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Rice (Oryza sativa L. genus) is the primary source of daily food intake and has become the world’s second most important
cereal crop sector due to the demand of billions of human beings. Rice husk (RH) should never be burned, due to various
reasons, such as the ashes, harmful gases, and fumes that contribute to air pollution. Typically, the RH can be used as
biochar, extracted silica, or husk itself. In general, RH is a hull to protect seeds or grains. It is formed from rigid materials,
is water-insoluble, and is abrasive, with a high level of cellulose—silica structures. The exterior of the hulls consists of silica
covered with a cuticle, with a small amount of silica content at the innermost epidermis. The exploitation of RH residues in
biocomposites offers multiple advantages, for example, reducing the relative amount of constituents derived from
synthetic polymers, such as resin polymers and some additives. The tensile strength is mainly used to evaluate the
strength behavior of a composite material.
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| 1. Tensile Strength of RH Composites

The behavior of composites is dependent upon the filler type, matrix material, concentration, size, dispersion, and the
adhesion between the filler and the matrix material. Various studies have been conducted on the variation of tensile
properties of RH-reinforced composites at different filler loadings using different types of matrix materials as polymer
matrices, as tabulated in Table 1. However, they can be classified into four groups: matrix modification, filler
treatment/modification, and hybridization.

Table 1. Reported studies of the mechanical properties of RH reinforced polymers.

. . Tensile Strength Flexural Impact Strength
Matrix Parametric Study (MPa) (MPa) (kJIm2) References
HDPE Matrix 225%05 49.6+1.2 Abdulkarem et al. 1
modification
PP Filler loading 19.7 39.2 Zafar et al. 2
Filler 3
HDPE . 20 53.7 13 Zhang et al. [E]
modification
HDPE Hybrid 15.8 25.7 15.2 Zhang et al. [
Filler 51
Natural rubber e 21.3+0.7 Xue et al.
modification
Filler
[61
Epoxy modification 120 Fernandes et al.
Epoxidized natural Filler )
rubber modification 18.5+ 0.5 Pongdong et al.
HDPEIPET Matrix 22.2+0.1 48+2 3201 Chen et al. [8
modification
Epoxidized natural M'a.trlx. 35 45 22 Raghu et al. 9]
rubber modification
rHDPE Filler treatment 18.37 Rajendran et al. 19
Epoxy Filler treatment 46+ 1 87%2 27+0.1 Bisht et al. [11]
Matrix . [22]
rABS/PP 21%1 Santiago et al.

modification



. . Tensile Strength Flexural Impact Strength
Matrix Parametric Study (MPa) (MPa) (kJIm?) References
HDPE Filler treatment 26.3 £ 0.50 Zhang et al. [s]
rPP Filler treatment 28+0.25 3.0+£0.5 Moreno et al. 14
TPS Filler treatment 243 +0.25 Boonsuk et al. 131
PU Filler treatment 0.25+0.11 Olcay et al. [s]
Epoxy Hybrid 43 Shubbar 24
PP Hybrid 40+2 Awang et al. [28]
Epoxy Hybrid 302 25+2 Kumar et al. 22
PP Filler loading 33.2+05 30.8+0.3 Hidalgo-Salazar et al.
Corn starch Hybrid 10.7 19.6 Singh et al. 21
HDPE Matrix 30+2 Sun et al. 221
modification
Matrix - [23]
PLA . 5254 + 25 Béhalek et al.
modification
PP Hybrid 15.6 + 0.25 37.6 £1.88 Guna et al. 24
PVC Matrix 51.9 + 2.54 74.9+5.81 Petchwattana et al.
modification
PVC Hybrid 5.5 0.80 Jiang et al. 28]
Filler Kargarzadeh et al.
+
Cassava starch modification 3.3+05 [27]
Matrix [28]
Corn starch e 14.3+1.13 Yap et al.
modification
PLA and PBAT Matrix 10.0£1.0 Spada et al. 22
modification

