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Abstract
Fiber reinforced polylactic acid (PLA) composites are one of the current research hotspots. Rice residues (RR) and glass 
fiber (GF) are commonly used as raw materials for strengthening PLA composites. In this paper, the mechanical properties, 
thermal properties and degradation properties of RR/PLA and GF/PLA composites were reviewed. The results showed that 
the defect in fiber (RR, GF) reinforced PLA is significantly improved by modification and the mechanical properties are 
improved by about 40%. The main reason is the unification of the surface polarity of fibers and PLA, as well as the role of 
connection established by the functional groups. Meanwhile, the surface modification of RR/PLA and GF/PLA composites 
can also improve their thermal and degradation properties. RR/PLA composites has worse heat resistance than pure PLA, 
whereas GF/PLA composites has better thermal stability than pure PLA. The crystallinity of RR/PLA composites was 
generally higher than that of pure PLA, indicating that natural fibers played the role of nucleating agent and promoted the 
nucleation of PLA. The pyrolysis loss of natural fiber reinforced PLA composites begins at 100 °C and can be divided into 
three stages: evaporation of water within the fiber, degradation of cellulose and hemicellulose, and degradation of non-fiber 
components. At about 300 °C, the degradation rate is the highest, and the weight loss ratio is above 90% at the end of the 
pyrolysis process. In terms of degradation performance, RR/PLA composites has excellent biodegradability, and its biodeg-
radability increases with the increasement of RR content. Degradation of GF/PLA composites is only degradation of PLA, 
so the decline of mechanical properties of GF/PLA composites is weakened. It can be predicted that with the advent of the 
era of carbon neutrality, the green degradable PLA composite technology will be developed deeply and quickly.

Keywords PLA composites · Rice residues · Glass fiber · Surface treatment · Mechanical properties · Thermal properties · 
Degradation properties

Introduction

As the climate change in global generates a major problem 
to human society, more countries have elevated “carbon 
neutrality” as a national strategy and proposed a vision for 
a carbon-free future [1], which restricts the use of natural 
resources such as oil and coal [2]. It has been understood 
that the petroleum-based plastics are widely used in vari-
ous industries due to their high quality and low price [3]. 

With the development of society, the usage in plastics was 
grown quickly and caused a serious environmental pollu-
tion [4–6]. Significant attention has been focused on the 
application of transportation, aviation, and construction of 
the biodegradable composite [7, 8]. Polylactic acid (PLA), 
which is the most commonly used biodegradable thermo-
plastic aliphatic polyester, produces from glucose derived 
from renewable corn, sugar cane and sugar beets [9]. It 
has the characteristics of recyclability and composability 
widely used for 3D printing applications primarily, and 
it is one of the most hopefully replaced petroleum-based 
polymers [10–14]. The tensile strength and Young's modu-
lus of PLA are equivalent to polypropylene (PP), polyeth-
ylene (PE) and polystyrene (PS), but low strength, poor 
heat resistance and high-cost limits its application [9, 15]. 
Many methods are developed to improve the performance 
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of PLA, which has a research hotspot utilized fiber rein-
forcement [16–20]. PLA is reinforced by two types of fiber 
that is natural fiber and artificial fiber [21–23]. Natural 
fibers are more environmentally friendly, while artificial 
fibers have stronger mechanical and thermal performance 
[24, 25].

Natural fibers have the characteristics of natural growth, 
light weight and recyclability that can reduce the health 
problems caused to operators such as skin irritation, etc. 
[26–32]. As a kind of natural fiber, rice residue (RR), includ-
ing rice straw (RS) and rice husk (RH), a remaining biomass 
resources after rice harvest, has the advantage of abundant 
content, cheap cost, and completely degradable [33, 34]. 
The incineration of RR usually exhausts a large amount of 
greenhouse gas, which will have a great negative impact for 
the environment [35]. According to research, the RS and 
RH cellulose content keeps 41–57% and 35–45%, respec-
tively, suggests that they have the function in enhancing PLA 
[36–38]. Comprehensive literature shows that the tensile 
strength of RR/PLA composites is mostly around 50 MPa 
and the bending strength of RR/PLA composites is mostly 
around 80 MPa [39–41]. The performance can meet the less 
demanding decorative parts such as the interior decorative 
parts of automobiles or airplanes [22, 42, 43]. For second-
ary load-bearing parts and load-bearing parts that require 
higher mechanical properties, they are usually reinforced 
by artificial fibers [44, 45]. Carbon fiber (CF) reinforced 
composites are the mainstream of research and development 
in high-performance composites, and it have been widely 
applied in the primary and secondary bearing structures of 
aircraft [46, 47]. However, fiber reinforced composites have 
been used a few in load-bearing parts and secondary load-
bearing parts of automobiles due to the limitations of cost 
and performance. Glass fiber (GF), which often manufac-
tured high-performance composites, is cheaper than carbon 
fiber and has the characteristics that natural fiber does not 
possess (high temperature resistance, corrosion resistance, 
strong mechanical properties, etc.) [48–50]. The tensile 
strength and bending strength of GF/PLA composites can 
reach 120 MPa and 170 MPa, respectively. The value greatly 
exceeded the properties of modified polypropylene widely 
used in automobiles and met the performance requirements 
in some main and secondary load-bearing components in 
transportation and aviation [51, 52]. In conclusion, the 
industrial application of RR/PLA and GF/PLA composites 
has great potential and it is very necessary to summarize 
the factors that affect the mechanical properties to obtain 
better properties [53, 54]. In addition, the fiber composites 
need heat resistance adequately, as it would inevitably con-
tact with the environment in application. The degradation 
of fiber composite is also considered after the service cycle 
[55, 56]. It is beneficial to summarize the thermal properties 
and biodegradation properties of fiber composites [57, 58].

In the past period of time, fiber reinforced PLA compos-
ites have undergone significant development, and have many 
applications in some fields. These applications are attributed 
to the improved performance of composites. In this study, 
a literature review is done with the intent of reviewing the 
performance of RR/PLA and GF/PLA composites in term of 
mechanical properties, thermal properties and degradation 
properties. The purpose of this study is to explore the RR/
PLA and GF/PLA composites technology, and it is hoped to 
be helpful with the future research.

Mechanical properties of RR/PLA composites

Pretreatment

The components of RR are mainly cellulose and hemicel-
lulose, so it has a strong hydrophilic prosperity due to a 
large number of hydroxyl groups within the surface [53, 59]. 
PLA molecule has hydrophobic property, which resulted in 
inferior interface compatibility [59, 60]. In the study of Wu 
et al. [61], the tensile strength of RH/PLA composite was 
gradually decreased with an increase of the RH content. The 
fiber weight content increased by 40%, the tensile strength 
of the RH/PLA composites was reduced by 57.6%. Yussuf 
et al. [62] suggested that PLA composites filled by RH had 
a negative impact. Compared with pure PLA, the flexural 
strength of RH/PLA composites was decreased by 55.6%. As 
shown in Fig. 1, the interface strength of RR/PLA composite 
was very weak with many voids and fiber pullouts phenom-
ena. But the fiber surface was coated by polymer improved 
the bonding properties avoided fiber damage during process-
ing. Zhu et al. [63] reported that the nano attapulgite (ATP) 
solutions with different contents (0.5, 1, 1.5, 2%) coating the 
rice straw(RS) surface formed the new intermediate layer 
between the RS and PLA, which had a positive effect on the 
mechanical performance of the RS/PLA composite. The ten-
sile strength of MRS/PLA composites (30% MRS, 2% ATP) 
was increased by 19% compared to the uncoated polymer 
one. The highest tensile modulus had occurred at 1.5% ATP, 
which was 5.9% higher than the uncoated composites. Qin 
et al. [64] reported that the poly butyl acrylate(BA) coat-
ing the RS surface (10% RS) can improve the mechanical 
strength of RS/PLA composite. The tensile strength of RS/
PLA composite was increased at first and then decreased 
with the increasement of BA content. When the content of 
BA accounted 20% of RS, the tensile strength of RS/PLA 
composite was reached the maximum value (30 MPa), which 
was 25% higher than that of the uncoated composites.

Although the mechanical properties of RR/PLA compos-
ites had improved by coating polymer, interface performance 
was not improved. The reason was no direct effect on the 
properties of interface connection. Generally, the interface 
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performance of RR and PLA can be improved by various 
chemical and physical treatments [67]. Alkali-treated was 
the simplest and cheapest method in natural fiber surface 
treatment. The proportion of cellulose was increased by 
alkali treatment due to the removal of some non-cellulose 
components. Tran et al. [66] studied the effect on the rice 
husk (RH) treated by different alkali concentration(2%, 5%, 
10%). It was confirmed that the alkali-treated removed part 
of the lignin and hemicellulose in RH, and removed a large 
amount of pectin, wax oil and other substances (Table 1). It 
is clear from Fig. 2 that 5% NAOH.

treated had the best fiber surface and 10% NAOH had broken 
part of fiber. Alkali would react with the hydroxyl groups in 
the surface of cellulose, which reduced the content of hydroxyl 
groups and increased the performance of interface. The formula 
of NaOH reaction was shown in (Eq. 1). Yu et al. [68] reported 
that the water absorption of RS/PLA composites was signifi-
cantly reduced by alkali-treated. Compared with the untreated 
composites, the water absorption was reduced by 27.7%. The 
mechanical performance test results showed that the tensile 
strength, tensile modulus, flexural strength, and flexural modu-
lus were increased by 31.19%, 16.48%, 18.75%, and 25.27%, 
respectively. The surface of fiber treated by alkali was easier 
to react with other modifiers. Therefore, alkali treatment was 
generally used a pretreatment method in fiber treatment process. 
In addition, the pretreatment methods were applied to fiber, also 
including microwave treatment and ultrasonic treatment.

(1)
Fiber→ cell→OH + NaOH⟶RR − cell

− O − Na − Na+ + H2O + impurites

Fig. 1  Fracture surface of RR/
PLA composite: a 20% RS [61], 
b 20% RH [62], c 20% RH [65], 
d 20% RH [66]

a

dc

b

Gap Fiber Pull out

Table 1  Husks compositions (%) as a function of the NaOH concen-
tration for an alkaline treatment duration of 24 h [68]

Husk composition R RN 2 RN 5 RN 10

Wax 2.2 ± 0.9 0.8 ± 0.4 0.7 ± 0.6 0.5 ± 0.4
Linin 37.1 ± 2.7 38.2 ± 1.4 39.9 ± 0.4 27.4 ± 1.3
Holocellulose 46.3 ± 1.4 49.8 ± 0.8 52.0 ± 0.2 65.1 ± 0.6
Inorganic(ash) 14.3 ± 0.2 11.2 ± 0.2 7.5 ± 0.1 6.9 ± 0.0

a cb

Fiber break

Fig. 2  Variation of surface morphology of the RH treated by NaOH: a–c NaOH concentration of 2%, 5% and 10%, respectively [68]
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Fig. 3  The reaction principle of KH 570 connecting fiber and PLA [72]

Fig. 4  The reaction principle of 
MAPP connecting fiber
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Surface modification

Silane, a multifunctional molecule, was used as a coupling 
agent modified fiber surface, which formed chemical con-
nection by the siloxy group and the alkyl group [69]. The 
process that silane coupling agents modified fibers involved 
several stages of hydrolysis, condensation, and bonding [37, 
70–72]. The silanol was formed by the hydrolysis of siloxy 
groups. Its one end can react with the hydroxyl group of cel-
lulose during the condensation process (which also enhanced 
the hydrophobicity), and its other end was reacted with the 
PLA matrix to form a bond (Fig. 3). Tran et al. [66] reported 
that the rice husk (RH) modified by silane had a positive 
effect on the properties of RH/PLA composites. The tensile 
strength and flexural strength increased by 6.6% and 10.9%, 
respectively, which was attributed to the improvement of 
interface properties. The second function of silane penetrate 
into the pores of fiber surface and act as a surface protective 
layer. Chen et al. [72] studied the effects of silane coupling 
agents (APS, KH 560, KH 570 and KH 590) on the interface 
properties of wheat straw (WS)/PLA composites. Compared 
with the unmodified composites, the tensile strength and 
flexural strength of WS/PLA composite treated by KH 570 
were increased by 43.29% and 40%, respectively. The SEM 
showed that the interface properties of the WS and PLA had 
been significantly improved.

