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Abstract
The principal objective of this study was to assess the capability of waste rice husk fibers as reinforcement for recycled 
plastics. The fabrication of Wood-plastic composites (WPCs) based on rice husk (RH) fibers and recycled linear low poly-
ethylene in the presence of maleic anhydride grafted polyethylene (3 phc) were made by melt blending method. The impact 
of nanosilica and nanocaly, at different concentrations (2, 4, and 6 phc) on morphological, physical–mechanical and ther-
mal properties of the prepared WPCs were studied to distinguish the most efficient nanoparticle. The highest improvement 
of mechanical properties was achieved at 6phc nanosilica loading and 4phc nanoclay. At a high level of nanoclay loading 
(6phc), increased population of clay pellets leads to agglomeration, and stress transfer gets blocked. Izod impact strength was 
decreased by the incorporation of different nanoparticles in contrast with the hardness. The addition of different nanopar-
ticles decreased the water absorption and thickness swelling of composites. The interaction of the rice husk fibers with the 
polymer matrix as well as the impact of nanosilica and nanoclay in the improvement of the adhesion was shown by scanning 
electron microscopy (SEM). In addition, the thermal stability showed slightly improved by the addition of nanoparticles, but 
there are no perceptible changes in the values of melting temperature by increasing the nanosilica and nanoclay content. The 
degree of crystallinity (Xc) of the composites decreased with the incorporation of RH fibers and increased with the addition 
of nanoparticles. The finding demonstrated that WPCs treated by nanosilica had the most elevated properties than nanoclay.
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Introduction

In recent times, nanoparticles and natural fibers have been 
increasing consideration in the fabrication of composite 
because of two causes. The first is to promote the properties 
of the composites by including nanoparticle. The second is 

to evolve eco-friendly materials by using cellulose fibers as 
an alternative to advanced fibers in wood-plastic composites 
[1].

Reinforcing plastics with natural fibers has got numerous 
attractions mainly because of mechanical improvement that 
can be acquired at a relatively low cost [2]. Wood-polymer 
composites (WPCs) cover a wide extent of areas in the com-
posite field. These are environmentally friendly, low cost 
consuming, renewable, and will restrain eco pollution by 
virtue of their component biodegradability, and they might a 
tremendous job in tackling the environmental issues that we 
might otherwise need to face within the future [3]. However, 
the possibility of reinforcement of natural fibers is greatly 
reduced due to their incompatibility and poor interfacial 
adhesion between organic polymer matrix and natural fib-
ers. This ends up in poor miscibility among the ingredients 
and hence reduces the properties of the formed compos-
ites [4]. The compatibility between immiscible ingredients 
can be upgraded by utilizing suitable compatibilizers. The 
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compatibilizer like maleic anhydride grafted propylene 
(MAPP) or maleic anhydride grafted polyethylene (MAPE) 
improves the adhesion and miscibility between polymer 
matrix as hydrophobic part and natural fibers as hydrophilic 
part and at an identical time improves the surface interaction 
among totally different plastics [5, 6].

Rice husk, an unwanted agriculture residue in Egypt, is a 
by-product of the rice grinding industry. It is one of the most 
significant agricultural residues in the amount. It appears 
about 20% of the whole rice plant produced, on the weight 
basis of the rice plant. The evaluated annual rice husk waste 
production of 2.8 million tones in Egypt [7].

The consumption of organic thermoplastic has expanded 
enormously because of their various characteristics. The 
removal of plastic materials in the form of packaging films, 
bottles, etc. causes environmental pollution. The majority 
of the waste plastics comprise an essential amount of poly-
ethylene (PE), polypropylene (PP), and polyvinyl chloride 
(PVC), etc. Recycling is the process of reusing to decrease 
the environmental pollution brought about by waste plastic 
materials and producing useful products. The utilization of 
recycled materials is limited because of their weak overall 
properties. These recycled plastics with poor properties are 
joined with natural fibers to form WPCs as a new product 
with promoted properties. The unconventional natural fibers 
can be changed into upgraded products by treating the waste 
thermoplastic products [8, 9].

Recently, nanotechnology has spread out a fresh out of 
the methodology for upgrading WPCs. By utilizing nanopar-
ticles, the properties of achieved composites in the manufac-
turing field can be improved, making it possible to furnish 
new products with high-added value and additional potency 
improving the several properties of WPCs [10]. The most 
nanoparticles used nowadays are nanosilica and nanoclay 
that are widely utilized for these purposes. These nanopar-
ticles are non-toxic, stable, relatively cheap, and available, 
display a layered morphology with a high aspect ratio, and 
massive surface area and cause an improvement within the 
properties of the WPCs. However, the hydrophilic nature of 
nanoclay and nanosilica obstructs the homogenous disper-
sion of nanoparticles in the hydrophobic polymer matrix 
due to incompatibility between them [11]. Modifying the 
surface of the nanoparticles through organic treatment will 
give a hydrophobic behavior to the surface of nanoparticles 
and enhance its compatibility with the hydrophobic polymer 
matrix [12]. In recent years, WPCs have pulled in extraor-
dinary consideration in industrial applications. The main 
applications of WPCs in the world market include furni-
ture, door board, door frame, wall panel, automotive, skirt-
ing, fences, siding, decking, air cleaner, and insulation mat 
manufacturing [13].