Using RH as a reinforcement has offered significant enhancements to the tensile properties of composites, as reported by
Abdulkareem et al. L. They clarified that the Young’s modulus of RH/waste polystyrene (PS) composite increased with
increasing the RH content; up to 40 wt % compared to pure PS. A similar improvement in strength was also discovered by
Zafar et al. [@ when studying an RH reinforced polypropylene (PP) matrix composite. The maximum tensile strength was
achieved at 5 wt % of RH loading, with the size of the RH filler being 355-500 micron. In contrast, this contradicted the
findings mentioned by Zhang et al. B!, where increasing the RH filler to 70 wt % decreased the tensile properties due to
fiber agglomeration in the matrix. Zhang et al. & also studied the tensile strength of RH in a high-density polyethene
(HDPE) matrix for different RH loadings, and the best level of tensile strength was attained at 40 wt % loadings. This was
the result of the uniform distribution of RH in the matrix, making the matrix tightly wrap the RH, and thus improving the
interface bonding. In another study, a unique type of RH, called hydrochar, was reinforced with polylactic acid (PLA) as
the matrix, and it was observed that the tensile modulus improved from 2.63 GPa in virgin PLA to 4.24 GPa after blending
with hydrochar. Xue et al. & used the ball milling technique to enhance the filler—matrix interaction by refining the particle
size. They found that the tensile strength increased 44% compared to unmilled RH.

While studying the performance between unfilled and filled epoxidized natural rubber (ENR) with RH ash, it was shown
that the filled ENR provided a higher tensile strength than the unfilled ENR. A study of the differences in mechanical
properties between RH ash filler and high-purity silica in an epoxy matrix composite by Fernandes et al. [ found that
similar characteristics were observed. They claimed that RH ash could replace silica with little loss of desirable properties.
Pongdong et al. [ indicated a similar conclusion, whereby they found that RH ash filler exhibited a similar reinforcement
compared to conventional siliceous earth for epoxidized natural rubber matrix composites.

In order to reduce the level of alkalinity of the pore water in a synthetic polymer, matrix modification has been promoted.
This method can typically enhance the durability of the fiber—matrix interaction by using cementitious materials. The
tensile strength of the RH reinforced hybrid recycled HDPE/polyethylene terephthalate (PET) composites was optimum at
70 wt % of filler loading, as reported by Chen et al. [ In a similar study, Raghu et al. & used maleic anhydride grafted



polypropylene (MAPP) and m-isopropenyl o—o-dimethylbenzyl-isocyanate grafted polypropylene (m-TMI-g-PP) as
coupling agents. They found that the tensile properties of the RH/PP composites were better than the control samples.
They observed that at 50 wt % RH loading, the tensile strength increased by 52% as compared with another type of filler,
which were encouraging results.

Several researchers evaluated the improved tensile strength properties between RH and the matrix resin using surface
modification techniques such as esterification, silane treatment, fiber mercerization, or fiber surface modification. For
example, Rajendran et al. 1% treated RH with ultraviolet-ozonolysis and found that the treated RH composites improved
the tensile strength by 5% compared to the composite with untreated RH. Bisht et al. 11 used a mercerization treatment
on RH flour and studied the effect on the tensile strength of RH/epoxy composites. The tensile strength of the composite
improved by 36% with treated sodium hydroxide (NaOH) solution, by up to 8%. Santiago et al. 2 compared the tensile
strength of RH powder in a recycled acrylonitrile butadiene rubber/PP hybrid matrix between a silane treatment and
anhydride (AC) treatment of the fillers. Again, the AC treatment exhibited better tensile strength compared to the silane
treatment.

Zhang et al. 3] analyzed an extracted RH biochar reinforced HDPE composite at different pyrolysis temperatures using
injection moulding. The best tensile properties of the composites were obtained in the temperature range of 500-600 °C,
due to their outstanding physical interlocking structures. A similar pyrolysis of RH work was conducted by Moreno et al.
(4] |t was shown that the increased RH content in the PP matrix led to a proportional decrease in the tensile strength.
However, the decrease in tensile strength was less significant for the pyrolysis composites, as verified by the fracture
surface.

