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Abstract: Melt-mixed composites of poly(butylene adipate-co-terephthalate) (PBAT) with the waste gypsum and calcium
carbonate were prepared and their properties were compared. Calcium carbonate and gypsum contain the same cation
(Ca™) but different anions i.e., smaller CO;* and larger SO,* respectively. According to the Fajans’ rule, CaCOs is more
ionic whereas gypsum is more polarizable. Because of the abundant polarizability, gypsum was well dispersed in the
PBAT matrix through the filler-matrix electrostatic interaction. The gypsum/PBAT showed lower tensile strength but
higher elongation at break at a filler to matrix ratio of 20: 80 than those of CaCO;/PBAT. Further, the addition of poly-
lactic acid (PLA) enhanced both the tensile strength and elongation at break of the gypsum/PLA/PBAT while no such
effective changes were observed for CaCO5;/PLA/PBAT maybe due to the possibility of depolymerization of polymers
in the presence CaCOj;. Thermal, morphological, and crystallography studies well corroborate with the mechanical behav-
ior of the composites.

Keywords: poly(butylene adipate-co-terephthalate), polylactic acid, gypsum, recycling, melt-mixing.

Introduction use of petro-polymer derived plastic products in our society.

But in consideration with the current environmental concerns

Fast-spaced population growth significantly increases the e.g. environmental pollution, greenhouse gas emissions, and
the depletion of fossil resources, different bio-polymers (e.g.,
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to the traditional petro-polymers.”® In this regard, attempts
have been taken to develop different bio-degradable and bio-
compatible polymers based disposal products such as bags,
toys, cables, automotive parts, textile products (tees), pack-
aging for food, medicine, cosmetic, hygiene products (nap-
pies), foils for agriculture and cutlery, and etc. Among the
numerous kinds of bio-polymers, PLA, a thermoplastic ali-
phatic polyester obtained from renewable resources e.g. corn
starch and sugarcane, is currently considering as the most
promising and popular material for developing ‘green’ eco-

friendly material.**°

However, the maximum of the bio-poly-
mers is cost-intensive and mechanically poor."!" Particularly,
the PLA has associated with different demerits e.g. brittleness,
low heat distortion temperature, poor processability, etc.,
although possessing high modulus and strength comparable to
that of many petro-polymers.*™*!*'* Generally, plasticizers are
required to improve the property of PLA,'*" but there are
some limitations regarding the processing of PLA with plas-
ticizer (especially during melt mixing), and the safety of the
food products when the PLA is used for packaging purpose.
Instead of plasticizers, attempts are being taken to blend the
PLA with other bio-polymers to improve its mechanical prop-
erty. In this regard, immense attention has been paid to PBAT
for blending with PLA."*""7 Basically, the PBAT is a com-
mercially available aliphatic-aromatic co-polyester and exhib-
its high flexibility and toughness but low modulus. One more
important property of PBAT is that it can fully degrade within
a few weeks in the presence of an enzyme.'” Compared to the
other polymers, PLA is still an expensive polymer."""® So, oth-
erwise blending the PBAT with PLA matrix, it is supposed to
be better to blend PLA with PBAT matrix to meet a bio-
degradable PLA/PBAT composite of improved mechanical
properties. Although both the PLA and PBAT are polyester in
nature, they are incompatible. As a consequence, various
attempts have been taken to make the blend using different
compatibilizers." ' Other approaches improving the compat-
ibility of the two components have been reported: Ultrasound
irradiation, cross-linkers (e.g., dicummyl peroxide (DCP)), etc.
However there is always a chance of chain scission (or depo-
lymerization) which may reduce the intrinsic properties of the
polymers."® In spite of all these aforementioned pros and cons,
the production cost of these polymers limits their large scale
industrial upscaling for different applications e.g. in the area of
agriculture and cutlery, where the bio-degradability of the
polymer products are typically advantageous.* Although the
petro-polymers based agricultural plastics (e.g., low-density
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polyethylene (LDPE)) used for greenhouses, mulching, and
silage become a popular and economically beneficial tech-
nique, longer lifetime of these waste plastics causes pollution
in the environment and damages the soil quality. Also, their
yearly removal and disposal cause the whole agricultural pro-
cess more cost-intensive. In this regard, the production of low-
cost bio-degradable polymer composite is being attempted
through low-cost reinforcements by different fillers e.g. natural
fibers, common minerals, etc.*'® For mineral reinforced poly-
mer composite based agricultural plastic, one additional
achievement may be the enrichment of minerals in the soil
after bio-degradation. Among different reinforcing minerals,
calcium carbonate (CaCO;) became popular because of its
low-cost and abundant availability.* Because of its ionic char-
acteristic, CaCO; is expected to well mix with both the PLA
and PBAT through polar-polar interaction and act as a com-
patibilizer between the incompatible PLA and PBAT. But, its
catalytic efficacy during melt mixing of the polymers results in
depolymerization, causing deterioration of the polymer’s
intrinsic property.! Another expected disadvantage is that
during biodegradation, the pH of the soil can be altered due to
presence of the CaCO;."** In contrast to CaCOs, another min-
eral with the same cation (i.e., Ca*") is gypsum (CaSO,). The
gypsum is produced in a huge amount as a by-product from the
phosphoric acid production industry.?' Being a waste material,
it may cause serious ecological problems, and its conservation
can be very much unpleasant to the society. Therefore, it is
necessary to use this waste material for developing some
value-added products. In contrast to CaCOs, its anion size is
bigger. According to Fajans’ rule, thus it will be less ionic and
more polarizable.”** Also, it has no such catalytic efficacy on
the depolymerization process, so that the intrinsic property of
the polymers seems to be unaltered. Another additional advan-
tage is that the gypsum may upgrade the soil quality.* Con-
sidering these advantages, herein we have investigated the
effect of gypsum on formulating the composites of PBAT with
or without the PLA towards the production of low-cost bio-
degradable polymer products with improved mechanical prop-
erties, which shows promising for the industrial upgrading of
gypsum-based polymer composites.

