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Wet blue leather is a waste produced by the leather industry. It is a difficult waste product to dispose of, and if not disposed of
properly, it will affect the environment and cause toxicity. Therefore, recycling was considered as an alternative to waste
disposal. In this study, polymer composites were prepared from two types of polymers, poly(butylene adipate-co-terephthalate)
(PBAT) and poly(butylene succinate) (PBS), and wet blue leather (WBL). A twin screw extruder and injection molding were
used to prepare the composites. The effect of polymer type and WBL content (5, 10, and 15wt%) on mechanical properties,
thermal properties, flammability, MFI, water absorption, and morphology was investigated. All the polymer composites
showed an increase in tensile and flexural strength, Young’s modulus, and water absorption but decreased in elongation at
break, impact strength, and flammability compared to neat polymers.

1. Introduction

The leather industry is one of the largest in the world. Cur-
rently, approximately 1.7 billion m* of leather are produced
worldwide with a market price of around 34 billion euros
[1]. The natural properties of leather are flexibility and dura-
bility, but it has a limitation in its susceptibility to rotten-
ness. To overcome this problem, the leather must undergo
a tanning process before being used. Leather is used for
different purposes including clothing (hats, jackets, skirts,
trousers, and belts), footwear, bookbinding, wall covering,
and furniture covering [2]. However, the tanning process is
a high-emission sector which generates waste during pro-
cessing. The waste consists of leftover scraps of leather
cuttings produced during the manufacture of leather prod-
ucts [3]. About 30% of the solid waste in the tanning process
consists of wet blue leather (WBL) formed by the first step of
the tanning process (Figure 1) which contains chromium
deriving from the chromium salts used as tanning agents [1].

Most of the tanning agents used in the tanning process
are chromium (III) sulfate. The tanning agent interacts with
the triple helix of the collagen, giving it leather-specific char-
acteristics and, above all, stability [4]. However, residue
management from the tanning process has become a major
problem in society, especially the solid residue with potential
chrome toxic effects. For years, this solid waste has been
discharged into landfills or incinerated. This alternative is
no longer sustainable because it involves larger environmen-
tal issues such as soil, water, and air pollution [5]. Chro-
mium (III) used in the process can cause oxidase to toxic
chromium (VI) which poses a threat to human health and
the ecological environment. Hence, the way to effectively
deal with WBL remains the main concern. One solution to
this problem is to combine waste leather as a filler in a poly-
mer matrix as a revolutionary alternative tannery waste
management solution. Ambone et al. [6] have prepared an
ecobiological composite using waste leather (WLB) as a filler
in a polylactic acid (PLA) matrix as a low-cost ecofriendly
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FIGURE 1: General chart of leather tanning processing.

product material. Liu et al. [4] reported on the green fabrica-
tion of leather solid waste (LSW)/thermoplastic polyure-
thane (TPU) composites. The LSW was prepared by a
solid-state shear milling (S°M) equipment. Xia et al. [2] have
prepared cellulose/WLB composite films by a simple regen-
eration method. Nanni et al. [1] studied the thermomechani-
cal and morphological properties of polymer composites
reinforced with wet blue leather waste, by comparing the poly-
mer matrices such as polyamide 12 (PA12), PLA, TPU, and
thermoplastic elastomer (TPE). Ambftosio et al. [7] developed
poly(vinyl butyral) (PVB)/wet blue leather fiber with leather
contents of 30, 50, and 70 wt%, using a single screw extruder.

