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The starch-based ﬁshing composite ﬁbers were prepared by one-step reactive extrusion and melt spinning. The eﬀects of starch
contents on the microstructural, thermal, dynamic mechanical, and mechanical properties of starch-based composite ﬁbers were
studied. And the degradation behaviors in soil of the ﬁbers were also investigated. The compatibility between starch and HDPE
is improved signiﬁcantly by grafting maleic anhydride (MA) using one-step reactive blending extrusion. As the starch content
increased, the melting temperature and the crystallinity of the ﬁbers gradually decreased due to ﬂuﬀy internal structures.
Dynamic mechanical analysis showed that the transition peak α in the high-temperature region was gradually weakened and
narrowed with increasing starch content; moreover, a shoulder appeared on the low-temperature side of the α peak was assigned
to the β-relaxation related to starch phase. In addition, the mechanical results showed the signiﬁcant decrease in the breaking
strength and increase in the elongation at break of the starch-based composite ﬁbers as the starch content increased. After
degradation in soil for 5 months, the surface of the composite ﬁbers had been deteriorated, while ﬂocculent layers were observed
and a large number of microﬁbers appeared. And the weight loss rate of the starch-based composite ﬁbers (5.2~34.8%)
signiﬁcantly increased with increasing starch content (50~90 wt%).

1. Introduction
Abandoned, lost, and discarded ﬁshing gears (ALDFGs),
also known as “ghost ﬁshing” gear, can cause considerable
ecological and economic losses [1]. Due to the continuous
growth of ﬁsheries and the transformation of ﬁshing gear
materials from natural materials (e.g., wood and cotton)
to poorly degradable synthetic materials (e.g., polyethylene,
polypropylene, nylon, and polyester), the amount, distribution, and environmental impact of ALDFGs have signiﬁcantly increased over the last few decades [2, 3]. Some
researchers indicate that about 640 t of ﬁshing gear is lost
in the ocean every year [4]. Indeed, white pollution and
ghost ﬁshing caused by nonbiodegradable ﬁshing gear
have attracted wide attention as public environmental
awareness and requirements for environmental quality have
improved [5, 6]. Thus, the research on the environmentfriendly and biodegradable ﬁshing materials has become
an important means to protect the marine ecological envi-

ronment and prevent ALDFGs from causing harm to
marine life.
Starch has attracted considerable attentions due to its
natural abundance, low cost, and complete biodegradability
[7–11]. Unfortunately, the mechanical properties and hydrophobicity of starch materials are poorer than those of synthetic plastics. Some authors have tried to overcome these
weaknesses by blending starch with a polymer with good
mechanical properties, while maintaining the biodegradability of the product [12–16]. Raquez et al. [17] have focused on
the grafting of maleic anhydride (MA) onto the polymeric
backbone using reactive extrusion methods. Such reactions
promoted by MA moieties reduced the intrinsic viscosity of
the blends, expecting an improvement in its processability.
Pervaiz et al. [18] found that water absorption was reduced
signiﬁcantly after blending starch facilitated with green polyethylene and MA by reactive extrusion. Reactive extrusion is
the simplest and most cost eﬀective method for carrying out
this reaction. The grafted MA can react with the hydroxyl

2
groups of starch macromolecules to form covalent bonds,
and thus, they provide better control of the size of phase
and strong interfacial adhesion and improve the stress transfer between the component phases [17, 19]. Researchers in
the past have reported the modiﬁed starch foams [20], ﬁlms
[21, 22], and molding products; however, rare studies are
found on starch-based ﬁber or monoﬁlament, which is
required for ﬁshing net and rope.
In this current work, we attempt to prepare starch-based
composite ﬁbers using plasticized cassava starch and highdensity polyethylene (HDPE) via one-step reactive extrusion
with maleic anhydride (MA) and the melt spinning method.
The grafting MA is expected to inﬂuence remarkably the
microstructure, thereby leading to the changes in properties.
In view of the fact that starch content is one of the important
factors that strongly inﬂuence the morphology and properties of blends [15, 16, 20–23], we try to design composite
ﬁbers with diﬀerent starch content to examine the eﬀect of
starch content on the physicochemical parameters and soil
degradation for composite ﬁbers.

