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Abstract. Using fillers to reinforce and improve the desired properties of polymer composite
materials is the desire of researchers. In which, the dispersion ability, interaction and adhesion
between fillers and polymer matrix are the key to determine the properties of the obtained
materials. This study focuses on surface modification of waste gypsum particles with ethylene
bis stearamide (EBS) to use it as a reinforcing filler for polybutylene adipate terephthalate
(PBAT), a biodegradable polymer with many advantages such as high flexibility and good
barrier properties. Using energy dispersive X-ray spectroscopy (EDX), thermogravimetric
analysis (TGA) and scanning electron microscopy (SEM) images observation confirmed that the
WGS granules were successfully modified with the suitable EBS content of 5 wt.%. Thanks to
the modification, the processability, dispersion and adhesion of WGS to the PBAT matrix were
improved, as results, the mechanical and thermal performances as well as hydrolytic resistance
of obtained green composites was also enhanced.

Keywords: Polybutylene adipate terephthalate (PBAT), waste gypsum, ethylene bis stearamide, green
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1. INTRODUCTION

Synthetic polymers from petroleum fossil fuels have been used as materials of the 20"
century and will continue to play a major role in the early 21* century thanks to their outstanding
advantages such as light weight, diverse mechanical properties, various geometric
conformability, sound insulation, electrical and thermal insulation, low corrosion and low cost
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[1, 2]. However, due to the increasingly depleted petroleum resources and the serious
environmental pollution caused by plastic waste, the findings for alternative materials for them
is of great interest. In particular, natural polymers and biodegradable polymers are increasingly
being prioritized [3, 4]. Biodegradable polymers can be derived from cellulose and starch, or
from petroleum resource. Polybutylene adipate terephthalate (PBAT) is produced from
renewable resources such as sugarcane and corn starch and is a copolyester of 1,4-butanediol,
adipic acid and terephthalate acid. It is known as excellent biodegradability, which reduces its
impact on the ecosystem. PBAT resin can be processed using conventional plastic processing
techniques. Overall, PBAT has high flexibility and good barrier properties, which makes it a
versatile material for a wide range of applications, including food packaging, agricultural films,
biodegradable shopping bags, fast food packaging, and cereal containing boxes [5]. It is also
used in the personal and household care products such as shampoo bottles, soap dispensers, and
toothbrushes. In the medical products, PBAT is used as suture materials, wound dressings, and
other medical devices. However, PBAT also has some disadvantages such as high production
cost and too flexibility, which limits its applications. These disadvantages could be overcome by
the combination of PBAT with other polymers or low-cost fillers, e.g., natural fibers and
common minerals [6 - 8].

Gypsum has long been known to have many important applications in life, from
construction to medicine, art... Gypsum is mainly known as natural gypsum, the main chemical
component is calcium sulfate, an inorganic compound with the molecular formula CaSO,.2H0.
It is a white, gray or brown solid, hardness of about 2 - 2.5 on the Mohr hardness scale and
insoluble in water. It is also one of the commonly used fillers for many types of thermoplastics
due to its many good properties such as chemical resistance, heat resistance, good fire resistance,
especially low cost. Another advantage is that due to its high density, gypsum is used in the
manufacture of polymer composite materials to reduce shrinkage, improve tensile or impact
resistance and improve the gloss of the material [9,10].