Maleic anhydride coupling agents were commonly used on 
the surface of fiber and matrix provided an effective interac-
tion. Maleic anhydride, one end reacted with the hydroxyl 
group of cellulose reducing the hydrophilicity, and other end 
can also form stable carbon–carbon bonds with PLA during 
the modification process, which provided a chemical connec-
tion that was similar to the effect of silane between RR and 
PLA. Hamdan et al. [33] reported that the mechanical proper-
ties of RH/PLA composite modified by the toluene solution 
of MAPP and MAPE had been significantly improved. The 
MAPP concentration was 6%, the tensile strength reached the 

peak (20.9 MPa), which was 39.3% higher than the unmodi-
fied one. When the MAPE concentration was 6%, the maxi-
mum bending strength was 49 MPa, which was 48.5% higher 
than the unmodified one. The values of tensile modulus and 
flexural modulus was made a little change after composite 
modified. The reaction mechanism of maleic anhydride poly-
propylene (MAPP) was shown in Fig. 4.

The reaction mechanism of isocyanate modified fiber was 
that the functional group of isocyanate (-N = C = O) reacted 
with the hydroxyl groups of cellulose and lignin to form 
urethane bond, which provided a strong interfacial bond-
ing. In addition, the isocyanate can also react with water 
on the fiber surface to form urea that can further reacted 
with the hydroxyl groups of cellulose. The secondary reac-
tion provided a higher hydrophobicity and better interfacial 
bonding. The reaction formula between the fiber and isocy-
anate coupling agent was shown in Fig. 5. Tsou et al. [73] 
reported that the mechanical properties of RH/PLA compos-
ites modified by isocyanate (MDI) had a significant positive 
effect. The tensile strength of RH/PLA composite (with 20% 
RH content) was increased by 55.7% (from 32.5 MPa to 
50.6 MPa). The water absorption of composite had been 
clearly reduced, and the printing test suggested that the RH/
PLA composite (with 20% RH content) filament with the 
solubilizer MDI can be used in the 3D printing application.

Acrylic acid had two functional groups: carbon—carbon 
double bond and carboxyl group. Under the induction of 
benzoyl peroxide (BPO), the carbon–carbon double bond 
of acrylic acid broke and grafted to the PLA chain [74]. The 
carboxyl group of acrylic acid reacted with the hydroxyl 
group in the fiber to form stable ester bonds. This provided 
more pathways for the free radicals of the active cellulose to 
enter the polymer. Wu and Tsou [65] used acrylic acid (AA) 
to graft polylactic acid (PLA-g-AA) and coupling agent to 
treat rice husk (TRH) to improve the properties of PLA/RH 
composites. Compared with PLA/RH, the tensile strength 
of PLA-g-AA /TRH (30% TRH) composites was increased 
by 112.5%. In this study, the AA was successfully grafted 
onto PLA by BPO as initiator. The esterification reaction 
occurred between PLA-G-AA and TRH, and the interface 
between the two was stronger. The reaction formula was 
shown in Fig. 6.

Other modification methods such as the ester compounds 
also have a strong improvement in compatibility between 
fiber and polymer. Zhao et al. [75] studied that the effect of 

Fig. 5  The reaction mechanism of isocyanate treated fiber

Fig. 6  The reaction formula of 
AA connecting TRH and PLA
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the methyl methacrylate (MMA) modified rice straw fiber 
(RSF) on the properties of RSF/PLA composites. Compared 
with the unmodified one, the tensile strength (RSF content 
of 30%, 0.02% MMA) increased by 53.6%. Wu et al. [61] 
studied the effect of glycidyl methacrylate (GMA) on RS 
reinforced PLA composites. The tensile strength of compos-
ite (30% RS) increased by 31.4%. It was a high molecular 
polymer that the polyethylene glycol (PEG) possessed excel-
lent dispersibility and adhesion was used as a plasticizer in 
the preparation of RR and PLA composite with the effect of 
improving performance. Zubir et al. [76] reported the effect 
of the polyethylene glycol (PEG) on the adhesion of RS and 
PLA/PHBV. As a results, the tensile strength of the com-
posites was increased by 14.6%. As shown in Fig. 7, the RS/
PLA composites had good interface compatibility and fiber 
breaks were found at the section after chemical treatment, 
indicating to play role in enhancing PLA.

Some researchers had extracted the cellulose from RS and RH 
to enhance PLA composites. Battegazzore et al. [77] extracted 
cellulose from RH and fabricated cellulose/PLA composite by 
melt blending. From the SEM image, the cellulose particle was 
uniformly distributed and had excellent adhesion in the PLA 
matrix. The storage modulus of the cellulose/PLA (30% cellu-
lose) increased by 41%. In subsequent work, they extracted the 
silica from RH to prepare silica/PLA composites [78], and the 
mechanical properties were comparable to the industrial silica/
PLA composites [79]. It can be seen that the cellulose extracted 
from RR had similar properties to commercial cellulose, and the 
RR had excellent advantage for enhancing biopolymers.

This part reviewed the main literature in term of RR/PLA 
composites and introduced the mechanism of surface treat-
ment and its effect on mechanical properties. Many modifica-
tion methods, including alkali treatment, silane coupling agent, 
crosslinking agent treatment, GMA, AA, MDI, MAPP, MAPE, 

Fig. 7  Surface morphology 
of chemical treatment of RR/
PLA composites: a 1% RS and 
alkali + ultrasound, b 20% RH 
and 2 wt% MAPP [33], c 20% 
RH and AA [65], d 30% RH 
and MDI [73], e 20% RS and 
GMA [61], f 30% RS and 0.02% 
MMA [75]

a

fe

dc

b

Fiber break

Excellent compatibility
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MMA, ATP covering, microwave carbonization (HC), were 
applied in the RR surface for adjustment the interface connec-
tion [59]. It is apparent from the images (Fig. 1) that the frac-
tured surface of untreated RR/PLA composite has large number 
of fiber pullouts and void, which indicates the poor adhesion 
between matrix and fiber. On the other hand, fracture surface of 
silane and MAPP modified RR/PLA composites exhibits fiber 
breakage (Figs. 2 and 7) rather than fiber pull out, which proves 
the improvement in the interfacial bonding. Due to this phe-
nomenon, better stress transfer will lead to improved mechanical 
properties [80]. Furthermore, Table 2 provides a list of mechani-
cal properties of RR/PLA composite that employ various treat-
ment method. The tensile strength of RH/PLA composites 
treated with MAPP and PEG was the lowest (about 25 MPa). 
The tensile strength of RH/PLA composites treated with silane, 
MMA, and ATP was the highest (about 60 MPa). That is mostly 
improved by about 40% compared to unmodified composites. It 
can be concluded that surface modification has been excellent 
effect on improving mechanical properties.

Mechanical properties of GF/PLA composites

Glass fiber (GF), with high strength and low cost, is often 
used to prepare high performance composite. It has many 
applications in the aerospace field, but a few applications in 
the construction and automotive fields [84–86]. This section 
summarized recent literature on the mechanical properties 
of GF/PLA composites.

Methods with untreated materials

The performance of GF/PLA composite was largely 
depended on the content, aspect ratio and dispersion of 

GF [87]. Different from natural fibers, the increasement of 
mechanical properties of GF/PLA composite were posi-
tively correlated with GF content [86]. Varsavas et al. [88, 
89] reported the mechanical properties of GF/PLA com-
posites was increased with the increasement of GF con-
tent. Compared with pure PLA, the tensile strength, flex-
ural strength, tensile modulus and flexural modulus of GF/
PLA composites were increased by 31.9%, 20.7%, 47.7% 
and 100%, respectively. Huda et al. [90] prepared GF/PLA 
composite (30 wt% GF) by twin-screw extruder and injec-
tion molding machine. Compared with the neat PLA, the 
tensile strength, flexural strength, elastic modulus, flexural 
modulus and notched impact strength of GF/PLA compos-
ite were increased by 28%, 10%, 145%, 152%, and 53%, 
respectively. The mechanical properties of PLA composites 
were obviously improved by GF, and some performance was 
enhanced double time. On the same aspect with nature fiber, 
the interface properties of GF and PLA was greatly affected 
by dispersibility and compatibility. The literature showed 
that many fiber pull-outs and voids were discovered at the 
interface between the GF and PLA (Fig. 8). The reason was 
that the interface performance of GF in the PLA matrix was 
inferior. It is necessary to improve the interface performance 
of GF and PLA by surface modification.

Surface modification

A number of researchers adopted the modification meas-
ures of natural fiber to modify GF surface for improvement 
the interface performance. This method made the stress 
smoothly transferred from the matrix to the fiber. The ver-
satility of silane coupling agent can also serve as a medium 
for inorganic (GF) and organic (PLA) [92]. It was different 
from other coupling agents that the silane was improved the 

Table 2  Mechanical properties 
of RR/PLA composites

Author TS/MPa TM/GPa FS/MPa FM /GPa Mark Year

Yussuf et al. [62] - - 85 4 - 2010
Nyambo et al. [81] 56 4.6 83 5.8 30% straw 2011
Zhao et al. [75] 63 - - - 0.02% MMA 2011
Qin et al. [64] 30 - - - 5% RSF 2011
Wu et al. [61] 51.8 - - - GMA、TEOS 2013
Kellersztein et al. [82] 36.7 4.1 75.4 4.47 20% 2015
Zubir et al. [76] 27 - - - RS 25%, PEG 2017
Chaboki et al. [34] 28.39 - - - RS 10% 2019
Zhu et al. [63] 63 2.86 - 5.46 1.5% ATP 2019
Hamdan et al. [33] 22 1.4 48 3 MAPP 20% RH 2019
Wu et al. [61] 53 - - - (AA) grafting 2019
Tsou et al. [73] 50 - - - MDI 20% RH 2020
Chen et al. [72] 38 - 75 - 30% WS 2021
Nizamuddin et al. [83] 36.17 6.182 - - 20% HC 2021
Yu et al. [68] 59 0.55 92 3.25 A + U 2021
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mechanical properties of the composites by increasing the 
length of the fiber. Jing et al. [91] reported that the GF modi-
fied by silane was seem coated a protective film that pre-
vented fiber breakage and kept the fiber length closest to the 
original (Fig. 9). Compared with the unmodified composites, 
the tensile strength was increased by 52.9%. Wang et al. [93] 
reported that the GF modified by silane greatly improved 
the mechanical properties of PLA composites. Compared 
with pure PLA, the tensile strength, flexural strength, ten-
sile modulus and flexural modulus of GF/PLA composites 
(20% m-GF) increased by 90.6%, 42.2%, 137.5 and 103.3%, 
respectively. It was attributed to form the chemical connec-
tion by the reaction of the silane coupling agent. One end 
of the silane had three siloxy groups that can be hydrolyzed 

to form silanol, and the silanol reacts with the surface of 
the inorganic material. The other end of silane had the long 
alkyl chain that can react with the polymer. The reaction 
mechanism of silane coupling agent action with GF and PLA 
matrix was shown in Figs. 10 and 11.