Biopolymers are widely used as substitutes for
petroleum-based polymers to eliminate problems associated
with both the removal of large amounts of waste and taking
a long time to decompose. Therefore, more environmentally
friendly biodegradable polymers are used instead [8-11]
such as PLA, poly(butylene adipate-co-terephthalate)
(PBAT), and poly(butylene succinate) (PBS). PBS is one of
the most promising aliphatic polyesters, because it has good
processability, thermal properties, and biodegradability.
However, it is still limited by poor mechanical properties
[10, 12, 13]. Blending with another polymer is a better solu-
tion. PBAT is a flexible aromatic aliphatic biodegradable
copolyester and an ideal blending component for brittle bio-
plastics [8]. With the help of enzymes naturally present in
fertile soil, it can fully decompose in a matter of weeks.
Due to these outstanding properties, PBAT is a polymer
used to replace non-biodegradable polymers in many indus-
tries such as food packaging, garbage bags, grocery bags, and
agricultural film [9, 14, 15].

To enhance the properties of materials without additives,
Kuang et al. [16] used a pressure-driven flow treatment for
PLA toughening. With the PLA in-house preparation in
the form of powders and stretching flow by compression,
this postprocessing exhibited better mechanical properties
and heat resistance. This method also enhanced the proper-
ties of PLA/PBAT by induced hierarchical orientation [17].

The current study aims at comparing two biodegrad-
able polymer matrices, PBAT and PBS, incorporated with
WLB contents of 5, 10, and 15wt% using a twin screw
extruder for melt mixing and injection molding for spec-
imen preparation. The developed composites were tested
for their mechanical and rheological properties, thermal
stability, water absorption, and biodegradation properties
to determine the possibility of using WBL with biode-
gradable polymers.
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2. Experimental

2.1.  Materials. Poly(butylene adipate-co-terephthalate)
(PBAT, Ecoflex F Blend C1200) with a melt flow index of
2.7-49¢/10min (190°C, 2.16kg) was purchased from BASF
Chemical Company. Poly(butylene succinate) (PBS, FZ91PM)
with a melt flow index of 5g/10 min (190°C, 2.16 kg) was pur-
chased from PTT MCC Biochem Co., Ltd. Wet blue leather
(WBL) was provided by Kongsiri Tannery Co., Ltd.

2.2. Preparation of PBAT/WBL and PBS/WBL Composites.
The WBL was selected through 40 mesh sieves and dried
in a hot air oven at 80°C overnight before use. Prior to the
extrusion process, PBAT or PBS pellets were dried in a hot
air oven at 60°C for 6h to remove moisture. Then, the two
materials were mechanically mixed in a solid state. The
ratios of the PBAT/WBL and PBS/WBL were as follows:
100/0, 95/5, 90/10, and 85/15 wt% ratios. The composites
were prepared by a twin screw extruder (Brabender, PL-
2100, Germany) with a screw speed of 40 rpm. The temper-
ature profiles along the extruder barrel were 130, 135, 145,
150, and 145°C. The composite pellets were dried in a hot
air oven at 60°C for 6h before use. Injection molding was
carried out with an injection machine (Nissei, PS40E5ASE,
Japan) with an injection temperature of 160-175°C to obtain
dumbbell and bar specimens for testing.

2.3. Characterization and Testing

2.3.1. Mechanical Properties. The tensile properties of the
composites were measured according to ASTM D638 using
a universal testing machine (UTM, Instron, USA) with a
crosshead speed of 10 mm/min, an extensometer with a
gauge length of 115cm, and a load cell of 5kN.

The impact strength of the sample was measured accord-
ing to ASTM D256 using the Izod impact testing with a pen-
dulum impact tester (Instron, 9050 manual model, USA). A
pendulum size of 2.757] at 3.45 m/s was used for the test.

Flexural tests were performed according to ASTM D790
using a universal testing machine (UTM, Instron, USA)
under the three-point bending mode with a load cell of
5kN, a crosshead speed of 1.7 mm/min, and a support span
length of 100 mm.

2.3.2. Thermal Properties. The heat deflection temperature
(HDT) of the samples was determined as the temperature
at which 0.25mm bending takes place for edgewise speci-
mens in a silicone oil bath with a load of 125g according
to ASTM D648 using a DTUL/Vicat tester (Atlas, HDV 1,
USA). The samples were initially at 30°C for 5min and then
heated at a rate of 120°C/h.