In addition, Boonsuk et al. 13 mentioned that an alkaline treatment with 11% w/v of NaOH removed the hemicellulose
layer of RH and offered an outstanding tensile strength improvement, by a factor of 220%, compared to the neat
thermoplastic starch. It improved the matrix-filler load transfer capabilities due to the loss of hemicellulose and the rougher
outer surfaces after alkaline treatment. By contrast, the combination between untreated and 5% RH loading in a flexible
polyurethane (PU) was found to have the best tensile performance of the composites L8 The treated RH with
10% w/v NaOH adversely affected the surface of the filler and decreased the tensile behavior.

Some researchers fabricated hybrid RH composites by combining two or more different types of fillers within a common
matrix. For example, Shubbar 4 evaluated the tensile properties of RH combined with fumed silica nanopowder in an
epoxy matrix. The tensile properties increased by 50%, just by adding 5 wt % RH, compared to the sample with pure
resin. Furthermore, Awang et al. 28 evaluated RH combined with titanium oxide (TiO,) and zirconium oxide (ZnO) in the
PP matrix and proposed that the addition of TiO, gave a higher tensile strength and Young’s modulus compared to the
addition of ZnO. From the scanning electron microscope (SEM) images, they concluded that this higher tensile strength
was due to a better interaction between the matrix and the RH particles. Additionally, Kumar et al. 22 assessed a
combination of RH/bauhinia-vahilii-weight/sisal filler with epoxy as the matrix and concluded that the addition of RH
improved the tensile strength by 34.42% compared to not using the RH filler loading.

The application of RH as a filler in polymer matrix composites increased the tensile strength in all the research that was
reviewed in this paper. RH could replace silica and other fillers; however, some of the research showed that the tensile
strength increment had a maximum point after a certain amount of RH loading. Some researchers conducted additional
studies on the improvement of the interface properties of the filler—matrix, either by surface modification of RH or to the
matrix formulation. It is believed that this is the way forward for increasing the usage of RH in polymer matrix composites.

| 2. Flexural Strength of RH Composites

In order to characterise the bending properties of the composite material, the most classical test used to characterize this
behaviour is the flexural test (three or four points). A study by Zhang et al. B! reported that the bending strength of a RH
biochar/HDPE composite reached 53.7 MPa, which was far beyond wood-plastic composites. It was indicated that the
biochar behaved as a rigid grain and locked the movement of a particle in the polymer chains. Hidalgo-Salazar et al. (2
analyzed a RH-reinforced PP composite and recorded an increase of 75% in flexural strength for the RH/PP composite
compared with neat PP. They attributed the increase in bending properties to the stiffening effect of RH in the PP matrix.
Singh et al. [2 also measured the flexural strength of a fully recycled RH-reinforced corn starch matrix composite and
mentioned that the maximum flexural strength was 19.60 MPa for a RH/corn starch composite with 15 wt % RH content.

Flexural modulus is a material characteristic that is significantly influenced by the morphology and crystallinity of
polymers. In particular, the heterogeneous structure of the surface layers is important for high values of flexural modulus.
Using a compatibilizer, Chen et al. 8l used an ethylene-glycidyl methacrylate (E-GMA) copolymer as a compatibilizer



between recycled HDPE and recycled PET, and maleic anhydride polyethene (MAPE) as a coupling agent between the
filler and matrix. They reported an increase in flexural strength of 62% with the increase of RH concentration in the
polymer blends of recycled HDPE and recycled PET. It was discovered that the use of a compatibilizer increased the
strength of the RH composite with the matrix blend. The coupling agent also improved the flexural strength of the RH/PP
composites, and an increase of 46% was reported by Raghu et al. 2. Moreover, when comparing the effect of silane
coupling and compatibilizer MAPE on interfacial adhesion properties in RH/HDPE composites, Sun et al. 22 found that
the bending strength and flexural strength were improved by 11.5% and 40.7%, respectively. It was observed that the
flexural modulus increased with the increase in RH and the technical cellulose fiber amount. It was obvious that the
flexural modulus reached higher values at higher quantities of cellulose fibers (20—30 mass%). Furthermore, there was no
positive effect on the flexural modulus with a variety of plasma surface treatments of technical cellulose fibers or grafted