Waste gypsum (WGS), a by-product of the process of producing nitrogen fertilizer from
apatite ore, contains the main chemical components such as 48 % CaS0,.2H,0, 21.64 %
Ca(OH),, 14.8 % CaCO0s, 5.82 % Ca0, 4.31 % SiO,, and other metal oxides [11]. With a large
residual acid content and huge residues, WGS has the high risk of polluting the environment and
water sources around the dumps [12]. Therefore, the effective treatment and utilization of WGS
not only solves environmental problems but also helps to effectively utilize these raw materials
[13]. Similar to gypsum, WGS has high heat resistance, fire resistance, abrasion resistance and
weather resistance, which makes the advantages as an additive for cement, concrete,
construction bricks, plastics and rubbers [12]. By the treatment and surface modification, WGS
could be used as a good filler for the gypsum-based polymer composites with various polymer
matrix such as polypropylene, polyethylene, polyvinyl chloride, epoxy... F. Ramos et al. [10]
used gypsum with contents of 50, 60 and 70 % mixed with molten recycled high-density
polyethylene (HDPE). The addition of WGS increased the crystallinity degree, thermal stability
and flammability of HDPE while HDPE acted as waterproofing of gypsum. Yordan D. Denev et
al. introduced 10 to 60 wt.% phosphogypsum (PG) into polyethylene at melting state to obtain
the composite owning high tensile strength and modulus strength [14]. High-density
polyethylene (HDPE)/phosphogypsum (PG) and polypropylene (PP)/PG composites were also
fabricated by using a twin screw extruder. The presence of PG improves the thermal stability
and increased significantly the Young’s modulus and tensile strength composites, but decreased
remarkably the impact strength and elongation at break of obtained composites [15]. M.
Dolezelova indicated that WGS improved water resistance of epoxy resin [16]. In previous
work, we also conducted the combination of WGS with various thermoplastics such as
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HDPE/EVA blend [17], HDPE [18], PP [19], polyvinylchloride (PVC) [20]. The experimental
results showed that the incorporation of WGS improved the processability, mechanical
properties, thermal properties and fire resistance of these composites.

With many efforts to create the green composite materials, blending WGS with some
biodegradable polymers has been conducted. M. Murariu et al. [21] have successfully
manufactured a polylactic acid (PLA)/gypsum material system using a plasticizer. The presence
of the plasticizer has improved the processability, increased the impact strength and
dispersibility of gypsum on the PLA matrix. In previous our work, we used ethylene bis
stearamide (EBS) as a surface modifier for WGS before dispersing into molten PLA. With the
introduction of 25% modified WGS, the Young’s modulus, tensile strength, and flexural strength
of biocomposites increased respective to 92.6; 37.3; and 13.3; 8.3 % as compared to modified
samples [22]. Recently, some preliminary studies on PBAT/gypsum composites have appeared.
T. W. Kong et al. used stearic acid (SA), polyethylene glycol (PEG), and malic acid (MA) to
modify the surface of waste gypsum to address them into PBAT [23,24]. The MA-treated
gypsum (MA-gypsum) showed the best performance, whereas SA-gypsum showed the worst
performance in the mechanical properties of obtained composites due to the presence of both —
OH and —COOH groups in MA, which is responsible for the superior surface treatment of
gypsum and its better dispersion in the polymer matrix [23]. Compared to calcium carbonate,
gypsum is more polarizable due to owning larger anion SO,* and CaCO; is more ionic whereas.
Hence, the dispersibility of gypsum in the PBAT matrix better than CaCO; [24]. However, the
number of studies on this material is still quite limited.

As known, the performances of polymer composites much depend by the dispersion,
interaction, and the interfacial adhesion between the filler and the polymer matrix [25-28].
Therefore, the surface modification of waste gypsum (WGS) has been carried out with various
organic compounds such as stearic acid, sodium dodecyl sulfate (SDS), malic acid, polyethylene
glycol (PEG), and malic acid (MA) before being mixed with the polymer. Ethylene bis
stearamide (EBS) was used for the surface modification of WGS in some previous works. There,
the presence of EBS was demonstrated through FTIR spectra and the surface modification with
EBS significantly improved the processability, dispersion and adhesion between WGS and the
polymer matrix, thereby improving some mechanical properties and thermal stability for the
composites [17,18,22]. However, the information on this modification still quite limited, and
EBS coating and/or grafting efficiency, the structural morphology before and after modification
as well as and the dispersion ability of the microparticles have not been mentioned.

Continuing to study this direction further, this study conducted some investigations on the
surface modification of WGS and the effects of EBS modified WGS on the processability,
structure morphology, mechanical and thermal stabilities as well as the hydrolysis of
PBAT/WGS green composite materials.

2. MATERIALS AND METHODS
2.1. Materials

Polybutylene adipate terephthalate (PBAT), commercial named @KB100, is produced by
polycondensation reaction, consisting of a copolyester of 1,4-butanediol, adipic acid and
terephthalate acid; white granulates with specific gravity 1.22 g/cm®, melting point 115 - 125 °C,
melt flow rate MFR 3.0 - 5.0 (g/10min, 190 °C 2.16 kg) and supplied by Zhuhai Kingfa
Biomaterial Co., Ltd. (China). WGS was taken from the waste dump at DAP Vinachem
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Company, Dinh Vu Industrial Park, Hai Phong, Vietnam. Ethylene bis stearamide (EBS) in
superfine form is a commercial product of Merck Company, with a purity of 99.8 %.

