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ABSTRACT

The crystallization behavior, crystal morphology and form, and viscoelastic behavior of poly(butylene succinate)
(PBS) and coir fiber/PBS composites (CPB) were investigated by differential scanning calorimetry (DSC), polar-
ized optical microscopy (POM), X-ray diffraction (XRD) and dynamic mechanical analysis (DMA). The results of
DSC measurement show that the crystallization temperature increases with the filling of coir fibers. POM images
reveal that the spherulitic size and crystallization behavior of PBS are influenced by the coir fibers in the compo-
sites. XRD curves show that the crystal form of pure PBS and CPB are remaining almost identical. In addition, the
storage modulus of CPB significantly increases comparing with the pure PBS. This predicted the dimensional sta-
bility and improved load-deformation temperature. In conclusion, the addition of coir fibers has a significant
effect on the thermal properties of the matrix.
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1 Introduction

With the progress of science and the improvement of people’s living standards, environmental pollution
has become a widespread concern. The use of eco-friendly biodegradable polymers has attracted increasing
interest from academia and industry worldwide as a potential solution for global environmental pollution.
Functional, inexpensive, and simple to manufacture, including some biodegradability, have made plant
fiber a common reinforcing material for scientists and practitioners active in the field of composite
materials [1]. Researchers have composited natural fibers such as kenaf, jute, flax, and bamboo fiber with
resin to obtain the composites and then characterized them. The results show that the addition of the
fibers has a positive effect on the mechanical and thermal properties of the composites [2—4]. These
materials can undergo environmental degradation amidst the presence of micro-organisms [5].

Poly(butylene succinate) (PBS) is an eco-friendly biodegradable polyester with good processability,
biodegradability, compostability, thermal and chemical resistance [6]. Due to its excellent processing
properties, PBS can be processed by injection, hot compressing, extrusion, and blowing molding methods
[7]. PBS can also be processed into textile products, such as monofilament, multifilament, nonwoven
fabric, flat and split yarn [8]. However, its weak mechanical properties and high price are the main

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ ® permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.



mailto:hstan@sdut.edu.cn
http://dx.doi.org/10.32604/jrm.2022.017239

1040 JRM, 2022, vol.10, no.4

obstacles for various end-use applications [9]. To improve the performance and reduce the cost of PBS
composites, series of copolymerization, hybrid, or composite modification methods have been adopted.
For copolymerization methods, PBS monomers are copolymerized with other polyester monomers, such
as aromatic and aliphatic polyesters [10,11]. While for the melt-processing methods, PBS is blended as a
matrix polymer with other polyesters, e.g. [12,13] polyethylene terephthalate (PET), polyarylester, etc.,
and compounded with fillers in the molten state or at high temperatures using an internal mixer or
extruder to obtain homogeneous high-performance composites. In general, the filler materials used here
can be summarized as the following two categories: (1) Inorganic substance [14—16]: CaCOj3, SiO,,
montmorillonite, etc. (2) Biodegradable polymers [17-20]: Starch, natural fibers, and synthetic polymer
like polylactic acid (PLA), polycaprolactone, etc.

Biocomposites consist of a biodegradable matrix polymer and a lignocellulosic material as a reinforcing
filler. These lignocellulosic fillers can also be naturally degraded by micro-organisms and even play a pivotal
part in degrading organic matter in the natural ecosystem. Lignocellulosic fibers, such as sisal, flax, jute, coir
fiber, etc., have been extensively studied due to their easy accessibility and acceptable mechanical strength
[21-23]. Coir fiber is a new type of natural fiber that can be used. In terms of the content of each component
in coir fiber, the content of cellulose and lignin in coir fiber is high, while the content of hemicellulose is low.
This natural fiber usually has excellent mechanical and thermal properties. However, due to the presence of a
large number of hydrophilic and polar hydroxyl (-OH) groups in natural fibers, the interface between natural
fibers and hydrophobic resins is very poor, resulting in poor mechanical properties of the composites. To
improve the mechanical properties of the composite, alkali treatment modification of plant fibers is
usually used before compounding to improve adhesion between the hydrophilic fibers and hydrophobic
matrix [24-26]. The usage of coupling agents can further enhance the performance of biocomposites [27].
For instance, Calabia et al. [28] investigated that the use of silanes could improve the mechanical
properties of cotton fiber-reinforced PBS composites. Lee et al. [29] studied the effects of lysine-based
diisocyanate as a coupling agent on the properties of bamboo fiber/poly(lactic acid) (PLA)/PBS
biocomposite. Xie et al. [30] reported the recent progress in using silane coupling agents for natural fiber/
polymer composites.