Thermogravimetric analysis (TGA) measurement was
performed under a nitrogen atmosphere using a thermogra-
vimetric analyzer (Mettler Toledo, TGA/DSC1, USA).
Samples at about 5-10 mg were tested from 50°C to 600°C
with a heating rate of 10°C/min.

The glass transition temperature of the samples was
determined by a differential scanning calorimeter (DSC)
(Netzsch, DSC 3500 Sirius, Germany). Samples of about 5-
10 mg were tested under a nitrogen atmosphere at a heating
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TaBLE 1: Mechanical properties of neat PBAT, neat PBS, PBAT/WBL composites, and PBS/WBL composites.

Sample Tensile strength

Young’s modulus

Elongation at

Flexural strength

Flexural modulus

Impact strength

(MPa) (MPa) break (%) (MPa) (MPa) (kJ-m™)

Neat PBAT 17.6 £0.7 88.3+2.9 Did not break 3.4+0.0 360 + 35 Did not break
PBAT_ 16.8+0.2 97.7+7.6 449+ 13 3.840.0 391475 Did not break
5WBL
PBAT .

- 5+0. + + 9+0. +
1OWBL 155+0.4 131 +6 359+5 49+0.0 467 +27 Did not break
PBAT .

- 0+0. + + 1+0. +
15WBL 15.0+0.1 170+ 5 303+3 6.1+0.3 534 £ 50 Did not break
Neat PBS 36.7+0.7 597 +13 57.5+2.0 21.2+0.1 569 + 30 7.6+0.7
PBS_5WBL 35.9+0.5 684 +22 15.5+0.1 26.2+0.3 621 £51 6.2+0.3
PBS_ 345+0.1 749+ 3 15.5+0.7 28.6+3.7 743 £ 63 6.1+0.5
10WBL
PBS_ 32.3+0.1 821 +21 9.3+0.2 293+0.5 779 + 31 5.5+0.6
15WBL
rate of 5°C/min. The samples were first heated from -50°C M2 - M1

P WAR(%) = ———— x 100, 2)

to 200°C, held there for 3 min to erase the thermal history,
and then cooled to -50°C and reheated to 200°C. The
degree of crystallinity of the samples was calculated using
the following equation: [18]

H
%)= ———"— x100%, 1
xC( 0) AH:n(l—g) X o ( )

where xc is the degree of crystallinity, AH,, is the melting
enthalpy (J/g) of the sample, AH o is the enthalpy of melt-
ing for 100% crystalline with a PBAT at 114]/g or PBS at
110.5]/g [19, 20], and & is the weight fraction of WBL in
the composites.

2.3.3. Flame Resistance. UL-94 vertical burning tests were
performed according to ASTM D3801 by UL 94 Chamber
(Fire Testing Technology, UK). The specimens used were
of dimensions 125mm x 13 mm x 3 mm. Five specimens
were subjected to two flame applications of 10s each. The
after-flame and afterglow times were measured, and the
eventual cotton ignition by flaming drops was recorded.

2.3.4. Limiting Oxygen Index (LOI). The LOI of each sample
was measured according to ASTM D2863 by a limiting oxy-
gen index tester (Fire Testing Technology, UK). The speci-
mens used were of dimensions 130 mm x 6.5 mm x 3 mm.

2.3.5. Melt Flow Index. The melt flow index (MFI) was mea-
sured at 190°C and 2.160kg, according to ASTM D1238
using a melt flow indexer (Kayeness, D4004, USA).

2.3.6. Moisture Absorption. The samples were dried at 60°C
for 12h to remove the moisture before testing and then
immersed in deionized water at room temperature to deter-
mine their water absorption within 90 days. After removing
the unbound moisture on the surface, the samples were
weighed on a balance scale. The water absorption rate
(WAR) was calculated using the following equation:

where M1 and M2 represent the mass of the sample before
immersion and after immersion (g), respectively.