2.2. Waste gypsum treatment and modification

Waste gypsum treatment: Waste gypsum (WGS), from Dinh Vu DAP factory, was pre-
crushed, sieved with a sieve with a diameter of 125 micrometers to remove large particles and
impurities. This obtained WGS is called original WGS granules, which is denoted as 0-WGS.
Next, 0o-WGS is washed with water several times and the residual acid is neutralized with lime
water solution to neutral pH. Then, the gypsum is filtered, washed and dried for 12 hours at 110 °C.
After drying, the gypsum is crushed and sieved once again to obtain treated WGS granules,
which is denoted as t-WGS.

Surface modification of WGS: The surface modification of t-WGS with EBS was described
in some the previous work [17,18,22]. Briefly, t-WGS granules were premixed with 6 wt.% EBS
(compared to the mass of t-WGS), then the mixture was heated to 170 °C and kept for
15 minutes. During this time, EBS melted and then the surface of t-WGS was coated or
impregnated with EBS. The residual EBS was removed by Soxhlet with a mixture of ethanol:
water = 1:1 and finally, the modified gypsum (denoted as m-WGS) at 80 °C in a vacuum oven
until the constant mass.

2.3. Fabrication of PBAT/gypsum green composites

The mixtures of PBAT and original and/or modified WGS with the predetermined weight
ratios were melt mixed in the Haake Polylab OS Rheodrive 7 under 140 °C for 5 minutes with
the rotor speed kept at 50 rpm. The filling coefficient for the mixing chamber was 0.8. After
finishing the mixing, the molten sample was taken out and transferred into the Toyoseiki
instrument to be pressed into a flat sheet. Herein, this instrument was preheated at 140 °C and
the pressing pressure was 5 MPa. The sample after fabrication was kept at room temperature for
at least 24 hours before the characterization.

2.4. Characterizations

- Structural morphology analysis: Using scanning electron microscopy (SEM) images to
evaluate the changes in surface structure morphology of WGS before and after being treated and
modified with EBS as well as the changes in structural morphology of composites. SEM
measurements were captured by a JIMS-6510LV device from Jeol (Japan).

- Energy dispersive X-ray spectroscopy (EDS or EDX): This measurement was conducted
by the combination with JSSM- 6510LV instrument, using X-ray energy scattering probe, Oxford
Instruments (UK) to determine the distribution and elemental composition of materials. The
electron acceleration voltage was applied at 15 kV and the sample surfaces were coated with
platinum before testing.

- Thermogravimetric analysis (TGA): Thermogravimetry (TG) and derivative
thermogravimetry (DTG) was performed on a TGA 209F thermogravimetric analyzer, Nezsch
(Germany) with a heating rate of 10 °C/min, air environment, from 25 — 600 °C.

- Melt rheology properties: The experiment was conducted on a Thermo scientific (USA)
melt rheometer model Haake Polylab OS RheoDrive 7 with a closed mixing chamber, using two
rollers of mixing shafts according to ASTM D 2538 standard.
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- Tensile properties: The tensile strength, elongation and Young's modulus parameters of
the samples were performed on a Zwick Z2.5 instrument (Germany) at room temperature with a
tensile speed of 50 mm/min, according to ASTM D638 standard. Each type of sample was
determined at least 3 times to get the average values.

- Alkaline hydrolysis resistance: The hydrolysis of PBAT and composites was tested by
immersing 20 x 20 x 1 mm?® samples in 50 mL of NaOH 107 M aqueous solution (4 g/L). After
interval time, the samples were removed and washed with deionized water, then dried with
paper, and finally dried in a vacuum oven at 60 °C for 24 h. The hydrolysis was preliminarily
evaluated based on the weight loss over the immersion time and the SEM images of the samples.
The weight loss was calculated according to the following formula:

Weight loss = “’Ow;owt x 100 (1)

where, wy and w; is respective to the initial weight of the specimen and the weight of the
specimen after drying at immersing time t.

