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Abstract

Biocomposites containing natural fibers and biopolymers are an ideal choice

for developing substantially biodegradable materials for different applications.

Polylactic acid is a biopolymer produced from renewable resources and has

drawn numerous interest in packaging, electrical, and automotive application

in recent years. However, its potential application in both electrical and auto-

motive industries is limited by its flame retardancy and thermal properties.

One way to offset this challenge has been to incorporate natural or synthetic

flame retardants in polylactic acid (PLA). The aim of this article is to review

the trends in research and development of composites based on agricultural

fibers and PLA biopolymers over the past decade. This article highlights recent

advances in the fields of flame retardancy and thermal stability of agricultural

fiber-reinforced PLA. Typical fiber-reinforced PLA processing techniques are

mentioned. Over 75% of the studies reported that incorporation of agricultural

fibers resulted in enhanced flame retardancy and thermal stability of fiber-

reinforced PLA. These properties are further enhanced with surface modifica-

tions on the agricultural fibers prior to use as reinforcement in fiber-reinforced

PLA. From this review it is clear that flame retardancy and thermal stability

depends on the type and pretreatment method of the agricultural fibers used

in developing fiber-reinforced PLA. Further research and development is

encouraged on the enhancement of the flame retardancy properties of agricul-

tural fiber-reinforced PLA, especially using agricultural fibers themselves as

flame retardants as opposed to synthetic flame retardants that are

typically used.
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1 | INTRODUCTION

In the past decade, fiber-reinforced plastics have drawn
much attention in automotive and aerospace applications
because of their low mass forces, which reduce inertia.[1]

In the meantime, fossil-based plastics derived from

petroleum are less preferred for such applications
because of their unsustainability and the severe environ-
mental pollution challenges they pose.[2–4] As a result of
this, there is continuous effort to produce plastic compos-
ites that are renewable, biodegradable, and produce less
or no greenhouse gas emissions.[5,6] Significant research
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effort has been made on the so-called “biocomposite
materials” as a result of increasing environmental prob-
lems and the growing eco-friendly consciousness.[7–9]

The term “biocomposites” comprises of either composites
of synthetic matrix and natural fibers, composites of bio-
based matrix and synthetic fibers or composites of bio-
based matrix and natural/agricultural fibers.[10] The
application of biocomposites has been extended to multi-
ple sectors. Fossil-based polymers or bio-based polymers
reinforced with agricultural fibers are the most common
in this respect, and their application is constantly
growing.[11]

Agricultural fibers are of lignocellulosic nature and
their annual global production is approximately 2 × 1011

tons.[12,13] They can be classified into seven major groups
including stem, leaf, seed, fruit, stalk, grass, and wood.[14]

These lignocellulosic materials can be potential materials
for compositing because they are flexible, eco-friendly,
renewable, and cheap compared to synthetic fibers like
glass and carbon fiber.[2] Significant literature exists on
the use of agricultural fibers in polymer matrix. This
increasing trend in using agricultural residues as rein-
forcements in plastics is due to their flexibility during
processing, highly defined solidity, easy accessibility, bio-
degradability, high toughness, low cost on a volumetric
basis, and eco-friendliness.[2,4,8,10,15–18] More research is,
however, required in replacing synthetic fiber reinforce-
ments in composites so as to establish new value chains
for particular crops and add economic benefits to the
farmers. Actually, ongoing research in the field of natural
fiber reinforced plastics has shown that their mechanical
properties like tensile strength and Young's moduli are
comparable to those of glass fiber-reinforced
composites.[19–22] This means that natural fiber
reinforced plastics can be used to produce structural com-
ponents for automotive applications like doors, panels,
roofs, and covers. As such, companies like Mercedes
Benz, Toyota, and Daimler Chrysler are already using
natural fiber composites.[23,24]

To produce fully bio-based composites, both polymer
matrix as well as reinforcement must be derived from
renewable resources.[25] This is the best way to combat
the challenges of conventional petroleum-based plastics
like environmental unsustainability.[26] As a result, poly-
lactic acid (PLA) has received much attention in past
decades because it is fully bio-based and biodegradable
under certain conditions, especially in industrial
compositing plants.[27–30]

Bioplastics currently account for about 1% of the
more than 359 million tons of plastic produced annually
and the focal products in terms of production volumes
are PLA and starch-based plastics.[31] PLA is derived from
renewable resources and possesses good mechanical

properties compared to other bioplastics, making it an
ecologically friendly material for composite
applications.[32–35] However, compared to most fossil-
based plastics, PLA has inferior mechanical properties.
PLA is getting worldwide attention because of its attrac-
tive compostability, nontoxicity during incineration,
availability at competitive prices and recyclability.[36,37]

Another reason for this attention is that the production
of PLA requires 25 to 55% less energy, compared to
petroleum-based polymers, which in turn leads to the
release of less greenhouse gases.[38,39] These attributes are
important for sustainability of a product during its use in
specific applications. Table 1 identifies some typical prop-
erties of agricultural fibers as well as applications of agri-
cultural fiber-reinforced PLA composites.

As much as PLA is the most promising in the bio-
based polymer family, its use can be constrained by its
limitations in polymer formulation, its inherent brittle-
ness, poor toughness, its slow degradation rate, its low
flame retardancy and thermal stability as well as
processing difficulties.[60–63] These are the major reasons
why PLA has not been fully utilized, especially in the
transport sector.[64] In order to overcome the limitations
of PLA, it is necessary to reinforce it with different filler
materials. The most common fillers used in bio-
composite reinforcements are from plants.[65] This is
because plant reinforcements offer advantages of abun-
dance, high specific strength, low density and non-
abrasiveness over inorganic fillers like clay. One main
disadvantage of plant fibers is that their properties can
vary depending on the season and hydrogeological condi-
tion.[66] Other disadvantages with plant fibers are their
hydrophilicity and poor compatibility with polymer
matrices, especially of petroleum nature, which often
leads to weak interfacial adhesion and therefore results
to poor mechanical properties of the composites.[10,17]

PLA, being a biopolymer, can easily be combined with
agricultural fibers.[67] This usually improves its mechani-
cal properties like tensile and impact strength because
these fibers have large surface area and can therefore be
utilized in load bearing composites.[68] Additionally,
because both PLA and agricultural fibers come from
renewable resources that are compostable, agricultural
fiber-reinforced plastics are “green” and eco-friendly
materials that can therefore be easily recycled.[69] The
extent however, to which agricultural fiber reinforced
plastics can be used depends on their eco-friendliness
and wide material applications.

Recently developed agricultural fiber-reinforced PLA
plastics have favorable mechanical properties but a major
disadvantage to their application is their low flame ret-
ardancy and thermal stability. Low flame retardancy and
thermal stability are attributed to the fact that
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agricultural fibers have poor thermal properties com-
pared to synthetic fibers. This reduces the aromaticity of
the polymer matrix which would otherwise decompose
into an insulating surface layer of carbonaceous char.
Decreasing aromaticity fastens conduction into compos-
ite and increases flammable gas emissions. This hinders
their application in industry especially in automotive
industry.[70] It is therefore extremely important to study
the flame retardancy and thermal stability of agricultural
fiber-reinforced PLA. The main goal of this review is to
create a better understanding of the role of flame ret-
ardancy and thermal stability properties for successful
utilization of PLA and agricultural fiber-reinforced PLA
to increase their potential application in different techni-
cal fields.

2 | METHODOLOGY

This review detailed original research and review articles
on composites based on agricultural fibers and PLA in
the past decade (2010-2020). The review process followed
an iterative search process where search terms were
updated as the review progressed. Selection of literature
was based on peer reviewed scientific articles and reviews
as well as peer reviewed conference proceedings. The
searches were done from online scientific databases
including Scopus and ScienceDirect. The search was
expanded to Google Scholar to include peer reviewed
conference proceedings and other sources that may not
be available in Scopus and ScienceDirect. The searches
were conducted using keywords including; (i) PLA,
(ii) agricultural fiber-reinforced PLA, (iii) PLA compos-
ites, (iv) natural fiber reinforced PLA, (v) flame ret-
ardancy, (vi) thermal properties, and (vii) thermal
stability. The last three keywords (v-vii) were searched in
conjunction with the first four keywords (i-iv). A total of
262 references were used in this review (see Figure 1).
Articles from 2001 to 2009 were used to explain property
results in the review. Based on the institutional affiliation
of the first author, most articles were from Asia (59%),
followed by Europe (25%), then Africa (6%), and the
Americas (6%). Articles from Australia had the least
appearance at 4%.

3 | FIBER-REINFORCED PLA

3.1 | Thermal degradation of
agricultural fibers

Agricultural fibers mainly consist of hemicellulose, cellu-
lose and lignin.[13] These are extremely important in

understanding flammability and thermal stability of agri-
cultural fibers and agricultural fiber-reinforced compos-
ites. Thermogravimetric analysis (TGA) is used to study
thermal degradation of agricultural fibers.[71,72]

According to Cabeza et al,,[73] TGA is a slow pyrolysis
process in which the mass variation of a given sample
under experiment is recorded as temperature increases
from room temperature. Hemicellulose primarily contrib-
utes to the thermal stability, cellulose to the Arrhenius
parameters, and lignin to the final stage of the weight
loss curve.[74]

The thermal degradation of agricultural fibers during
TGA begins with the vaporization of liquid phases. Mois-
ture evaporates at around 100�C and oil between 100 and
300�C. At 200�C, lignin begins to decompose, breaking its
weaker parts and enhancing the reaction of hemicellu-
lose and cellulose. Between 250 and 275�C, hemicellulose
reacts and at around 300�C, it disappears completely.
This promotes the decomposition of cellulose. Between
300 and 350�C, further degradation occurs and only lig-
nin, inert substances and char residues remain of the
fibers. Lignin depletes at about 500�C and char residues
remain thereafter.[73]

3.2 | Heat transfer in PLA

PLA is a thermoplastic polymer derived from renewable
lignocellulosic material, mainly corn and sugarcane.[75,76]

Other source materials include sugar beet, cassava, wheat
straw and wood chips.[68] The chemistry of PLA involves
processing and polymerization of lactic acid monomer.
PLA's synthesis path is shown in Figure 2. Lactic acid is a

FIGURE 1 Yearly publication numbers used in the review

[Color figure can be viewed at wileyonlinelibrary.com]
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simple chiral molecule that exists as L- and D-lactic
acid.[32,77] D-lactide content strongly influences the ther-
mal properties of PLA and high D-lactide contents
increase amorphousness of PLA.[32] The two different
molecular structures of the PLA chain are presented in
Figure 3.