Graphene oxide (GO), which was the closest precursor to 
graphene, had a large number of epoxy, hydroxyl, carbonyl 
and carboxyl functional groups that was easy to disperse 
in water and polar organic solvents [94]. It was reported in 
the literature that the GO can be coated on glass fiber by 
electrostatic assembly technology, as the modifier of fiber 
surface like silane coupling agent [95]. Jing et al. [91] stud-
ied the effect of GF modified by graphene oxide (GO) on 
the mechanical properties of GF/PLA composites. The 

Fig. 8  Surface morphology of 
GF/PLA composites: a 20% GF 
[87], b 30 GF [90], c 15% GF 
[88], d 20% GF [88]

a b

c d

20 GF 30 GF

Fiber pull out

Fig. 9  Schematic diagram of 
GF enhancement mechanism for 
PLA composites [91]
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results showed that the GO can greatly promote the nuclea-
tion of composites, which improved the modulus of GF/
PLA composite. The author conducted an in-depth analy-
sis of the reinforcement mechanism and fracture evolution 
process of the graphene oxide modified GF. The interface 
adhesion between GF and PLA treated by graphene oxide 
was significantly improved (Fig. 9). Among them, improv-
ing compatibility and adhesion was the most fundamental 
factor for the improvement of the mechanical properties of 
GF/PLA composites. The chain extender was used for the 
functionalization to restore the molecular weight of GF/PLA 
composites and improved the crystallization performance of 
PLA. Akindoyo et al. [96] reported that the GF modified by 
impact modifier (BS) and chain extender (CESA) improved 
the interfacial properties, and the impact strength of the com-
posites was increased by 21.4%. Wang et al. [93] reported that 
the crystallinity of GF/PLA composites was increased after 
heat treatment. It can be inferred that the heat treatment was 
an effective method to improve the mechanical properties 
of semi-crystalline polymers. Goh et al. [97] used the fused 
filament manufacturing (FFF) technology to manufacture 
the thermoplastic composites reinforced by the continuous 
carbon fiber and glass fiber. Compared with the short glass 
fiber, the tensile strength and Young's modulus of the con-
tinuous GF composites sample was 450 MPa and 7.20 GPa, 
respectively. It made thermoplastic high-performance struc-
tural parts possible by the development of continuous GF 
compound extrusion technology.

Others

Some researchers have experimented with other aspects, 
such as blend PLA with other polymers. Lu et al. [98] 

took the solubilizer PTW (the content is 5%) for increase-
ment the compatibility of PLA and HDPE added differ-
ent GF contents (5, 10, 20, 30 wt%) to enhance the PLA/
HDPE matrix. The SEM observed that the compatibility 
of PLA and HDPE was significantly improved. The PTW 
could effectively reduce the contact angle of PLA/HDPE 
mixture, which improved the compatibility of compos-
ites. When the addition of GF was 30 wt%, the tensile 
strength of the GF/PLA composite was increased by 75%, 
and the impact strength and elongation at break of GF/
PLA composite were reduced by 57% and 83%, respec-
tively. Lin et al. [99] employed different GF contents (10, 
20, 30 wt%) to reinforce the PLA/PC (70/30) matrix. 
The tensile strength, flexural strength and notched Izod 
impact strength of composites were separately increased 
by 84%, 73%, and 200%. Hazer and Aytac [100] conducted 
a similar research to study the mechanical properties of 
the PLA/PC (50/50) blend reinforced by GF. The tensile 
strength of GF/PLA/PC (30% GF) composites was 93.3% 
higher than that of PLA/PC. In another study [52], they 
used different mixed of carbon fiber (CF) and GF to rein-
force PLA/PC(50/50) blend. The SEM observation found 
that there was a better interface adhesion between the GF/
CF and PLA/PC matrix. With the synthetic fiber admix-
ture increasement, the tensile strength of composites was 
increased. Among the PLA/PC blend with 15 wt% GF 
and 15 wt% CF, the tensile strength was the highest at 
115.23 MPa, which was 102.2% higher than that without 
addition. The mixture using of CF-GF can reduce the eco-
nomic cost. Varsavas and Kaynak [88, 89] reported that 
the GF and thermoplastic polyurethane elastomer (TPU) 
mixed to enhance PLA. The SEM observation revealed 
that the dispersion of TPU in the PLA matrix was inferior. 

Fig. 10  Silane coupling agent 
hydrolysis

Fig. 11  Grafting with GF and 
PLA reaction
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Compared with the TPU/PLA composites (10% TPU), the 
tensile strength, flexural strength, tensile modulus, and 
flexural modulus of GF/TPU/PLA composites (15% GF, 
10% TPU) were increased by 20.9%, 12.1%, 52.6%, 54.7% 
respectively. Rafiquzzaman et al. [50] processed the jute/
GF reinforced epoxy resin composites by manual layout, 
and evaluate its tensile, bending and impact properties. 
The mechanical properties have been greatly improved due 
to addition GF to the polymer.

Most current studies showed that the high strength GF 
had greatly improved the mechanical performance of PLA 
composites. In general, in all GF/PLA composites, it is noted 
that the mechanical properties of the composites increased 
linearly up to a certain stage and drops afterwards. The criti-
cal point is the optimum fiber content. In view of the poor 
interface performance of GF and PLA, researchers had con-
ducted a number of modification studies on GF/PLA com-
posites, such as silane coupling agents, graphene oxide, 
impact modifiers and chain extenders. As shown in Fig. 12, 
these modifications improved the interface properties of the 
GF and PLA, when the mechanical properties and reliabil-
ity of the GF/PLA composite had been greatly improved 
after chemical modification. The mechanical properties of 
GF/PLA composites from the above studies were shown in 
Table 3. It could draw a conclusion that GF/PLA composite 
with the optimum content and the most effective modifica-
tion would achieve the highest performance.

Thermal properties of RR/PLA and GF/PLA

The thermal characteristics of RR/PLA composites and 
GF/PLA composites are highly influenced by the charac-
teristics of the RR and GF [34, 75, 102]. When RR/PLA 
composites and GF/PLA composites are subjected to heat, 
they are likely to experience prominent alterations in their 
physical and chemical properties [103]. The RR/PLA and 
GF/PLA will undergo processes such as evaporation, sub-
limation, water absorption, etc., which is a function of both 
temperature and time [104, 105]. As a consequence, there 
will be variations in mechanical and thermal properties. In 
RR/PLA composite, the reduction in the thermal stability 
may be predominant due to the degradation of natural fiber 
[106]. In GF/PLA composite, the slower reduction in the 
thermal stability may be occur because of glass fiber for high 
temperature resistance. The thermal degradation of natural 
fibers generally happens at 200–210 °C, and the thermal 
degradation of PLA begins at around 300 °C, whereas the 
thermal distortion of GF takes place above 500 °C.

The thermal stability of composites is studied through 
thermogravimetric analysis (TGA) [107]. During TGA, 
the mass of the sample is observed as the temperature of 
the sample is increased [108]. Chougan et al. [109] used 
TGA to evaluate the thermal degradation of wheat straw/
PLA composites. The TGA curve showed that there were 
three distinct stages in the degradation (Fig. 13). In the first 

Fig. 12  Surface morphology of 
chemical treated GF/PLA com-
posites: a 20% GF and silane 
coupling agent [93], b 30% GF 
and S [91], c 30% GF and GO 
[91], d 10% GF and BS + CEAS 
[96]

a

dc

b

Stronger interface bonding
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stage (100 ~ 150 °C), a weight loss of 5%-10% can be seen 
in the composites. Here, the weight loss happens due to the 
evaporation of moisture that is trapped within the fiber. The 
second stage of degradation (250 ~ 350 °C) corresponds to 
the decomposition of hemi-cellulose and cellulose. Simulta-
neously, PLA degradation also happens in this stage [110]. 
Out of the three most important constituents of fiber: cel-
lulose, hemi-cellulose and lignin, hemi-cellulose has the 
lowest thermal stability and it was the first compound to 
degrade among the three. It is followed by cellulose deg-
radation while degradation of lignin takes place at a higher 
temperature. The third stage (above 350 °C) of degradation 
is attributed to the decomposition of lignin and other non-
cellulosic molecules. Tran et al. [66] reported that the ther-
mal degradation of PLA and it composites was a single-step 

degradation mechanism that occurs at around 360 °C. The 
degradation temperature of RH/PLA composites modified 
by alkali and silane was 354–357 °C, and second only to 
pure PLA, significantly higher than untreated composites 
(340 °C). It showed that the thermal decomposition tempera-
ture of RR/PLA composites will be improved after surface 
modification.

The thermal degradation of GF/PLA composites can be 
divided into two section due to glass fiber for high tem-
perature resistance. The initial weight loss is the evaporation 
of moisture, and then the degradation of PLA. Wang et al. 
[101] reported that the thermal degradation temperature of 
pure PLA and PLA/GF composites was all almost 330 °C. 
For an increase content GF, the thermal degradation tem-
perature of GF/PLA composites tends to shift slowly to high 

Table 3  Mechanical strength of 
GF/PLA composites

Author TS TM FS FM Remark Year

Huda et al. [90] 80.2 MPa 6.7 GPa 108.9 MPa 8.2 GPa 30% GF 2010
Lin et al. [99] 124.7 MPa - 173.2 MPa 7.3 GPa 30% GF, PLA/PC 2011
Wang et al. [101] 118 MPa 9.98 GPa 168 MPa 11.6 GPa 20% GF, HOT 2014
Hazer and Aytac [100] 108 MPa - - - 30% GF 2019
Jing et al. [91] 140 MPa 5.8 GPa - - 30%GF, GO/S 2019
Akindoyo et al. [96] 80.4 MPa 6.03 GPa 123 MPa 5.89 GPa 10% GF 2019
Lu et al. [98] 67 MPa - - - 30% GF 2020
Hazer and Aytac [100] 108 MPa - - - 30% GF 2021
Wang et al. [93] 80 MPa 8 GPa 123 MPa 6.2 GPa 20% GF, SILANE 2021

Fig. 13  TGA curves of 
untreated RH/PLA, KH 550 
treated RH/PLA
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temperature. The study had shown that the thermal degrada-
tion properties of GF/PLA composites can be adjusted by 
GF surface modification. Akindoyo et al. [96] reported that 
the initial degradation temperature of PLA composites and 
the temperature of materials degraded by 50% was increased 
by Jing et al. [91] reported that the GF treated by graphene 
oxide (GO) promoted the properties of PLA nucleation, 
which enhanced the thermal performance. Wang et al. [101] 
and Deng et al. [111] also had similar reported.

RR had little effect on the  Tg and  Tm of PLA composites, but 
it significantly improved the crystallinity of PLA composites, 
the reason was that the fiber act a role in promoting nuclea-
tion (Qin et al. [64], from 10.7 to 16.6%). Battegazzore et al. 
[77] reported that cellulose extracted from RS can reinforce 
crystallinity of PLA composite. The thermal properties of RR/
PLA composites were changed on account of the different treat-
ment in RR surface. In lijun qin's work, the RS/PLA composite 
was treated by PBA. The crystallinity of composites treated 
by PBA was less than that of pure PLA, as the PBA prevented 
crystallization of RS/PLA composites. Nizamuddin et al. 
[83] suggested that the melting point of composites had little 
change with carbonization RS, and the agglomeration nature 
of carbonization RS prevented the free movement of polymer 
chains, which reduced the crystallinity of PLA composites. Wu 
et al. [61] reported that RS reduced the melting point of PLA 
composites. The reason was that the distance between the PLA 
chains is magnify during the grafting process, as the crystalliza-
tion of polymer became more difficult. Zhu et al. [63] reported 
that ATP-coated RS lead an increase in heat resistance. But 
they have not studied the crystallinity of composites. The modi-
fication methods in the above-mentioned documents all have 
a certain effect on the crystallinity, but failed to improve the 
comprehensive thermal performance of RR/PLA and GF/PLA 

composite. The influence of other modifiers on the thermal 
properties of RR/PLA composites needs to be studied in depth.