3. RESULTS AND DISCUSSION
3.1. Surface modification of waste gypsum by EBS

In this study, the improvement in the dispersion of WGS can be observed in Figure 1. With
the same weight dispersed in the same volume of ethanol and after 10 minutes of dispersion, it
can be seen that the 0o-WGS and the treated WGS had an obviously separation, the clearer
solution layer was on top and the precipitate layer gradually formed at the bottom of the glass
vial. Reversely, the WGS samples treated and modified with EBS (m-WGS) were still very
turbid with a fairly uniform color, and the formation of a precipitate layer at the bottom of the

vial was not observed yet.

EBS 6%

Treated EBS 4% Mmodificd WG
G WG modified WG

Figure 1. Dispersion in ethanol of WGS granules before and after treatment and modification with EBS
recorded after 10 minutes.

EDX analysis showed that the original sample had a fairly high organic content with an
initial C content of 14.6 wt.%. In addition, some elements mixed in the ore also appeared such as
Si, K, Al, F. After treatment and washing, these elements were almost removed. At the same
time, the C content decreased to 8.1 %; proving that the organic content was partially removed.
Thanks to that, the purity of CaSQO, increased, with the weight percentage of Ca element
changed from 14.3 % to 21.1%. It is noteworthy that for the modified WGS sample, the carbon
content increased from 8.1 to 13.3 wt%. This showed that EBS was present on the modified
WGS particle. However, the characteristic peak of the N element in the amide group, which
usually appears at 0.38 - 0.4 keV, was absent in the EDX spectrum, possibly due to overlap in
the peak of the O element (Figure 2).
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The EBS content coated on the surface of WGS granules can be determined by TGA.
Figure 3a displayed the TGA and DTG diagrams showing that the weight loss of o-WGS
happened through mainly one stage from room temperature to 160 °C with a weight loss of 6.87
% due to the evaporation of absorbed moisture and the dehydration reaction of gypsum as shown
in the reaction 2. The second stage was without the peak on DTG but appeared unobvious on
TGA diagram in the range from 200 °C to 700 °C with a very small mass loss (1.14 %). It may
be due to the release of the complete decomposition of impurities and was mainly caused by the
dehydration of gypsum when it converted into anhydrite as following:

CaS0,.2H,0 — CaS0,.0.5 H,0 + 1.5 H,0 (at 150 °C) 2

CaS0,.1/2H,0 — CaSO,+ 0.5 H,0 (> 150 °C) (3)

Figure 2. EDX patterns of the original (a), treated (b) and EBS-treated and modified (c) waste gypsum
samples.
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Figure 3. TG and DTG diagrams of (a) o-WGS and WGS maodified with (b) 3 wt%, (c) 5 wt%, and
(d) 7 wt% EBS.
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In the presence of EBS as a modifier, the weight loss of m-WGS occurred in the two or
three stages (Figures 3b, ¢ and d). The first stage (below 200 °C) was assigned to the dehydration
of gypsum as being calcined with the fewer weight loss compared to o-WGS. This was caused
by two main reasons: first, the modification process occurred at 170 °C, where the dehydration
happened partly following the reaction 2. Secondly, the modification resulted the EBS layers
coated on WGS surface granules, which limited the adsorption of moisture.

From 200 °C to 600 °C, in addition to the the separation of water from the conversion of
gypsum to anhydrite form as the reaction 2 and 3, the weight loss at this stage was mainly due to
the thermal decomposition of the organic components present in the m-WGS because almost
organic compounds decomposed when calcined to 500 °C. Therefore, it can be inferred that the
weight of EBS coated on the m-WGS is approximately determined as the difference between the
weight loss at this stage and 1.14%, which is weight loss caused by the release of the complete
decomposition of impurities and mainly the dehydration of o-WGS when converted into
anhydrite according to reactions 2 and 3 as afore mentioned. Since then, it is easy to determine
the EBS content and modification efficiency. With using 3, 5 and 7 wt.%, the EBS content
attached onto the WGS surface was in turn 1.14%; 4.47% and 4.06%, respective to the
modification efficiency reached to 38.0%; 89.4% and 58.0%. The content and efficiency of EBS
coating on the WGS surface depend on the size and structure of WGS, the feeding content of
EBS and especially the interaction between WGS and EBS. This interaction is mainly physical
interactions and adsorption occurring at the active sites of WGS surface and polar functional
groups on EBS. When the feeding EBS content is too high, the numbers of active sites were
blocked and the adsorption on the EBS surface became saturated. Then, increasing the input
content of EBS not only did not increase the content of EBS coated on the WGS surface but also
reduced the efficiency of the coating/modification process. These results showed that the highest
coating content and modification efficiency were obtained when using 5% EBS content and this
content was used for the further investigation.