TGA of PLA and its composites can be used to quantify
the threshold for the initial mass, above which heat transfer
effects are significant.[79] TGA involves combustion of a
sample using either oxygen or air to ascertain its decompo-
sition as temperature increases.[80] According to Richter
and Rein,,[79] a sample undergoing a TGA experiment
should be sufficiently small for heat transfer effects to be
negligible, so that the degradation of a polymer is purely
kinetically controlled. TGA has been noted to provide spe-
cific data on char residues, mean reactivities, and peak tem-
peratures, which can critically be used to understand heat
transfer during combustion of PLA and its composites.[80,81]

One way to retard heat transfer in PLA and its com-
posites is by incorporation of flame retardants. Char resi-
dues have been noted to increase with incorporation of
flame retardants and therefore heat transfer is delayed
during combustion, hence, improving the flame retardant
property.[82] Additionally, char residues have been noted
to increase with incorporation of agricultural fibers like
rice husks in polymer matrices, signaling prevention of
heat transfer due to the inherent silica compositions
manifested during combustion of rice husks.[83]

3.3 | Flammability of PLA

PLA is a flammable polymer with the LOI value of about
19. Not much literature entails the flame retardancy of
PLA. This is possibly because earlier applications of PLA
were mainly limited to disposable materials and semi-
durable materials like textiles. One main application of

PLA for example, is the production of single-use dishes.
These did not really require focus on flame retardancy.
Current trends in the market show demands for more
enduring materials and substitutes for petroleum-based
thermoplastic polymers by PLA in sectors such as trans-
portation and electronics. In these sectors, protection
from fire hazards is important and flame retardancy is an
important property to consider. Therefore, development
of flame retardancy of PLA or its blends has become a
significant issue.[84]

Flammability of PLA and its blends is becoming
important because current trends in the plastics industry
necessitate a shift from petroleum-based materials to bio-
based materials. PLA, being flammable, burns readily
and produces less visible smoke than other nonflame
retardant materials so visibility hazards in a fire are
decreased. Actually, the peak energy release rate of burn-
ing PLA is 60% less than PET's. When exposed to fire,
PLA and its blends may quickly ignite and combust
releasing CO2, water and large amounts of heat. The
release of large quantities of heat creates a challenge to
their applications in advanced engineering fields espe-
cially in automotive industry, since they are potential fire
hazards and can pose security-related risks. Conse-
quently, there is need to investigate possible cost effective
ways of improving reaction-to-fire properties of PLA and
its blends.[84–87]

Fire retardancy is a phenomenon whereby a poly-
meric material may be rendered less likely ignitable with
the use of nanoscale additive materials, termed flame
retardants. In case a material is ignitable, the presence of
flame retardants should encourage such a material to
burn less efficiently. Fire/flame retardancy may be
accomplished by chemical and physical treatments of
polymeric materials. The physical approach of fire ret-
ardancy may be exemplified by the use of flame retardant
fillers, such as carbon-based materials like bio-char.[85]

Flammability of PLA and its blends may be improved
using additives including clays, graphite, aluminium
hypophosphite, and glass fiber.[88–91]

3.4 | Methods used in producing and
characterizing fiber-reinforced PLA

Fiber-reinforced PLA plastics are produced mainly by
extrusion and compression molding techniques. Selection

FIGURE 2 PLA's synthesis path (adapted from ref.[21]) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 PLA, A, L-lactic acid, B, D-lactic acid[78]
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TABLE 2 Typical mechanical characterization methods of agricultural fiber-reinforced PLA composites

Fiber-reinforced PLA

Processing
technique Characterization

Results

Author
Agricultural
Fiber Fiber loading

Tensile
strength
(MPa)

Young's
modulus
(MPa)

Wheat 20, 30 wt% Compression
molding

Tensile test, SEM, three point
bending test

25.23-32.41 — [92]

20, 30 wt% Tensile test 26.8-34.48 1470-1190 [93]

10, 20, 30, 40 wt% Extrusion Optical microscopy, SEM,
XRD, tensile test, flexural
test

60-70 1750-4000 [94]

30 wt% SEM, tensile test, flexural test,
impact test, water
absorption

56-69 2800-5000 [95]

Banana 10,20,30 wt% Extrusion Hardness test, Stereo-
microscope analysis, FTIR,
XRD, tensile test, flexural
test, impact test, SEM

12-58 1400-1600 [96]

10, 20, 30, 40 wt% Tensile test, impact test, SEM 56-68 1800-5625 [97]

10-40 wt% FTIR, tensile test, flexural
test, impact test, SEM,
water absorption

56-67 1958-5577 [98]

10, 20, 30, 40 wt% Tensile test, impact test, SEM,
FTIR

27.12-49.19 2540.8-4128.7 [99]

10, 20, 30, 40 wt% Compression
molding

Tensile test, impact test,
biodegradation, water
absorption

7.76-38 3546-4705 [100]

Kenaf 20 wt% Extrusion Atomic force microscopy,
SEM, cells analysis, water
absorption, tensile test

2-19 — [101]

40 wt% Compression
molding

FTIR, universal testing, SEM 36.18-50.00 846.11-1200 [102]

10, 40 wt% SEM, tensile test 50-62 700-1500 [103]

Abutilon straw 1, 3, 5 wt% Extrusion FTIR, rheology test, impact
test, SEM, tensile test

37-57 — [104]

1, 3, 5 wt% FTIR, SEM, tensile test 30-50 420-480 [105]

40 wt% Tensile test, flexural test,
impact test, SEM

32.9-35.7 1720-2110 [106]

Bamboo 40 wt% Extrusion FTIR, XRD, SEM, tensile test,
flexural test, impact test

29.39-39.51 1710-2170 [107]

2.5, 5, 7.5, 10 wt% Flexural test, impact test,
tensile test, SEM, hardness
test, XRD, water absorption,
UV absorptance and
transmission

36-50 2900-4000 [108]

50 wt% Compression
molding

Tensile test, SEM, XRD, XRD 10.7-16 745.8-586.8 [109]

Hemp 10, 30, 50 wt% Extrusion SEM, tensile test, flexural test,
impact test,

50-60 — [110]

10, 20, 30, 40 vol.-% Tensile test, hardness test,
wear test

43-64 1400-3200 [111]

10, 15, 20, 30 wt% 50.7-67.2 — [112]
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TABLE 2 (Continued)

Fiber-reinforced PLA

Processing
technique Characterization

Results

Author
Agricultural
Fiber Fiber loading

Tensile
strength
(MPa)

Young's
modulus
(MPa)

Interfacial strength test,
tensile test, toughness test,
microscopy

0, 10, 20, 30, 40 wt
%

FTIR, SEM, tensile test,
flexural test, impact test

51.9-72.1 700-2400 [113]

10, 20, 35, 45 wt% Compression
molding

Tensile test, SEM 30-65 3600-6500 [114]

6, 20 wt% Tensile test, impact test, SEM 59-70 2500-3500 [115]

10, 20, 30 wt% Tensile test, impact test,
fracture roughness test,
SEM

50.5-75.5 3500-8200 [116]

5, 10, 15, 20, 25, 30,
35, 40 wt%

SEM, tensile test 43-102 3600-9700 [117]

48 wt% Tensile test, shear test,
molecular weight
measurement

10-32 3600-3900 [118]

30, 40 wt% Optical light microscopy,
SEM, impact test, flexural
test

42-49 4500-9000 [119]

30 wt% Tensile test, impact test,
optical light microscopy,
SEM, XRD, FTIR,
hydrothermal ageing

36-81 2500-10 500 [120]

30 wt% Tensile test, flexural test,
impact test, fracture
toughness test, optical light
microscopy, FTIR, SEM,
XRD, accelerated
weathering test

11.5-85 1125-11 250 [121]

Wood 15, 20, 25, 30,
35 wt%

Extrusion Tensile test — 3400-6550 [122]

25 wt% Thickness test, color test,
SEM, tensile test

38.4-52.2 4911-6758 [123]

30, 40 wt% XRD, TEM, SEM, tensile test,
flexural test, impact test

44.65-65.21 3750-7080 [124]

Ramie 30 wt% Extrusion FTIR, tensile test, flexural
test, impact test, SEM

45.2-64.3 2300-4500 [125]

10 wt% Water absorption, aging, gel
permeation
chromatography, tensile
test, flexural test, SEM

5-60 — [126]

30 wt% SEM, tensile test, flexural test,
impact test

46.1-56.4 — [127]

9, 16, 24, 38 wt% Compression
molding

Tensile test, flexural test,
impact test, XRD

29.4-76.1 944.6-1800 [128]

30 wt% Tensile test, impact test 30-75 2500-3500 [129]