Although previous researchers have done a great deal of work, the research on the crystallization and
viscoelastic behavior of coir fiber reinforced poly (butylene succinate) (PBS) biocomposites is very
limited. Thus, the objective of this work is to investigate the crystallization and viscoelastic behavior of
coir fiber/PBS (CPB). The materials were studied by DSC, DMA, XRD and POM.

2 Experimental

2.1 Materials

The coir fibers used in this study were produced in Vietnam. PBS (No. HX-Z1014) in dry-pellet form
was supplied by the Anqing Hexing Chemical Corporation Limited (China), with a melt mass flow rate of
7.15 g/10 min (125°C, 0.352 kg). Maleic anhydride (MAH) was provided by Jinan Hongju Chenmical
Reagent Factory (Jinan, China). Dicumyl peroxide (DCP) used as the initiator of grafting reaction was
provide from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2 Preparation of CPB Composites
2.2.1 Pretreatment of Coir Fiber

Before using coir fibers, the surface of the coir fibers should be treated by mercerizing. The specific
treatment methods are as follows: (1) Select coir fibers with fewer impurities, and then wash them with
clean water and dry them for standby. (2) Soak the dried coir fibers in 4% NaOH solution for 15 h, and
then wash the alkali-treated coir fibers to neutral with distilled water and dry them at 80°C for 24 h.
(3) Cut the treated coir fibers to about 4 mm for standby.
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2.2.2 Preparation of Compatibilizer

The PBS resin pellets were dried at 60°C for 12 h, and a certain amount of MAH and DCP were ground
into powder in a mortar. The specific reaction was as follows: Heat the torque rheometer to 180°C, and after
reaching the set temperature, add PBS resin, MAH and DCP in the ratio of 97.25:2:0.75, and they were
mixed at 30 r/min for 5 min for grafting reaction, and finally, MAH-g-PBS with a grafting rate of about
7% was obtained. After mixing, take out the graft and crush it for standby.

2.2.3 Preparation of Composite Materials

The flow diagram of the preparation process of coir fiber/PBS biocomposites (CPB) is shown in Fig. 1.
The specific operation steps are as follows: The pretreated coir fibers and PBS were mixed according to the
formula proportion. The mixture was mixed by the torque rheometer, and the samples were cut into blocks of
about 4 mm after blending. Finally, the materials were made by injection molding, and their properties were
tested. The composition of the specimens can be seen in Table 1.

‘Wash with Alkali o
Clean Water |:> Treatment |:> [WaSh and Dry } |:> [ Mixing }
Performance Injection
Testing <:| [ Molding } <:I Cutup

Figure 1: The flow diagram of preparing CPB

[t]

Table 1: The composition of every specimen

Materials Fiber content PBS content PBS-g-MAH
(Wt%) (Wt%) Content (wt%)

PBS 0 100 0

CPB1 20 72 8

CPB2 40 52 8

2.3 Measurements

The thermal analysis was performed with a Q100-DSC (TA Instruments) differential scanning
calorimeter (DSC) in nitrogen according to ISO/11357-1-2009. The dosage of each test sample was 5—
10 mg. These samples were first heated to 160°C and held for 3 min to erase the previous heat history.
Afterwards, they were cooled to 30°C and heated again to 160°C. The heating and cooling rates were
both 20 °C/min. The crystallinity (X.) of pure PBS and CPB biocomposites were calculated using DSC
data with the formula below [31]:

_ |AH,,_AH,|

X,
€ ®pgsAHO

x 100 (1)



1042 JRM, 2022, vol.10, no.4

where AH,, is the melting enthalpy of the sample, AH, is the cold crystallization enthalpy of biocomposites,
®pps is the mass fraction of PBS in the biocomposites, and AHY, is the theoretical melting enthalpy of PBS
(200 J/g). A is the mass ratio of coir fibers.

Wide angle X-ray scattering (WAXS) measurements were performed using a D8 Advance (Bruker AXS)
type X-ray diffractometer with a Cu Ka radiation Ni-filter and scintillation counter as a detector at 40 kV and
23 mA. The samples were scanned at a scanning speed of 2° per min in the continuous mode with a step size
of 0.02° and a diffraction angle 20 in the range of 5-60° range.

The crystallite morphology of CPB at 90°C was observed by a polarized optical microscope (POM,
XPV-203E, Shanghai Changfang Optical Instrument Co., Ltd., China) with a hot stage. The samples were
placed on the heating stage of the microscope. They were then heated to 140°C at a rate of 20 °C/min
and maintained for 5 min to eliminate the thermal history. After that, the samples were cooled to 90°C by
air. Finally, the temperature was maintained, and the micrographs of POM were obtained.