The principle goal of this study was to assess the capa-
bility of rice husk residues as a reinforcing agent for WPCs 

so as to assay their efficiency. The effects of the addition 
of nanosilica to R-LLDPE/rice husk fibers composites and 
compared the findings with prepared composites based 
on nanoclay on the properties of prepared WPCs were 
investigated.

Materials and Methods

Materials

Recycled linear low-density polyethylene (R-LLDPE) 
with a melting temperature of 122.3 °C, melt flow rate of 
0.9 g/10 min at 190 °C, and a density of 0.922 g/cm3 was 
obtained by Prima Plast Egypt Company for plastic, Cairo, 
Egypt. Maleic anhydride grafted polyethylene (MAPE) as 
a coupling agent was supplied by BYK Additives & Instru-
ments, German with a melting temperature at 134 °C, melt 
flow rate of 1.5 g/10 min at 190 °C, and density of 0.954 g/
cm3. Rice husk (RH) with 60–80 mesh size was collected 
locally in Alexandria, Egypt. The chemical composition of 
palm rachis fibers were analyzed by TAPPI test method, 
Chorination method and Kurschner- Hoffner method as 
presented in Table 1. Nanoclay (Sodium montmorillonite) 
modified with a quaternary ammonium salt with density 
1.66 g/cm3 was supplied from Nanoshel LLC, USA. Nano-
silica (silicon dioxide) modified by triethoxyvinylsilane with 
density 2.2 g/cm3 was obtained from Jiangsu XFNANO 
Materials, China. The specifications of the nanosilica and 
nanoclay are summed up in Table 2.

Table 1   Chemical composition of the rice husk

Sample Moisture 
(%)

Cellulose 
(%)

Hemicel-
lulose (%)

Lignin 
(%)

Ash (%)

Rice husk 7% ± 0.4 35.5% ± 
0.8

24.5% ± 
1.9

22.6% ± 
2.1

17.4% ± 
3.3

Table 2   Basic characteristics of nanosilica and nanoclay

Properties Nanosilica Nanoclay

Physical state Solid Solid
Form White powder Off White powder
Organic modifier Triethoxyvinylsilane Hexadecyltrimethyl-

ammonium bromide
Density 2.2 g/cm3 1.66 g/cm3

Melting point/range Approx. 1700 °C Approx. 1750 °C
Thermal decomposi-

tion
 > 2000 °C  > 2000 °C

Sio2 content  > 99.8% 43.69%, Al2O3 
(18.07%),

Particle size 15–20 nm 120 nm
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Preparation of Rice Husk Fibers

Rice husk (RH) was collected locally and was produced by 
a husking machine with exhausted shell separation. Small 
fibers were cleaned by drenching in distilled water for one 
day to evacuate any impurities on the surface fibers. Ground 
Fibers with high-speed blender were oven-dried at 80 °C 
for 24 h to adjust the content of moisture to less than 7% 
to get the best adhesion with polymer hence better formed 
WPCs and afterward stocked in sealed PE bags before sheet 
preparations.

Compounding and Sheet Preparation

Rice husk fibers (RH), recycled linear low-density polyethyl-
ene (R-LLDPE), and MAPE were mixed together and fixed 
at 65 wt%, 35 wt%, and 3 phc (per hundred compounds) 
respectively. These values were assigned according to the 
many professional manufactured formula and show a superb 
balance among execution and cost. The recycled linear low-
density polyethylene (R-LLDPE), and MAPE were melted 
by a two-roll machine (Shaw Robinson Model 2799) using a 
melt blending process at 160 °C and 30 r/min for 3 min. At 
that point, RH fibers with different concentrations of nano-
silica (NS) and nanoclay (NC) were incorporated into the 
blends for 10 min according to the formulations given in 
Table 3. WPCs sheets (350 mm*350 mm*4 mm) obtained 
by using compression molding (AUMYA) at 160 °C and 
80 bar for 10 min.

Characterization Techniques

Scanning Electron Microscopy (SEM)

SEM (JSM-5300, Japan) was used to characterize the mor-
phology of the composites at 25 keV. The fractured surface 
of the samples was frozen under liquid nitrogen and coated 
with a gold layer (Au) to thickness of 400 Å (JFC-1100 E) 
to remove electron charging.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopic (FTIR) of nano-
silica (NS), nanoclay (NC), and prepared composites were 
recorded on the FTIR spectrometer (Perkin-Elme, USA) in 
range of 4000 cm−1 to 500 cm−1 utilizing KBr disk.