30, 50, 50 wt% Tensile test, FTIR, SEM,
degradation

38-75 1000-1700 [130]

(Continues)
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TABLE 2 (Continued)

Fiber-reinforced PLA

Processing
technique Characterization

Results

Author
Agricultural
Fiber Fiber loading

Tensile
strength
(MPa)

Young's
modulus
(MPa)

Sisal 7.5, 15 wt% Compression
molding

Tensile test, flexural test,
XRD, polarizing
microscopy, SEM

47.7-54.4 1334.9-2264.2 [131]

30 wt% Extrusion Stereo microscopy, tensile
test, flexural test, impact
test, SEM

40-55 3500-7250 [132]

30 wt% Tensile test, flexural test,
impact test, SEM

27.88-60.52 — [133]

Basalt 5, 10,15, 20,
30,40 wt%

Extrusion Tensile test, flexural test,
impact test, SEM

100-200 3000-8400 [134]

10, 20, 30, 40 wt% Tensile test, flexural test,
impact test, SEM

40-110 — [135]

Coir 1, 3, 5, 7 wt% Extrusion Tensile test, impact test, SEM 60.57-71.23 — [136]

1, 3, 5, 7 wt% Tensile test, impact test, SEM 55-71.5 1480-1825 [137]

15, 30, 45, 60 wt% Compression
molding

Tensile test, FTIR, SEM 25-55 2500-3700 [138]

5, 10, 20, 30 wt% Tensile test, flexural test,
SEM, Biodegradation

2.5-24 300-1470 [70]

Manicaria
Saccifera

40 wt% Extrusion TGA, tensile test, impact test,
flexural test, SEM

54.36-68.45 3230-4890 [139]

- Tensile test, SEM 57.6-123.36 3540-7810 [140]

Miscanthus 20, 30, 40 wt% Compression
molding

X-ray photoelectron
spectroscopy, SEM, X-ray
tomography, Tensile test

50.6-59.1 2354-3184 [141]

20, 30, 40 wt% Extrusion X-ray photoelectron
tomography and
spectroscopy, SEM, tensile
test

50.6-59.1 2354-3184 [141]

Jute 50 wt% Extrusion Tensile test, impact test, SEM,
X-ray micro-tomography

28.0-90.7 2800-12 300 [142]

50 wt% Compression
molding

Tensile test, impact test, SEM,
biodegradation

155-210 5280-7300 [143]

Paddy straw 5, 10, 15 wt% Compression
molding

Tensile test, FTIR, SEM,
biodegradation

4.52-52.42 1445.6-4034.1 [144]

Flax 30 wt% FTIR, SEM, tensile test, XRD,
x-ray photoelectron
microscopy

55.4-59.1 2155-2908 [145]

Pineapple 10 wt% Tensile test, flexural test 4-59.1 — [146]

Jute, flax, cotton 65 wt% Tensile test 59.9-106.9 — [147]

Kraft, Stone,
wood, Fluff

15, 20, 25, 30, 35 wt
%

Extrusion Tensile test, SEM 49.85-68.8 — [148]

Arundo donax 10, 40 wt% SEM, density, tensile test,
flexural test

31.5-48.9 3220-4470 [149]

Argan nut shell 8, 15 wt% SEM, FTIR, tensile test,
hardness test, dynamic
contact angle, water
absorption

42-52 1650-2000 [150]

8 YIGA ET AL.



of a suitable processing technique depends on different agri-
cultural fiber properties and different applications of the
developed composites. Other production methods include:
pultrusion, resin injection molding, hand lay-up, and fiber
spraying.[1] Majority of the work, basing on the two
processing techniques, is done on mechanical characteriza-
tion of agricultural fiber-reinforced PLA (see Table 2).

3.4.1 | Compression molding

Compression molding is a technique of molding where
the molding material is preheated by melt blending
before introduction of fibers and proceeding further melt
blending.[159] After melt blending of the matrix and
fibers, the composites are removed and cooled. The com-
posites are then placed in a press for compressing under
pressure to produce biocomposite sheets.[102] This process
is shown in Figure 4.

3.4.2 | Extrusion

Extrusion process is used by the plastics industry to modify
polymers into plastics and also in the continuous produc-
tion of semifinished components. Single-screw extruders

are used when mixing effect does not have to be high while
twin-screw extruders are used for compounding respectively
to modify plastics.[1] A twin-screw extruder has a drive
section and a processing section (see Figure 5).

3.5 | Analysis of flammability and
thermal stability tests

3.5.1 | Flammability

The application of PLA in industry can be limited by its
flammability and dripping combustion.[160] Flammability
is a very important parameter because often, biopolymers
behave poorly and become unsafe when exposed to high
temperatures.[161] This, however, can be improved by
incorporating agricultural fibers, even though these are
more flammable than synthetic fibers.[48] The flammabil-
ity of agricultural fibers is determined by their bio-
chemical composition.[48] Higher cellulose contents in
agricultural fibers enhance their mechanical properties
but induce higher flammability while higher lignin con-
tents result in higher char formulation hence retarding
flame propagation.[81,162] In fact, lignin increases the
resistance of agricultural fibers to hydrolisis as well as
chemical and biological degradation.[163,164] Studies on

TABLE 2 (Continued)

Fiber-reinforced PLA

Processing
technique Characterization

Results

Author
Agricultural
Fiber Fiber loading

Tensile
strength
(MPa)

Young's
modulus
(MPa)

Abaca, jute 30 wt% Tensile test, impact test, SEM, 63.5-92 3400-9600 [151]

Fir, poplar,
wood, wheat,
bamboo

50 wt% FTIR, XRD, SEM, water
absorption, flexural test,
TEM, impact test, tensile
test

11.6-32.1 930-2400 [152]

Olive 10, 20,30 wt% SEM, tensile test 55-85 1100-2320 [153]

Poplar 20 wt% FTIR, tensile test, impact test,
flexural test, SEM, surface
wettability

38.5-50 840-1680 [154]

Rice, wheat 10, 20, 25 wt% Energy dispersive X-ray
microanalysis, SEM, tensile
test, impact test

47-70 3573-5026 [155]

Hazelnut shell 20 wt% Tensile test, impact test,
flexural test, hardness test,
SEM

15.3-45.0 590-1019 [156]

Bamboo, vetiver,
coconut

10, 20, 30, 40 wt% Tensile test, SEM 28-60 3750-10 000 [157]

Olive pit 5, 10, 15, 20 wt% Particle size analysis, density,
SEM, tensile test

55-62 3500-4100 [158]

YIGA ET AL. 9



flame retardancy are necessary on fiber-reinforced PLA
composites to ascertain and boost their durability. Flame
retardancy of fiber-reinforced PLA can be studied using
Limiting Oxygen Index (LOI), Heat Release Rate (HRR),
UL94 Horizontal, and Vertical burning tests.[165] Recent
works on these typical flame retardancy properties of
agricultural fiber-reinforced PLA are shown in Table 3.

3.5.2 | Thermal stability

Many studies in the literature have attributed good ther-
mal stability of fiber reinforced PLA to the constituent
agricultural fibers incorporated in the biocomposites.
These biocomposites have also been recognized to pro-
vide low-density and low-cost materials.[48] Because PLA
possesses low thermal stability, knowledge of the thermal
behavior of mixtures based on agricultural fiber materials
and PLA is extremely important to produce plastics of
suitable thermal properties. Thermal properties of fiber-
reinforced PLA can be studied using TGA, Differential
Scanning Calorimetry (DSC), Dynamic Mechanical

Analysis (DMA), and Thermo-Mechanical Analysis
(TMA). Recent works on these typical thermal properties
of fiber-reinforced PLA are shown in Table 3.

3.5.3 | Kenaf fiber-reinforced PLA

Kenaf fiber, PLA, and azodicarbonamide (ADC) were
mixed evenly into fiber-reinforced PLA by Hassan
et al,.[101] Addition of ADC slightly delayed decomposi-
tion, thus enhancing thermal stability of the developed
composites. Additionally, ADC led to an improvement in
softness and elasticity of the developed composites. In a
dissimilar manner, Tawakkal et al,,[103] Han et al,,[188]

and Yussuf et al,[189] noted decreasing trends with
increasing kenaf contents. This is because portions of
PLA get replaced with the less thermally stable kenaf
fibers, owing to low lignin compositions (see Table 1).
Lignin in enhances flame retardancy properties because
it degrades at very high temperature.[83]

The effect of APP flame retardant and alkali pre-
treatment of kenaf fibers on thermal properties of fiber-

FIGURE 4 Compression molding process[1] [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Twin screw extruder—general structure (adapted from ref.[1]) [Color figure can be viewed at wileyonlinelibrary.com]
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reinforced PLA was studied by Shukor et al,.[161] At the
start of the TGA experiment, increase in APP flame retar-
dant decreased the temperatures at which 15% weight
losses occurred, owing to APP pyrolysis and advance
decomposition of fibers caused by acid release from APP
decomposition. Shukor et al,[161] noted increasing LOI
values from 27.6 to 31.6 with incorporation of APP, con-
firming enhanced flame retardancy. In their discussion,
they highlighted that APP acted as the acid source, blow-
ing agent and carbonizing agent as well, thus acid species
catalyzed the dehydration reaction of the carbonizing
agent. This led to the formation of a carbonaceous layer
which created an insulation that prohibited flammability
by increasing the reaction and contents of lignin compo-
sition in the developed composites.[81] Similar results
have been obtained by other researchers that worked on
incorporating different flame retardants in fiber-
reinforced PLA.[202–204] Additionally, Hassan et al,[101]

noted that increase in APP contents led to an increase in
resulting char residues at the maximum temperature. At
the start of the TGA experiment, thermal stability of the
developed fiber-reinforced PLA was increased as shown
by the increase in the temperatures at which 15% of the
weight losses occurred. However, at higher temperatures
(600�C), alkali pretreatment of the kenaf fibers led to
decreasing char residues (showing decrement in forma-
tion of carbonaceous char) with increasing alkali
pretreated fiber loading in PLA. In fact, Shukor et al,[161]

presented that alkali pretreatment of kenaf fibers led to a
reduction in LOI values of the developed fiber-reinforced
PLA from 29.4 to 28 because during alkali pretreatment,
lignin was removed from the fiber surface. In a related
study, Woo and Cho,[205] investigated the effects of alu-
minum Trihydroxide (ATH) on flame retardancy of
kenaf/PLA composites. ATH adequately retarded flam-
mability of the developed composites. The 40 wt% kenaf
fiber-reinforced PLA composite exhibited an LOI value of
23.9, and the LOI was increased up to 39.7 after adding
50 wt% of ATH flame retardants, confirming enhanced
flame retardancy in the latter.