The structural morphology of the three types of WGS including origin, treated and
modified with EBS, were observed on the SEM images in Figure 4. Figure 4a indicated that the
0-WGS granules consisted of crystalline plates or lamellas with sizes ranging from 10 to 20 um
stacked on top of each other and had a fairly smooth surface. After being treated and crushed,
WGS were separated into the smaller plates or lamellas with the sizes ranging from sub-micro to
about 4 um (Figure 4b). After being modified with EBS, the WGS granules were more separated
with the smaller and more uniform in size, from 5 to 10 um. Simultaneously, the surface of them
became more porous and rougher due to the appearance of a layer of loose material, which was
the EBS layer covered on the WGS surface.

522 A x2.000" - Sum

VS : SR S Figure
4. SEM images of (a) 0-WGS, (b) treated and crushed WGS, and (c) m-WGS at the same magnification of
3000x.
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3.2. Processability and performances of WGS/PBAT green composites
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3.2.1. Melt rheological properties

The melt rheological properties were shown through the melt torque-mixing time diagrams
of PBAT and its green composites with WGS. It can be seen that the shape of the torque-mixing
time diagrams of all samples was similar. The torque reached the maximum value immediately
after the material mixture was loaded and the mixing chamber was closed. Under the effect of
high temperature, the polymer melted and/or plasticated, causing the torque to gradually
decreased and reached a stable value after 3 minutes of mixing (Figure 5). Then, the polymer
completely plasticated and/or melted and mixed uniformly with WGS. After 5 minutes of
mixing, PBAT had a relatively low torque value of 10.2 Nm, showing that this polymer had high
flexibility. When 10 wt.% and 30 wt.% o-WGS were introduced, the steady-state torque of the
mixture remained almost unchanged in comparison to PBAT, with values of 9.7 Nm and 10.3
Nm, respectively. The difference was only clearly shown when using 0-WGS content up to 50
wt.%, the steady-state torque of this sample reached 15.1 Nm. That is, WGS is inorganic filler
with a fairly large granules size, which can hinder the motion of polymer macromolecular
chains, especially when the WGS content was larger. However, in fact, the torque values
unchanged significantly until 30 wt.% o0-WGS was added. This clearly proved that PBAT had
good blending ability with high filler contents. More interestingly, with the modification, the
torque of the composites was even significantly reduced compared to the samples using 0-WGS
(Figure 5b) with values of 6.6 Nm and 9.1 Nm when 10% and 30% m-WGS were added,
respectively. This was due to EBS acting as a lubricant, reducing the entanglement and friction
generated between the components and making the material processing easier [22].
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Figure 5. Melt torque-mixing time diagrams of PBAT and green composites containing various
WGS content.

3.2.2. Mechanical properties

Table 1 exhibited the Young's modulus, elongation at break and tensile strength values of
PBAT and composites. PBAT proved as a highly flexible and quite tough polymer with tensile
strength 32.69 MPa and elongation at break reached up to 1265%, while the Young's modulus
was quite low, only 15.32 MPa. With the introduction of WGS, both the € and ¢ values of PBAT
gradually decreased, while the Young's modulus gradually increased with the WGS content from
10 to 30 wt.%. However, when the WGS content increased to 40 wt.% and higher, all three
above parameters showed a sudden decrease. This was probably caused by the agglomeration of
WGS in the PBAT matrix. The samples using m-WGS had slightly increased mechanical
strength compared to the samples containing 0-WGS. It confirmed that EBS modification could
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improve the mechanical strength of composites due to the better dispersion, interaction and
adhesion of WGS with PBAT matrix.

Table 1. Young's modulus (E-Modulus), elongation at break () and tensile strength (o) of PBAT and
composites containing different 0-WGS and m-WGS contents.

PBAT/WGS 0-WGS m-WGS

weight ratios E—Ml\zgglus, g, % o, MPa E—Ml\zgglus, g, % o, MPa
100/0 15.32 1265 32.69 - - -
90/10 23.09 889 22.20 - - -
80/20 28.86 759 18.88 29.23 785 19.18
70/30 60.95 554 14.05 61.32 577 14.61
60/40 42.65 276 8.87 42.70 310 9.43
50/50 42.19 35 7.58 - - -

3.2.3. Structural morphology

Figure 6. SEM images of the cross-sectional surfaces of green composites containing (a, b) 30 wt.%
and (c, d) 40 wt.% WGS. Where, a and ¢ were samples using 0o-WGS, ¢ and d related to samples using
m-WGS.