The  Tg,  Tm and  Xc of GF/PLA composites showed dif-
ferent results for RR/PLA composites [112, 113]. Jing et al. 
[91] reported that GF treated by graphene oxide promoted 
the nucleation process of PLA, which can greatly improve 
the crystallinity of PLA composites. Wang et  al. [101] 
reported that the heat treatment greatly improved the crys-
tallinity of GF/PLA composites. The heat resistance of GF/
PLA composites was significantly improved in heat treat-
ment induced crystallization. Akindoyo et al. [96] reported 
that chain extenders and impact mixed modifiers improved 
the crystallinity of GF/PLA composites. The  Tg,  Tc, and  Tm 
of GF/PLA composites almost had little change, which indi-
cated the presence of GF had little effect on the mobility 
of PLA chain. As the GF size was too large, it affects the 
fluidity of the polymer segment. The thermal properties of 
RR/PLA and GF/PLA composites were shown in Table 4. 
It showed that RR and GF can improve the crystallinity of 
PLA composites, especially cellulose and graphene oxide. 
Neither RR nor artificial fibers (GF) had much influence on 
the Tg, Tc, and Tm of PLA composites.

Degradability of RR/PLA and GF/PLA

Fiber composites (RR/PLA, GF/PLA), the marvel materi-
als of the present world are inevitable in various appli-
cations as a result of their mechanical performance and 
cost feasibility [117–119]. The degradation mechanism of 
RR/PLA and GF/PLA composites has been studied and 
reported by very few researchers though experimentation 
by nature-degradation, exposure to different environmental 

Table 4  Thermal properties of RR/PLA and GF/PLA

Samples Tg(◦C) Tcc (◦C) Tm1(◦C) Tm2(◦C) ∆Hm (J/g) Xc(%) Treat Ref

PLA 58.8 100.4 144.1 150.6 27 10.7 - Qin et al. [64]
PLA/RS 58.8 96.7 143.4 151.5 28.6 16.6 - Lijun qin
PLA/RS 59.4 99.9 144.1 151.7 14.5 9.8 PBA Lijun qin
PLA/cellulose 61 124 - 153 21.7 29 From RS Battegazzore et al. [77]
PLA/HC - - - 165.3 14.2 17.3 RS(HC) Nizamuddin et al. [83]
PLA/RS 67 - - 153.2 - - GMA Wu et al. [61]
PLA/RH 66 - - 169 77 - Water T Arjmandi et al. [114]
PLA/RH 57 - - 160 52 - Alkaline T Arjmandi
PLA/PHBV/RS - - - 166.2 - 42.6 - Zubir et al. [76]
PLA/RH 66.1 - - 153.1 - - AA Wu and Tsou [65]
PLA/GF 57 - - 170 41.7 44.5 - Huda et al. [115]
PLA/GF 61.45 113 150.1 156.7 25.8 32.5 Hot Wang et al. [101]
PLA/GF 61.9 112.3 162.8 168.8 55.37 51.29 GO Yin and Bao [116]
PLA/GF 61.9 - - 154.9 - 40.4 GBC Akindoyo et al. [96]
PLA/PC/GF 64.3 - - 150.7 5.9 14.9 - Hazer and Aytac [100]
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conditions, as well as attack from fungi and microbial 
[120]. These tests were conducted to study their resistance 
against biodegradation to ensure long durability of com-
posites [121, 122]. The weight reduction in composites 
after degradation is noted to comprehend the degradation 
mechanism.

The degradation of RR/PLA composites potentially 
occurred on biological, chemical, thermal and water envi-
ronments. The soil burial experiment was the simplest 
method to simulate the natural degradation of composite. 
The degradation of cellulose in the soil mainly included 
microbial degradation and hydrolysis [123]. Yussuf et al. 
[62] reported that the RH/PLA composites had stronger 
degradation properties than pure polylactic acid in soil 
burial experiments. There was slow weight loss on the 
10th and 30th days. On the 90th day, the weight loss of 
RH/PLA composite was twice that of PLA (Fig.  14). 
The same result appeared in the experiment of Guo et al. 
[124]. During soil burial, wood fiber/PLA composite was 
more prone to degradation than pure PLA. Gunti et al. 
[125] reported that the weight loss percentage of com-
posite increased linearly with the number of days buried 
in the soil. In addition, the degradation rate in the enzy-
matic environment was significantly higher than that of 
soil burying. Wu et al. [61] reported that the PCL/RSF 
composites had stronger biodegradability than that of pure 
PCL. The biodegradation rate increased with the increase-
ment of RSF content. It can save cost of time that the 
experiments of accelerated degradation were implemented 
under certain conditions (constant heat, constant humidity, 
UV aging). Kyutoku et al. [36] conducted the experiment 

of accelerated degradation on cellulose/PLA composites 
under the constant temperature and humidity conditions. 
The results showed that the storage modulus decreased by 
50% over time. During the experiment of accelerated deg-
radation of constant temperature and humidity, hydrolysis 
in PLA composite was occurred, but adding modifier can 
inhibit the hydrolysis of PLA composites [126].

During the degradation process (chemical degradation, 
thermal degradation) of GF/PLA composites, because the 
ingredient of GF was unaltered, it prevented the degradation 
of mechanical properties of composite. Varsavas and Kaynak 
[89] studied natural weathering degradation performance of 
GF/PLA composite. The exposure of pure PLA and GF/
PLA composite (with 15% GF) was tested by the acceler-
ated weathering conditions of ultraviolet light irradiation 
and water circulation. The results showed that the mechani-
cal property of PLA was reduced by 92%, the mechanical 
property of GF/PLA was only reduced by 34%.

The above documents showed that the RR/PLA compos-
ites had strongly degradation performance in the natural 
environment, which can disappear completely after a cer-
tain period of time. The degradation rate can be adjusted 
by adding different fiber and modifying agent. In addition, 
RR/PLA composites was manifested in a lower initial deg-
radation temperature and a faster degradation rate, which 
showed lower thermal degradation performance than pure 
PLA. The heat resistance of GF/PLA composite was higher 
than that of pure PLA slightly and the thermal degradation 
resistance of GF/PLA was improved by surface modification 
of GF. There were not many studies on reporting the deg-
radation performance of RR/PLA composites, especially in 

Fig. 14  Relationship between 
weight loss and compost time 
(PLA, RH/PLA) [62]
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hydrolysis and UV degradation. As GF kept not degradable, 
it was conducive to be used in the long-term durability of 
composites. The degradation performance of PLA compos-
ites needs researchers to study deeply.

Conclusion

Petroleum polymers had been fully used in industry and 
produced a large number of non-degradable materials, 
and resulted in multiple environmental issues. Alterna-
tives for petroleum polymers are attracting the attention of 
the research community. Concerning this purpose, green 
composites is regarded as the new technology and oppor-
tunity. Due to its excellent processability and natural bio-
degradability, PLA was a suitable matrix for natural fiber 
composites. Many techniques to improve the performance 
of PLA composites are constantly evolving. There is a clear 
difference between the strength of natural fiber composites 
and synthetic fiber composites. This article reported the 
research progress of mechanical properties, thermal prop-
erties, and biodegradation properties of RR/PLA and GF/
PLA composites.

For the first, it was information on the mechanical prop-
erties of PLA composite. The defects in RR and GF rein-
forced PLA composites were improved with many methods 
of surface treatment. Also, the mechanical properties of RR/
PLA and GF/PLA composite was improved under surface 
modifying. We therefore introduced the surface modified 
methods of RR and GF, and summarized the enhancement 
mechanism of fiber surface modified. The results showed 
that the tensile strength and bending strength of RR/PLA 
composite was about 50 MPa and 80 MPa, respectively. 
The mechanical performance of GF/PLA composites was 
highly superior than that of RR/PLA composite. The tensile 
strength and bending strength of GF/PLA composites can 
reach 120 MPa and 170 MPa, respectively.

For the second, the thermal properties and degradation 
properties of RR/PLA composites and GF/PLA composites 
was analyzed. Thermal performance of RR/PLA composite 
was worse than that of pure PLA, whereas the thermal sta-
bility of GF/PLA was slightly better than that of pure PLA. 
The TGA weight loss process of RR/PLA composites can 
be divided into three stages. In the first stage, the moisture 
in the fiber evaporates; the second stage was the degrada-
tion of cellulose and hemicellulose; and the third stage was 
the degradation of non-fiber components. During the TGA 
(room temperature-600 °C) test process of GF/PLA compos-
ites, the weight of GF was hardly changed. Biodegradability 
analysis showed that RR/PLA composites had preeminent 
biodegradability, and the biodegradability increased with the 
increasement of RR content. The aging of GF/PLA com-
posite was merely the degradation of PLA components, so 

the decline of mechanical properties of GF/PLA composite 
was weakened. Also, the modification of both RR/PLA and 
GF/PLA may also lead to increased values of the thermal 
properties and degradation properties.

Compared to GF/PLA composites, the mechanical per-
formance of RR/PLA composites was lower. However, 
the combination of RR and GF creates the possibility for 
the functionalization of fiber composites. In summary, the 
research of fiber reinforced PLA composites was a dynamic 
process that needs to delve into multiple performance fea-
tures. It was necessary to develop models for the perfor-
mance prediction of RR/PLA and GF/PLA composites and 
to explore the degradation laws under various conditions. 
This review will help readers to understand the performance 
of mechanical, thermal and degradation of RR/PLA and GF/
PLA. The future composites will possess higher mechani-
cal properties, more durability and versatility. The devel-
opment of fiber composites in automotive, transportation, 
aerospace and other manufacturing industries should be con-
cerned, which will help maintained a sustainable ecological 
environment.

Acknowledgements This study was supported from China Scholar-
ship (Grant No. 201808410102), Henan Scientific and Technological 
Research Program(Grant No. 182102110027) .

