in PBAT-g-MA/CA were approximately 4-12°C
higher than those of PBAT/CA. These higher IDT values were likely
due to the formation of ester carbonyl groups as discussed above.

3.5. Composite morphology

In most composite materials, effective wetting and uniform dis-
persion of all components in a given matrix and strong interfacial
adhesion between the phases are required to obtain a composite
with satisfactory mechanical properties. In the current study, CA
may be thought of as a dispersed phase within a PBAT or PBAT-g-
MA matrix. To evaluate the composite morphology, SEM was used
to examine tensile fractures in the surfaces of PBAT/CA (10 wt.%)
and PBAT-g-AA/CA (10 wt.%) samples. The SEM microphotograph of
PBAT/CA (10 wt.%) in Fig. 6(A) shows that the CA in this composite
tended to agglomerate into bundles and was unevenly distributed
in the matrix. This poor dispersion was due to the formation of
hydrogen bonds among CA fibers and the disparate hydrophilicities

Table 1
Effect of CA content on the thermal properties of PBAT/CA and PBAT-g-MA/CA
composites.

CA (Wt.%) PBAT/CA IDT (°C) PBAT-g-MA/CA IDT (°C)
0 422 416
5 405 409

10 388 398

15 377 389

20 366 378




1254 C.-S. Wu / Carbohydrate Polymers 87 (2012) 1249-1256

homogeneous
adhesion and
better wetting

poor adhesion

¢ ; l-"' Ja ifh,
(A) PBAT/CA (10 wt%)

Fig. 6. SEM photomicrographs of the distribution and adhesion of CAin (A) PBAT/CA
(10wt.%) and (B) PBAT-g-MA/CA (10 wt.%) composites.

of PBAT and CA. Poor wetting was also observed in these compos-
ites (marked in Fig. 6A) due to large differences in surface energy
between the CA and the PBAT matrix (Wong, Zahi, Low, & Lim,
2010). The PBAT-g-MA/CA (10 wt.%) photomicrograph in Fig. 6(B)
shows more homogeneous dispersion and better wetting of CA
in the PBAT-g-MA matrix, indicated by the complete coverage of
PBAT-g-MA on the fiber and the removal of both materials when a
fiber was pulled from the bulk. This improved interfacial adhesion
was due to the similar hydrophilicity of the two components, which
allowed for the formation of branched and cross-linked macro-
molecules, and the prevention of hydrogen bonding between CA.

3.6. Mechanical properties

Fig. 7 shows the variations in tensile strength and elongation
at break as a function of CA content for PBAT/CA and PBAT-g-
MA/CA composites. The tensile strength and elongation of pure
PBAT decreased after grafting with maleic anhydride. For PBAT/CA
composites (Fig. 7A), the tensile strength decreased markedly and
continuously with increasing CA content, which was attributable
to poor dispersion of CA in the PBAT matrix as previously dis-
cussed and shown in Fig. 6(A). The effect of this incompatibility on
the mechanical properties of the composites was substantial. The
PBAT-g-MA/CA composites in Fig. 7(A) exhibited a unique behavior
in which the tensile strength at break increased with increasing CA
content despite the lower tensile strength of PBAT-g-MA relative
to that of pure PBAT. Furthermore, the tensile strength of PBAT-
g-MA/CA composites was constant with greater than 10% CA. This
behavior was likely due to enhanced dispersion of CAin the PBAT-g-
MA matrix resulting from the formation of branched or cross-linked
macromolecules.

Fig. 7(B) also indicates lower elongation at break values for the
PBAT/CA composites relative to that of the PBAT-g-MA/CA com-
posites. In PBAT/CA, the CA tended to agglomerate into bundles,
illustrating the poor compatibility between the two phases. In the
PBAT-g-MA/CA composites (Fig. 7B), the elongation at break also
decreased with increasing amounts of CA but exhibited greater
elongation values compared to the PBAT/CA composites. However,
these values were still lower than those of pure PBAT. These results
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Fig. 7. The effect of CA content on (A) tensile strength and (B) elongation at break
for PBAT/CA and PBAT-g-MA/CA composites.

are similar to those of Mishra, Naik, and Patil (2000). The data in
Fig. 7 indicate that the grafting reaction in PBAT-g-MA/CA com-
posites improved the tensile strength and elongation of PBAT/CA.
However, the degree of enhancement in elongation was smaller
than that in tensile strength.