As regards DSC, Tawakkal et al,[103] noted no change
in glass transition temperature with increase in kenaf
fiber loading unless when plasticizer is used. Their sub-
mission was contrary to a study by Anuar and
Zuraid,[190] who found that glass transition temperature
and cold-crystallization enthalpy increases with kenaf
content. Similar to the submission by Anuar and
Zuraid,,[190] Han et al,[188] noted a single melting peak
observed at about 150�C in case of neat PLA which
shifted to lower temperatures with increasing kenaf load-
ing. They also noted a second minor peak appears in a
135 to 140�C range which also shifted to lower tempera-
tures with increasing kenaf loading.

3.5.4 | Wood fiber reinforced PLA

Ozyhar et al,[166] revealed that addition of wood fiber in
PLA shifts the onset point to lower temperatures. These
temperatures were further decreased by incorporation of
calcium carbonate because it has high thermal conductiv-
ity. These results are in agreement with those of Liu
et al,[170] and Battegazzore et al,[196] who reported reduc-
ing onset point temperatures with increasing amounts of
organo-montmorillonite (MMT) contents and wood fiber
compositions respectively. Meng et al,[124] also reported
decreasing onset point temperatures with incorporation
of wood fibers and attributed this trend to low degrada-
tion temperatures and moisture traces introduced by
wood fibers. The low degradation temperatures of wood
fibers are possibly due to their low lignin compositions.
Another study by Petchwattana et al,[168] also presented
decreasing onset point of degradation to lower tempera-
tures as well as lower char residues with incorporation of
wood fibers as and increasing tributyrin plasticizer con-
tents. The onset point for neat PLA reduced from 310�C
to 250�C due to incorporation of 20 wt% wood fibers,
thereafter decreasing steadily to 185�C at the highest
plasticizer content (15%). These reducing amounts are
due to decomposition of low molecular weight composi-
tions in composites. Sun et al,[167] reported increasing
char residues with increasing wood fiber loading which
signals improved thermal stability. This is because wood
fibers themselves emit more char residues when
combusted and therefore their incorporation in neat PLA
leads to a parallel behavior in the developed composites.

Ozyhar et al,[166] carried out DSC to elucidate the
effect of mineral additives on wood fiber-reinforced PLA.
Addition of wood fiber as well as mineral additives led to
decreasing crystallization and melting temperatures of
the developed fiber-reinforced PLA. From the DSC analy-
sis carried out by Petchwattana et al,,[168] neat PLA had a
glass transition temperature of 62.19�C and it reduced to
61.53�C with the addition of wood fiber. Addition of plas-
ticizer led to further reductions in the glass transition
temperature of the developed composites to the lowest
temperature of 36.38�C at the maximum plasticizer load-
ing, attributed to the segmental mobility enhancement
induced by the tributyrin plasticiser. The crystallization
temperature of neat PLA was found to significantly
reduce from 123.8 to 118.2�C due to incorporation of
20 wt% wood fibers, thereafter decreasing steadily to
91.16�C at 15% plasticizer content. This result indicated
good compatibility between PLA and wood fibers as well
as between PLA, wood fibers, and plasticizer. The results
obtained are in agreement with those of Liu et al,[170]

who showed reducing glass and crystallization tempera-
tures with increasing organo-MMT contents. Other
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studies also noted decreasing crystallization and melting
temperatures of fiber-reinforced PLA.[206,207]

3.5.5 | Banana fiber reinforced PLA

Injection molding and compression molding were used
by Komal et al,[96] to process banana/PLA composites.
They utilized TGA and DMA to study thermal behaviours
of the composites. The developed fiber-reinforced PLA
lost 5, 25, 50, and 75% of their weight at the temperature
ranges of 275-285, 315-320, 350-355, and 620-625�C,
respectively. Maximum thermal degradation was
observed between 250 and 350�C. The choice of
processing techniques did not contribute a significant
influence on the thermal degradation behavior of the
developed banana fiber-reinforced PLA. From works of
Jandas et al,,[100] TGA showed that incorporation of
banana fibers in PLA matrix led to a reduction in degra-
dation temperature as compared to neat PLA. This reduc-
tion was ascribed to the low thermal stability of banana
fibers that possibly enhanced deformation of the crystal-
line structure of PLA at higher temperatures. A similar
reduction trend in degradation temperatures with
increasing banana fiber loading has also been obtained
by other researchers.[171,172,208] Contrally to these how-
ever, Majhi et al,[99] found out that incorporation of
banana fiber enhanced the thermal stability of the devel-
oped fiber-reinforced PLA. Actually, Jandas et al,[44]

reported that incorporation of banana fibers increased
LOI values from 24% to about 27%. Meanwhile neat PLA
could not be classified using vertical burning test (UL94)
as it showed very poor fire retarding properties. Incorpo-
ration of banana fibers in PLA matrix showed better fire
characteristics categorized under V2 classification. The
increasing resistance to flammability is linked to the suf-
ficient lignin compositions in banana fiber (5-10 wt%),
which create a prolonged char layer that prohibits further
combustion. The developed composites showed lower
burning rate with a total flaming combustion of around
135 seconds. These results were further confirmed by
Jandas et al,.[171]

Another study by Sajna et al,[97] reported that incor-
poration of banana fiber and nanoclay increased the deg-
radation temperature of neat PLA. The initial and final
degradation of untreated banana fiber-reinforced PLA
composite occurred at around 284 and 372�C, respec-
tively, compared to the initial degradation (274�C) and
final degradation (357�C) temperatures for neat PLA.
Interestingly, Sajna et al,[98] found that incorporating
banana fibers resulted in enhanced thermal stability and
led to higher char residues. Additionally, adding clay fur-
ther improved the composites' thermal stability because

of clay's barrier effect. Clay acted as a flame retardant.
Thermal stability of neat PLA can further be enhanced
by silane treatment of banana fibers because of increase
in molecular weight by cross-linking reaction between
PLA and fibers or molecular chain extension between
PLA itself that tends to increase thermal degradation
temperatures.[100,172]

DMA results by Jandas et al,[100] reported that an
increase in pretreated banana fiber led to a shift of the
glass transition temperature to higher temperatures com-
pared to raw banana fiber-reinforced PLA which indi-
cated enhanced interfacial adhesion between banana
fibers and the PLA matrix. Increasing fiber contents were
also reported by Jandas et al,[172] and Kaiser and
Anuar,[209] to increase the glass transition temperature of
developed composites. DSC thermograms from the study
by Jandas et al,[100] revealed an increase in melting tran-
sitions, revealing effective banana/PLA matrix interface.
DSC analysis showed double melting peaks wherein
silane pretreated fiber reinforced PLA exhibited higher
glass transition, crystallization and melting temperatures.
Increasing crystallization temperatures were also
obtained by Majhi et al,[99] with increased banana fiber
loading. Jandas et al,[172] reported that neat PLA had a
glass transition temperature of 59.5�C, reducing to 56.6�C
with incorporation of banana fibers, indicating a change
in plasticization degree. Conversely, when silane treated
banana fibers were used as filler, PLA's glass transition
temperature increased by 1.7%, confirming efficient adhe-
sion between the fiber and PLA matrix. Meanwhile, from
the works of Jandas et al,[44] and Jandas et al,,[171] neat
PLA had a glass transition temperature of 57.3�C, while
the incorporation of banana fibers to led to a decrease in
glass transition temperature to 56.6�C. This attributed to
increased mobility and free volume of the PLA matrix
chains by loose packing of banana fibers within the
matrix due to less interaction between them. Similar
decreases in glass transition temperatures of PLA com-
posites with increasing banana fiber were obtained by
Sango et al,.[210]

3.5.6 | Flax fiber-reinforced PLA

Zhang et al,[145] used TGA and DMA to study the thermal
degradation of flax fiber-reinforced PLA. Neat PLA
underwent a one-stage degradation from 331�C and
obtained its highest degradation at 372�C, with no char
residues at the end of the experiment (700�C). Very few
studies explain the true meaning of char residues yet they
have a positive correlation with thermal stability of fiber-
reinforced PLA. Incorporation of flax fiber onset thermal
degradation earlier at about 311�C owing to the fact that
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raw flax degradation occurred between 270 and 360�C. In
fact, lower thermal stability was confirmed with reducing
LOI values with incorporation of flax fibers in PLA
matrix. Pure PLA had a 20% LOI while addition of 30 wt
% flax fibers decreased to 19.1% thus increasing flamma-
bility of the developed composites. This was because of
the scaffolding effect where molten decomposition prod-
ucts from polymer matrix were held in contact with the
flame by the fibers. Chemical pretreatment of flax fiber
using iron phosphate reduced the flammability of the
developed composites as the LOI increased to 26.1%. This
pretreatment method could have led to an increase in lig-
nin compositions in the flax fibers, a characteristic that
delays combustion.[13] Pretreatment also reduced the
peak heat release rate of the developed fiber-reinforced
plastics by 16% down from 497 kW/m2 rates for the plas-
tics made with raw flax fiber. In similar study by Bocz
et al,,[187] it was reported that incorporation of flax fibers
in PLA matrix led to a decrease in the LOI value. When
flame retardant was applied in combination with the pre-
treatment of flax fibers, a 30% reduction was achieved in
PHRR compared to the phosphorus-free reference fiber-
reinforced PLA composites. The flame retardant ability
exerted by the Phosphorous content of only the plasti-
cizer and the fiber modifier (approximately 0.65 wt%)
was insufficient to provide self-extinguishing character to
the developed composites. However, the addition of as
few as 10 wt% of APP was sufficient to achieve a V0 rat-
ing and a 33% LOI value.