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. Zhao X, Ma XW, Chen BY, Shang YP, Song ML (2022) Chal-
lenges toward carbon neutrality in China: Strategies and counter-
measures. Resour Conser Recycl 176. https:// doi. org/ 10. 1016/j. 
resco nrec. 2021. 105959

 2. Yadav AM, Sundaram A, Ghag KP, Suresh N, Gajbhiye P 
(2017) Recovery and de-ashing of coal fines from coal water 
slurry using the oil agglomeration process by waste transformer 
oil. Energ Source Part A Recov Util Environ Eff 39:1353–1358. 
https:// doi. org/ 10. 1080/ 15567 036. 2017. 13286 22

 3. Kumar S, Krishnan S, Mohanty S, Nayak SK (2018) Synthesis 
and characterization of petroleum and biobased epoxy resins: a 
review. Polym Int 67:815–839. https:// doi. org/ 10. 1002/ pi. 5575

 4. Shayan M, Azizi H, Ghasemi I, Karrabi M (2015) Effect of 
modified starch and nanoclay particles on biodegradability and 
mechanical properties of cross-linked poly lactic acid. Carbohyd 
Polym 124:237–244. https:// doi. org/ 10. 1016/j. carbp ol. 2015. 02. 
001

 5. Soares J, Miguel I, Venancio C, Lopes I, Oliveira M (2021) Pub-
lic views on plastic pollution: Knowledge, perceived impacts, and 
pro-environmental behaviours. J Hazard Mater 412. https:// doi. 
org/ 10. 1016/j. jhazm at. 2021. 125227

 6. Barnes SJ (2019) Understanding plastics pollution: The role of 
economic development and technological research. Environ Pol-
lut 249:812–821. https:// doi. org/ 10. 1016/j. envpol. 2019. 03. 108

422   Page 14 of 18 Journal of Polymer Research (2022) 29: 422

https://doi.org/10.1016/j.resconrec.2021.105959
https://doi.org/10.1016/j.resconrec.2021.105959
https://doi.org/10.1080/15567036.2017.1328622
https://doi.org/10.1002/pi.5575
https://doi.org/10.1016/j.carbpol.2015.02.001
https://doi.org/10.1016/j.carbpol.2015.02.001
https://doi.org/10.1016/j.jhazmat.2021.125227
https://doi.org/10.1016/j.jhazmat.2021.125227
https://doi.org/10.1016/j.envpol.2019.03.108


1 3

 7. Pochwala S, Makiola D, Anweiler S, Bohm M (2020) The heat 
conductivity properties of hemp-lime composite material used 
in single-family buildings. Materials 13. https:// doi. org/ 10. 3390/ 
ma130 41011

 8. Ali A, Andriyana A (2020) Properties of multifunctional com-
posite materials based on nanomaterials: a review. RSC Adv 
10:16390–16403. https:// doi. org/ 10. 1039/ c9ra1 0594h

 9. Rosli NA, Karamanlioglu M, Kargarzadeh H, Ahmad I (2021) 
Comprehensive exploration of natural degradation of poly(lactic 
acid) blends in various degradation media: A review. Int J Biol 
Macromol 187:732–741. https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 
07. 196

 10. Nofar M, Salehiyan R, Ray SS (2019) Rheology of poly (lactic 
acid)-based systems. Polym Rev 59:465–509. https:// doi. org/ 10. 
1080/ 15583 724. 2019. 15721 85

 11. Jia WW, Gong RH, Hogg PJ (2014) Poly (lactic acid) fibre rein-
forced biodegradable composites. Compos Part B Eng 62:104–
112. https:// doi. org/ 10. 1016/j. compo sitesb. 2014. 02. 024

 12. Beauson J, Schillani G, van der Schueren L, Goutianos S (2022) 
The effect of processing conditions and polymer crystallinity on 
the mechanical properties of unidirectional self-reinforced PLA 
composites. Compos Part A Appl Sci Manuf 152. https:// doi. org/ 
10. 1016/j. compo sitesa. 2021. 106668

 13. Nampoothiri KM, Nair NR, John RP (2010) An overview of 
the recent developments in polylactide (PLA) research. Biores 
Technol 101:8493–8501. https:// doi. org/ 10. 1016/j. biort ech. 2010. 
05. 092

 14. Murariu M, Dubois P (2016) PLA composites: From production 
to properties. Adv Drug Deliv Rev 107:17–46. https:// doi. org/ 
10. 1016/j. addr. 2016. 04. 003

 15. Rajeshkumar G et al (2021) Environment friendly, renewable and 
sustainable poly lactic acid (PLA) based natural fiber reinforced 
composites-A comprehensive review. J Clean Prod 310. https:// 
doi. org/ 10. 1016/j. jclep ro. 2021. 127483

 16. Kandola BK, Mistik SI, Pornwannachai W, Anand SC (2018) 
Natural fibre-reinforced thermoplastic composites from woven-
nonwoven textile preforms: Mechanical and fire performance 
study. Compos Pt B Eng 153:456–464. https:// doi. org/ 10. 1016/j. 
compo sitesb. 2018. 09. 013

 17. Yamoum C, Magaraphan R (2017) Effect of peanut shell content 
on mechanical, thermal, and biodegradable properties of peanut 
shell/polylactic acid biocomposites. Polym Compos 38:682–690. 
https:// doi. org/ 10. 1002/ pc. 23627

 18. Reverte JM et al (2020) Mechanical and geometric performance 
of PLA-based polymer composites processed by the fused fila-
ment fabrication additive manufacturing technique. Materials 
13:16. https:// doi. org/ 10. 3390/ ma130 81924

 19. Chotiprayon P, Chaisawad B, Yoksan R (2020) Thermoplastic cas-
sava starch/poly(lactic acid) blend reinforced with coir fibres. Int J 
Biol Macromol 156:960–968. https:// doi. org/ 10. 1016/j. ijbio mac. 
2020. 04. 121

 20. Efendy MGA, Pickering KL (2019) Comparison of strength 
and Young modulus of aligned discontinuous fibre PLA com-
posites obtained experimentally and from theoretical predic-
tion models. Compos Struct 208:566–573. https:// doi. org/ 10. 
1016/j. comps truct. 2018. 10. 057

 21. Balla E et al (2021) A versatile biobased polymer for the future 
with multifunctional properties-from monomer synthesis, polym-
erization techniques and molecular weight increase to PLA appli-
cations. Polymers 13. https:// doi. org/ 10. 3390/ polym 13111 822

 22. Ilyas RA et al (2021) Biocomposite: Processing, additive manu-
facturing and advanced applications. Polymers 13. https:// doi. 
org/ 10. 3390/ polym 13081 326

 23. Stefaniak K, Masek A (2021) Green copolymers based on 
poly(Lactic Acid)-short review. Materials 14. https:// doi. org/ 10. 
3390/ ma141 85254

 24. Kannan G, Thangaraju R (2021) Recent progress on natural lignocel-
lulosic fiber reinforced polymer composites: A review. J Nat Fibers, 
1–32. https:// doi. org/ 10. 1080/ 15440 478. 2021. 19444 25

 25. Roy K, Debnath SC, Pongwisuthiruchte A, Potiyaraj P (2021) 
Recent advances of natural fibers based green rubber composites: 
Properties, current status, and future perspectives. J Appl Polym 
Sci 138. https:// doi. org/ 10. 1002/ app. 50866

 26. Yusoff RB, Takagi H, Nakagaito AN (2016) Tensile and flex-
ural properties of polylactic acid-based hybrid green composites 
reinforced by kenaf, bamboo and coir fibers. Ind Crops Prod 
94:562–573. https:// doi. org/ 10. 1016/j. indcr op. 2016. 09. 017

 27. Venkateshwaran N, Elayaperumal A, Sathiya GK (2012) Prediction 
of tensile properties of hybrid-natural fiber composites. Compos 
Part B Eng 43:793–796. https:// doi. org/ 10. 1016/j. compo sitesb. 
2011. 08. 023

 28. Jawaid M, Khalil H, Hassan A, Dungani R, Hadiyane A (2013) 
Effect of jute fibre loading on tensile and dynamic mechanical 
properties of oil palm epoxy composites. Compos Part B Eng 
45:619–624. https:// doi. org/ 10. 1016/j. compo sitesb. 2012. 04. 068

 29. Lv SS, Zhang YH, Gu JY, Tan HY (2017) Biodegradation behav-
ior and modelling of soil burial effect on degradation rate of PLA 
blended with starch and wood flour. Colloid Surf B-Biointerfaces 
159:800–808. https:// doi. org/ 10. 1016/j. colsu rfb. 2017. 08. 056

 30. Lv SS, Zhang YH, Gu JY, Tan HY (2018) Physicochemical evo-
lutions of starch/poly (lactic acid) composite biodegraded in real 
soil. J Environ Manage 228:223–231. https:// doi. org/ 10. 1016/j. 
jenvm an. 2018. 09. 033

 31. Lv SS, Zhang YH, Gu JY, Tan HY (2018) Soil burial-induced 
chemical and thermal changes in starch/poly (lactic acid) com-
posites. Int J Biol Macromol 113:338–344. https:// doi. org/ 10. 
1016/j. ijbio mac. 2018. 02. 139

 32. Ying ZR, Wu DF, Zhang M, Qiu YX (2017) Polylactide/basalt fiber 
composites with tailorable mechanical properties: Effect of surface 
treatment of fibers and annealing. Compos Struct 176:1020–1027. 
https:// doi. org/ 10. 1016/j. comps truct. 2017. 06. 042

 33. Hamdan MHM et al (2019) Effect of maleated anhydride on 
mechanical properties of rice husk filler reinforced PLA matrix 
polymer composite. Int J Precis Eng Manuf Green Technol 
6:113–124. https:// doi. org/ 10. 1007/ s40684- 019- 00017-4

 34. Chaboki MG, Mohammadi-Rovshandeh J, Hemmati F 
(2019) Poly(lactic acid)/thermoplasticized rice straw bio-
composites: effects of benzylated lignocellulosic filler and 
nanoclay. Iran Polym J 28:777–788. https:// doi. org/ 10. 1007/ 
s13726- 019- 00743-1

 35. Ghaffar SH, Madyan OA, Fan MZ, Corker J (2018) The influence 
of additives on the interfacial bonding mechanisms between natu-
ral fibre and biopolymer composites. Macromol Res 26:851–863. 
https:// doi. org/ 10. 1007/ s13233- 018- 6119-8

 36. Kyutoku H, Maeda N, Sakamoto H, Nishimura H, Yamada K 
(2019) Effect of surface treatment of cellulose fiber (CF) on dura-
bility of PLA/CF bio-composites. Carbohyd Polym 203:95–102. 
https:// doi. org/ 10. 1016/j. carbp ol. 2018. 09. 033

 37. Huda MS, Drzal LT, Mohanty AK, Misra M (2008) Effect of 
fiber surface-treatments on the properties of laminated biocom-
posites from poly(lactic acid) (PLA) and kenaf fibers. Compos 
Sci Technol 68:424–432. https:// doi. org/ 10. 1016/j. comps citech. 
2007. 06. 022

 38. Yu T, Ren J, Li SM, Yuan H, Li Y (2010) Effect of fiber surface-
treatments on the properties of poly(lactic acid)/ramie compos-
ites. Compos Pt A-Appl Sci Manuf 41:499–505. https:// doi. org/ 
10. 1016/j. compo sitesa. 2009. 12. 006

 39. Lee CH, Padzil F, Lee SH, Ainun ZMA, Abdullah LC (2021) 
Potential for natural fiber reinforcement in PLA polymer fila-
ments for Fused Deposition Modeling (FDM) additive manu-
facturing: A Review. Polymers 13. https:// doi. org/ 10. 3390/ 
polym 13091 407

Page 15 of 18    422Journal of Polymer Research (2022) 29: 422

https://doi.org/10.3390/ma13041011
https://doi.org/10.3390/ma13041011
https://doi.org/10.1039/c9ra10594h
https://doi.org/10.1016/j.ijbiomac.2021.07.196
https://doi.org/10.1016/j.ijbiomac.2021.07.196
https://doi.org/10.1080/15583724.2019.1572185
https://doi.org/10.1080/15583724.2019.1572185
https://doi.org/10.1016/j.compositesb.2014.02.024
https://doi.org/10.1016/j.compositesa.2021.106668
https://doi.org/10.1016/j.compositesa.2021.106668
https://doi.org/10.1016/j.biortech.2010.05.092
https://doi.org/10.1016/j.biortech.2010.05.092
https://doi.org/10.1016/j.addr.2016.04.003
https://doi.org/10.1016/j.addr.2016.04.003
https://doi.org/10.1016/j.jclepro.2021.127483
https://doi.org/10.1016/j.jclepro.2021.127483
https://doi.org/10.1016/j.compositesb.2018.09.013
https://doi.org/10.1016/j.compositesb.2018.09.013
https://doi.org/10.1002/pc.23627
https://doi.org/10.3390/ma13081924
https://doi.org/10.1016/j.ijbiomac.2020.04.121
https://doi.org/10.1016/j.ijbiomac.2020.04.121
https://doi.org/10.1016/j.compstruct.2018.10.057
https://doi.org/10.1016/j.compstruct.2018.10.057
https://doi.org/10.3390/polym13111822
https://doi.org/10.3390/polym13081326
https://doi.org/10.3390/polym13081326
https://doi.org/10.3390/ma14185254
https://doi.org/10.3390/ma14185254
https://doi.org/10.1080/15440478.2021.1944425
https://doi.org/10.1002/app.50866
https://doi.org/10.1016/j.indcrop.2016.09.017
https://doi.org/10.1016/j.compositesb.2011.08.023
https://doi.org/10.1016/j.compositesb.2011.08.023
https://doi.org/10.1016/j.compositesb.2012.04.068
https://doi.org/10.1016/j.colsurfb.2017.08.056
https://doi.org/10.1016/j.jenvman.2018.09.033
https://doi.org/10.1016/j.jenvman.2018.09.033
https://doi.org/10.1016/j.ijbiomac.2018.02.139
https://doi.org/10.1016/j.ijbiomac.2018.02.139
https://doi.org/10.1016/j.compstruct.2017.06.042
https://doi.org/10.1007/s40684-019-00017-4
https://doi.org/10.1007/s13726-019-00743-1
https://doi.org/10.1007/s13726-019-00743-1
https://doi.org/10.1007/s13233-018-6119-8
https://doi.org/10.1016/j.carbpol.2018.09.033
https://doi.org/10.1016/j.compscitech.2007.06.022
https://doi.org/10.1016/j.compscitech.2007.06.022
https://doi.org/10.1016/j.compositesa.2009.12.006
https://doi.org/10.1016/j.compositesa.2009.12.006
https://doi.org/10.3390/polym13091407
https://doi.org/10.3390/polym13091407