3.7. Water absorption

At the same CA content, the PBAT-g-MA/CA composites exhib-
ited a higher resistance to water absorption than the PBAT/CA

18 Q- PBAT
—@—PBAT-g-MA
16 ...A--PBATICA (10 wt%) S

—h— PBAT-g-MA/CA (10 wi%)
14 -~ PBAT/CA (20 wt%)

—&— PBAT-g-MA/CA (20 Wt%) , "
12 - g

-

10 4

Weight Gain (wt%)
o

0 & T T T T T T
0 20 40 60 80 100 120 140

Time (days)

Fig. 8. Percent weight gain due to the absorption of water for PBAT/CA and PBAT-
g-MA/CA composites.
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(A) PBAT (0 day)

100 um

(E) PBAT/CA (0 day)

100 um

(C) PBAT (60 days)

. )

(T) PBAT-g-MA/CA (0 day) (J) PBAT-g-MA/CA (30 days) (K) PBAT-g-MA/CA (60 days) (L) PBAT-g-MA/CA (120 days)

Fig. 9. SEM micrographs of the morphology of PBAT (A-D), PBAT/CA (E-H), and PBAT-g-MA/CA (I-L) films as a function of incubation time in soil.

composites (Fig. 8). The water resistance of the PBAT-g-MA/CA
composites was moderate, and the interaction of MA-grafted PBAT
with CAincreased the hydrophobicity of CA in these composites. For
both PBAT/CA and PBAT-g-MA/CA, the percent water gain over the
120-day test period increased with increasing CA content. Because
the polymer chain arrangement in these systems is presumably
random, the above result was likely due to decreased chain mobil-
ity with greater amounts of CA and to the hydrophilic character of
CA, which adheres weakly to the more hydrophobic PBAT.

3.8. Biodegradation in soil

Changes in the morphology of the PBAT, PBAT/CA, and PBAT-
g-MA/CA composites were noted as a function of the amount of
time buried in soil. SEM photomicrographs taken after 30, 60, and
120days illustrate the extent of morphological change (Fig. 9).
PBAT/CA (10 wt.%; Fig. 9F-H) exhibited larger and deeper pits that
appeared to be more randomly distributed relative to those in the
PBAT-g-MA/CA (10 wt.%) composites (Fig. 9]-L). These analyses also
indicate that biodegradation of the CA phase in PBAT/CA (10 wt.%)
increased with time, confirming the results presented in Fig. 10.

100

Q- PBAT
—@— PBAT-g-MA
e PBAT/CA (10 wt%) <O

80 | —A—PBATgMA/CA (10 wi%) o
~wG PBAT/CA (20 wt%) O
——PBAT-g-MA/CA (20 Wt%) "

60 A

40

20

Weight Ratio (degraded/initial wt%)

i L} 1
0 20 40 60 80 100 120 140
Time (days)

Fig. 10. Weight loss percentages of PBAT, PBAT-g-MA, PBAT/CA, and PBAT-g-MA/CA
as a function of incubation time in soil.

After a 30-day incubation period, cell growth with gradual ero-
sion and cracking was observed on the surface of the PBAT matrix
(Fig. 9B). After 60 days, the disruption of the PBAT matrix became
more obvious (Fig. 9C). This degradation was confirmed by the
increasing weight loss of the PBAT matrix as a function of incuba-
tion time (Fig. 10), which reached nearly 20% after only 120 days.
The most likely cause of this weight loss was biodegradation.

The SEM photomicrographs in Fig. 9 indicate that the PBAT-
g-MA/CA (10 wt.%) composites were more readily degraded than
neat PBAT. After a 30-day incubation period, the PBAT-g-MA/CA
composite was coated with a biofilm of bacterial cells (Fig. 9]), indi-
cating more cell growth than that observed on PBAT at the same
incubation time. Moreover, at 60 and 120 days, larger pores were
apparent in the PBAT-g-MA/CA composite (Fig. 9K and L), indicat-
ing a higher level of degradation. The rate of weight loss in the
PBAT-g-MA/CA composites was also accelerated relative to that of
PBAT, exceeding 10% after 120 days (Fig. 10). These results demon-
strate that the addition of CA to the MA-grafted PBAT enhanced the
biodegradability of the composite.

Fig. 10 shows the percent weight change as a function of time for
PBAT/CA and PBAT-g-MA/CA composites buried in the soil compost.
For both composites, the degree of weight loss increased with CA
content. Composites with 10 wt.% CA degraded rapidly over the first
60 days, losing a mass equivalent to their approximate CA content,
and showed a gradual decrease in weight over the next 60 days.
PBAT-g-MA/CA exhibited a weight loss of approximately 3-11 wt.%.

4. Conclusions

The compatibility, thermal behavior and mechanical proper-
ties of CA blended with PBAT and maleic anhydride-modified PBAT
(PBAT-g-MA) were examined. FTIR and NMR analyses revealed the
formation of ester groups due to reactions between —-OH groups
in CA and anhydride carboxyl groups in PBAT-g-MA, which sig-
nificantly altered the structure of the composite material. The
morphology of PBAT-g-MA/CA composites was consistent with
good adhesion between the CA phase and the PBAT-g-MA matrix.
In mechanical tests, PBAT-g-MA enhanced the mechanical prop-
erties of the composite, especially the tensile strength. Although
the water resistance of PBAT-g-MA/CA was higher than that of
PBAT/CA, the biodegradation rate of PBAT-g-MA/CA was lower
than that of PBAT/CA, but still higher than that of pure PBAT,
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when incubated in soil. After 120 days, the PBAT-g-MA/CA (20 wt.%)
composite suffered greater than 75% weight loss. The degree of
biodegradation increased with increasing CA content.
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