2.3.7. Morphology. The morphology of the samples was stud-
ied using a scanning electron microscope (SEM) (JEOL,
NeoScope JCM-5000, Japan) in a high vacuum mode at a
10kV accelerating voltage. Samples were fractured by liquid
nitrogen and sputter-coated with gold before examination
with SEM.

2.3.8. Biodegradation Test. The effective microorganisms
(EM) were diluted by DI water with a ratio of EM 1L:DI
water 5L. The dumbbell-shaped and square-shaped speci-
mens prepared from all composites were separated and
immersed in EM at room temperature within 90 days. After
removing and washing, the specimens were dried at 60°C for
12h to remove the moisture. Five dumbbell-shaped or
square-shaped specimens were used in tensile testing or
impact testing, using the same conditions as before.

3. Results and Discussion
3.1. Mechanical Properties

3.1.1. Tensile Properties of Control and after Biodegradation
Test. Control specimens of neat PBAT, neat PBS, PBAT/
WBL composites, and PBS/WBL composites reported tensile
strength, elongation at break, and Young’s modulus in
Table 1 and Figure 2. The tensile strength values of neat
PBAT and neat PBS were 17.6 and 36.7 MPa, respectively.
Neat PBS showed a higher tensile strength than neat PBAT.
The addition of WBL to the matrix leads to a decrease in the
tensile strength of PBAT and PBS composites. This is attrib-
uted to a stress concentration and poor interaction between
the matrix and WBL filler [6, 7, 14, 19]. As shown in
Figure 2(e), neat PBAT had the highest elongation at break
compared to the other composites due to PBAT specimens
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at break.
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TABLE 2: Mechanical properties of neat PBAT, neat PBS, PBAT/WBL composites, and PBS/WBL composites after the biodegradation test.

Sample Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%) Impact strength (kJ-m™)
Neat PBAT 159+0.6 87+3 479+ 1 Did not break
PBAT_5WBL 14.2+0.6 110+ 6 454 + 37 Did not break
PBAT_10WBL 11.8+0.3 133+6 268 + 18 Did not break
PBAT_15WBL 11.0 + 0.4 162+5 129 +23 26.8+0.7
Neat PBS 40.6+1.1 630 + 40 153+2.4 39407
PBS_5WBL 40.2+1.9 725+ 28 10.8£0.3 5.6+0.6
PBS_10WBL 36.3+ 1.4 802 + 50 8.7+0.1 45403
PBS_15WBL 33.2+0.1 858 + 25 7.0£0.2 3.84+0.2
7 800
6 } L 700
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F1GURE 3: Flexural properties of (a) PBAT composites and (b) PBS composites.



Advances in Polymer Technology

9
8 -
&
g 74
=
<)
=
W 6
=]
g
>
EREE
j="
E
4
34

Neat PBS

—=— Control

—e— After biodegradation

T T
PBS_5WBL PBS_10WBL PBS_I5WBL

FIGURE 4: Impact strength of neat PBS and PBS/WBL composites.

120

100 +
o
[
E 80
<
g
&
g
s 60
=
i<l
=
]
5 40
g
jan)

20

0
PBAT_WBL
[ Neat
E 5WBL

93%0%

0
K,
RRLLRRLRLRRRLKS

QRS

00000:000000000

ZRRRRRLELLLEELLLLIKKLK

::
::
X

KK

XXX
SREEE

RRLLKRKRS

8
o
25

5
2

02
5

PBS_WBL

B 10WBL
[ 15WBL

FiGURE 5: The heat deflection temperature of neat PBAT, neat PBS, PBAT/WBL composites, and PBS/WBL composites.

not breaking under 500% elongation. The elongation at
break value of neat PBS was 57%. The elongation at break
of polymer composites decreases significantly with increas-
ing WBL content. From the results, it appears that the
WBL hindered the mobility of the polymer chains leading
to a reduction of the elongation at break for composites [4,
22]. On the other hand, the neat PBAT and neat PBS have
shown Young’s modulus of 88.3 and 63.9 MPa, respectively.
The increasing WBL content leads to an increase in Young’s
modulus for the polymer composites because the stiffness of
the WBL effectively reduces the movement within the
polymer and hence enhances the rigidity of the polymer
composites [7, 14, 23, 24].