maleic anhydride (PLA-g-MAH/PLA/30CeF). The smallest effect on the flexural modulus was noted for ozone-treated
fillers [23],

Kumar et al. 19 reported an increase of 33% in the flexural strength for RH/bauhinia-vahilii-weight/sisal epoxy composites
compared to unfilled composites at all filler loadings. The effects of hybridized RH with groundnut shell (GNS) reinforced
with PP were obtained by Guna et al. 24. The maximum flexural strength of the hybrid composites was obtained with a
20/60/20 GNS/RH/PP ratio, which was 40% higher than the non-hybrid composites. This could suggest that a higher
loading of small fillers was inclined to extensive delamination, and the misalignment of the filler in the matrix thus
decreased the strength properties.

| 3. Impact Strength of RH Composites

Singh 2 reported that the impact energy of RH/corn starch composites increased with the increase of the amount of RH
content. The impact strength reached 0.362 J for composites with 15 wt % RH content.

The mercerization of fibers improved the impact strength, and Bisht et al. L1 reported that the impact strength of RH
flour—epoxy composites were highest at 8% NaOH concentration. The reason for the increase of the impact strength was
due to the mercerisation treatment, which improved the adhesion between the matrix and fiber by way of removing the
voids on the surface of the untreated RHs. Surface modification by silane treatment of a PVC matrix in RH-PVC
composites also increased the impact strength to 44%, as reported by Petchwattan et al. (23],

The use of coupling agents, as studied by Raghu [&, showed that the impact strength of RH—PP composites decreased
with increasing filler loadings. Jiang et al. (28] explored the possibility of reinforcing RH—PVC composites with basalt fibers
(BF) and found a noticeably increase in impact strength, whereby the BF acted as a reinforcing agent and strengthened
the mobility of the matrix chains. Additionally, the aspect ratio of BF was higher than RH, thus the shift of the stress from
the matrix to the fiber was more effective.

| 4. Water Diffusion Behavior of RH Composites

The water diffusion behavior of fiber-reinforced composites is dependent on the relative mobility of penetrants between
the water molecules and polymer parts. In general, this obeys Fick’s diffusion theory, and three classes of diffusion can be
determined BYEL, The measurement of the kinetic diffusion mechanism was evaluated based on Fick’s theory and the
fitting of experimental values, as follows:

log log (MtMe)=log log k+n log logt (1)

where M; and M,, are the water absorption at time t and the saturation point, respectively. k and n are constants.

The diffusion mechanism is reflected in the value of n. When the rate of diffusion of the infiltrate is less than the polymer
part, Case | of the Fickian diffusion mechanism is obtained. For this case, the value of n = 0.5, where the saturated
condition corresponding to a time is rapidly gained and conserved inside the composite [22. However, when n = 1.0, this
indicates that the diffusion activity is faster than the relaxation process E3l. The mechanism is distinguished by the
progressive barrier between the bulging outer part and the inner glassy part of the synthetic polymer. In Case Il, an
equilibrium penetration diffusion is reached at a constant velocity. The non-Fickian is justified at a 0.5 < n < 1.0 diffusion
mechanism and does not obey the Fickian laws. At this condition, Melo et al. 24! used a Langmuir-type model to closely
interpret the physical phenomenon of water absorption relaxation of natural fibore composites. In some cases, when n is
larger than 1, it is known as Super Case Il kinetics 23; however, when n < 0.5, this can be classified as ‘Less Fickian’
behaviour.