The viscoelastic analysis of the specimens was studied by a dynamic mechanical analyzer (DMA,
Q800-DMA TA Instrument) according to ISO/6721-1-2011. The rectangular specimen had dimensions of
60 x 9.95 x 4 mm. The samples were first cooled to —150°C with liquid nitrogen and then heated to
100°C at a rate of 5 °C/min with a frequency of 1 Hz. The loss factor (tand) and storage modulus (E")
data were measured.

3 Results and Discussion

3.1 DSC Analysis

The DSC cooling and second heating curves of three samples with different coir fiber contents are shown
in Figs. 2a and 2b. The detail results are listed in Table 2. As shown in Fig. 2a, the crystallization
temperatures (7;) of the PBS composites with 0 (Pure PBS), 20 wt% (CPB1), 40 wt% (CPB2) coir fibers
are 57.8°C, 62.8°C, 65.6°C when cooling from the melt, respectively. Thus, the 7, of the composites
increases, and the melt crystallizes faster when more coir fibers are added. This indicates that coir fibers
act as nucleating agents and accelerates the crystallization process of PBS. As shown in Fig. 2b, the melting
temperatures (7,,,) of the composites are similar to that of pure PBS (103.0°C) during the melting process, it
should be noticed that an exothermic peak (7.,.,) appears before T, in each sample, which may be caused
by recrystallization. A similar phenomenon has been reported by Yasuniwa et al. [32] and Zhan et al. [33].
In their study, the recrystallization peak of pure PBS shifted to a higher temperature by slowing down the
cooling process. They attributed this to the “annealing peak” characteristic of isothermally crystallized PBS.
In this work, it is observed that the 7., shifted to a higher temperature with increasing coir fibers content,
meaning that the addition of coir fibers can improve the crystallization of biocomposites.

. —— CPB2 —— CPB2
05.6°¢ —— CPBI —— CPBI
T /_J\F\Pure PBS 0 Pure PBS
2 40 wt% 2 \,\f\ 40wt%
= 62.8°C =
B g 103.1°C
E % \w\ 20Wt%
2 2
20 wt%
3 57.8°C 3 103.0°C
2 2 Owt%
s >
0 wt% 102.9°C
20 40 60 80 100 120 140 160 60 80 100 120 140 160
Temperature (°C) Temperature (°C)
(a) (b)

Figure 2: DSC curves (a) Cooling curves and (b) Second heating curves
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Table 2: T, T, Ty, AH,,, and X of PBS, CPB1 and CPB2

Materials T (°C) T, (°C) Tuwo (°C)  AHw (lg)  AH, (lg)  X. (%)

PBS 57.8 103.0 85.5 4.0 50.2 23.1
CPBlI 62.8 102.9 87.9 44 455 284
CPB2 65.6 103.1 90.0 2.4 31.3 26.1

The X, of the biocomposites (CPB1, 28.4%; CPB2, 26.1%) is higher than that of pure PBS (23.1%). This
indicates that the addition of coir fibers promotes the crystallization of PBS. CPB1 has the highest X, and X
decreases with the further increase in the amount of coir fibers. This suggests that a high amount of coir fibers
might hinder the crystallization of PBS. A similar investigation was carried out by Liang et al. [34] on Kenaf
fiber/PBS biocomposites. They found that the crystallization enthalpy of PBS/KF composites decreased with
the increase of KF content when KF content exceeded 20%, which indicates that the existence of a large
number of fibers may hinder the resin crystallization.

3.2 Spherulitic Morphology and Crystal Form

To investigate the effect of coir fibers on the crystallization process, POM was used. Fig. 3 shows the
isothermal crystallization behavior of pure PBS and CPB biocomposites at 90°C. The coir fibers could be
observed throughout the process in both CPB1 and CPB2, and they occupied large spaces. As for PBS, at
the beginning (3 min), few crystals could be observed. As time progressed, more and more crystals
appeared and grew bigger. At around 80 min, the screen was almost filled with crystals, and the crystal
growth of PBS stopped. During the whole process, new crystals kept appearing. Therefore, the size of
crystals in PBS was a wide range. On the other hand, the crystallization process took much less time for
CPB1 and CPB2. At 3 min, a large number of small spherulites appeared in CPBI1, while more
spherulites appeared in CPB2. This indicates the nucleating agent effect of coir fibers, which provided
heterogeneous nuclei. Then, these small crystals grew bigger gradually. After 20 min, the area without
coir fibers was almost filled with similar-sized spherulites. Finally, the crystals of CPB1 and
CPB2 stopped growing.