The tensile properties of the neat PBAT, neat PBS, and
composites after biodegradation are shown in Table 2 and

illustrated in Figure 2. The tensile strength of PBAT and
their composites after biodegradation in Figure 2(a) was
decreased, but their Young’s modulus in Figure 2(c)
remains to have no significant change. In contrast, PBS
and their composites after biodegradation slightly increase
the tensile strength and Young’s modulus as shown in
Figures 2(b) and 2(d), respectively. Elongation at break
of all samples after biodegradation showed the same
decreasing trend. In summary, the biodegradation affected
the deterioration of the biodegradable matrixes as clearly
seen in the reduction of elongation at break. The increase
in tensile strength and Young’s modulus of neat PBS and
their composites might be due to annealing during drying
in the hot air oven at 60°C for 12h after cleaning the bio-
degradation samples.



Advances in Polymer Technology 7
= =
20 o
L) L’
z =
1(')0 2(')0 360 460 5('JO 600 160 260 3(')0 4(')0 560 600
Temperature (°C) Temperature (°C)
~~~~~~~~~ Neat PBAT —— PBAT_10WBL -~ Neat PBS —— PBS_10WBL
—— WBL —— PBAT_15WBL —— WBL —— PBS_15WBL
—— PBAT_5WBL —— PBS_5WBL
() (b)
0.000 0.000
g‘)\ —-0.005 - ;G —-0.005 -
& _0.010 £ _0.010
= =
) ]
e -0.015 1 T -0.015
3 ]
-0.020 - -0.020 -
-0.025 . . . . . -0.025 . . . . .
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
~~~~~~~~~ Neat PBAT —— PBAT_10WBL -~ Neat PBS —— PBS_10WBL
—— WBL —— PBAT_15WBL —— WBL —— PBS_15WBL
—— PBAT_5WBL —— PBS_5WBL
(©) (d)
FiGure 6: The TG and DTG curves of neat PBAT, neat PBS, WBL, PBAT/WBL composites, and PBS/WBL composites.
TaBLE 3: Thermal degradation of neat PBAT, PBAT/WBL composites, neat PBS, and PBS/WBL composites.
Sample T, (C) T, (°C) T, (°C) Residue (%)
58 81 110 79.4
WBL
304 323 371 31.3
Neat PBAT 373 404 430 2.2
PBAT_5WBL 372 402 429 4.9
PBAT_10WBL 368 400 425 7.6
PBAT_15WBL 365 399 424 12.2
Neat PBS 359 402 429 0.0
PBS_5WBL 355 398 427 4.1
PBS_10WBL 353 395 423 6.7
PBS_15WBL 351 394 421 8.3

Flexural strength represents the maximum stress exerted
within a material at rupture. Figure 3 shows the flexural
strength of polymer composites. The WBL enhances the
flexural strength of PBAT/WBL composites and PBS/WBL
composites from 3.4 to 6.1 MPa and 21.2 to 29.3 MPa, respec-
tively, as the WBL loading is increased from 5 wt% to 15 wt%.

As a result, the addition of WBL significantly improved the
flexural strength. Meanwhile, the flexural modulus of PBAT/
WBL composites and PBS/WBL composites increased from
360 to 534 MPa and 569 to 779 MPa, respectively, as the load-
ing of WBL increased from 5 wt% to 15 wt%. This is due to the
high stiffness of the fibers compared to the matrices [25-27].
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F1GURE 7: The DSC thermogram of composites: (a) the second heating of PBAT composites, (b) cooling of PBAT composites, (c) the second
heating of PBS composites, and (d) cooling of PBS composites.