The dispersion, interaction and adhesion between WGS and PBAT matrix can be observed
in the SEM images of the cross-sectional surfaces of the green composites. At lower content (30
wt.%), 0-WGS existed as the long rods and slabs, about 10 to 15 um, distributed fairly evenly in
the cross-sectional surface of the sample, however, the boundary between them and the resin
matrix was quite clear (Figure 6a). Such length was because 0-WGS was only treated without
being crushed and modified. When the content increased to 40 wt.%, the 0-WGS more locally
dispersed, there was a clear clustering of WGS rods and slabs into the bundles and clumps in the
PBAT matrix and the surface boundary between them and the matrix was clearly observed, even
there were the appearance micropores or micro-voids around the surface of WGS (Figure 6c¢).
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After the treatment and crushing process and especially the modification with EBS, the
SEM images in Figure 6b showed the dispersion of m-WGS became more uniformly and
without clear boundary between m-WGS and polymer matrix observed at the interface between
the two phases. This means that the dispersion of m-WGS was improved and they adhered well
to PBAT. Even when the content increased to 40 wt.%, although there was a certain local
agglomeration, however, m-WGS still quite well adhered to the resin matrix and without the
distinct boundary (Figure 6d). The good adhesion created a continuous structure of the
composites, which helped to evenly dissipate the external force onto the material, thus
improving the mechanical strength. Reversely, without being crushed and surface unmodified,
the dispersion and especially the adhesion between the 0-WGS and PBAT matrix were not
improved, there was a clear separation between two these phases with micro-voids appeared at
the interface. Thus, the external force onto the material concentrated locally, causing rapid
destruction of the samples. This was clearly demonstrated by the sudden decrease in mechanical
strength of the composites samples at high 0-WGS contents as described above section.

3.2.4. Thermal stability

According to the results of tensile testing and SEM image analysis, it can be seen that the
composites containing 30 % WGS have quite high elongation and tensile strength greater than
10 MPa. This material can meet the mechanical requirements in many applications. Therefore,
other characteristics of this material will be studied further, such as thermal stability, chemical
resistance.
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Figure 7. TG and DTG diagrams of PBAT and green composites containing 30 wt.% o0-WGS
(PBAT/30 0-WGS) and EBS-modified WGS (PBAT/ 30 m-WGS).

Figure 7 displayed the TG and DTG diagrams of PBAT and composites containing 30%
WGS. It is observed that all above curves had similar shapes with a major weight loss found in
the range from 340 to 450 °C. The sharp and strong intense peaks shown in the DTG diagrams
indicating that the weight loss of PBAT and the composites occurred very quickly. The weight
loss of PBAT was caused by the thermal oxidation decomposition of this polymer. While the
weight loss of the composites was contributed by the evaporation of adsorbed moisture, the
dehydration due to the transformation of gypsum to anhydrites beside the thermal oxidation
decomposition of PBAT. This is most evident in the 0-WGS composites. Due to the untreated
and surface unmodified, the sample adsorbed a lot of water, causing the sample to lose the
weight very early. Below 160 °C, the weight loss was about 3.4 wt.%. At the stage from 160 to
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340 °C, the composites containing 0-WGS continued to lose the weight due to the dehydration of
gypsum into anhydrite form. Such the evaporation and dehydration formed thermally conductive
microchannels and the penetration of oxygen, which could stimulate the thermal decomposition
process of PBAT.

Table 2 indicated that the beginning decomposition temperature (T,) of the o-WGS
composite occurred at 345.2 °C, which was earlier than that of PBAT at 347.1 °C. The
maximum decomposition temperature (Tm.) and the temperatures with the same weight loss
occurred were also lower than those of PBAT. All these parameters indicate that the 0-WGS
composites had lower thermal stability than PBAT. In contrast, with the introduction of m-WGS,
the obtained m-WGS composite had higher thermal stability than PBAT and another composite,
as shown by the significantly higher T,, Tma and the same weight loss occurred at higher
temperature compared to the other samples. This was due to three main reasons. Firstly, the EBS
modification process was carried out at 170 °C, above the temperature at which the dehydration
in the gypsum structure occurred as shown by the reaction (2) and (3). Secondly, with a
relatively hydrophobic organic covered layer, the moisture content adsorbed on the composites
was reduced, and finally, the EBS organic layers improved the dispersion, interaction and
adhesion of m-WGS to the PBAT matrix. Therefore, the finer structure was resulted and
retarded the decomposition of the composite materials. Moreover, the WGS lamellas with high
thermal stability could play a role in heat shielding, helping to protect and prevent the thermal
oxidation decomposition process of PBAT.