2. Materials and Methods
2.1. Materials. Plasticized cassava starch (STR) was obtained
from Zhangjiakou Yujing Starch Factory. The thermoplastic
cassava starch was prepared by blending with cassava starch,
low-density polyethylene (LDPE), plasticizer, and glycerol.
The weight ratio of starch/LDPE is 9, and its density was
1500 kg/m3. HDPE (5000S) with an MFI 0.9 g per 10 min
and density 950 kg/m3 was supplied by Sinopec Yangzi
Petrochemical Company, China. Maleic anhydride (MA)
was purchased from Sigma-Aldrich (Shanghai) Trading
Co., Ltd. Dicumyl peroxide (DCP) and soybean oil were
obtained from Shanghai Chemical Reagent Company, China
Pharmacy Group.
2.2. Preparation of Starch-Based Fishing Composite Fibers by
One-Step Reactive Extrusion. Plasticized cassava starch,
HDPE (according to the experimental formulations shown
in Table 1), MA, DCP, and soybean oil were added to premix,
and then the mixture extruded in a twin-screw extruder for
melt blending. MA and DCP were used as monomer and initiator at the 2.5 wt% and 0.25 wt% level based on starch. The
temperatures of zones ①, ②, ③, ④, ⑤, ⑥, and ⑦ in the
extruder were 130, 148, 155, 160, 160, 160, and 160°C, respectively. The twin-screw aspect ratio was 1 : 28, and the screw
speed was 250 rpm corresponding to a mean residence time
of around 5 min. Starch and HDPE were combined by reactive blending with MA agents during the melt extrusion
process (Scheme 1). Then, the mixture was extruded from
the spinneret. The diameter of the spinneret was 1 mm. The
extruded as-spun ﬁbers were drawn three times, and the total
drawing ratio is 7.5-8, under which the composite monoﬁlaments are continuously melt-spun. The temperatures of the
draft water bath were 95, 98, and 98°C. The starch-based
composite ﬁbers were obtained by winding up the melt spinning tow with a reeler. Plasticized cassava starch was added to
the starch-based composite ﬁber systems at proportions of
0 wt%, 50 wt%, 80 wt%, and 90 wt% and designated as HDPE,
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Table 1: Composition of starch-based composite ﬁbers.
Samples

Starch weight (wt%)

HDPE weight (wt%)

HDPE
STR-50
STR-80
STR-90

0
50
80
90

100
50
20
10

STR-50, STR-80, and STR-90, respectively (Table 1). For
comparison purposes, the STR/HDPE ﬁber (50 wt% starch
and 50 wt% HDPE) without adding MA was prepared in
the same way.
2.3. Soil Degradation of Starch-Based Composite Fibers.
Starch-based composite ﬁbers were dried in an oven at
80°C for 48 h and then weighed (M 0 ). Next, the composite
ﬁbers were buried 10 cm under the surface of the soil for 5
months. The soil humidity is 20%. The ﬁbers were retrieved
and then soaked into puriﬁed water for 24 h. After washing
with puriﬁed water, the samples were dried at 80°C for 48 h
and weighed (M d ). The weight loss rate of the ﬁbers was
calculated according to Equation (1).
Weight loss rate ð%Þ =

M0 − Md
× 100%:
M0

ð1Þ

2.4. Characterization. SEM instrument (S4800, JEOL Ltd.,
Japan) was used to observe the surface and fractural morphologies of the composite ﬁbers. Here, the surface of each
sample was completely dried, quenched with liquid nitrogen, and sprayed with gold. The sample was then ﬁxed
on the sampling stage using conductive glue and placed
in the observation chamber of the scanning electron
microscope for imaging.
Diﬀerential scanning calorimetry (DSC) was applied to
investigate the melting and crystallization behavior of the
monoﬁlaments using the DSC thermal analyzer (204F1,
Netzsch Instruments, Germany). The sample was heated
from 0°C to 150°C at a rate of 10°C/min, and the nitrogen
ﬂow was set to 50 mL/min.
The crystallinity (X c ) of the samples was calculated
according to Equation (2).
ΔH f obs
Xc =
ΔH f 0

!
× 100,

ð2Þ

where ΔH f obs is the measured enthalpy of melting, ΔH f 0 is
the enthalpy of melting of the completely crystalline polymer,
and ΔH f 0 is the enthalpy of melting of HDPE (293 J/g) [24].
Dynamic mechanical analysis (DMA) was used as a mode
of tensile clamp (242C, Netzsch Instruments, Germany) under
the frequency of 1 Hz and the amplitude of 30 μm for all samples. During analysis, the temperature was increased from
−184°C to 150°C at a rate of 3°C/min.
The tensile properties were investigated using the electron tensile tester (4466, Instron Instruments, USA) at a
crosshead speed of 300 mm/min on a 500 mm long specimen
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according to SC/T 5005-2014 under ambient conditions.
Results are the average of at least 10 specimens.
Fourier transform infrared (FT-IR) spectroscopy was
conducted to characterize the microstructures of the starchbased composite ﬁbers (6700, Nicolet Instrument, USA).
For the attenuated total reﬂectance (ATR), an additional
solid probe system was applied. The samples were scanned
over the wavenumber range of 700–4000 cm−1 at a resolution
of 4 cm−1.