Mechanical Property

The tensile properties (tensile strength and modulus) for 
R-LLDPE and prepared composites were estimated by utiliz-
ing a universal machine (Instron 4204, MA, USA) according 
to ASTM D 638-03. The test samples with Dumbbell-shaped 
were obtained by press cutting of the produced sheet. The 
tensile strength and modulus were obtained from the stress 
versus strain curves. At least five specimens were tested for 
each formulation. The flexural properties (flexural strength 
and modulus) were measured utilizing the three-point bend-
ing test method according to the ASTM D-790 method. The 
load was set midway among the supports. The bending test 
was led utilizing an Instron Universal Testing Machine 
(model 4486) at a speed of 2 mm/min.

The Izod impact strength of prepared samples was deter-
mined by utilizing a Zwick Universal Test Machine (model 
5102) according to the ASTM D 256 test method. The 
prepared samples have a fixed dimension of 60*12*6 mm. 
five replicates specimens were tested for each formulation.
obtained. The hardness of the specimens was determined 
according to the ASTM D2240 method utilizing a durometer 
(model RR12) and expressed as shore D hardness. The hard-
ness value for each sample was calculated as the average of 
5 measurements.

Thermal Property

The thermogravimetry (TG) and derivative thermogravim-
etry (DTG) of R-LLDPE/RH fibers composites with and 
without different nanoparticles (NS and NC) were deter-
mined utilizing a thermal analyzer (Shimadzu TGA-Q 50, 
Japan). The prepared samples (6 mg) were heated up to 
600 °C at a heating rate of 20 °C/min under N2 atmosphere 
to prevent the oxidation of the samples at a flow rate of 
20 ml/min.

Table 3   Composition of the studied formulations

R-LLDPE recycled linear low-density polyethylene, RH rice husk, 
MAPE maleic anhydride grafted polyethylene, phc per hundred com-
pounds

Code R-LLDPE 
(wt%)

RH (wt%) MAPE 
(phc)

Nano-
silica 
(phc)

Nan-
oclay 
(phc)

R-LLDPE 100 0 0 0 0
WPC 35 65 0 0 0
WPC/M3 35 65 3 0 0
WPC/M3/

NS2
35 65 3 2 0

WPC/M3/
NS4

35 65 3 4 0

WPC/M3/
NS6

35 65 3 6 0

WPC/M3/
NC2

35 65 3 0 2

WPC/M3/
NC4

35 65 3 0 4

WPC/M3/
NC6

35 65 3 0 6
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Differential scanning calorimetry (DSC) of the prepared 
composites was investigated utilizing the DSC calorimeter 
(Shimadzu-60 A, Japan). The samples (6 mg) were sealed in 
an aluminum pan and heated up to 300 °C at a heating rate of 
10 °C/min under N2 atmosphere at a flow rate of 20 ml/min.

Physical Property

Water absorption and thickness swelling testing were meas-
ured according to ASTM D 570-98 method. The WPC speci-
mens were immersed in distilled water for a period of time 
at ambient temperature. At the end of immersion time, WPC 
samples were ejected from the distilled water and excess 
water on the surface of samples was wiped by tissue paper. 
The values of the water absorption (WA %) were calculated 
using the equation.

where M1 is the dry initial weight, M2 is the weight of the 
sample after immersion in water. Also the values of the TS 
in percentage were calculated using the following equation

where T1 is the initial thickness of the sample and T2 is 
the thickness of the wetted sample.

Results and Discussion

Role of MAPE in the Compatibility Between Polymer 
and Natural Fiber

The efficiency of the natural fibers/thermoplastic interface 
is considerable for the use of cellulose fibers as reinforcing 
agents in the fabrication of WPCs. The composites proper-
ties rely upon all of the individual ingredients and on their 
interfacial adhesion. The main obstacle in WPCs fabrication 
is the incompatibility between polar natural cellulose fiber 
and nonpolar polymer matrix. This problem can be relieved 
by the utilization of compatibilizers such as maleic anhy-
dride grafted polyethylene (MAPE). This compatibilizer has 
double features in that it has the hydrophobic and hydro-
philic properties together wanted to cohere well with the 
hydrophobic polymer and react with the hydrophilic natural 
fibers [5, 14].

Thus, covalent bonds are formed between the hydroxyl 
groups located on the surface of natural fibers and the com-
patibilizer in the form of the ester bond. In addition, the 
hydrogen bonds might likewise participate in interaction 
as shown in Fig. 1. From that mechanism, MAPE should 

WA (%) =
M

2
−M

1

M
1

× 100

TS (%) =
T
2
− T

1

T
1

× 100

improve the properties of the composite by promoting inter-
facial adhesion between the phases besides the good disper-
sion of natural fibers as well [15].