Experimental

Materials. The polybutylene adipate terephthalate (PBAT)
(Solpol 1000) was purchased from GIOSOL Ltd. (Korea). The
polylactic acid (PLA; 2003D) was purchased from Nature
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Works LLC. (Korea). The by-product gypsum was first treated
with inorganic acid, adjusted the neutral pH by washing with
water and dried to remove the impurities and water content,
and then supplied by Namhae Chemical Co.Ltd. (Korea). The
CaCOj; was purchased from Omya Co.Ltd. (Korea). Gypsum
was found to be regular in shape and size, whereas CaCO; was
irregular in shape and size, as observed by the field emission
scanning electron microscopy (shown in Figure 1).
Preparation of the Composites. At first, the dried poly-
mers were premixed with the dried CaCO; and gypsum pow-
der of various quantity (20, 30, and 40 wt% of total quantity)
by tumbling. Then, the mixtures were compounded by a co-
rotating twin screw extruder (BA-19, BauTek). The screw rota-

tion velocity was 80 rpm, and the temperature of zones from
hopper to die were 130, 140, 150, 160, 170, 180, 190, and
190 °C during preparation of the composites made of only
PBAT and the PLA mixed PBAT. The extruded blends were
cooled in water bath and pelletized. The pelletized blends were
then injection-molded by an injection-molding machine (WL-
HV-80, Wonil Hydraulic). The injecting temperature of zones
from hopper to nozzle were 130, 140, 150, and 150 °C, and
160, 165, 170, and 170 °C for the PBAT and PLA/PBAT com-
posites, respectively. The filler contents were kept constant i.e.,
20 wt% for PLA/PBAT composite whereas the PLA content
was varied as 5, 7.5, and 10 wt% of the total quantity.
Characterizations. The universal tensile tester (Tensometer
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Figure 1. Molecular structure of PBAT (a) and PLA (b); (c) size effect of anion (according to Fajan’s rule) regarding to the stronger ionic
character of CaCO; with respect to gypsum; (d) weak intercalation of CaCOs due to the irregular shape, and weak filler-matrix interaction
(because of more ionic character of the CaCQ;); (e) better intercalation of gypsum due to its regular shape, and strong filler-matrix interaction
(because of less ionic or more polarizable character of gypsum); (f) plausible depolymerization followed by new bond formation in CaCO,/
PLA/PBAT composite; (g) non-bonding polar-polar interaction among the fillers and matrix in gypsum/PLA/PBAT composite.
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2000, Myung Ji tech, Korea) was used to investigate the
mechanical properties of the composites. The tensile strength
and elongation at break were measured according to the
ASTM D638 standard. All tests were carried out under cross-
head speed of 50 mm/min.