T (%)

Scheme 1: Schematic representation of synthesis procedure for MA grafting STR/HDPE.

3. Results and Discussion
3.1. Morphological Structure of Starch-Based Composite
Fibers. Figure 1 shows the FT-IR spectra of the composite
ﬁbers with diﬀerent starch contents. There were three characteristic peaks of starch, with those at 1110 cm−1 and
1157 cm−1 attributed to C–O–H bond stretching, and that
near 1025 cm−1 attributed to the stretching vibration of
C–O in C–O–C groups [22, 25]. It can be seen that these
absorption peaks are not detected in the FT-IR spectra of
HDPE, so these peaks belong to starch, and the characteristic peak intensity gradually increases with the increase of
starch content. Strong absorption peaks were observed
near 2916, 2848, and 1460 cm−1, which could be, respectively, assigned to symmetrical and asymmetry stretching
vibration of C–H bonds, bending vibration of C–H bonds
[26]. With the increase of starch content, the content of
HDPE in the composite ﬁber decreased, and these absorption peaks strength decreased signiﬁcantly. Compared to
STR/HDPE ﬁber without MA, the –C=O stretching vibration peak was observed at 1720 cm−1 for composite ﬁbers
with grafting MA due to esteriﬁed starch by MAH. The
characteristic peak at 1270 cm−1 represents C–O in the
O–C=O bonds present in the ester structure [27]. For
the STR/HDPE ﬁber without MA, a relevant band from
3200 to 3400 cm−1 could be observed due to the stretching
of inter- and intramolecular bonding hydroxyl groups of
granular starch [17]. When MA was used as a grafting
agent, weak peaks at 3200 to 3400 cm−1 appeared due to
the reaction between starch and MA groups.

1720
1460
2916
4000

3000

1270

1025

2848
2000

1000

Wavenumber (cm )
–1

STR-90
STR-80
STR-50

HDPE
STR/HDPE without MA

Figure 1: FT-IR spectrum of starch-based composite ﬁbers.

It is necessary to study the morphology of composite
ﬁbers since many properties depend on it. SEM images of
the starch-based composite ﬁbers are shown in Figure 2.
The STR/HDPE ﬁber without grafting MA displayed an
obvious phase separation phenomenon (Figure 2(b)). The
starch particles were not completely demolished and some
of them were removed from the surface of the ﬁber during
the fracture of the specimen, leaving some cavities in the fracture surface. The interfacial adhesion between starch and
HDPE was poor due to the structural diﬀerence of dissimilar
polymers [18]. However, after adding MA, the sample
revealed a homogeneous fractural surface and compact structure (Figures 2(c) and 2(d)). There was no apparent phase
interface between starch and HDPE in STR-50. Thereby,
the compatibility between starch and HDPE is improved signiﬁcantly by grafting MA using one-step reactive extrusion.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2: SEM images of starch-based composite ﬁbers. (a) STR/HDPE ﬁber without adding MA at 300x. (b) STR/HDPE ﬁber without
adding MA at 2000x. (c) STR-50 at 300x. (d) STR-50 at 2000x. (e) STR-90 at 300x. (f) STR-90 at 2000x.
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3.2. Thermal Properties of Starch-Based Composite Fibers.
DSC thermograms were used to analyze the thermal properties of the starch-based composite ﬁbers, and the results are
shown in Figure 3. X c of polyethylene in the composite ﬁber
samples was calculated by the melting enthalpy, as shown in
Figure 4. The melting temperature (T m ) of polyethylene in
the starch-based composite ﬁbers gradually decreased, thus
improving the processability of the STR/HDPE composites.
Importantly, the X c of the samples decreased, and the crystal
melting peak narrowed as the starch content increased. Compared to pure HDPE, the X c of STR-80 decreased by 53.9%.
This is because the introduction of starch reduces the order
of polyethylene and destroys the crystal perfection of polyethylene, resulting in a decrease in the crystallinity and T m
of polyethylene as the starch content of the composite ﬁbers
increases. In addition, it was noted that the DSC curve of
HDPE and STR-50 had only one heat absorption peak, but
STR-80 and STR-90 showed another inﬂection point at about
96°C. It is speculated that the absorption peak is the endothermic peak of starch gelatinization, which is caused by
the double conversion of starch gelatinization from polycrystalline state to amorphous state and from granular state to
gelatinization state [28].
3.3. Dynamic Mechanical Properties of Starch-Based
Composite Fibers. The dynamic mechanical properties of
the starch-based composite ﬁbers were studied, and the
change curves of E ′ and tan δ of the ﬁbers were obtained at
temperatures ranging from −184°C to 150°C (Figure 5).
Results showed that E ′ of the starch-based composite ﬁbers
signiﬁcantly decreased compared with that of HDPE ﬁbers.
When the temperature was 30°C, E ′ of the STR-90 was
0.1 GPa, indicating a decrease of 79% compared with that
of pure HDPE (Figure 5(a)). The transition peaks α and γ
of HDPE and the starch-based composite ﬁbers were
detected over a wide range of temperatures; here, the transition peak γ at the low-temperature region corresponds to the
glass transition peak of polyethylene [29–31]. The peak
temperature of γ remained essentially unchanged with
increasing starch content, thus indicating that the eﬀect of
starch content on glass transition is not signiﬁcant.
The transition peak α at the high-temperature region is
related to the movement of restricted segments near the crystal region of polyethylene and a complex multiple relaxation,
which gradually weakens and narrows as the starch content
increases. Moreover, with increasing starch content, the α
peak transition of composite ﬁbers moved to lower temperature. The DSC results showed that the X c of the composite
ﬁbers decreased and their crystal melting peak narrowed as
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Figure 3: DSC analysis curves of starch-based composite ﬁbers.