Morphological Analysis

SEM Study

SEM was used to investigate the morphology and the pos-
sible interfacial adhesion between the R-LLDPE matrix and 
its composites. Figure 2 shows SEM micrographs taken from 
the fracture surface of samples broken during the tensile 
tests for the studied composites and WPCs loaded with dif-
ferent nanoparticle contents (2, 4, and 6 phc). SEM micro-
graphs of R-LLDPE only are shown in Fig. 2a; it can be 
observed homogeneous dispersion of R-LLDPE in a matrix. 
Figure 2b shows the agglomeration of RH fibers and some 
holes and cavities in the surface that have a negative effect 
on the water absorption and mechanical properties [16]. This 
shows that the efficiency of interaction bonding between 
the rice husk fibers (RH) and R-LLDPE matrix is weak, so 
when stress is applied, it causes RH fibers to be pulled out 
from the R-LLDPE and leaving behind holes easily. Fig-
ure 2c shows the effect of compatibilizer (MAPE) on the 
R-LLDPE/RH fibers composite. The number of holes and 
cavities are decreased and the adhesion between RH fibers 
and R-LLDPE matrix is improved due to the formed the 
covalent and hydrogen bond as explained and stated ear-
lier in Fig. 1. Figure 2d–f shows the impact of the addition 
of nanosilica contents (2, 4, and 6 phc) respectively on the 
prepared composites. The addition of nanosilica showed uni-
form homogenous dispersion of the nanosilica within the 
R-LLDPE, and there are no RH fibers were pulled out. This 
confirmed that majority of the nanosilica have dispersed and 
filled the cavities at the interface between R-LLDPE and RH 
fibers, components which demonstrated a more interaction 
bond among the nanosilica, RH and the R-LLDPE [17].

Figure 2g and h shows The effect of addition of nano-
clay contents (2, and 4 phc) respectively on the compos-
ites showed homogenous dispersion on nanoclay pellets 
in R-LLDPE, but the impact of the addition of nanoclay 
with a high concentration (6 phc) on the morphology of 
the prepared composites is illustrated in Fig. 2i. An evident 
nanoclay layers agglomeration was seen in the prepared 
composite with high nanoclay content. This resulted in an 
ease of nanoclay layers to pull out from the polymer and 
leaving behind small holes, where the agglomeration of the 
nanoclay pellets in the R-LLDPE occurs because of the high 
surface area of nanoclay layers and Van der Waals forces 
between them. Thus, during the blending of the nanoclays 
with R-LLDPE matrix, just a slight amount of the polymer 
matrix can permeate among the agglomerated layers of nan-
oclay and interact with them, thereby reducing the interfacial 
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adhesion between the nanoclay layers and the polymer [18, 
19].

FTIR Results

Figure 3a shows the FTIR spectra of nanosilica (SiO2). 
Some absorption peaks at 3486  cm−1 for –OH stretch-
ing, 2931 cm−1 for –CH stretching of modified hydrocar-
bon, and 1632 cm−1 for –OH bending of hydroxyl group 
adsorbed on the surface of nanoparticles. The other peaks 
appeared in the range 1187–465 cm−1 was due to Si–O–Si 
group in the SiO2. However, nanoclay exhibited the peaks at 
3542 cm−1 for –OH stretching, 2927 cm−1 for –CH stretch-
ing of modified hydrocarbon, 1629 cm−1 for –OH bending, 
and 1031–460 cm−1 (oxide bands of metals like Si, Al, Mg, 
etc.) as shown in Fig. 3b [20, 21].

Figure 4a shows FTIR spectra of R-LLDPE in which, 
bands at 2947 cm−1 and 2877 cm−1 are due to asymmetri-
cal and symmetrical C–H stretching vibrations. The band 
at 1375 cm−1 is from CH3 symmetric vibrations and the 
absorbance bands at 1456 cm−1 and 921 cm−1 are associ-
ated with vibrations of CH2 from the polyethylene chain. 

The nature of adhesion between rice husk fibers and 
R-LLDPE matrix was explored using FTIR spectroscopy 
[22]. Figure 4b and c shows the FTIR spectra of stud-
ied composites with and without compatibilizer (MAPE). 
MAPE can be bonded to the rice husk fibers surface by 
ester linkage and hydrogen bonds. The shifting of absorp-
tion peak corresponding to hydroxyl group to lower wave-
numbers 3257 cm−1 affirmed the forming of hydrogen 
linkage between RH fibers and R-LLDPE. Moreover, the 
intensity of peaks at 2936 cm−1 corresponding to –CH 
stretching was more in wood-plastic composites compared 
to uncompatibilized composites which demonstrated the 
bond formed between R-LLDPE, MAPE, and RH fib-
ers. The effect of addition nanosilica, and nanoclay was 
appeared by FTIR, where the decrease in intensity of –OH 
groups in the nanocomposite might be related to chemi-
cal modification with nanosilica and nanoclay where the 
silica particles replaced the hydrogen atom in –OH groups 
to produce Si–O–Si stretched vibration that reduced the 
intensity of –OH groups. Si–O–Si stretched vibration as 
confirmed by peaks at 1082 and 1024 cm−1 as shown in 
Fig. 4d and e [23].