1 3

 40. Feng JN, Zhang WX, Wang L, He CX (2020) Performance com-
parison of four kinds of Straw/PLA/PBAT wood plastic com-
posites. BioResources 15:2596–2604. https:// doi. org/ 10. 15376/ 
biores. 15.2. 2596- 2604

 41. Muthuraj R, Lacoste C, Lacroix P, Bergeret A (2019) Sustain-
able thermal insulation biocomposites from rice husk, wheat 
husk, wood fibers and textile waste fibers: Elaboration and per-
formances evaluation. Ind Crops Prod 135:238–245. https:// doi. 
org/ 10. 1016/j. indcr op. 2019. 04. 053

 42. Reverte JM et al (2020) Mechanical and geometric performance 
of PLA-based polymer composites processed by the fused fila-
ment fabrication additive manufacturing technique. Materials 13. 
https:// doi. org/ 10. 3390/ ma130 81924

 43. Ku H, Wang H, Pattarachaiyakoop N, Trada M (2011) A review 
on the tensile properties of natural fiber reinforced polymer com-
posites. Composites Part B-Engineering 42:856–873. https:// doi. 
org/ 10. 1016/j. compo sitesb. 2011. 01. 010

 44. Nouri A, Shirvan AR, Li YC, Wen CE (2021) Additive manu-
facturing of metallic and polymeric load-bearing biomaterials 
using laser powder b e d fusion: A review. J Mater Sci Technol 
94:196–215. https:// doi. org/ 10. 1016/j. jmst. 2021. 03. 058

 45. Chauhan V, Karki T, Varis J (2019) Review of natural fiber-reinforced 
engineering plastic composites, their applications in the transpor-
tation sector and processing techniques. J Thermoplast Compos  
Mater. https:// doi. org/ 10. 1177/ 08927 05719 889095

 46. Kuciel S, Mazur K, Hebda M (2020) The influence of wood and 
basalt fibres on mechanical, thermal and hydrothermal properties 
of PLA composites. J Polym Environ 28:1204–1215. https:// doi. 
org/ 10. 1007/ s10924- 020- 01677-z

 47. Vidal R et al (2018) Life cycle assessment of novel aircraft inte-
rior panels made from renewable or recyclable polymers with 
natural fiber reinforcements and non-halogenated flame retard-
ants. J Ind Ecol 22:132–144. https:// doi. org/ 10. 1111/ jiec. 12544

 48. Ramesh M, Palanikumar K, Reddy KH (2013) Mechanical prop-
erty evaluation of sisal-jute-glass fiber reinforced polyester com-
posites. Compos Part B Eng 48:1–9. https:// doi. org/ 10. 1016/j. 
compo sitesb. 2012. 12. 004

 49. Abd El-Baky MA (2017) Evaluation of mechanical proper-
ties of jute/glass/carbon fibers reinforced hybrid composites. 
Fibers and Polymers 18:2417–2432. https:// doi. org/ 10. 1007/ 
s12221- 017- 7682-x

 50. Rafiquzzaman M, Islam MM, Rahman MH, Talukdar MS, Hasan 
MN (2016) Mechanical property evaluation of glass-jute fiber 
reinforced polymer composites. Polym Adv Technol 27:1308–
1316. https:// doi. org/ 10. 1002/ pat. 3798

 51. Sherwani SFK, Zainudin ES, Sapuan SM, Leman Z, Abdan K 
(2021) Mechanical properties of sugar palm (Arenga pinnata 
Wurmb. Merr)/glass fiber-reinforced poly(lactic acid) hybrid 
composites for potential use in motorcycle components. Poly-
mers 13. https:// doi. org/ 10. 3390/ polym 13183 061

 52. Hazer S, Aytac A (2021) The influence of various/different 
ratios synthetic fiber mixture on the mechanical, thermal, mor-
phological and flammability properties of poly (lactic acid)/
polycarbonate blend. J Compos Mater 55:1027–1038. https:// 
doi. org/ 10. 1177/ 00219 98320 963533

 53. Siakeng R et al (2019) Natural fiber reinforced polylactic acid 
composites: A review. Polym Compos 40:446–463. https:// doi. 
org/ 10. 1002/ pc. 24747

 54. Gupta MK, Srivastava RK (2016) Mechanical properties of 
hybrid fibers-reinforced polymer composite: a review. Polym 
Plast Technol Eng 55:626–642. https:// doi. org/ 10. 1080/ 03602 
559. 2015. 10986 94

 55. Miller SA, Srubar WV, Billington SL, Lepech MD (2015) 
Integrating durability-based service-life predictions with 
environmental impact assessments of natural fiber-reinforced 

composite materials. Resour Conserv Recycl 99:72–83. https:// 
doi. org/ 10. 1016/j. resco nrec. 2015. 04. 004

 56. Ujcic A et al (2022) Effects of thermal treatment and nucleat-
ing agents on crystallinity, toughness, and stiffness of PLA/
PCL blends. Express Polym Lett 16:221–233. https:// doi. org/ 
10. 3144/ expre sspol ymlett. 2022. 18

 57. Wu CS (2009) Renewable resource-based composites of recy-
cled natural fibers and maleated polylactide bioplastic: Charac-
terization and biodegradability. Polym Degrad Stab 94:1076–
1084. https:// doi. org/ 10. 1016/j. polym degra dstab. 2009. 04. 002

 58. Boey JY, Mohamad L, Khok YS, Tay GS, Baidurah S (2021) A 
review of the applications and biodegradation of polyhydroxy-
alkanoates and poly(lactic acid) and its composites. Polymers 
13. https:// doi. org/ 10. 3390/ polym 13101 544

 59. Ghaffar SH, Fan MZ (2015) Differential behaviour of nodes 
and internodes of wheat straw with various pre-treatments. 
Biomass Bioenerg 83:373–382. https:// doi. org/ 10. 1016/j. 
biomb ioe. 2015. 10. 020

 60. Chougan M, Ghaffar SH, Al-Kheetan MJ, Gecevicius M (2020) 
Wheat straw pre-treatments using eco-friendly strategies for 
enhancing the tensile properties of bio-based polylactic acid 
composites. Ind Crop Prod 155:10. https:// doi. org/ 10. 1016/j. 
indcr op. 2020. 112836

 61. Wu CS et  al (2013) Thermal properties and characteriza-
tion of surface-treated RSF-reinforced polylactide compos-
ites. Polym Bull 70:3221–3239. https:// doi. org/ 10. 1007/ 
s00289- 013- 1018-9

 62. Yussuf AA, Massoumi I, Hassan A (2010) Comparison of Poly-
lactic Acid/Kenaf and Polylactic Acid/Rise Husk Composites: 
The Influence of the Natural Fibers on the Mechanical, Thermal 
and Biodegradability Properties. J Polym Environ 18:422–429. 
https:// doi. org/ 10. 1007/ s10924- 010- 0185-0

 63. Zhu LX, Qiu JH, Liu WD, Sakai E (2019) Mechanical and ther-
mal properties of rice Straw/PLA modified by nano Attapulgite/
PLA interfacial layer. Compos Commun 13:18–21. https:// doi. 
org/ 10. 1016/j. coco. 2019. 02. 001

 64. Qin LJ et  al (2011) Mechanical and thermal properties of 
poly(lactic acid) composites with rice straw fiber modified by 
poly(butyl acrylate). Chem Eng J 166:772–778. https:// doi. org/ 
10. 1016/j. cej. 2010. 11. 039

 65. Wu CS, Tsou CH (2019) Fabrication, characterization, and appli-
cation of biocomposites from poly(lactic acid) with renewable 
rice husk as reinforcement. J Polym Res 26. https:// doi. org/ 10. 
1007/ s10965- 019- 1710-z

 66. Tran TPT, Benezet JC, Bergeret A (2014) Rice and Einkorn 
wheat husks reinforced poly(lactic acid) (PLA) biocomposites: 
Effects of alkaline and silane surface treatments of husks. Ind 
Crops Prod 58:111–124. https:// doi. org/ 10. 1016/j. indcr op. 2014. 
04. 012

 67. Yao XD, Liu DY, Sui GX (2015) Influence of Fiber Surface 
Treatment on Mechanical Performance of Xanthoceras sorbifo-
lia Bunge Husk Fibers/PP Composites. J Appl Polym Sci 132. 
https:// doi. org/ 10. 1002/ app. 41217

 68. Yu WW et al (2021) Effects of Rice Straw Powder (RSP) size and 
pretreatment on properties of FDM 3D-printed RSP/Poly(lactic 
acid) Biocomposites. Molecules 26. https:// doi. org/ 10. 3390/ 
molec ules2 61132 34

 69. Yang ZZ, Feng XH, Xu M, Rodrigue D (2020) Properties of 
poplar Fiber/PLA composites: comparison on the effect of maleic 
anhydride and KH550 modification of poplar fiber. Polymers 
12:13. https:// doi. org/ 10. 3390/ polym 12030 729

 70. Georgiopoulos P, Kontou E, Georgousis G (2018) Effect of silane 
treatment loading on the flexural properties of PLA/flax unidi-
rectional composites. Compos Commun 10:6–10. https:// doi. org/ 
10. 1016/j. coco. 2018. 05. 002