(@)

®)

(3min) (6min) (12min) (20min) (80min)

Figure 3: POM micrographs at 90°C for 3, 6, 12, 20 and 80 min (a) PBS, (b) CPB1 and (c) CPB2
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The five average diameters (r) of the crystals in the samples for each time are recorded and shown in
Fig. 4. Initially, the crystal growth rate of CPB1 and CPB2 was much higher than that of pure PBS.
However, space limits the growth of crystals. When the time reached around 20 min, the growth of the
spherulites of CPB1 and CPB2 gradually slowed down, and then the diameters of these two samples
were maintained at those sizes. The final average crystal size of CPB1 (26.9 pm) was higher than that of
CPB2 (22.8 um). This is due to that CPB1 (20 wt%) has less fiber content than CPB2 (40 wt%). Then,
there was more space for the crystal growth in CPB1, where the crystals eventually reached larger sizes.

100
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\53; 80 - —— Pure PBS ///CM
3
2 60f
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Figure 4: Spherulite diameters of vs. time during isothermal crystallization at 90 "C

WAXS patterns of pure PBS, CPB1 and CPB2 can be found in Fig. 5. The WAXS pattern of PBS shows
two sharp peaks locate at 19.6°, 22.6°, and a weak peak (21.9°) saddles on one side of the latter peak. These
peaks can be indexed as the (020), (021) and (110) planes of the « crystal form [34] of PBS, respectively. The
WAXS patterns of CPB1 and CPB2 are almost identical to the shapes and peak positions of pure PBS, which
suggests that the coir fibers have little effect on the crystal form of PBS, though it dramatically accelerates the
crystallization process.

10 15 20 25 30 35
26 (degree)

Figure 5: WAXS curves (a) Pure PBS, (b) CPB1 and (c) CPB2

3.3 Dynamic Mechanical Analysis

The loss factor (tand) is the ratio between loss modulus (£") and storage modulus (£'). The tand of the
composites affects the interactions between matrix/fiber and weak adhesion if the value of tand is high [35].
As shown in Fig. 6a, the main tand peaks appear at —12.63°C, —12.24°C and —12.82°C, respectively,
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corresponding to the glass transition temperatures (7,) of PBS, CPB1 and CPB2. This result indicates that 7,
can be barely affected by the inclusion of coir fibers. The tand peak height is generally used to assess the
damping ability of the composites. The peak value of tand of pure PBS is 0.136. In contrast, the tand
peak of the composite decreases with the addition of coir fibers, which is due to the interfacial bonding
between the fibers and the PBS matrix, which hinders molecular motion. When the amount of coir fibers
increases, the peak value of tand continued to decrease.

—a— CPB2 —— CPB2
0.14 1 %  ——CPBI 5000 —o— CPBI
% —o— Pure PBS E —o— Pure PBS
S @
: E
= 008 T = 2000 -
(5]
0.06 [ op
£ 1000 |
0.04 w
O -
0.02 1 " 1 " 1 N 1 N 1 N 1 1 1 1 1 1 1
2150 -100 -50 0 50 100 -150 -100 -50 O 50 100 150
Temperature(°C) Temperature(°C)
(@) (b)

Figure 6: Dynamic viscoelastic spectrum (a) Loss factor (tand) and (b) Storage modulus (£’) curves

E'is the ability of the material to resist deformation. The higher the £’ s, the more rigid the material and
the weaker the deformation capacity. The values of E' are closely related to the mobility of polymer
molecular chains and side groups [36]. From Fig. 6b, E’ increases with the rising number of coir fibers
amount. This phenomenon indicates that the ability of the composites to resist deformation is improved.
At 0°C, the E' of PBS is 823 MPa, while the £’ of the composite is 1169 MPa when the fiber content is
20 wt%. When the fiber content is further increased to 40 wt%, the £’ of the composite is 1900 MPa,
which is 130.86% higher than that of the pure PBS. The results show that the deformation resistance of
the material is significantly improved by adding coir fibers. The higher fiber content, the higher the E".
When the temperature is 90°C, the E’ of PBS, CPB1 and CPB2 are 218, 337 and 819 MPa, respectively,
indicating that CPB2 has better resistance to deformation than PBS and CPB1 at higher temperatures.

4 Conclusions

Coir fiber reinforced PBS composites were prepared by a torque rheometer and injection molding
machine. During the non-isothermal/isothermal crystallization process, it is found that the crystallization
rate of PBS is faster with the addition of coir fibers, but the presence of too many fibers also limited the
crystallization of PBS. Moreover, the crystal size shows a negative correlation with the fiber content. The
XRD results show that the addition of coir fibers only promoted the crystallization of PBS and does not
change its crystal morphology. The DMA analysis shows that the storage modulus of CPB2 is higher
than that of pure PBS and CPBI in the text temperature range, which indicated that the deformation
resistance of CPB2 biocomposites is improved. Overall, it can be concluded that CPB has more
satisfactory properties when the fiber content is 40% compared to other contents. Therefore, it is suitable
for further research and commercialization as a promising green cohesive material.
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