Fig. 1   Schematic represented the reaction between cellulose fiber hydroxyl end groups and maleic anhydride grafted polyethylene (MAPE)
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Mechanical Properties

Tensile Properties

Figure 5 shows the tensile strength of studied compos-
ites at different nanosilica and nanoclay loadings. The 
tensile strength of the uncompatibilized R-LLDPE/RH 
fiber composites decreased from 13.7 to 5.34 MPa with 

the incorporation of RH fibers at 65 wt%. The reduction 
of tensile strength might be due to poor adhesion between 
rice husk fibers and R-LLDPE matrix. In addition, the 
other reason was the irregular shape of the natural fib-
ers, because their capability to support stress transmitted 
from the polymer is rather poor. The decrease in tensile 
strength may be also clarified because of the agglomera-
tion of natural fibers and the dewetting of the polymer 

Fig. 2   SEM micrographs of fractured surfaces of the studied composites: a R-LLDPE, b WPC, c WPC/M3, d WPC/M3/NS2, e WPC/M3/NS4, f 
WPC/M3/NS6, g WPC/M3/NC2, h WPC/M3/NC4, and i WPC/M3/NC6
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at the interphase. The addition of MAPE showed high 
tensile strength for R-LLDPE/RH composites compared 
to uncompatibilized composites [24]. The results could 
be clarified as far as good interaction at R-LLDPE/RH 

interface, due to the activity of MAPE. The interfacial 
adhesion was evolved by hydrogen linkages formed 
between the hydroxyl groups on the surface of RH fiber 
and compatibilizing agent [25, 26].

Fig. 3   FTIR spectrum of nano-
silica and nanoclay

Fig. 4   FTIR spectra of a 
R-LLDPE, b WPC, c WPC/M3, 
d WPC/M3/NS4, and e WPC/
M3/NC4
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Addition of nanosilica at (2, 4, and 6 phc) contents 
improved the tensile strength of prepared composites by 
38%, 63.8%, and 76.1%, respectively. This increase might 
due to the improvement in the surface area for interaction 
between nanosilica and polymer matrix which depends 
on the uniform dispersion of silica nanoparticles in the 
R-LLDPE [27]. In contrast, the incorporation of nanoclay 
at (2 and 4 phc) improved the tensile strength of composites 
by 24.6%, and 52.4, respectively. The addition of nanoclay 
layers at (2 and 4 phc) increased the tensile strength of pre-
pared WPCs by 24.6%, and 52.4, respectively. the enhance-
ment in tensile strength of treated composites with nanoclay 
due to the high aspect ratio and the uniform dispersion of 
nanoclay pellets in the R-LLDPE matrix, whereas, the addi-
tion of high concentration of nanoclay (6 phc) decreased 
the tensile strength by 35.3%. Reduction in tensile strength 

is most likely because of the accumulation of the nanoclay 
(NC) layers which drastically reduces the dispersion of the 
nanoparticles in the polymer matrix [28, 29].

Figure 6 shows the tensile modulus of prepared compos-
ites. The tensile modulus of the uncompatibilized R-LLDPE 
/RH fiber composites increased from 311 to 679 MPa with 
the incorporation of RH fibers. The improvement in tensile 
modulus might be due to improve the stiffness of studied 
composites because of the higher stiffness of RH fibers than 
R-LLDPE matrix and hence add stiffness to the composites 
[15]. The addition of MAPE showed high tensile modulus 
for R-LLDPE/RH composites indicating a homogenous 
distribution of RH fibers and better fiber-matrix interac-
tion. The addition of nanosilica at (2, 4, and 6 phc) contents 
improved the tensile modulus of prepared composites by 
11.8%, 22.2%, and 36.3%, respectively. The improvement 

Fig. 5   Tensile strength of the 
studied composites

Fig. 6   Tensile modulus of the 
studied composites



1608	 Journal of Polymers and the Environment (2021) 29:1600–1615

1 3

in the properties of treated composites due to the higher 
stiffness of silica nanopartices than other ingredients in the 
composites. In addition, the influence of restriction in the 
mobility of polymer chain and increase in adhesion caused 
significant enhancement in mechanical properties. On the 
other hand, the incorporation of nanoclay at (2, 4 phc) con-
tents improved the tensile modulus of prepared composites 
by 6.2%, and 12.1, respectively. Tensile modulus decreased 
at the addition of nanoclay 6 phc by 8.4%. Reduction in 
tensile modulus is probably because of the agglomeration 
of the nanoclay layers [30, 31].