422   Page 16 of 18 Journal of Polymer Research (2022) 29: 422

https://doi.org/10.15376/biores.15.2.2596-2604
https://doi.org/10.15376/biores.15.2.2596-2604
https://doi.org/10.1016/j.indcrop.2019.04.053
https://doi.org/10.1016/j.indcrop.2019.04.053
https://doi.org/10.3390/ma13081924
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1016/j.jmst.2021.03.058
https://doi.org/10.1177/0892705719889095
https://doi.org/10.1007/s10924-020-01677-z
https://doi.org/10.1007/s10924-020-01677-z
https://doi.org/10.1111/jiec.12544
https://doi.org/10.1016/j.compositesb.2012.12.004
https://doi.org/10.1016/j.compositesb.2012.12.004
https://doi.org/10.1007/s12221-017-7682-x
https://doi.org/10.1007/s12221-017-7682-x
https://doi.org/10.1002/pat.3798
https://doi.org/10.3390/polym13183061
https://doi.org/10.1177/0021998320963533
https://doi.org/10.1177/0021998320963533
https://doi.org/10.1002/pc.24747
https://doi.org/10.1002/pc.24747
https://doi.org/10.1080/03602559.2015.1098694
https://doi.org/10.1080/03602559.2015.1098694
https://doi.org/10.1016/j.resconrec.2015.04.004
https://doi.org/10.1016/j.resconrec.2015.04.004
https://doi.org/10.3144/expresspolymlett.2022.18
https://doi.org/10.3144/expresspolymlett.2022.18
https://doi.org/10.1016/j.polymdegradstab.2009.04.002
https://doi.org/10.3390/polym13101544
https://doi.org/10.1016/j.biombioe.2015.10.020
https://doi.org/10.1016/j.biombioe.2015.10.020
https://doi.org/10.1016/j.indcrop.2020.112836
https://doi.org/10.1016/j.indcrop.2020.112836
https://doi.org/10.1007/s00289-013-1018-9
https://doi.org/10.1007/s00289-013-1018-9
https://doi.org/10.1007/s10924-010-0185-0
https://doi.org/10.1016/j.coco.2019.02.001
https://doi.org/10.1016/j.coco.2019.02.001
https://doi.org/10.1016/j.cej.2010.11.039
https://doi.org/10.1016/j.cej.2010.11.039
https://doi.org/10.1007/s10965-019-1710-z
https://doi.org/10.1007/s10965-019-1710-z
https://doi.org/10.1016/j.indcrop.2014.04.012
https://doi.org/10.1016/j.indcrop.2014.04.012
https://doi.org/10.1002/app.41217
https://doi.org/10.3390/molecules26113234
https://doi.org/10.3390/molecules26113234
https://doi.org/10.3390/polym12030729
https://doi.org/10.1016/j.coco.2018.05.002
https://doi.org/10.1016/j.coco.2018.05.002


1 3

 71. Asim M, Jawaid M, Abdan K, Ishak MR (2016) Effect of Alkali 
and Silane Treatments on Mechanical and Fibre-matrix Bond 
Strength of Kenaf and Pineapple Leaf Fibres. J Bionic Eng 
13:426–435. https:// doi. org/ 10. 1016/ s1672- 6529(16) 60315-3

 72. Chen K et al (2021) Effect of silane coupling agent on compat-
ibility interface and properties of wheat straw/polylactic acid 
composites. Int J Biol Macromol 182:2108–2116. https:// doi. 
org/ 10. 1016/j. ijbio mac. 2021. 05. 207

 73. Tsou CH et al (2020) Preparation and characterization of renew-
able composites from Polylactide and Rice husk for 3D printing 
applications (vol 26, pg 227, 2019). J Polym Res 27. https:// doi. 
org/ 10. 1007/ s10965- 019- 1939-6

 74. Guo JP et al (2021) Preparation and characterization of bio-based 
green renewable composites from poly(lactic acid) reinforced 
with corn stover (vol 28, 199, 2021). J Polym Res 28. https:// doi. 
org/ 10. 1007/ s10965- 021- 02710-y

 75. Zhao Y et al (2011) Improvement of tensile and thermal proper-
ties of poly(lactic acid) composites with admicellar-treated rice 
straw fiber. Chem Eng J 173:659–666. https:// doi. org/ 10. 1016/j. 
cej. 2011. 07. 076

 76. Zubir NHM, Sam ST, Zulkepli NN, Omar MF (2018) The effect 
of rice straw particulate loading and polyethylene glycol as plas-
ticizer on the properties of polylactic acid/polyhydroxybutyrate-
valerate blends. Polym Bull 75:61–76. https:// doi. org/ 10. 1007/ 
s00289- 017- 2018-y

 77. Battegazzore D, Bocchini S, Alongi J, Frache A, Marino F (2014) 
Cellulose extracted from rice husk as filler for poly(lactic acid): 
preparation and characterization. Cellulose 21:1813–1821. 
https:// doi. org/ 10. 1007/ s10570- 014- 0207-5

 78. Battegazzore D, Bocchini S, Alongi J, Frache A (2014) Rice 
husk as bio-source of silica: preparation and characterization of 
PLA-silica bio-composites. RSC Adv 4:54703–54712. https:// 
doi. org/ 10. 1039/ c4ra0 5991c

 79. Liu YX, Mo XZ, Pang JY, Yang F (2016) Effects of silica on the 
morphology, structure, and properties of thermoplastic cassava 
starch/poly(vinyl alcohol) blends. J Appl Polym Sci 133. https:// 
doi. org/ 10. 1002/ app. 44020

 80. Goriparthi BK, Suman KNS, Rao NM (2012) Effect of fiber sur-
face treatments on mechanical and abrasive wear performance 
of polylactide/jute composites. Compos Part A Appl Sci Manuf 
43:1800–1808. https:// doi. org/ 10. 1016/j. compo sitesa. 2012. 05. 007

 81. Nyambo C, Mohanty AK, Misra M (2010) Polylactide-Based 
Renewable Green Composites from Agricultural Residues and 
Their Hybrids. Biomacromol 11:1654–1660. https:// doi. org/ 10. 
1021/ bm100 3114

 82. Kellersztein I, Amir E, Dotan A (2016) Grafting of wheat straw 
fibers with poly (epsilon-caprolactone) via ring-opening polym-
erization for poly(lactic acid) reinforcement. Polym Adv Technol 
27:657–664. https:// doi. org/ 10. 1002/ pat. 3736

 83. Nizamuddin S et al (2021) Experimental investigation of phys-
icochemical, thermal, mechanical and rheological properties of 
polylactide/rice straw hydrochar composite. J Environ Chem Eng 
9. https:// doi. org/ 10. 1016/j. jece. 2021. 106011

 84. Haque P et al (2010) Interfacial properties of phosphate glass 
fibres/PLA composites: Effect of the end functionalities of oli-
gomeric PLA coupling agents. Compos Sci Technol 70:1854–
1860. https:// doi. org/ 10. 1016/j. comps citech. 2010. 06. 012

 85. Wang YQ et al (2021) Processing and characterization of phos-
phate glass fiber/polylactic acid commingled yarn composites 
for commercial production. J Biomed Mater Res Part B Appl 
Biomater 109:990–1004. https:// doi. org/ 10. 1002/ jbm.b. 34764

 86. Rahimizadeh A, Kalman J, Henri R, Fayazbakhsh K, Lessard 
L (2019) Recycled glass fiber composites from wind turbine 
waste for 3D printing feedstock: effects of fiber content and 
interface on mechanical performance. Materials 12. https:// 
doi. org/ 10. 3390/ ma122 33929

 87. Caylak S, Ertas M, Cavdar AD, Angin N (2021) Mechani-
cal characteristics and hydrophobicity of alkyl ketene dimer 
compatibilized hybrid biopolymer composites. Polym Compos 
42:2324–2333. https:// doi. org/ 10. 1002/ pc. 25980

 88. Varsavas SD, Kaynak C (2018) Effects of glass fiber reinforce-
ment and thermoplastic elastomer blending on the mechanical 
performance of polylactide. Compos Commun 8:24–30. https:// 
doi. org/ 10. 1016/j. coco. 2018. 03. 003

 89. Varsavas SD, Kaynak C (2018) Weathering degradation perfor-
mance of PLA and its glass fiber reinforced composite. Mate-
rials Today Communications 15:344–353. https:// doi. org/ 10. 
1016/j. mtcomm. 2017. 11. 008

 90. Huda MS, Drzal LT, Mohanty AK, Misra M (2006) Chopped 
glass and recycled newspaper as reinforcement fibers in injec-
tion molded poly(lactic acid) (PLA) composites: A compara-
tive study. Compos Sci Technol 66:1813–1824. https:// doi. org/ 
10. 1016/j. comps citech. 2005. 10. 015

 91. Jing MF, Che JJ, Xu SM, Liu ZW, Fu Q (2018) The effect 
of surface modification of glass fiber on the performance of 
poly(lactic acid) composites: Graphene oxide vs. silane cou-
pling agents. Appl Surf Sci 435:1046–1056. https:// doi. org/ 10. 
1016/j. apsusc. 2017. 11. 134

 92. Pan HW et al (2021) Fiber-induced crystallization in polymer 
composites: A comparative study on poly(lactic acid) composites 
filled with basalt fiber and fiber powder. Int J Biol Macromol 
183:45–54. https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 04. 104

 93. Wang GL, Zh DM, Wan GP, Li B, Zhao GQ (2019) Glass fiber 
reinforced PLA composite with enhanced mechanical properties, 
thermal behavior, and foaming ability 181. Polymer. https:// doi. 
org/ 10. 1016/j. polym er. 2019. 121803

 94. Sujan MI et  al (2021) Graphene oxide crosslinker for the 
enhancement of mechanical properties of polylactic acid. J Polym 
Sci 59:1043–1054. https:// doi. org/ 10. 1002/ pol. 20210 029

 95. Krishnakumar B et al (2020) Catalyst free self-healable vit-
rimer/graphene oxide nanocomposites. Compos Part B Eng 184. 
https:// doi. org/ 10. 1016/j. compo sitesb. 2019. 107647

 96. Akindoyo JO et al (2021) Simultaneous impact modified and 
chain extended glass fiber reinforced poly(lactic acid) compos-
ites: Mechanical, thermal, crystallization, and dynamic mechani-
cal performance. J Appl Polym Sci 138. https:// doi. org/ 10. 1002/ 
app. 49752

 97. Goh GD et al (2018) Characterization of mechanical proper-
ties and fracture mode of additively manufactured carbon fiber 
and glass fiber reinforced thermoplastics. Mater Des 137:79–89. 
https:// doi. org/ 10. 1016/j. matdes. 2017. 10. 021

 98. Lu X et al (2016) Morphology and properties of bio-based poly 
(lactic acid)/high-density polyethylene blends and their glass 
fiber reinforced composites. Polym Testing 54:90–97. https:// 
doi. org/ 10. 1016/j. polym ertes ting. 2016. 06. 025

 99. Lin L, Deng C, Lin GP, Wang YH (2014) Mechanical proper-
ties, heat resistance and flame retardancy of glass fiber-reinforced 
PLA-PC alloys based on aluminum hypophosphite. Polym-Plast 
Technol Eng 53:613–625. https:// doi. org/ 10. 1080/ 03602 559. 
2013. 866244

 100. Hazer S, Aytac A (2020) Effect of glass fiber reinforcement 
on the thermal, mechanical, and flame retardancy behavior of 
poly(lactic acid)/polycarbonate blend. Polym Compos 41:1481–
1489. https:// doi. org/ 10. 1002/ pc. 25471

 101. Wang GL et al (2019) Strong and thermal-resistance glass fiber-
reinforced polylactic acid (PLA) composites enabled by heat 
treatment. Int J Biol Macromol 129:448–459. https:// doi. org/ 10. 
1016/j. ijbio mac. 2019. 02. 020

 102. Karsli NG, Aytac A (2014) Properties of alkali treated short flax 
fiber reinforced poly(lactic acid)/polycarbonate composites. 
Fibers and Polymers 15:2607–2612. https:// doi. org/ 10. 1007/ 
s12221- 014- 2607-4