The thermal properties of composites were measured by
using thermogravimetric analysis (TGA) and diffential scan-
ning calorimetry (DSC). For TGA, the samples were heated to
600 °C with a heating rate of 20 °C/min in nitrogen atmo-
sphere. For DSC, the samples were heated to 200 °C with a
heating rate of 10 °C/min and held for 5 min to remove the
thermal history. Then, the samples were cooled down with a
cooling rate of 10 °C/min to 30 °C and finally heated with a
heating rate of 10 °C to 200 °C. The degree of crystallinity of
composites was calculated as follows (eq. (1)).

AH
X (%)= ‘;0/ x 100 (D
w .
AHO (17 0Flller)

m 100

For each component in the composites, X, is the degree of
crystallinity of PBAT or PLA, respectively. The heat of fusion
of 100% crystalline PBAT (AH".) is 114, respectively. The
heat required for melting the crystalline phase of polymers
(AH,) was measured by DSC.

The field emission scanning electron microscopy (FE-SEM)
(JSM-7610F, JEOL, Japan) was used to investigate the mor-
phologies of the fillers and the composites. Further, to realize
the dispersibility of the fillers in polymer matrix, X-ray micro-
computed tomography (Skyscan 2214, Bruker Co., USA) was
used. The X-ray source was applied at a voltage of 100 kV and
a current of 60 pA under normal pressure for an exposure time
of 700 ms. The X-ray projections were recorded with the rota-
tion increment of 0.15° within 360°.

Results and Discussion

In this work, we have considered the flexible PBAT as the
base polymer instead of the brittle PLA.'® Although, both the
polymers are polyester in nature, the existence of a long ali-
phatic chain makes the PBAT more flexible (as shown in Fig-
ure 1(a) and 1(b)). Because of abundant polarity, the ester
group is potentially enough to electrostatically interact with the
Ca-salts of CaCO; and gypsum (CaSQ,). The interaction effi-
cacy is expected to be high for PBAT containing a higher num-
ber of ester groups. Among these two Ca-salts, because of the
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larger size of SO, than that of CO;?, CaCO; is expected to
execute more ionic characteristics whereas the gypsum is more
polarizable according to the Fajans’ rule (as depicted in Figure
1(c)). Inset of Figure 1(d) and 1(e) show the morphology of
CaCO; and gypsum used in this work. The CaCO; exhibits
irregular shape and size whereas gypsum exhibits regular mor-
phology (flakes and needle shape). As a consequence of more
polarizability and regular morphology, there is a possibility of
better intercalation of gypsum in the polymer matrix through
the non-covalent polar-polar interaction. The non-covalent
interaction being reversible, the dissipation of energy is highly
possible for gypsum/PBAT composite during the application of
mechanical force (e.g., uniaxial stretching).” On the other
hand, due to the irregular shape and size, and weak filler-
matrix interaction, the improper intercalation of CaCO; is
expected to produce an inhomogeneous dispersion. Because of
the more ionic character, the bonding between the cation and
anion is stronger for CaCOs;. As a result, the non-covalent
interaction with the polymer is expected to be less for CaCOs;,
in comparison to that of the gypsum. But, due to the stronger
bonding, the intercalated CaCOj; is expected to provide more
strength to the composite. Because of weak filler-matrix inter-
action and the possibility to exhibit more strength, the com-
posites containing CaCOs are expected to be more fragile and
less flexible. It is noteworthy to mention here that because of
the abundant intermolecular interaction, the gypsum/PBAT
composite is supposed to exhibit better thermal stability and
higher crystallinity than that of CaCO;/PBAT composite.
When the PLA has been added, the property of gypsum/PLA/
PBAT and CaCOs/PLA/PBAT were expected to show different
properties because it has been reported that there is a pos-
sibility of depolymerization followed by intermolecular cross-
linking of polymers (especially PLA) during melt processing
in presence of CaCOs.* In the following section corresponding
mechanical properties are briefly described.