Flexural Properties

Figure 7 shows that the trend of flexural properties of the 
studied composites as a function of nanosilica and nanoclay 
content was similar to that of tensile properties discussed 
earlier. The flexural strength of R-LLDPE/RH fiber compos-
ites without MAPE reduced from 16.54 to 7.03 MPa with 
the incorporation of RH fibers at 65 wt%. The reduction of 
flexural strength might be due to fibers aggregation takes 
place where polymer matrix in composites acts as an adhe-
sive for binding RH fibers together. So obviously increas-
ing the loading of RH fibers and decreasing the quantity of 
R-LLDPE matrix causes a decline owing to poor interfacial 
adhesion among fibers and the R-LLDPE polymer leads to 
a stress concentration around the RH fibers. Plus, higher 
natural cellulose fibers content results in more and much 
most likely void formation during fabrication thusly reduces 
the flexural properties [8]. The addition of MAPE improved 
flexural strength for R-LLDPE/RH composites. Similar to 
the tensile properties, the addition of nanosilica at (2, 4, and 
6 phc) contents to R-LLDPE/RH fibers composites improved 
the flexural strength by 16.45%, 31.4%, and 56.1%, respec-
tively. In contrast, the incorporation of nanoclay at (2 and 4 

phc) to R-LLDPE/RH fibers composites improved the flex-
ural strength of composites by 7.4%, and 25.9, respectively. 
But, the addition of a high concentration of nanoclay and (6 
phc) decreased the flexural strength, due to the agglomera-
tion/clogging of the nanoclay layers [32, 33].

Figure 8 shows the flexural modulus of studied compos-
ites at different nanosilica and nanoclay loadings. The flex-
ural modulus of the uncompatibilized R-LLDPE/RH fiber 
composites increased from 208 to 628 MPa with the incor-
poration of RH fibers at 65 wt%. The addition of MAPE 
showed high flexural modulus for R-LLDPE/RH composites 
compared to uncompatibilized composites. Incorporation of 
nanosilica at (2, 4, and 6 phc) contents to R-LLDPE/RH 
fibers composites improved the flexural modulus by 14.3%, 
23.5%, and 40.4%, respectively, and to R-LLDPE/PR fibers 
composites improved by 14.9%, 27.3%, and 39.2%, respec-
tively. In contrast, the incorporation of nanoclay at (2 and 4 
phc) to the prepared composites improved the flexural modu-
lus of composites by 5.9%, and 17.4, respectively. Compos-
ites with the addition of a high concentration of nanoclay (6 
phc) decreased the flexural modulus, due to the agglomera-
tion of the nanoparticles [1, 34].

Impact Strength

Figure 9 shows the impact strength of the prepared com-
posites. The izod impact strength of the composites with-
out MAPE decreased from 22 to 12.48 kJ/m2 with the 
incorporation of RH fibers at 65 wt%. The reduction in 
impact strength might be due to weak interaction among 
the RH fibers and polymer matrix causes micro-crack to 
occur at the point of impact, which causes the cracks to 
effectively propagate in the prepared composite. These 
micro-cracks cause reduced impact strength of the com-
posites. The addition of MAPE showed did not improve 

Fig. 7   Flexural strength of the 
studied composites
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the impact strength for WPCs, where the interfacial bond-
ing between RH fibers and R-LLDPE matrix was highly 
improved, thus the micro-crack was not started at the 
interface, but at the RH fiber itself, when the izod impact 
occurred. The RH fibers is more brittle than the R-LLDPE 
matrix, and this causes decreased izod impact strength in 
the prepared composites [15, 35].

Also, the impact strength was diminished by the addi-
tion of different nanoparticles (NS or NC) in the WPCs. 
The deterioration in impact strength might because of the 
impact of NS and NC particles in the R-LLDPE supplys 
points of stress concentrations, thus giving sites for crack 
initiation. Also, another cause for a decline of impact 
strength might be the stiffening of the chain of R-LLDPE 
matrix which result in less efficiency to absorb impact 
energy [36].

Hardness

Figure 10 shows the hardness (shore D) of studied compos-
ites at different nanosilica and nanoclay loadings. The hard-
ness of the uncompatibilized composites increased from 46 
to 58.5 with the incorporation of RH fibers at 65 wt%. The 
enhancement in hardness might be due to improve the stiff-
ness of prepared composites because of the higher stiffness 
of RH fibers and a decrease in mobility of polymer chain 
(brittle behavior). This implied that the incorporation of nat-
ural fibers diminished the ductility of the composites, where 
polymer matrix mobility or deformability of a rigid interface 
between the fiber and the matrix decreased leading to a brit-
tle failure under loading. The additions of MAPE showed a 
slight improvement in the hardness from 58.5 to 60.4. The 
addition of nanosilica at (2, 4, and 6 phc) to R-LLDPE/RH 

Fig. 8   Flexural modulus of the 
studied composites

Fig. 9   Izod impact strength of 
the studied composites
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fibers composites slightly increased hardness by 1.45%, 3%, 
and 5.1%, respectively. Also, incorporation of nanoclay at (2, 
4, and 6 phc) to R-LLDPE / RH fibers composites slightly 
increased the hardness by 0.99%, 2.65%, and 4.6%, respec-
tively. The reason for increase in hardness values could be 
explained and stated earlier [37, 38].