Page 17 of 18    422Journal of Polymer Research (2022) 29: 422

https://doi.org/10.1016/s1672-6529(16)60315-3
https://doi.org/10.1016/j.ijbiomac.2021.05.207
https://doi.org/10.1016/j.ijbiomac.2021.05.207
https://doi.org/10.1007/s10965-019-1939-6
https://doi.org/10.1007/s10965-019-1939-6
https://doi.org/10.1007/s10965-021-02710-y
https://doi.org/10.1007/s10965-021-02710-y
https://doi.org/10.1016/j.cej.2011.07.076
https://doi.org/10.1016/j.cej.2011.07.076
https://doi.org/10.1007/s00289-017-2018-y
https://doi.org/10.1007/s00289-017-2018-y
https://doi.org/10.1007/s10570-014-0207-5
https://doi.org/10.1039/c4ra05991c
https://doi.org/10.1039/c4ra05991c
https://doi.org/10.1002/app.44020
https://doi.org/10.1002/app.44020
https://doi.org/10.1016/j.compositesa.2012.05.007
https://doi.org/10.1021/bm1003114
https://doi.org/10.1021/bm1003114
https://doi.org/10.1002/pat.3736
https://doi.org/10.1016/j.jece.2021.106011
https://doi.org/10.1016/j.compscitech.2010.06.012
https://doi.org/10.1002/jbm.b.34764
https://doi.org/10.3390/ma12233929
https://doi.org/10.3390/ma12233929
https://doi.org/10.1002/pc.25980
https://doi.org/10.1016/j.coco.2018.03.003
https://doi.org/10.1016/j.coco.2018.03.003
https://doi.org/10.1016/j.mtcomm.2017.11.008
https://doi.org/10.1016/j.mtcomm.2017.11.008
https://doi.org/10.1016/j.compscitech.2005.10.015
https://doi.org/10.1016/j.compscitech.2005.10.015
https://doi.org/10.1016/j.apsusc.2017.11.134
https://doi.org/10.1016/j.apsusc.2017.11.134
https://doi.org/10.1016/j.ijbiomac.2021.04.104
https://doi.org/10.1016/j.polymer.2019.121803
https://doi.org/10.1016/j.polymer.2019.121803
https://doi.org/10.1002/pol.20210029
https://doi.org/10.1016/j.compositesb.2019.107647
https://doi.org/10.1002/app.49752
https://doi.org/10.1002/app.49752
https://doi.org/10.1016/j.matdes.2017.10.021
https://doi.org/10.1016/j.polymertesting.2016.06.025
https://doi.org/10.1016/j.polymertesting.2016.06.025
https://doi.org/10.1080/03602559.2013.866244
https://doi.org/10.1080/03602559.2013.866244
https://doi.org/10.1002/pc.25471
https://doi.org/10.1016/j.ijbiomac.2019.02.020
https://doi.org/10.1016/j.ijbiomac.2019.02.020
https://doi.org/10.1007/s12221-014-2607-4
https://doi.org/10.1007/s12221-014-2607-4


1 3

 103. Nam TH, Ogihara S, Kobayashi S (2012) Interfacial, mechanical 
and thermal properties of coir fiber-reinforced poly(lactic acid) 
biodegradable composites. Adv Compos Mater 21:103–122. 
https:// doi. org/ 10. 1163/ 15685 5112x 629559

 104. Li W, Zheng L, Tend D, et al. (2020) Interfacial modified uni-
directional wheat straw/polylactic acid composites. J Ind Text. 
https:// doi. org/ 10. 1177/ 15280 83720 918172

 105. Ye CL, Ma GZ, Fu WC, Wu HW (2015) Effect of fiber treatment 
on thermal properties and crystallization of sisal fiber reinforced 
polylactide composites. J Reinf Plast Compos 34:718–730. 
https:// doi. org/ 10. 1177/ 07316 84415 579090

 106. Ngaowthong C et al (2019) Recycling of sisal fiber reinforced 
polypropylene and polylactic acid composites: Thermo-
mechanical properties, morphology, and water absorption 
behavior. Waste Manage 97:71–81. https:// doi. org/ 10. 1016/j. 
wasman. 2019. 07. 038

 107. Mohamed AA, Hussain S, Alamri MS, Ibraheem MA, Qasem 
AAA (2018) Specific Mechanical Energy and Thermal Degrada-
tion of Poly(lactic acid) and Poly(caprolactone)/Date Pits Com-
posites. Int J Polym Sci. https:// doi. org/ 10. 1155/ 2018/ 74935 45

 108. Hammiche D, Boukerrou A, Azzeddine B, Guermazi N, Budtova 
T (2019) Characterization of polylactic acid green composites 
and its biodegradation in a bacterial environment. Int J Polym 
Anal Charact 24:236–244. https:// doi. org/ 10. 1080/ 10236 66x. 
2019. 15670 83

 109. Chougan M, Ghaffar SH, Al-Kheetan MJ, Gecevicius M (2020) 
Wheat straw pre-treatments using eco-friendly strategies for 
enhancing the tensile properties of bio-based polylactic acid com-
posites. Ind Crops Prod 155. https:// doi. org/ 10. 1016/j. indcr op. 
2020. 112836

 110. Valapa R, Pugazhenthi G, Katiyar V (2014) Thermal degradation 
kinetics of sucrose palmitate reinforced poly(lactic acid) bio-
composites. Int J Biol Macromol 65:275–283. https:// doi. org/ 
10. 1016/j. ijbio mac. 2014. 01. 053

 111. Deng L, Xu C, Wang XH, Wang ZG (2018) Supertoughened 
Polylactide Binary Blend with High Heat Deflection Tempera-
ture Achieved by Thermal Annealing above the Glass Transi-
tion Temperature. Acs Sustainable Chemistry & Engineering 
6:480–490. https:// doi. org/ 10. 1021/ acssu schem eng. 7b027 51

 112. Liu T et al (2012) Isothermal Crystallization Kinetics of Fiber/
Polylactic Acid Composites and Morphology. Polym-Plast Tech-
nol Eng 51:597–604. https:// doi. org/ 10. 1080/ 03602 559. 2012. 
659309

 113. Huda MS et al (2005) A study on biocomposites from recy-
cled newspaper fiber and poly(lactic acid). Ind Eng Chem Res 
44:5593–5601. https:// doi. org/ 10. 1021/ ie048 8849

 114. Arjmandi R, Hassan A, Majeed K, Zakaria Z (2015) Rice husk 
filled polymer composites. Int J Polym Sci. https:// doi. org/ 10. 
1155/ 2015/ 501471

 115. Huda MS, Drzal LT, Mohanty AK, Misra M (2015) Chopped 
glass and recycled newspaper as reinforcement fibers in injec-
tion molded poly(lactic acid) (PLA) composites: A comparative 
study. Compos Sci Technol 66:1813–1824

 116. Yin XD, Bao JJ (2016) Glass fiber coated with graphene con-
structed through electrostatic self-assembly and its application 
in poly(lactic acid) composite. J Appl Polym Sci 133. https:// doi. 
org/ 10. 1002/ app. 43296

 117. Ilyas RA et al (2022) Natural fiber-reinforced polylactic acid, 
polylactic acid blends and their composites for advanced applica-
tions. Polymers 14. https:// doi. org/ 10. 3390/ polym 14010 202

 118. Meng CJ et al (2020) Preparation and Characterization of PLA 
Film/3D Printing Composite Scaffold for Tissue Engineering 
Application. Fibers and Polymers 21:709–716. https:// doi. org/ 
10. 1007/ s12221- 020- 9305-1

 119. Tanase CE, Spiridon I (2014) PLA/chitosan/keratin composites 
for biomedical applications. Materials Science & Engineering 
C-Materials for Biological Applications 40:242–247. https:// doi. 
org/ 10. 1016/j. msec. 2014. 03. 054

 120. Zhang XH (2021) Effect of Sodium Alginate on Properties 
of Wheat Straw/Polylactic Acid Composites. BioResources 
16:6003–6014. https:// doi. org/ 10. 15376/ biores. 16.3. 6003- 6014

 121. Wan L, Li CX, Sun C, Zhou S, Zhang YH (2019) Conceiving a 
feasible degradation model of polylactic acid-based composites 
through hydrolysis study to polylactic acid/wood flour/polym-
ethyl methacrylate. Compos Sci Technol 181. https:// doi. org/ 10. 
1016/j. comps citech. 2019. 06. 002

 122. Choe S, Kim Y, Won Y, Myung J (2021) Bridging three gaps 
in biodegradable plastics: misconceptions and truths about bio-
degradation. Front Chem 9. https:// doi. org/ 10. 3389/ fchem. 2021. 
671750

 123. Siakeng R, Jawaid M, Asim M, Siengchin S (2020) Accelerated 
weathering and soil burial effect on biodegradability, colour and 
textureof coir/pineapple leaf fibres/PLA biocomposites. Poly-
mers 12. https:// doi. org/ 10. 3390/ polym 12020 458

 124. Guo WJ, Bao FC, Wang Z (2013) Biodegradability of wood fiber/
poly(lactic acid) composites. J Compos Mater 47:3573–3580. 
https:// doi. org/ 10. 1177/ 00219 98312 467387

 125. Gunti R, Prasad AVR, Gupta A (2018) Mechanical and degrada-
tion properties of natural fiber-reinforced PLA composites: Jute, 
sisal, and elephant grass. Polym Compos 39:1125–1136. https:// 
doi. org/ 10. 1002/ pc. 24041

 126. Rakmae S, Ruksakulpiwat Y, Sutapun W, Suppakarn N (2012) 
Effect of silane coupling agent treated bovine bone based carbon-
ated hydroxyapatite on in vitro degradation behavior and bioac-
tivity of PLA composites. Materi Sci Eng C Mater Biol Appl 
32:1428–1436. https:// doi. org/ 10. 1016/j. msec. 2012. 04. 022

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

422   Page 18 of 18 Journal of Polymer Research (2022) 29: 422

https://doi.org/10.1163/156855112x629559
https://doi.org/10.1177/1528083720918172
https://doi.org/10.1177/0731684415579090
https://doi.org/10.1016/j.wasman.2019.07.038
https://doi.org/10.1016/j.wasman.2019.07.038
https://doi.org/10.1155/2018/7493545
https://doi.org/10.1080/1023666x.2019.1567083
https://doi.org/10.1080/1023666x.2019.1567083
https://doi.org/10.1016/j.indcrop.2020.112836
https://doi.org/10.1016/j.indcrop.2020.112836
https://doi.org/10.1016/j.ijbiomac.2014.01.053
https://doi.org/10.1016/j.ijbiomac.2014.01.053
https://doi.org/10.1021/acssuschemeng.7b02751
https://doi.org/10.1080/03602559.2012.659309
https://doi.org/10.1080/03602559.2012.659309
https://doi.org/10.1021/ie0488849
https://doi.org/10.1155/2015/501471
https://doi.org/10.1155/2015/501471
https://doi.org/10.1002/app.43296
https://doi.org/10.1002/app.43296
https://doi.org/10.3390/polym14010202
https://doi.org/10.1007/s12221-020-9305-1
https://doi.org/10.1007/s12221-020-9305-1
https://doi.org/10.1016/j.msec.2014.03.054
https://doi.org/10.1016/j.msec.2014.03.054
https://doi.org/10.15376/biores.16.3.6003-6014
https://doi.org/10.1016/j.compscitech.2019.06.002
https://doi.org/10.1016/j.compscitech.2019.06.002
https://doi.org/10.3389/fchem.2021.671750
https://doi.org/10.3389/fchem.2021.671750
https://doi.org/10.3390/polym12020458
https://doi.org/10.1177/0021998312467387
https://doi.org/10.1002/pc.24041
https://doi.org/10.1002/pc.24041
https://doi.org/10.1016/j.msec.2012.04.022

	PLA composites reinforced with rice residues or glass fiber—a review of mechanical properties, thermal properties, and biodegradation properties
	Abstract
	Introduction
	Mechanical properties of RRPLA composites
	Pretreatment
	Surface modification

	Mechanical properties of GFPLA composites
	Methods with untreated materials
	Surface modification
	Others

	Thermal properties of RRPLA and GFPLA
	Degradability of RRPLA and GFPLA
	Conclusion
	Acknowledgements 
	References