TGA results by Zhang et al,[145] were in disagreement
with Teymoorzadeh and Rodrigue,[186] which showed an
increase in decomposition temperature from 282�C for
neat PLA to 340�C for composites with 40 wt% flax fiber.
This was because increase in flax content led to increased
lignin which increased degradation temperatures. It is
important to note that in the study by Zhang et al,,[145]

chemical pretreatment of flax fiber using iron phosphate
improved the thermal stability of the developed fiber-
reinforced PLA because at the end of the experiment,
more char residues were obtained compared to untreated
flax fiber-reinforced PLA. On a similar note,
Foruzanmehr et al,[185] reported that incorporation of
TiO2 oxidized flax fibers led to an improvement in the
thermal stability of the developed composites. In another
study by Kumar et al,,[211] introduction of MMT did not
have a clear effect on thermal stability of the developed
composites. This was attributed to the low contents of
MMT (2.5%), at which intercalation dominated, but the
amount of intercalated silicate layers was not sufficient to
promote any significant improvement in thermal
stability.

When compared to pure PLA, Zhang et al,[145] sub-
mitted that glass transition temperatures of raw flax

fiber-reinforced PLA and treated flax fiber-reinforced
PLA increased from 69�C by 4 and 2�C, respectively, indi-
cating a better deformational heat resistance of the devel-
oped flax fiber-reinforced PLA. Similar increases in glass
transition temperature of were recorded by Li et al,[133]

because of chemical pretreatment of fibers. In disagree-
ment, Georgiopoulos et al,[184] found that glass transition
and melting temperatures of PLA composites are not sig-
nificantly affected by flax fiber presence. Arias et al,[212]

also revealed that the glass transition temperature of neat
PLA was not affected by inclusion of flax fibers as the
values were close to 60�C in all cases. Another study by
Teymoorzadeh and Rodrigue,[186] reported that glass
transition, crystallization, and melting temperatures
decreased with addition of flax fiber to PLA.
Foruzanmehr et al,[185] reported that incorporation of
TiO2 grafted flax fibers with and without cellulose oxida-
tion led to an increase in glass transition temperatures of
the developed composites from 60.8 to 61.3�C and
61.1�C, respectively.

3.5.7 | Coir fiber-reinforced PLA

Thermal properties of coir fiber-reinforced PLA were
investigated by Sun et al,.[137] In contrast to the submis-
sion by Zhang et al,,[136] DMA results by Sun et al,[137]

revealed that increase in amounts of coir fibers reduced
glass temperatures of the developed composites. This
reduction indicates increased mobility with free volume
of PLA matrix chains by loose packing of coir fiber within
the matrix due to poor adhesion between the matrix and
fibers. The onset crystallization temperatures also slightly
shifted to lower temperatures with increasing coir fiber,
thus inducing cold crystallization earlier than neat PLA
samples. TGA demonstrated that the thermal stability of
coir fiber-reinforced PLA was reduced by the incorpora-
tion of treated coir fiber. This was observed by the shift of
the peak temperatures to lower temperature regions. This
is in agreement with findings from Dong et al,[70] who
reported that increasing the fiber content decreases ther-
mal stability of the developed coir fiber-reinforced PLA.
This was attributed to the lower degradation tempera-
tures of coir fibers as compared to PLA. In a similar find-
ing by Zhang et al,,[136] neat PLA showed a degradation
peak at 388�C, while addition of 1, 3, 5, and 7 wt% coir
fibers lowered the temperatures to 379, 379, 377, and
363�C. It was evident that increasing coir fiber content
led to decreased thermal stability of the developed com-
posites. These findings are also in agreement with charac-
teristics of phormium fiber-reinforced PLA.[213]

DSC results by Zhang et al,[136] showed that addition
of coir fibers led to an increase in glass transition
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temperature and degree of crystallinity while the crystal-
lization temperature decreased relative to the tempera-
ture at which neat PLA crystalizes (110�C). The
increasing degree of crystallinity indicated that addition
of coir fibers was favorable for crystallization of neat
PLA. Meanwhile, Sun et al,[137] noted only a minor effect
of the treated coir fiber on thermal behavior of PLA resin.
Similarly, an analysis of DSC results by Dong et al,[70]

showed that addition of coir fibers in PLA matrix does
not affect the glass transition and melting temperatures
of the developed fiber-reinforced PLA. The cold crystalli-
zation temperatures however decreased with increasing
fiber content. This showed that the coir fibers play an
effective nucleating role in accelerating the PLA crystalli-
zation process, thus improving crystal growth rate.
Reducing cold crystallization temperatures with increas-
ing fiber loading were also reported by other
researchers.[149,214]

3.5.8 | Sisal fiber-reinforced PLA

Zhu et al,[131] reported that neat PLA had higher thermal
stability than sisal fiber/PLA composites. The weight of
neat PLA and its composites rapidly dropped between
340 and 360�C, attributable to the degradation of constit-
uent materials. A second transition began between
360 and 380�C when the thermal decomposition started.
Neat PLA had higher initial pyrolysis temperature
(360.6�C), temperature of maximum pyrolysis rate
(378.4�C), and final pyrolysis temperature (390.4�C) than
sisal fiber-reinforced PLA composites. As an explanation
for the behaviour of the developed fiber-reinforced PLA,
they noted that during the preparation process, sisal
fibers and PLA matrix experienced heat and friction
which resulted in the thermal degradation, hence reduc-
ing the thermal stability of the developed composites
compared with that of neat PLA. These findings are in
agreement with those from Tengsuthiwat et al,[179] in
which neat PLA started to decompose at 344.6�C while
decomposition of sisal fiber-reinforced PLA started to
decompose at 334�C. A study by Bajpai et al,[197] also
reported that incorporation of sisal fibers led to a reduc-
tion in the degradation temperature of developed com-
posites. In another study by Rajesh et al,,[181] untreated
sisal/PLA composite showed intermediary thermal stabil-
ity compared to that of neat PLA and treated sisal/PLA
composites. Alkali treatments on coir fiber reduced the
thermal stability of the composite compared to neat PLA
and untreated sisal/PLA composites.

DSC results from Zhu et al,[131] reported the degree of
crystallinity of neat PLA, alkaline treated sisal fiber-
reinforced PLA and hybrid sisal fiber-reinforced PLA to

be 19.4%, 24%, and 31.4%, respectively. Addition of sisal
fibers therefore improved the crystallinity of PLA because
of the nucleation effect of sisal fibers. They submitted
that the glass transition temperature of the developed
sisal fiber-reinforced PLA composites was similar to neat
PLA's (66.9�C). Addition of sisal fibers did not affect the
molecular structure but the aggregation structure of the
matrix and had a slight influence on glass transition tem-
perature. Similar findings were reported by Ahmad and
Luyt,[215] and Gil-Castell et al,.[216]

3.5.9 | Bamboo fiber-reinforced PLA

Hu et al,[173] reported that thermal degradation of
untreated bamboo fiber-reinforced PLA composites
showed a single stage at 354�C which was lower than
that of the neat PLA (365�C) due to the degradation that
occurred in the processing progress of the composites by
the two rollers counter rotating mixer. Surface modifica-
tion of bamboo fibers however was noted to increase
thermal stability of the developed fiber-reinforced PLA
composites. This increasing thermal stability was
ascribed to the reduction in the number of hydroxyl
groups of neat PLA which had been reacted with cou-
pling agent. Surface modification of bamboo fibers has
also been reported by Zhang et al,[106] and Lin et al,[107]

to increase thermal stability of neat PLA. Zhang et al,[106]

attributed the increase in thermal stability to two reasons.
The first was that surface modification prevented heat
transfer; and the second reason was that surface modifi-
cations improved cross-linking density of PLA matrix,
thereby strengthening the molecular structure of PLA.
Some studies, however, have found that surface treat-
ments on bamboo fibers led to a decrease in degradation
temperatures, signifying weakened thermal stability of
fiber-reinforced PLA.[217,218]

Compared with neat PLA, bamboo fiber-reinforced
PLA composites in the study by Hu et al,[173] had higher
glass transition temperatures and melting temperatures.
This was because the bamboo fibers could limit the ther-
mal motion of the molecular chain of PLA matrix. Sur-
face modification of the bamboo fibers significantly
increased the glass transition and melting temperatures
of the developed composites because of surface treat-
ments improved the interfacial compatibility between
PLA and bamboo fibers. Their results were contradictory
to those from Lin et al,[107] who showed that the glass
transition temperature was not affected by surface modi-
fication of the bamboo fibers. In the study by Hu
et al,,[173] surface modification was reported to lead to a
decrease in crystallinity, compared to neat PLA. On the
contrally, a study by Zhang et al,[199] reported that while
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melting temperatures did not show much difference,
incorporation of fibers led to improvement in the degree
of crystallinity of PLA matrix. Masruchin et al,[174]

reported that glass transition and melting temperatures
decreased with incorporation of bamboo fiber in PLA
matrix because bamboo fiber in this case acted as a plasti-
cizing component in the developed composites. Tisserat
et al,[123] and Scaffaro et al,[219] also showed that incorpo-
ration of Posidonia oceanica fibers and Paulownia
elongata fibers respectively increased the degree of crys-
tallinity of neat PLA matrix. This degree of crystallinity is
extremely important because higher degrees result into
better mechanical properties of fiber-reinforced PLA.[70]

Another closely related study by Qian et al,[220] reported
that glass transition, melting and crystallization tempera-
tures of bamboo/PLA composites were decreased by cou-
pling agent treatment. When 4% content was used, they
decreased from 45.6 to 30.6�C, 96.2 to 88.4�C, and 164.3
to 154.2�C, respectively. This was interpreted in terms of
increasing molecular mobility attributed to an under
cross-linked or plasticized matrix in the bamboo fibers
vicinity.