TaBLE 4: The thermal properties of neat PBAT, PBAT/WBL composites, neat PBS, and PBS/WBL composites.

Sample T, (C) T, (C) AH,,, (//g) T, (O) AH,,, (/9) x. (%) T, (C)
Neat PBAT -32 121 10.1 — — 8.9 73
PBAT_5WBL -31 122 10.9 — — 10.1 74
PBAT_10WBL -31 121 9.5 — — 9.3 75
PBAT_15WBL -31 123 7.7 — — 7.9 80
Neat PBS — 107 6.2 115 33.8 36.2 90
PBS_5WBL — 106 5.0 115 38.1 41.1 920
PBS_10WBL — 106 4.3 115 31.5 36.0 89
PBS_15WBL — 108 29 116 25.7 304 90

TaBLE 5: The flame resistance properties of neat PBAT, PBAT/

This finding suggests that WBL fiber influences flexural WBL composites, neat PBS, and PBS/WBL composites.

strength. In summary, a significant increase in the flexural
strength of the composites was observed. Sample UL-94 LOI (%02)

Neat PBAT V-1 23.1

3.1.2. Impact Strength. The Izod impact strength of control

, : ength PBAT_5WBL V-1 228
and after—de.gradatlon samples is summarized in Tables 1 PBAT 10WBL V-1 20.0

and 2 and Figure 4. The impact strength of neat PBAT and
. PBAT_15WBL V-2 19.9

PBAT/WBL composites shows no value because the samples
. . . 7 Neat PBS V-1 24.2

were not broken during the impact test, which exhibited the
i . . PBS_5WBL V-1 23.2
qualities of a flexible polymer. On the other hand, the impact PBS 10WBL Vo1 0.0

strength of neat PBS was 7.6kJ-m™>. WBL reduced the - ! :

PBS_15WBL V-1 19.9

impact strength of PBS/WBL composites from 6.2kJ-m™ to
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55kI'm™ as the loading of WBL increased from 5wt% to
15wt%. The decreasing behavior is mainly due to the inher-
ent rigidity of WBL that physically restricts the mobility of
the polymer chain and incompatibility between matrix and
filler [28-31], as can be observed by SEM micrographs. After
a degradation test, the impact strength of all composites

tended to decrease. Even though the control PBAT_
15WBL specimens did not break, they did break after bio-
degradation with an impact strength of 26.8 +0.7kJ-m™. It
can be concluded that both PBAT and PBS degrade in EM
within 90 days. PBS composites showed biodegrade retarda-
tion at 5wt% WBL based on its retention.
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F1GURE 12: SEM micrographs (50x) of PBS/WBL composites (a) neat PBS, (b) PBS_5WBL, (c) PBS_10WBL, and (d) PBS_15WBL.

3.2. Thermal Properties

3.2.1. HDT. The heat resistance of composites was determined
by heat deflection temperature (HDT). The HDT values of the
samples are presented in Figure 5. As can be seen in Figure 5,
the HDT value of neat PBS was 85.4°C higher than neat PBAT
which was at about 48.5°C. The HDT values of the PBS/WBL
composites were slightly reduced when the WBL loading
increased. The HDT value of PBS_15WBL was 78.2°C lower
than neat PBS which was at about 7.2°C. Meanwhile, the
HDT of the PBAT/WBL composites did not change signifi-
cantly in comparison with neat PBAT. The addition of WBL
from 5wt% to 15wt% led to HDT values changing from
48.5°C to 51.3°C. From the results, adding WBL did not
increase the heat resistance of the composites.

3.2.2. TGA. Thermal degradation and thermal stability are
important parameters for polymeric materials because they
can be limiting factors in processing as well as for end-of-
use applications.