Table 2 summarises the water absorption kinetics of an RH-reinforced synthetic polymer. Chen and Ahmad 8! reported
that the water absorption and swelling showed a linear increase with the increase of RH content. The higher water
absorption and swelling with higher RH fiber content were due to the hydrophilicity of RH. This finding agreed with the
finding of Abdulkareem et al. [, where it was observed that the percentage of water absorbed increased with the addition
of RH. Abdulkareem et al. [l attributed the increase in water absorption to the pores and gaps in the RH structure. A
different mechanism was observed in the epoxy matrix by Shubbar 4, whereby it was reported that due to the swelling of

the composite as a result of water absorption, the epoxy matrix cracked, which in turn generated a capillary effect and
caused further water absorption.

Table 2. Reported studies of moisture absorption kinetics of RH-reinforced polymers.

Parametric Thickness Swellin Diffusion
Matrix Stud Mo (%) % 9 Coefficients References
udy (%) (D x 10~ mm?/s)
rHDPE Hybrid 1.8-4.0 4.8-6.8 Chen and Ahmad 28]
. 12.0- 37
HDPE Filler content 13.0 8.5-10.0 Sheykh et al. 31
PE Filler treatment 3.0-7.0 Nabinejad et al. 2017
Cassava Hybrid 0.5-2.7 Huner 38
starch
PVC Coupling agent 0.4-2.4 Saidi et al. 32
PE Hybrid 2.5-13.0 Mohamed et al. 49
Corn starch Filler content 5.1-11.9 Battegazzore et al. 411
PVC Coupling agent 4.2-6.3 Petchwattana et al. [23]
Epoxy Hybrid 1.2-2.4 Shubbar (7
rHDPE Filler treatment 1.7-4.0 Rajendran et al. [19]
rPE Filler content 2.8-1.6 Abdulkareem et al. [1]
rHDPEIFPET Hybrid 3.0-9.5 4.0-8.8 Chenetal. 8
. 0.06- 6]
Epoxy Filler content 0.17 Fernandes et al.
PLA Filler treatment 2.5-3.5 Prappudd&mgs etal.
PLAIPLB Blending effect 0.8-5.2 Akindoyo et al. [43]
. 0.12- a4
HDPE Filler content 0.28 Daramola 24
. 0.08- . 45
Epoxy Filler content 0.13 Hamid et al. 451
Soy bean Coating 4.0-11.0 3.2-15.9 Chalapud et al. [28]
ABS Hybrid 6.9-9.1 1.1-1.4 Norhasnan et al. 41
rHDPE Filler treatment 3.7-26.6 0.63 Chen et al. [48]

The RH was found to be better in terms of its water absorption properties when it was compared with other types of fillers.
Muthuraj et al. #9 found that composites containing RH showed lower water absorption compared to other types of fillers,
such as wheat husk, wood fibers, and textile waste. This observation was explained by the higher hydrophobicity of RH
compared to other fillers. Yusuf et al. 2% compared composites containing RH with composites containing bamboo stem
fiber. They found that composites with RH were better in terms of their lower water absorption and swelling thickness due
to the lower affinity of RH to water. Sheykh et al. B2l compared RH and bagasse ash in an HDPE composite. The RH—
HDPE composite was found to have lower water absorption and thickness swelling properties. This was due to the lower
accessible -OH group on the surface of RH compared to bagasse fibers. Mohamed et al. 24 compared the water



absorption properties of different contents of hybrid kenaf~-RH in a polypropylene composite. Similarly, other researchers
found that a higher RH content exhibited lower water absorption properties. This is because kenaf has larger voids and
has more hydroxyl groups that can interact with water.

Antunes et al. 21 studied the ability of RH panels (to be used as wall panels) to absorb and desorb moisture using the
moisture buffer value test. They found that the higher RH content panels had a better ability for absorbing and desorbing
moisture compared to panels with a lower content of RH, which makes them excellent for high humidity applications.