3.5.10 | Wheat fiber-reinforced PLA

A study by Tran et al,[155] reported that thermal stability
was not significantly different between neat PLA and the
wheat/PLA composites although the latter had lower
thermal degradation temperature compared to the for-
mer's. In agreement, studies by Nyambo et al,[95] and Fan
et al,[193] reported that wheat straw fiber-reinforced PLA
composites exhibited lower thermal stability than neat
PLA because wheat fibers are less thermally stable and
increase thermal degradation reactions occurring during
processing. In order to enhance thermal stability of wheat
fiber-reinforced PLA, Tran et al,[192] suggested hybrid
surface modification of silane and alkaline on wheat
fibers. This is because alkali treatment cleans the surface
of wheat husks and actives the hydroxyl groups, which
consequently react with the silanes more easily than the
hydroxyl group on the surface of untreated wheat husks.

Tran et al,[155] reported that neat PLA had a glass
transition temperature of 61.56�C. Addition of husks did
not have any notable effect on the glass transition tem-
perature. Neat PLA had a crystallisation temperature of
129.64�C and addition of wheat husk fibers decreased the
crystallization temperature to 114.39�C for composites
with 25% wheat husk. They explained the decrease in
crystallization temperature by two reasons: (a) the viscos-
ity of the composite mixture increased with the addition
of wheat husks, which hindered the migration and diffu-
sion of PLA molecular chains in the composite and

(b) the decrease of the average molecular weight of PLA
matrix after extrusion with husks. Nyambo et al,[95]

reported that addition of wheat straw fibers did not sig-
nificantly influence glass transition and melting tempera-
tures of PLA, which were around 60 and 170�C,
respectively. The composites showed decreased crystalli-
zation temperature, reduced enthalpy of crystallization
and increased degree of crystallinity than neat PLA possi-
bly due to the nucleating activity of wheat straw fibers.
The obtained DSC data from their study are in agreement
with observations reported by Lezak et al,[221] in which
the addition of sugar beet pulp fibers nucleated PLA and
increased its degree of crystallinity. Their results are also
in agreement with those from Yang et al,[94] in which
crystallinity of fiber-reinforced PLA composites with 30%
wheat straw content reached 39.8%, while that for neat
PLA was 0.7%. This finding indicated that the well-
dispersed hemicellulose, lignin and cellulose nanofibrils
from wheat straw can consequently act as a highly effec-
tive nucleating agent in promoting crystallinity of PLA
matrix.

3.5.11 | Ramie fiber-reinforced PLA

Yu et al,[183] conducted TGA analysis of ramie fiber-
reinforced PLA and found lower degradation tempera-
ture of untreated ramie fiber-reinforced PLA as compared
to neat PLA. These results are in agreement with those
by Shumao et al,.[127] The study suggested that due to
decrease in molecular weight of PLA during processing,
incorporation of ramie fibers and interfacial bonding
might be responsible for this changed thermal degrada-
tion behavior of the developed composites. Chen
et al,[222] reported that addition of APP flame retardant
during composites processing reduced their thermal sta-
bility as observed by the significant reduction in the
starting decomposition temperature as well as the two
significant mass loss stages. The reduction in thermal sta-
bility was reported to be due of APP pyrolysis at the first
mass loss stage and advance decomposition of ramie
fibers caused by acids released from APP decomposition.
Shumao et al,[127] and Chen et al,[222] also reported
increasing char residues at high temperatures when APP
flame retardant was incorporated, compared to fiber-
reinforced PLA processed without flame retardants. The
increase in char residues is because APP enhances the
charring process for the developed ramie/PLA compos-
ites. Shumao et al,[127] actually reported that APP led to
increase in LOI values by over 86% from a 19.1 value
obtained in the control sample (composite that did not
incorporate flame retardant). The control sample is more
flammable because of two reasons; (a) a continuous mass
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path can form for contact of the filled agricultural fibers,
speeding the flammable mass to the burning area; (b) the
ramie agricultural fibers have a larger heat conduction
coefficient and are more flammable than PLA. The heat
can easily transmit to the fiber-reinforced PLA composite
below the burning region. This is the “candlewick
effect”.[223] A study from Debeli et al,[130] also reported
increasing char residues in ramie fiber-reinforced PLA
compared to neat PLA. Neat PLA had 0.07% char resi-
dues at 450�C while incorporation of ramie fibers
increased the value to 0.4%. However, alkali treatment,
silane treatment and alkali-silane treatments increased
the value increased to 0.43%, 0.36%, and 0.3%,
respectively.

Chen et al,[128] reported that glass transition, crystalli-
zation and melting temperatures of the developed ramie
fiber-reinforced PLA composites did not show much dif-
ference from those of neat PLA. Meanwhile, DSC analy-
sis from Yu et al,[182] revealed that addition of
compatibilizing agent (diisocyanates) increased the glass
transition temperatures of the developed composites
because of formation of cross-linked structures, which
results in decreased mobility of the PLA matrix chain.
Crystallization temperatures also shifted to high tempera-
ture by adding diisocyanates, which indicated that the
composites' crystallization rate became more rapid in
nonisothermal processes. The increase in crystallization
temperatures was due to the nucleation effect of
diisocyanates. The degree of crystallinity of the compos-
ites was deceased by addition of diisocyanates due to the
strong interfacial interaction between PLA matrix and
ramie fibers which resulted into confining polymer chain
orientation.

3.5.12 | Hemp fiber-reinforced PLA

Oza et al,[175] investigated effects of surface treatment on
thermal stability of hemp fiber-reinforced PLA bio-
composites. Their results showed that addition of acetic-
anhydride-treated hemp resulted in higher thermal sta-
bility than alkali or silane-treated fibers because the for-
mer significantly reduced the hygroscopic nature of the
fibers. Meanwhile, Masirek et al,[224] had earlier showed
that degradation of hemp fiber reinforced PLA starts ear-
lier than that of neat PLA, signaling a reduction in ther-
mal stability with increasing hemp fiber loading in PLA.
A study by Lu and Oza,[176] reported that degradation of
both treated and untreated hemp fibers occurs earlier
than that of neat PLA, but there was a delay of 20�C in
degradation temperature for treated fibers in comparison
to that of untreated fibers. Hapuarachchi and Peijs,[177]

developed bio-based flame-retardant hemp/PLA

composites with multiwalled carbon nanotubes and sepi-
olite nanoclay as flame retardants. Cone calorimeter test
results showed that compared with the PLA matrix, the
peak heat release rate (PHRR) was reduced from 485 to
265 kW/m2 for the PLA/MWNTs/Sep ternary
nanocomposite; however, incorporating hemp fibers into
the PLA ternary nanocomposites increased the PHRR
value to 340 kW/m2. This indicated a slightly better flame
retardancy than hemp fiber-reinforced PLA composites
that showed a PHRR of 361 kW/m2. Similar increases in
PHRR were obtained by Wang et al,.[202] LOI values were
further increased by increases in amount of APP flame
retardant in the processing stage. Additionally, increase
in starch fiber loading led to higher rating in the UL-94
test, showing that starch fiber is an effective carboniza-
tion agent for PLA, which can promote formation of pro-
tective char layer to prohibit flammability.

Islam et al,[119] revealed that incorporation of hemp
in PLA matrix decreases glass transition, crystallisation,
and melting temperatures. Additionally, incorporation of
hemp fiber into PLA led to an increase in percentage
crystallinity of the PLA matrix. This was explained by the
nucleating ability of hemp fiber, allowing the crystalliza-
tion of PLA. Crystallinity of hemp fiber-reinforced PLA
was further increased by surface modification of hemp
fibers. This result was similar to those obtained from
Islam et al,[120] and Islam et al,[121] in which alkaline pre-
treatment was effected on hemp fibers prior to fiber-
reinforced PLA production. A study from Sawpan
et al,[116] similarly reported that crystallinity of hemp/
PLA composites increased with increased fiber content,
attributable to increased availability of nucleation sites
leading to the formation of increased transcrystallinity.
The increase of crystallinity was smaller as fiber content
increased from 20 to 30 wt% because of the decrease of
PLA content. Alkaline and silane surface modifications
were reported to increase crystallinity of PLA because
impurities like wax and pectin were removed from the
hemp fibers after surface modification, thereby increasing
the number of nucleating sites of the fibers.