The TG and DTG curves of neat PBAT, PBAT/WBL
composites, neat PBS, and PBS/WBL composites were inves-
tigated using thermogravimetric analysis (TGA) as shown in
Figure 6. The onset temperature (T,), decomposition tem-
perature (T';), endset temperature (T',), and residue (%) of
neat PBAT, neat PBS, and polymer composites are listed in
Table 3. WBL shows two stages of weight loss. The first
degradation stage at around 100°C was related to the dehy-
dration of the WBL [2, 4, 7]. The main degradation stage
is between 304°C and 371°C due to the weight loss in the
leather’s protein [2, 7]. After 371°C, the weight loss contin-
ued gradually up to 600°C. The yield residue of WBL is at
about 31.3%. Meanwhile, neat PBAT, neat PBS, PBAT/
WBL composites, and PBS/WBL composites show one stage
of weight loss between 351°C and 430°C. The onset temper-
ature of neat PBAT and neat PBS is 373°C and 359°C,
respectively. When WBL was added, the T,, T, and T, of
the polymer composites were reduced with an increasing
amount of WBL. For neat PBS, no residue remained at the
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FIGURE 13: SEM micrographs (200x) of PBAT/WBL composites (a) neat PBAT, (b) PBAT_5WBL, (c) PBAT_10WBL, and (d) PBAT_15WBL.

end. From the results, the residue of polymer composites
was higher than for neat polymers.

3.2.3. The Thermal Properties. The thermal properties of
neat PBAT, neat PBS, PBAT/WBL composites, and PBS/
WBL composites were investigated by using DSC and
reported in Figure 7. The glass transition temperature (T,),
melting temperature (T,,), cooling temperature (T',), and
degree of crystallization (y,) are reported in Table 4. Neat
PBAT gave a T, T, and T, of -32°C, 121°C, and 73°C,
respectively. The addition of WBL into PBAT did not affect
Tg, T, and T. The PBAT_5WBL exhibited a degree of
crystallinity of 10.1% which is higher than that of neat
PBAT, indicating the ability of WBL to work as a nucleating
agent for PBAT [1]. Meanwhile, adding WBL content of 10
and 15wt% leads to a decreased degree of crystallinity of
9.3% and 7.9%, respectively, indicating that WBL impedes
the crystallization of the polymer. Neat PBS gave T,,;, T,

ml>

and T, of 107°C, 115°C, and 90°C, respectively. The addition
of WBL into PBS led to no significant difference in T, and
T.. The degree of crystallinity of neat PBS is 36.4%. Increas-
ing the WBL content to 5wt% leads to an increase in the
degree of crystallinity up to 41.2%. On the other hand,
PBS_10WBL and PBS_15WBL show a lower degree of
crystallinity than neat PBS. The T, of PBS does not show
up in the results. Adding WBL only causes an increase in
the crystallinity values.

3.3. Flammability. The LOI and UL 94 of the composites
were also tested to observe the effect of WBL on the compos-
ites. Table 5 shows the LOI values and UL 94 vertical burn-
ing grades of the composites. The LOI values of the neat
PBAT and neat PBS were 23.1% and 24.2%, respectively,
with a V-1 rating. When WBL loading increases from
5wt% to 15 wt%, the LOI values of the PBAT/WBL compos-
ites and PBS/WBL composites were reduced to 19.9%. The
UL 94 test of PBAT_15WBL showed a reduced rating from
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FIGURE 14: SEM micrographs (200x) of PBS/WBL composites (a) neat PBS, (b) PBS_5WBL, (c¢) PBS_10WBL, and (d) PBS_15WBL.

V-1to V-2. As a result, the LOI values of all composites were
approximately the same. This indicates that WBL did not
improve the flame resistance of the composites.