Thermal Properties

TGA Analysis

The impact of addition of nanosilica (NS) and nanoclay 
(NC) on the thermal behavior of the studied composites was 
investigated utilizing TGA. Figure 11 shows the thermo-
gravimetry (TG) and derivative thermogravimetry (DTG) 
curves for all prepared composites with different nanoparti-
cle loading. The thermal behavior of the prepared compos-
ites is summed up in Table 4. The degradation of R-LLDPE 
began at about 399 °C, and the maximum decomposition 
rate appeared at about 473 °C. It was seen that the ther-
mal degradation curve of all prepared WPCs was divided 
into two main stages of thermal degradation of mass loss at 
about: and 392 to 502 °C. The first stage which contained the 
range 248 to 362 °C had a maximum degradation tempera-
ture (Tmax) at 302 °C due to the degradation of the compo-
nents of RH fibers like lignin, cellulose, and hemicellulose, 
while another stage with range 392 to 502 °C had maximum 
degradation temperature (Tmax) at 473 °C is attributed to 
the pyrolysis of R-LLDPE [39]. The results indicated that 
the addition of NS and NC slightly increased the thermal 
stability of the prepared composites by 3–7 °C. The most 
fundamental think thermal stability, which has been formed 
by different nanoparticles (NS or NC), is that the produc-
ing of a char layer that is non-burning; ultimately, the high 
specific surface area and proper coverage of the char layer 

affect thermal property. Also, the incorporation of NS and 
NC particles lead to the formation of the crystal structure in 
the prepared composites. These features improve the ther-
mal degradation temperature of the studied composites and 
increase their thermal property. In addition, the strong inter-
action among the R-LLDPE, RH fibers and nanoparticles 
(NS or NC) play important role in improving the thermal 
stability of WPCs [28, 40].

DSC Analysis

DSC tests were proceeded to describe the thermal stability 
of the R-LLDPE and the R-LLDPE/RH fiber composites. 
The melting enthalpy (Hm) and melting temperature (Tm) 
of the prepared composites were summed up in Table 4. 
A single endothermic melting curve was monitored for 
all prepared WPCs. It was seen that the incorporation of 
nanoparticle (NS or NC) didn’t show a striking variation 
in the values of melting temperature (Tm) of the prepared 
composites. The values for Tm stayed comparatively con-
sistent for all prepared WPCs, changing from 118.6 to 
122.3 °C. This indicated that in the existence of RH fibers 
and different nanoparticles ( NS or NC), the size of the 
crystalline domains was held in the WPCs, The melting 
enthalpy (Hm), however, diminished with the RH fibers 
increasing loading, as expected, due to the reduction in 
the amount of R-LLDPE [41]. The degree of crystallinity 
(Xc) of the composites decreased from 41.24% to 24.76% 
with incorporation of RH fibers. This meant that the RH 
fibers did not act as a nucleating agent in this compos-
ite system. The reason for the reduction of the Xc of the 
composite should be attributed to the disturbance in the 
crystalline formation induced by the RH in the compos-
ite during the cooling process. The degree of crystallinity 
(Xc) of the WPCs increased by 9–15% with the addition 

Fig. 10   Hardness of the studied 
composites
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of nanosilica and nanoclay. This result may be due to the 
nucleating effect of the NS and NC that could provide 
heterogeneous nuclei during the initial nucleation stage 
for the crystallites, which increased the crystallinity of the 
WPCs. Moreover, the addition of silica particles increased 

the crystallization temperature, which confirmed that in 
the presence of NS and NC, crystals formed sooner. This 
phenomenon played a role in the enhancement of the capa-
bility of creating crystallized nuclear and the stimulation 
of crystal creation within the polymer matrix [42].

Fig. 11   TG (a, c) and DTG (b, d) curves for the studied composites with different nanoparticles content

Table 4   Thermal properties of 
the composites with different 
nanoparticles contents

Sample First stage Second stage Tm (oC) Hm (J/g) Xc (%)

T(range) (oC) T(max) (oC) T(range) (oC) T(max) (oC)

R-LLDPE – – 399–498 473 122.3 158.82 41.24
WPC 248–352 302 392–495 473 119.4 69.73 24.76
WPC/M3 249–352 301 396–498 472 119.1 69.63 25.54
WPC/M3/NS2 251–354 302 398–499 473 118.6 68.12 34.27
WPC/M3/NS4 254–355 303 398–500 474 121.4 69.03 36.57
WPC/M3/NS6 260–362 309 401–502 478 120.7 68.82 40.38
WPC/M3/NC2 250–354 302 397–498 473 119.8 68.43 33.41
WPC/M3/NC4 252–353 301 397–501 473 122.1 69.25 36.45
WPC/M3/NC6 259–361 309 401–502 477 120.4 69.69 30.23
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Physical Properties