3.5.13 | Pennisetum purpureum fiber-
reinforced PLA

TGA results from Revati et al,[22] revealed that incorpora-
tion of Pennisetum purpureum fibers into PLA enhanced
thermal stability of the developed composites. From their
study, it was clear that increase in fiber content reduced
onset of degradation but led to increases in final degrada-
tion temperatures. This then led to an increase in char
residues of the developed composites. These char residues
are a depiction of increasing thermal insulation.[162] In
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fact, several other researchers also reported that when
Pennisetum purpureum fibers are incorporated in PLA
matrix, they provide a barrier layer, which prohibits
oxidation during combustion of the developed fiber-
reinforced PLA. Increase of fiber proportion in fiber-
reinforced PLA was said to lower the permeability of
volatile degradation products, which further extended
the thermal degradation process.[225–227] Gunti et al,[201]

reported that initial degradation occurred at 322�C for
neat PLA. Most degradation occurred in the temperature
range of 322 to 430�C and the char residues after combus-
tion were 0.3%. In the case of Pennisetum purpureum
fiber-reinforced PLA, incorporation of Pennisetum pur-
pureum fiber in PLA matrix significantly affected the
thermal degradation temperature. Initial degradation
temperature for untreated Pennisetum purpureum fiber-
reinforced PLA was 264.5�C which is 17.85% less com-
pared to neat PLA. These results were explained by a
decrease of relative molecular mass of PLA.

3.5.14 | Abutilon fiber-reinforced PLA

TGA results from a study by Wang et al,[104] revealed that
thermal degradation of the developed abutilon fiber-
reinforced PLA composites started earlier than that of
neat PLA. This was because of the inferior thermal stabil-
ity of the abutilon fibers compared with PLA matrix.
Addition of abutilon fibers did not significantly affect the
degradation process, as the curves for composites with
increasing fiber weights did not show significant
differences.

From DSC results presented by Wang et al,,[104]

addition of abutilon fiber to PLA increased the crystal-
lization temperature. The composites with 1, 3, and
5 wt% fiber recorded crystallization temperatures of
137, 132, and 141�C, respectively. Additionally, the
melting peaks did not change with addition of 1 and
3 wt% of abutilon fiber to the PLA matrix, but addition
of 5 wt% of abutilon fiber to PLA matrix led to a higher
melting point. Another study by Wang et al,[105]

reported that with addition of abutilon straw fiber, the
peak related to glass transition temperature in PLA dis-
appeared completely in DSC thermographs. This was
related to hydrolysis and removal of the amorphous
phase of PLA. Additionally, addition of abutilon fiber
did not significantly increase the melting temperature
of the developed fiber-reinforced PLA but the slight
increase was reported to be due the strong interaction
adhesion between the abutilon fiber and PLA. From
TGA, they found that an increased content of abutilon
in PLA resulted in decreasing decomposition tempera-
tures, indicating reduced thermal stability of PLA.

3.5.15 | Hazelnut shell fiber-
reinforced PLA

In a study by Balart et al,[195] TGA curves of hazelnut
shell fiber-reinforced PLA composites showed a slight
decrease in onset degradation temperature, changing
from 345�C for neat PLA up to values in the range 306 to
331�C for the developed composites. The initial degrada-
tion stage of the developed composites is related to the
degradation of hazelnut shell fibers themselves. In
another study, Balart et al,[156] developed hazelnut shell
floor fiber-reinforced PLA with constant filler loading
(20 wt%) while varying the epoxidized linseed oil plasti-
cizer content. Thermal stability increased with increasing
plasticizer content in the developed fiber-reinforced PLA
as shown by the shift to the right in degradation
temperatures.

DSC results by Balart et al,[195] showed that addition
of hazelnut shell fiber does not change glass transition
temperature from neat PLA's (66.5�C), due to lack of
interaction between hazelnut shell and PLA matrix. Geo-
rgiopoulos and Kontou,[169] and Battegazzore et al,[196]

also reported that addition of fibers did not affect glass
transition temperature of fiber-reinforced PLA compos-
ites. Georgiopoulos and Kontou,[169] presented constant
glass transition temperatures at around 59�C. Balart
et al,[195] reported that crystallization temperature for
neat PLA was about 111.5�C. Addition of hazelnut shell
fibers led to a decrease to 104�C because hazelnut shells
enable early crystallization. Balart et al,[156] reported that
increasing plasticizer amount led to a decrease in glass
transition temperature. Orue et al,[178] noted similar
decreases due to the plasticization effect of epoxidized
linseed oil because its presence promotes chain mobility.
Meanwhile, he presence of plasticizer did not affect the
melting process.

3.6 | Flame retardants used in fiber-
reinforced PLA

Few studies have been published on flame retardancy of
agricultural fiber-reinforced PLA, even though the flam-
mability and high smoke emissions restrict their applica-
tions in automotive components and electronic
devices.[145] The major limitation of fiber-reinforced PLA
is its thermal sensitivity at the temperatures of com-
pounding processes and flammability.[145] These often
conflict with safety requirements and as such, improve-
ment of their flame retardancy is increasingly gaining
traction.[51,127] One method used to impart flame ret-
ardancy in fiber-reinforced PLA is incorporation of flame
retardants (.[48,145,228,229] Flame retardants should be
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resistant to high temperatures so that fiber-reinforced
PLA remain intact during processing and should not con-
tain components that produce toxic gases.[230] It is worthy
to note however, that halogen (bromine, chlorine, fluo-
rine, and iodine) flame retardants are not preferred
because of the ability to produce toxic and corrosive gas-
ses as well as migrate out of the plastic to the
surface.[231–235] Flame retardancy enhancement using
flame retardants can be achieved in three ways:
(a) blending PLA matrix with flame retardants and then
compounding with agricultural fibers, (b) treating agri-
cultural fibers with flame retardants and then com-
pounding with PLA, and (c) treating both agricultural
fibers and PLA with flame retardants and then com-
pounding into fiber-reinforced PLA.[127] Some studies
using flame retardants for enhancing flame retardancy of
fiber-reinforced PLA are shown in Table 4.

3.6.1 | Modes of action of flame
retardants

Flame retardants can be divided into gas-phase-active
and condensed-phase-active although sometimes they act
in the condensed phase and in the gas phase at the same
time.[228,236,237] Flame retardants' modes of action are
based on slowing down combustion processes by physical
or chemical action in the solid, liquid, or gas phase.[228]

Gas-phase-active modes
In the gas phase, action of flame retardants involves
interference of the combustion processes, resulting in the
reduction in the flame propagation in a given material.
In this mode, flame retardants disrupt the combustion in
the flame and act by physical or chemical mechanisms.
Reduction in flame propagation during the gas phase
involves inert gas dilution and chemical quenching of
active radicals. The gas dilution effect is caused by the
release of noncombustible vapors or gases such as H2O,
CO2, and NH3 during combustion, diluting the oxygen
supply to the flame or diluting the fuel concentration to a

point below the flammability limit.[238] Chemical
quenching involves stopping the combustion process by
releasing specific radicals, for example, Cl*, Br*, and P*.
These radicals can react with highly reactive species,
such as H* and OH* to form less reactive or even inert
molecules.[228]

Condensed-phase-active modes
Flame retardants often act in the condensed phase as acid
precursors, leading to polymer breakdown and char for-
mation by esterification and dehydration.[237] When a
flame-retardant acts in the condensed phase, less fuel is
produced, resulting in a significant decrease of heat
release.[238] The action of flame retardants in this mode is
conclusively presented by Pereira and Martins,.[228]

3.6.2 | Phosphorus-containing flame
retardants

The structure of phosphorus based flame retardants var-
ies from organic to inorganic forms. The phosphorus ele-
ment mainly has 0, +3, and + 5 oxidation states.[239]

Their disadvantage is that high filling grades are
required.

Intumescent flame retardants
Intumescent flame retardant (IFR) is a promising
halogen-free flame retardant additive because of its
advantages of low smoke, low toxicity, low corrosion,
high efficiency, and no molten dropping during a burn-
ing.[240,241] These halogen-free flame retardants have
been widely presented in literature.[161,202,240,242,243] IFRs
loading ratios in composites can go up to 30%.[202] An
IFR system includes an acid source, a carbonization
agent, and a blowing source/agent. The blowing source is
typically nitrogen-containing compounds like urea, mela-
mine, dicyandiamide, and polyamide. The acid source
decomposes at elevated temperatures, generating inor-
ganic strong acid, which can promote dehydration of the
carbonizing agent to produce a char layer, forming an

TABLE 4 Flame retardants used to enhance flame retardancy of fiber-reinforced PLA

Fiber Fiber loading Flame retardant Author

Kenaf 25 wt% Ammonium polyphosphate [161]

Flax 25 wt% Ammonium polyphosphate [187]

Potato starch 2.5, 5, and 10 wt% Ammonium polyphosphate [202]

Ramie 30 wt% Ammonium polyphosphate [127]

Coconut/jute 35 vol% Diammonium phosphate [194]

Hemp 30 vol% Sepiolite nanoclay and multiwalled nanotubes [177]
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intumescent effect.[236,244] Apart from this effect, IFRs
can lead to a radical trapping effect which enhances
flame retardancy and thermal stability of the composites
in which they are used.[245,246]

Organic phosphorus compounds
Organic phosphorus flame retardants can be categorized
as phosphate esters, phosphinates, and pho-
sphonates.[239,247] Organic phosphorus can be classified
into monomers and oligomers. Monomeric organic phos-
phorus has high volatility and relatively low fire ret-
ardancy effectiveness compared to oligomeric organic
phosphorus. The latter have much higher thermal stabil-
ity and are normally used in engineering thermoplastics
like PA-6 and ABS. Combining volatile and nonvolatile
organic phosphorus flame retardants can enhance flame
retardancy effect because of the combination role played
in both condensed and vapor phases. Organic phospho-
rus compounds flame retardant loading ratios in compos-
ites can be as high as 25%.[248] One notable issue is that
the use of organic flame retardants in fiber-reinforced
PLA can produce toxic products after thermal decay and
combustion.[248,249]