3.4. Melt Flow Index. The MFI represents the flowability of
the polymer melt under heat and pressure which indicates
the viscosity of the polymer melt. The MFI of neat PBAT,
neat PBS, and their composites was illustrated in Figure 8.
The MFI of neat PBAT was 10.9g-10 min!. The addi-
tion of WBL loading from 5wt% to 15wt% leads to MFI
values changing from 7.9g-10 min™! to 6.1g-10 min™".
This indicates that the MFI decreases when adding WBL
to the composites due to the fiber inherent in the mobility
of the polymer chain in the melt state [32, 33], whereas
the MFI value of neat PBS was 11.0g- 10 min™'. Adding
WBL into the composites leads to MFI values improving
from 14.5g-10 min™' to 15.5g-10 min~', while WBL
loading increased from 5wt% to 15wt%. The MFI values

increased after adding WBL due to the lubricating effect
of the fiber on the polymer chain [30].

3.5. Water Absorption. The water absorption of the compos-
ites was also tested and is shown in Figure 9. For neat PBAT
and neat PBS, water was absorbed during the first stage and
then reached the saturated point after 2 days. The maximum
water absorption was 0.7%, indicating that the polymer
matrix had no water uptake. The water absorption of PBAT
with 5wt%, 10 wt%, and 15 wt% at 90 days was 3.3%, 8.9%,
and 11.4%, respectively. The water absorption of PBS with
5wt%, 10 wt%, and 15wt% at 90 days was 3.6%, 3.9%, and
4.7%, respectively. From the results, the maximum water
absorption of PBAT/WBL composites is higher than PBS/
WBL composites. In PBAT/WBL composites and PBS/
WBL composites, an increase in water absorption with an
increase in WBL content was attributed to collagen, the
main structure of WBL which has hydrophilic hydroxyl
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groups that allow hydrogen bond interactions with water
molecules [4, 6, 27, 34, 35].

3.6. Morphology. Figure 10 shows micrographs of WBL
where fibrous structures with various lengths and widths
were observed. Higher-diameter fibers were formed by inter-
locking small fibers. This results in a material with flexibility
and mechanical resistance.

Cryofracture surfaces on neat PBAT, neat PBS, and their
composites were observed using SEM. Neat PBAT
(Figure 11(a)) showed a rough surface fracture, not well
defined and without a specific orientation, which exhibited
characteristics of a ductile polymer. Meanwhile, the neat
PBS (Figure 12(a)) showed a smooth surface fracture as a
brittle polymer. The composites (Figures 11-14) had hetero-
geneous fracture surfaces with WBL appearing as white dots
on the surface and with clearly observable phase separations.
The addition of WBL loading 10 wt% and 15wt% led to a
WBL agglomerate. This is in accordance with what was
observed before with tensile strength, elongation at break,
and impact strength decreasing with an increasing amount
of WBL.This resulted in a poor interaction between the
matrix and filler with the WBL acting as a weak point in
the composites. It can be concluded that shear stress during
the mixing in a twin screw extruder and then injection
molding was not enough to encourage interfacial adhesion
between the WBL and polymer matrices.

4. Conclusion

The polymer composites with WBL loading of 5-15wt%
were successfully prepared by a twin screw extruder and
then injection molding. The addition of WBL increased
Young’s modulus, flexural strength, flexural modulus, T,
for PBAT/WBL composites, char residue, and water absorp-
tion, especially with WBL 5wt% acting as a nucleating agent
increasing .. The composites showed deterioration in ten-
sile strength, tensile strain at break, impact strength, HDT
for PBS matrix composites, T',, T ;, T,, and flame resistance
which was mainly due to the characteristics of WBL. Melt
viscosity showed variable characteristics based on their
matrix. However, the fiber did not affect some results such
as the HDT for PBAT matrix composites, T, T,,, and T,
for PBS matrix composites. After 90 days of biodegradation
in EM, the tensile and impact properties decreased due to
the degradation of the samples.
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