Akindoyo et al. 48] presented that all composite structures massively absorbed more water than neat PLA due to a natural
fiber composite, which contained a higher abundance hydroxyl groups and easily interacted with water molecules. The
increase in water absorption was higher in the reinforced blends, which could be credited to the water uptake properties of
natural fibers. In general, all the composites conformed with Fickian’s law, where there was an initial rapid water uptake
before reaching a saturation plateau region, with further increases in the soaking period. The effect of nano-silica particles
extracted from RH on the water absorption characteristics was evaluated by Daramola 44, An enhancement of the
moisture absorption resistance of a nano silica-reinforced HDPE composite was observed at a lower particle weight
fraction. However, increasing the filler loading resulted in an increase in the void content, interfacial bonding, and
exposure surface between the filler and blend. Similar work was also reported by Hamid et al. 42, In contrast, they
reported that the silica concentration had no significant effect on the water moisture kinetic. Additionally, a nano-silica
crystalline composite offered a higher water resistance than a nano-silica amorphous coupon. Both composites had a
more hydrophobic resistance compared to epoxy resin. Furthermore, Norhasnan et al. 4 evaluated a hybridized RH/coco
peat reinforced ABS, which showed reduced water-resistance biocomposite structures. Figure 1 shows the moisture
absorption behaviour of the RH/CP reinforced ABS, and a maximum water kinetic behaviour for 20 wt % of coco peat
composite composition was found, due to the higher hydrophilicity of the coco peat particle.
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Figure 1. Typical of water absorption plots of RH and cocopeat ABS polymer blend composites.

Fiber surface treatment and matrix modification improves the water absorption properties of RH composites. This was
confirmed by several kinds of research that used NaOH and silane treatments on RH and coupling agents on the matrix.
Huner 28 ysed 10% NaOH, while Nabinejad et al. B2 used 5% NaOH. Both found that NaOH decreased the water
absorption of the RH-PP composite. NaOH treatment caused the surface of the RH to be polar. The same result was also
produced by silane treatment of RH. Water absorption decreased by up to 38%, as reported by Petchwattana et al. 23],
due to the silane reacting with free OH groups and due to the elimination of voids. Huner B8 reported that the tendency
for reaction was lower than NaOH, causing the water absorption rate for silane treated composite to be lower. The use of
MAPP decreased the water absorption rate due to the decrease of micro gaps in the interface, as a result of enhanced
bonding between the filler and matrix 28, The comparison between NaOH treatment and UV/O, treatment by Rajendran
Royan et al. 2% showed that the NaOH-treated RH exhibited higher water absorption properties. The reason for this was
due to the dry treatment with UV/O,, where the RH was not soaked in any liquid and as a result, there was no fiber
swelling that could give access to water in the reactive region. Saidi et al. 39 used a titanate coupling agent for a RH—
PVC composite. Titanate coupling improved the interfacial adhesion between the RH and PVC matrix, preventing the
diffusion of water molecules. As a result, the water absorption was reduced by 26%.



Researchers have also used hydrophobic materials to increase the water resistance of the composite structure. As an

example, Chalapud et al. 48 ysed a tung oil in RH that was adhesively bonded by a soy protein composite to improve the

moisture resistance of particleboard. The impregnation of the composite panel with tung oil decreased its moisture

absorption capacity and reduced the volume of voids, as obtained by surface microscopy. Since the oil was hydrophobic,

a longer time period was required to reach saturation conditions, and this reduced the water kinetic mechanism, diffusing

inside the hydroxyl groups of the RH and matrix to form hydrogen bonding. Moreover, a gamma radiation post-treatment

was also employed by Chen et al. 48 and proved that the irradiation process increased the moisture kinetics and swelling

effect on the composites. However, increasing the filler content after post-treatment also increased the moisture

absorption, due to a huge quantity of carbonyl and hydroxyl groups in the composite, which allowed more molecule water

to be diffused via the capillary effect.
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