Inorganic phosphorus compounds
The two typical inorganic phosphorus flame retardants
typically used in engineering applications are Ammo-
nium polyphosphate (APP) and Melamine polyphosphate
(MPP). MPP has higher thermal stability and lower water
sensitivity than APP. Generally, long-chain APP and
short-chain APP starts to degrade at a temperature of
slightly above 300 and 150�C, respectively, generating
ammonia and polyphosphoric acid. This means the
choice for APP flame retardants depends on the
processing temperature of the individual materials that
constitute a given composite.[239] Inorganic phosphorus
flame retardant loading ratios in composites can go up to
25%.[222] APP is widely used in retarding flame during
burning of fiber-reinforced PLA because APP is usually
associated with char-forming agents and nitrogen con-
taining components at high temperatures caused by the
release of polyphosphoric acid.[127,250,251]

Red phosphorus
Red phosphorus has the highest content of phosphorus
among phosphorus-based flame retardants.[239] For this
reason therefore, its loading levels in fiber-reinforced
PLA are typically below 10%. Red phosphorous is highly
active in both condensed and gas phases and is effective
for both oxygen-containing polymers (eg, polyesters,
polyamides, and polyurethanes) and nonoxygenated
polymers (eg, polypropylene and polyethylene).[252] The
disadvantages of red phosphorus are evolution of highly

toxic phosphine through reaction with moisture, poor
thermal-stability and lack of compatibility with synthetic
resins.[248] Another disadvantage is that their application
leads to an undesired colour change of the parts in which
it is used.[253]

3.6.3 | Metal hydroxide flame retardants

Metallic hydroxide additives as flame retardants are
increasingly gaining focus because they are environmen-
tally safe.[234,249] They offer an attractive alternative
because of their low toxicity, low corrosion and low
smoke emission during processing and combustion.[239]

Aluminum hydroxide (Al[OH3]) and magnesium hydrox-
ide (Mg[OH]2) are the most widely used metal hydroxide
flame retardants for fiber-reinforced PLA.[51,222,254] Their
mode of action is by releasing water vapour through
endothermic decomposition, leaving a thermally stable
inorganic residue. Their use in polymer composites cau-
ses dilution of combustible polymer decomposition prod-
ucts with water, cooling the condensed phase through
the endothermic dehydration. Chemical reactions
through which aluminum hydroxide and magnesium
hydroxide decompose are shown in Equations (1) and
(2), respectively.[255] A disadvantage of metal hydroxide
flame retardants is that very high filling grades are
needed.[228] For example, to generate a sufficient flame
retardancy, up to 60 wt% of aluminum hydroxide or mag-
nesium hydroxide has to be added to a given composite,
which can lead to decreasing mechanical
characteristics.[254–257]

2Al OHð Þ3 !Al2O3 + 3H2OΔH=20 cal=g ð1Þ

Mg OHð Þ2 !MgO+H2OΔH=328 cal=g ð2Þ

3.6.4 | Nanoscale flame retardants

Based on the chemical structure and geometry, nanoscale
flame retardants can be classified as particulate (zero-
dimensional), fibrous (one-dimensional), and layered
(two-dimensional) additives.[239] Fibrous nanoscale flame
retardants contain single/multiwalled carbon nanotubes,
halloysite, sepiolite, and so on while layered nanoscale
flame retardants include inorganic nanoclay (eg, MMT),
layered hydroxides, expanded graphite, and
graphene.[258] For fibrous nanoscale flame retardants, the
formulation of a three-dimensional physical network
forms a compact layer, which acts as thermal insulation
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barrier and thus effectively protect the underlying poly-
mer matrix.[239] Because of their physical barrier effects,
layered nanoscale flame retardants such as clay have
been found to modify the flame retardancy properties of
fiber reinforced PLA when blended at low filler levels
(<5 wt%).[259] Nanofillers form a silicate char surface
layer that acts as a flame barrier and thus protect the
underlying polymer matrix of the general developed
fiber-reinforced PLA plastic.[177]

3.6.5 | Silicon-containing flame
retardants

Silicon-containing flame retardants include silicones, silicas,
organosilicates, silsesquixanes, and silicates. Silicone flame
retardants are considered to be eco-friendly additives since
they have no harmful impacts to the environment.[260] They
have excellent thermal stability, high heat release rates, and
very low release of toxic gases like carbon monoxide
(CO) during thermal degradation. According to Fu
et al,,[239] their superior flame retardancy is primarily attrib-
uted to the excellent dispersion in polymer matrices and
migration toward the material surface during combustion
followed by the formation of a highly flame retardant char
layer. Silicas (SiO2) also have various types, including silica
gel, fumed silica, and fused silica. They can even be
obtained from the combustion of agricultural materials like
rice husks.[83] Their effectiveness mainly depends on factors
such as pore size, particle size, surface area, density, and vis-
cosity.[85] Silica flame retardants have reduced heat release
rates and mass loss rates because of the physical action of
the silica in the condensed phase.[85,260]

3.6.6 | Chitosan flame retardants

Chitin, the second most abundant natural polysaccharide
is a major constituent of some living organisms. It can be
found in the cell wall of fungi and yeasts, in the shell of
crustaceans and in exoskeletons of arthropods. Chitosan
is a deacetylated form of chitin.[261] Chitosan is an amino
polysaccharide with multi-hydroxyl groups, which is pro-
duced by alkaline deacetylation of Chitin.[262] Chitosan
acts as a carbon source because of its carbohydrate struc-
ture containing hydroxyl groups and therefore promotes
char formation at high temperature.[250,261]

4 | CONCLUSIONS

This article presents an overview on flame retardancy
and thermal properties of fiber-reinforced plastics of

agricultural fiber reinforcement and PLA polymer. Bio-
composites from PLA and agricultural fibers have gained
researchers' interest because of reduction of finite
resources and growing environmental awareness on cli-
mate change. Fiber-reinforced PLA plastics in particular
are widely being developed due to the improved mechan-
ical properties they possess compared to neat PLA plas-
tics. Their challenges often include low thermal stability
and inherent flammability, which tend to hinder applica-
tion in industry. Efforts to improve thermal stability and
flame retardancy of fiber-reinforced PLA are therefore
very important to ensure safety during applications in
which they are required. This article gives an extensive
review on the flame retardants usually used to enhance
flame retardancy of fiber-reinforced PLA. These studies
show that the body of work involving agricultural residue
fiber-reinforced PLA is relatively small compared to the
number of studies involving agricultural residues in other
polymers like PP and PE. An overview of the processing
techniques that are typically used for production of fiber-
reinforced PLA is provided. Typical methods used in
ascertaining flame retardancy and thermal properties of
fiber-reinforced PLA are presented. From the discussions
in this article, the following conclusions can be drawn;

Agricultural fiber-reinforced PLA plastics have been
shown to be an alternative to synthetic fiber reinforced
PLA plastics due to the renewable nature and excess
availability of agricultural fibers. More research on agri-
cultural natural fibers as reinforcement for plastic com-
posites is required to widen the scope of materials that
can reduce greenhouse gas emissions during their
lifecycle.

Flame retardancy and flammability of fiber-reinforced
PLA is influenced by variables like origin of the agricul-
tural fiber, pretreatment of agricultural fiber, and
processing technique of fiber-reinforced PLA. These vari-
ables therefore have to be taken into consideration in the
production of agricultural fiber-reinforced PLA.

Many works in literature focus on characterizing agri-
cultural fiber-reinforced PLA and most of these works
show that the properties of fiber-reinforced PLA often
depend on the properties of the constituent agricultural
fibers used as reinforcement. This article has provided
details on bio-chemical, mechanical, and physical proper-
ties of typical agricultural fibers usually used as reinforce-
ment in fiber-reinforced PLA. Surface modification has
been noted to affect the flame retardancy and the thermal
stability properties of the agricultural fibers. However,
the extent of the property change greatly depends on the
type of surface modification used.

Flame retardants retard flammability of agricultural
fiber-reinforced PLA. Flame retardancy using flame retar-
dants can be achieved by: (a) blending PLA with flame
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retardants and then compounding with agricultural
fibers, (b) treating agricultural fibers with flame retar-
dants and compounding with PLA, and (c) treating both
agricultural fibers and PLA with flame retardants and
compounding into fiber-reinforced PLA.

Coir fibers are the most promising fibers for use as
fiber-reinforced PLA as regards flame retardancy and
thermal stability while ramie fibers are the least promis-
ing fibers. This is because the former has the most lignin
compositions while the latter has the least lignin compo-
sitions (see Table 1).

Metal hydroxide flame retardants are most preferred
in retarding flammability because they release water
vapour through endothermic decomposition, leaving a
thermally stable inorganic residue. Their use in agricul-
tural fiber-reinforced PLA can therefore cause dilution of
the combustible polymer decomposition products with
water, thereby cooling the condensed phase through
endothermic dehydration.

Most of the work is done on thermal stability proper-
ties of fiber-reinforced PLA (Table 3). More research
toward flame retardancy is required because as much as
flame retardants are effective in retarding flammability,
agricultural fibers themselves produce flame retardancy
properties at specific temperatures during processing or
combustion. This is because the inherent lignin in agri-
cultural fibers acts as a natural flame retardant. Lignin is
thermally stable because of crosslinking between mono-
mer units, therefore high amounts of lignins in agricul-
tural fibers increase their resistance to hydrolysis and
degradation.
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