Mechanical Property. The tensile tests of the samples were
performed under uniaxial disposition (strain) according to the
ASTM D638 standard. The results of the comparative tensile
strength and the elongation at break are shown in Figure 2(a)
and 2(b) (for gypsum/PBAT and CaCO;/PBAT composites),
Figure 2(c) and 2(d) (for gypsum/PLA/PBAT and CaCO,/
PLA/PBAT composites), respectively. It can be observed that
in comparison to the gypsum/PBAT, although the tensile
strength of CaCO;/PBAT composite is increased, the elon-
gation at break is decreased for 20 wt% of the filler content.
The higher tensile strength for 20 wt% CaCO;/PBAT is a con-
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sequence of the high bonding (or ionic) strength of the CaCO;.
While the tensile strength increases with the addition of
CaCQO:;, the elongation of break decreases due to the rigidity of
the composite. In comparison to the CaCO;/PBAT, the gyp-
sum/PBAT composite showed higher value of elongation at
break while with slight decrease of tensile strength. CaCO; is
well known for its catalytic efficacy towards the “depolym-
erization” of polymer matrix.* Signori et al. mentioned that
generally the melt processing lead to chain scission of PLA
and PBAT, with reduction of molecular weight, above
150 °C.* As a consequence, the formation of stable chain-ends
with carbonyl and hydroxyl groups or reactive end groups is
highly expected during melt-processing of PLA/PBAT in pres-
ence of CaCOs. So, in the case of CaCO;, there is a possibility
towards formation of new bonds in CaCO5/PLA/PBAT com-
posite. Whereas, in the case of gypsum, there is no such pos-
sibility, only the polar-polar interaction among the molecules
of gypsum, PLA and PBAT is supposed to happen. As a con-
sequence of the plausible depolymerization followed by new
bond formation, the tensile property of the CaCO;/PLA/PBAT
composite remained nearly unaltered (as shown in Figure 2(c)
and 2(d), red column) with increasing the PLA content. In con-
trast, the gypsum/PLA/PBAT composite shows increased ten-
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sile strength (because of addition of PLA) as well as increased
elongation at break (because of non-covalent interaction
among the filers and matrix) (as shown in Figure 2(c) and 2(d),
black column), resulting in mechanically better performances
of gypsum/PLA/PBAT composite. The mechanical properties
of both the composite are promising for the PLA content of 7.5
wt%. Thus, herein we prioritize the composites for both the
gypsum and CaCOs having 7.5 wt% of PLA content.
Thermal Property. The TGA of the samples was inves-
tigated to check their thermal stability, as shown in Figure 3.
For both the composites of PBAT with gypsum and CaCO;
(Figure 3(a) & 3(b)), the thermal stability increases from that
of the neat PBAT, which is due to the electrostatic interaction
of the dispersed fillers with the matrix. Because of the high
polarizability of CaSO,, the filler-matrix interaction is more
favorable for gypsum/PBAT composite, leading to more ther-
mal stability than that of CaCO+/PBAT composite. In contrast,
although the gypsum/PLA/PBAT (Figure 3(c)) shows better
thermal stability than that of neat PBAT, the CaCOs/PLA/
PBAT (Figure 3(d)) shows lower thermal stability for 5 and
10 wt% of the PLA content due to the plausible depolym-
erization in presence of CaCOs;. Only the composite having
7.5 wt% of PLA content shows better thermal stability which
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Table 1. Comparative Thermal Properties (Derived from the DSC Curves) of PLA/PBAT Composites with Gypsum and CaCO;

Gypsum/PLA/PBAT CaCO,/PLA/PBAT

PLA Contents (wt%) 5 75 10 5 7.5 10
T, (°C) 130.98 130.62 130.05 130.85 130.37 130.41

AH,, (I/g) 6.93 6.94 6.72 5.96 6.59 6.12
Crystallinity (%) 7.6 7.61 737 6.53 7.22 6.71

can be considered as a proper ratio for the composite. It is
noteworthy to mention that the degradation temperatures of the
composites are above the processing and application tem-
peratures, which allows them to be applicable to produce dif-
ferent agricultural (e.g., mulching films) commodity products.

Table 1 represents the results obtained from the DSC curves
of the gypsum/PLA/PBAT and CaCO;/PLA/PBAT samples. It
can be observed that both the composites of gypsum and
CaCO; containing 7.5 wt% of PLA exhibits a higher degree of
crystallinity which resembles that the proper ratio for the com-
posite meets at the 7.5 wt% of PLA content. Also, it can be
said that the composites containing 7.5 wt% of PLA content
are expected to exhibit better mechanical property. The slight
increase of crystallinity for gypsum/PLA/PBAT is due to the
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better intermolecular interaction among the fillers and matrix.
Thus, the results obtained from thermal analyses well cor-
roborates with our presumption and the mechanical properties.
XRD. Further to realize the interaction mechanism, the XRD
of the samples were analyzed. Figure 4 represents the com-
parative XRD patterns of the composite samples containing
20 wt% of each of the fillers (gypsum or CaCO:;). In the case
of gypsum based composites (Figure 4(a)), it can be observed
that compared to the virgin gypsum there is a peak shift (as
shown in an enlarged form) in its composites, due to the better
filler-matrix interaction.””*® However, such a shift is absent for
the CaCO; (Figure 4(b)) which may be due to the absence or
presence of very negligible filler-matrix interaction.
Morphology. Figures 5(a), 5(b), and 5(c) represent the SEM
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Figure 4. Comparative XRD patterns of the composites of (a) gypsum; (b) CaCOs.