70
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Crystallinity (%)

This indicated that the compatibility of the composite ﬁbers
with adding MA was improved. However, it was noted that
the internal structure of the composite ﬁbers gradually
became ﬂuﬀy as the starch content increased (Figures 2(e)
and 2(f)). As the starch content of the samples increased,
the starch granules were congregated during the plasticization extrusion to become agglomerates. The presence of
starch granules was attributed to the interaction of hydrogen
bonds between molecules.
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Figure 4: The X c of polyethylene for starch-based composite ﬁbers.

their starch content increased. Therefore, restricted segments
near the polyethylene crystalline region decreased, consistent
with the results of Abdul Wahab et al. [32]. It was noted that
STR-80 and STR-90 revealed three transition peaks, while
HDPE and STR-50 revealed two transition peaks. A shoulder
appeared on the low-temperature side of the α peak. The
shoulder in the DMA curves of the composites was assigned
to the β-relaxation related to the starch phase, consistent
with the results of our previous study [33]. The α and β peaks
of STR-50 merged into one peak, thereby indicating that the
compatibility of the composite ﬁbers is improved when the
starch content is 50 wt%. The result was in agreement with
SEM analysis.
3.4. Mechanical Properties of Starch-Based Composite Fibers.
Figure 6 shows the mechanical properties of HDPE and
starch-based composite ﬁbers. Compared to pure HDPE
ﬁber, the breaking strength of the starch-based composite
ﬁbers signiﬁcantly decreased. Importantly, with increasing
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Figure 5: Starch-based composite ﬁbers (a) E ′ and (b) tan δ vs. temperature.
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Figure 6: (a) Tensile strength-strain curves and (b) breaking strength and elongation at break of starch-based composite ﬁbers.

the starch contents, the notable decrease in breaking strength
and the increase in elongation at break can be observed in the
starch-based composite ﬁbers. Such a phenomenon was also
reported in HDPE/starch blends in our previous study [33].
Diﬀerences between the tensile strength and elongation at
break of the samples can be discussed in terms of their morphologies [34]. On increasing the content of starch, the
mechanical properties worsened dramatically, especially the
tensile strength for samples STR-80 and STR-90. This is
ascribed to their internal structure became ﬂuﬀy and the
presence of starch granules. These features may form a stress
concentration region, resulting in a signiﬁcant decrease in
mechanical properties of STR-80 and STR-90. Moreover,

for the STR-80 and STR-90, it was clear that with the increase
in starch contents, the length of the rubber plateau became
longer (Figure 6(a)), which represented the typical pattern
of rubbery starch plastic materials reported previously [35].
3.5. Soil Degradation Behavior of Starch-Based
Composite Fibers
3.5.1. Eﬀects of Soil Degradation on the Structural
Morphology of Starch-Based Composite Fibers. SEM photographs demonstrated degradation of starch within the
ﬁbers; here, Figures 7(a) and 7(b) refer to the surface of
STR-80 before and after soil degradation, respectively,
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(a)