Water Absorption

Water absorption or water uptake is one the most important 
parameters should be taken into consideration for the fabri-
cation of wood-plastic composites (WPCs) since it the effect 
on the dimensional stability and the mechanical properties 
of WPCs. Figure 12 shows The impact of the incorporation 
of different nanoparticles (NS or NC) on the water absorp-
tion observed in the prepared WPCs after 15 days of water 
immersion times. Generally, the water absorption of pre-
pared composites increases dramatically with the increasing 
amount of natural cellulose fibers and increasing immer-
sion time [43]. The enhancement in water absorption of 
R-LLDPE/RH fibers composites because of the hydrophilic 
behavior of RH fibers, this related to the hydrogen linkages 
formed between the hydroxyl groups on the surface RH 

fibers ( cellulose and hemicellulose) and water molecules. 
Additionally, the penetration of water molecules in RH fib-
ers by the capillary action due to the massive amount of 
porous tubular structures found in the natural cellulose fib-
ers. Mechanism of water absorption in very WPCs embodies 
capillary action through natural cellulose fibers, diffusion 
through the R-LLDPE, or diffusion at the interface between 
RH fibers and R-LLDPE. Therefore, water uptake depends 
not solely on the hydrophilic behavior of the RH fibers and 
the R-LLDPE yet also on interfacial adhesion between them 
(gaps) [44].

The time consumed to arrive in the saturation state was 
the same for all the prepared WPCs as observed in the 
present study. The water absorption of the pure R-LLDPE, 
however, was less than 0.2%, due to its hydrophobic 
nature. And, we found that water absorption of treated 
composites with compatibilizer is lower than that of 
untreated composites. Due to the quantity of –OH groups 

Fig. 12   Water absorption of the 
studied composites
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could be diminished via the esterification between MAPE 
and –OH of rice husk fibers. Therefore, water uptake got 
limited. Also, the gaps in treated WPCs by compatibilizer 
were less due to the amelioration of interfacial adhesion 
of RH fibers/R-LLDPE composites, which restricted the 
penetration of water molecules into the prepared WPCs. 
In addition, the incorporation of nanosilica at (2, 4, and 
6 phc) decreased the water absorption after 12 days by 
4.65%, 11.4%, and 21.81%, respectively, due to NS parti-
cles act as a barrier or water repellent where they have a 
high surface area so it well dispersed in the prepared com-
posite and improves interfacial adhesion causes a decrease 
of the voids and decreases penetration of the water mol-
ecules into the prepared WPCs. In contrast, incorporation 
of nanoclay at (2, and 4 phc) decreased the water absorp-
tion by 3.8% and 8.76%, respectively, the addition of high 
content (6 phc) increased again the water absorption by 
4.03% due to the aggregation of the NC layers [45, 46].

Thickness Swelling

Figure 13 shows thickness swelling of the studied composites 
after 15 days of immersion in distilled water. The thickness 
swelling of the prepared WPCs increases with the water uptake 
and in this manner has a trend sort of like that of the water 
absorption. It can be seen that the prepared WPCs without 
different nanoparticles (NS or NC) showed the most elevated 
thickness swelling values. By the addition of NS and NC par-
ticles, the thickness swelling decreased due to the same rea-
sons as discussed concerning water absorption. The higher 
the nanoparticle content, the lower was the thickness swelling 
[16, 47].

Fig. 13   Thickness swelling of 
the studied composites
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Conclusions

The present work showed that rice husk fibers can be suc-
cessfully utilized to make R-LLDPE/rice husk composites 
with helpful physico-mechanical properties. The findings 
of the research demonstrated that the SEM study indicated 
improved the interaction between the ingredients result-
ing in decreased numbers of cavities and pulled-out RH 
fibers with the addition of nanosilica (up to 6 phc) and 
the addition of nanoclay (up to 4 phc) would behave the 
same behavior. However, adding nanoclay (6 phc) didn’t 
improve these properties. This was related to the agglom-
eration and weak dispersion when a high amount of nano-
clay was used, which resulted in increased gaps and cracks 
in the prepared WPCs. It was found that increasing the 
nanosilica and nanoclay content up to 6 phc and 4 phc 
respectively, led to enhance tensile and flexural strength 
as well as tensile and flexural modulus of prepared com-
posites. Izod impact strength was decreased by the incor-
poration of different nanoparticles in contrast with the 
hardness. These properties were reduced by incorporation 
of 6 phc nanoclay. The physical properties of composites 
were lowered with the increased nanosilica and nanoclay 
content. The thermal stability of WPCs slightly improved 
according to the impact of different nanoparticles (NS, 
and NC). At long last, the Utilization of reused plastics 
and rice husk fibers in composites have several benefits 
such as limit the solid waste content and conserve natural 
resources. In addition, the utilization of nanoparticles in 
recycling agricultural and solid waste to developing wood 
plastic composites (WPCs) by improving their properties 
for a wide range of applications.
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