micrographs of only PBAT, gypsum/PBAT, and CaCO,/PBAT.
For both the composites of PBAT, an immiscible behavior
between the components are observed. Although PBAT con-
taining polyester groups interact both the calcium salts because
of polar-polar interactions, it is not enough for homogeneous
coating of polymer over the salt surfaces, resulting in seg-
regation of the calcium salts over the PBAT matrix. More seg-
regation can be observed for the CaCOs;/PBAT composite (as
marked by the blue circle in Figure 5(c)), in comparison to that
of the gypsum/PBAT composite, which infers the better inter-
action of PBAT with the gypsum. In contrast, the PBAT-com-
posites of gypsum and CaCO; show better morphology when
the PLA is added (Figure 5(d) & 5(e)) which resemble some
positive effects of PLA on the morphologies of the composites.
Because of the possibility of depolymerization in presence of
CaCQ;, the fillers (i.e., CaCO;) can be dispersed well through
the more available interstitial spaces of depolymerized poly-
mer matrixes during the formulation of CaCO,/PLA/PBAT
composite, resulting in a better morphology of the composite
when compared with that of the gypsum/PLA/PBAT. More
segregation can be noticed for the gypsum/PLA/PBAT (as
marked by the white circle in Figure 5(d)), due to the incor-

poration of PLA, which occupies the spaces within the PBAT
entanglements by replacing the gypsum.

To check the dispersion as well as the distribution of the fill-
ers in the polymer matrix, further, the micro-CT images of the
composites have been taken and shown in Figure 6. In case of
only PBAT composites (i.e., without PLA), it can be observed
that the matrix of gypsum composites for (Figure 6(b)) is
slightly visible in comparison to that of CaCOs; composites
(Figure 6(c)), which infers that the gypsum because of its reg-
ular shape, and presence of abundant filler-matrix interaction,
dispersed well in the matrix.”” However, it can be observed that
both the fillers are well distributed within the matrix. Com-
pared to the CaCO;/PBAT, the matrix area of CaCO;/PLA/
PBAT (Figure 6(e)) is slightly visible because of enhancement
in distribution as well as dispersion of the CaCO; within the
PLA/PBAT matrix due to increase in availability of interstitial
spaces within the matrix after the plausible depolymerization,
as discussed in earlier sections. On the other hand, when com-
pared to gypsum/PBAT, the agglomeration of fillers in gyp-
sum/PLA/PBAT is observed, may be due to the interference of
PLA. Overall, the degree of gypsum dispersion is not sig-
nificantly different from that of calcium carbonate.

Polym. Korea, Vol. 45, No. 1, 2021
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Conclusions

Herein, we have investigated the usability of waste gypsum
towards the production of low-cost biodegradable polymer
composites to be used for developing different agricultural
(e.g., mulching, green hose, etc.) or commodity products.
Because of regular morphology and abundant polarizability,
gypsum well intercalates in the flexible PBAT matrix through
the filler-matrix electrostatic interaction. The addition of PLA,

Zay, Al4548 A15, 20213

Gypsum/PBAT

CaCO;/PBAT

- 250 pm

CaCO,/PLA/PBAT
Figure 6. Micro-CT images of (a) PBAT; (b) gypsum/PBAT; (c) CaCO,/PBAT; (d) gypsum/PLA/PBAT; (e) CaCO,/PLA/PBAT.

because of its better thermal and mechanical properties,
enhances the mechanical performance and thermal stability of
the composite. Compared to the composites of CaCO;, the
gypsum composite exhibited superior mechanical properties,
which can be considered potential for the industrial upscaling
to develop different bio-degradable products in the future. In
addition, this work may open a new strategy to formulate the
polymer composites using different inorganic fillers and to
manipulate their property depending on the polarizability
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(chemical formula) of the filler materials.
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