(b)

(c)

(d)

Figure 7: SEM images of starch-based composite ﬁbers before and after biodegradation in soil. (a) Surface of STR-80 before soil degradation.
(b) Surface of STR-80 after soil degradation. (c) Fractural structure of STR-80 before soil degradation. (d) Fractural structure of STR-80 after
soil degradation.

while Figures 7(c) and 7(d) refer to the fractural section of
the ﬁber sample before and after soil degradation, respectively. Before soil degradation, the surface of the composite
ﬁbers was smooth, no evident delamination could be
observed, and the internal structure was compact. After
soil degradation, some ﬂocculent layering can be found
on the surface of the composite ﬁber (Figure 7(b)). Moreover, disintegration of starch brought about changes of the
internal structure. Many ﬁlamentous ﬂocculent and spongiform structures were observed on the fractural surface
of the composite ﬁber (Figure 7(d)). The internal structure
became collapsed after soil degradation, thus indicating
that the starch-based composite ﬁber was eroded and
degraded by microorganisms in the soil.
FT-IR was used to characterize microstructural changes
in the starch-based composite ﬁbers before and after soil
degradation. Figure 8 shows the IR spectra of STR-50, STR80, and STR-90 before and after soil degradation. After soil
degradation, peak intensities of composite ﬁbers after soil

degradation at 2916 and 2848 cm−1 were both improved
greatly. The increase in the intensity of these peaks was owing
to the break of the polyethylene chain in degradation progress, which resulted in the increase in the terminal group
numbers [36]. Moreover, the –C–O stretching vibration
absorption peak near 1025 cm−1 was enhanced too. As indicated above, the band at 1025 cm−1 was attributed to the
stretching vibration of C–O in C–O–C groups, and the degradation of starch led to the increase in the intensity of this
peaks. Similar variations before and after degradation for
starch/polyethylene ﬁlm were reported by Wang et al. [22].
Hence, both starch and HDPE in the composite ﬁbers exhibited varying degrees of degradation.
3.5.2. Weight Loss Rate of Starch-Based Composite Fibers.
Figure 9 shows the rates of weight loss for the starch-based
composite ﬁbers after 5 months of soil degradation. The rates
of weight loss for HDPE, STR-50, STR-80, and STR-90 were
0, 5.2%, 29.9%, and 34.8%, respectively. The weight loss rate
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Figure 8: FT-IR spectrum of starch-based composite ﬁbers before and after soil biodegradation.
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Figure 9: Weight loss of starch-based composite ﬁbers after 5 months
in soil degradation.

of the starch-based composite ﬁbers signiﬁcantly increased
with increasing starch content. Starch ﬁbers may be decomposed into oligomers, such as maltose and glucose, and,
eventually, CO2, H2O, and other low-molecular weight compounds under the action of microorganisms. The presence of
starch contributes to the multiplication of microorganisms
that could easily destroy the structure and morphology of
the composite ﬁbers. FT-IR results showed that both starch
and HDPE in the composite ﬁbers exhibited varying degrees
of degradation. However, the degradation of HDPE is only
manifested as the break of the macromolecular chain but
no weight loss. Bulatović et al. [37] found that thermoplastic
starch was ﬁrst degraded within the blend, which was facilitated access to the microorganisms of other ingredients in
the blend, encouraging the biodegradation of other components. Although ﬁnal values of weight loss are lower than
expected in the composite ﬁbers, indicating starch removal
continues past 5 months.
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4. Conclusions
Starch-based composite ﬁbers were successfully prepared by
one-step reactive extrusion and melt spinning technology.
FT-IR and SEM data supported the fact that MA had been
grafted as a potential compatibilizer for STR/HDPE systems.
The STR/HDPE composite ﬁbers with MA showed more
homogeneous compared with the composite ﬁbers without
MA. The eﬀect of starch contents on comprehensive morphological, thermal, and mechanical properties and soil
degradation behavior was also studied. The starch contents
had an important inﬂuence on the mechanical performance
of the composite ﬁbers due to the ﬂuﬀy internal structure,
the decrease of X c , and small restricted segments near the
crystalline region. In terms of soil degradation, SEM images
of the polymers indicated surface deterioration. The weight
loss rate of the composite ﬁbers signiﬁcantly increased with
increasing starch content.
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