Table 2. TG and DTG characteristics of PBAT and its biocomposites containing 30 wt.% of 0-WGS
(PBAT/30 0-WGS) and m-WGS (PBAT/ 30 m-WGS)

0 0 Temperature causing the same weight loss, °C
Samples To C o T © 2007 20% | 60% 80 %
PBAT 347.1 408.1 392.1 403.0 411.1 421.0
PBAT/30 0-WGS 345.2 407.3 386.8 400.7 410.6 424.5
PBAT/30 m-WGS 349.6 411.7 393.6 407.6 418.2 554.7

3.2.5. Hydrolysis of biocomposites

Hydrolysis of PBAT and biocomposites containing 30 % WGS was performed in dilute
alkaline solution (10 M NaOH solution) to evaluate the hydrolysis resistance of these materials.
Thereby, the effect of surface modification on the adhesion between m-WGS and PBAT matrix
was clarified. Figure 8 showed that all material samples lost the weight and the weight loss
increased gradually with immersion time. Compared with PBAT, 0-WGS composites lost more
much the weight under the same time conditions. On the contrary, m-WGS composites lost less
the weight than the other two samples. After 9 days of immersion in 102 M NaOH solution, the
weight loss of PBAT and 0-WGS and m-WGS composites was 14.85 %; 18.22 % and 8.25 %,
respectively. The weight loss occurred due to during the immersion process in alkaline solution,
PBAT was hydrolyzed because this is a polyester with a large number of ester functional groups.
There are three different types of ester linkages within the carbon backbone of PBAT chains,
meaning that hydrolysis can occur at three different positions with the different mechanisms. Q.
Deshoulles et al. indicated that, the hydrolytic reaction took place on the ester located between
the terephthalate and adipate groups firstly; then, for higher levels of degradation the ester
situated in the adipate group would also react with water [29]. The hydrolytic reactions of PBAT
were found more quickly in the presence of acid or alkaline as catalysts [30]. When being
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hydrolyzed continuously, the ester linkages were broken and formed the low molecular weight
organic compounds, which were soluble in water, thus causing the weight loss of material.
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Figure 9. SEM images of the surface of PBAT and its composites before and after 7 days of immersion in
10 M NaOH solution.

During the hydrolysis process, the partially separation and dissolution of soluble organic
compounds, thus leading the formation of micro-voids or eroded sites. This was shown in the
SEM images of the surface of PBAT and its composites before and after 7 days of immersion in
10 M NaOH solution. The initial surfaces of these materials were quite smooth. After 7 days of
immersion in alkaline solution, the surfaces of PBAT and 0-WGS composites showed large
corrosion cavities, while the density of cavities on the surfaces of m-WGS composites were
quite fewer with the smaller size (Figure 9). This once again confirms that thanks to the surface
modification by EBS, WGS granules interacted and adhered better with the PBAT matrix. These
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interactions could be electrostatic interactions, hydrogen bonds or dipole interactions between
amide and ester functional groups presenting in the material [23, 24]. This created a tight and
uniform structure, thereby improving the mechanical properties, thermal stability and hydrolysis
resistance of the material.

4. CONCLUSIONS

By changing the EBS content and using EDX, TGA and SEM analysis methods, WGS
granules were successfully modified with the suitable EBS content of 5 wt.%. The EBS content
attached onto the WGS surface reached 4.47 wt.% with the modification efficiency 89.40%.
After being modified, an organic coating appeared on the WGS surface, thereby improving the
processability, dispersion and adhesion of WGS to the PBAT matrix. Compared with the green
composites using the original WGS, the green composites using the modified WGS had better
mechanical strength, thermal stability and hydrolysis resistance, and even its thermal stability
and hydrolysis resistance were better than PBAT. This material promises to have many potential
applications and would further investigate in the near future.
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