
Materials and Design 41 (2012) 1–7
Contents lists available at SciVerse ScienceDirect

Materials and Design

journal homepage: www.elsevier .com/locate /matdes
Rice husk ash – A valuable reinforcement for high density polyethylene

E.P. Ayswarya, K.F. Vidya Francis, V.S. Renju, Eby Thomas Thachil ⇑
Department of Polymer Science and Rubber Technology, Cochin University of Science and Technology, Kochi, 682 022 Kerala, India

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 January 2012
Accepted 19 April 2012
Available online 27 April 2012

Keywords:
A. Composites
Thermoplastic
E. Mechanical
G. Scanning electron microscopy
0261-3069/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.matdes.2012.04.035

⇑ Corresponding author. Tel.: +91 484 2575723; fax
E-mail address: ethachil@cusat.ac.in (E.T. Thachil).
This paper presents the results of a study on the use of rice husk ash (RHA) for property modification of
high density polyethylene (HDPE). Rice husk is a waste product of the rice processing industry. It is used
widely as a fuel which results in large quantities of RHA. Here, the characterization of RHA has been done
with the help of X-ray diffraction (XRD), Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICPAES), light scattering based particle size analysis, Fourier transform infrared spectroscopy (FTIR)
and Scanning Electron Microscope (SEM). Most reports suggest that RHA when blended directly with
polymers without polar groups does not improve the properties of the polymer substantially. In this
study RHA is blended with HDPE in the presence of a compatibilizer. The compatibilized HDPE-RHA blend
has a tensile strength about 18% higher than that of virgin HDPE. The elongation-at-break is also higher
for the compatibilized blend. TGA studies reveal that uncompatibilized as well as compatibilized HDPE-
RHA composites have excellent thermal stability. The results prove that RHA is a valuable reinforcing
material for HDPE and the environmental pollution arising from RHA can be eliminated in a profitable
way by this technique.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

High density polyethylene (HDPE) is one of the most important
commercial polyolefins. It finds widespread use in such applica-
tions as household appliances, automobiles, aeronautics and pack-
aging. HDPE has excellent low temperature toughness, chemical
resistance, good dielectric properties and relatively high softening
temperature. But it has poor weatherability [1]. In order to reduce
cost or enhance physical and mechanical properties additives or
fillers can be added to HDPE. These fillers may be natural byprod-
ucts (natural fibers, sawdust, rice husk ash, etc.) or commercial fill-
ers such as carbon black, precipitated silica and talc [2,3].

According to FAO statistical data, the world rice production was
approximately 697.9 million tones in 2010 [4]. Raw rice husk con-
tain 35% cellulose, 25% hemicellulose, 20% lignin, 17% ash (94% sil-
ica) and about 3% by weight of moisture [5]. Most of the rice husk is
used for such mundane applications as bedding material for ani-
mals, fuel and landfill. The novel use of rice husk and RHA as fillers
in thermoplastic polymer composites has attracted much attention
recently [6–8]. Depending upon the incineration conditions, two
types of ash are produced i.e., white rice husk ash (WRHA) and
black rice husk ash (BRHA) [9]. White RHA has smaller specific sur-
face area (1.4 m2/g) than the black colored one and its particle size
is reported to be about 50 lm [6]. In the following sections, RHA
refers to specifically white RHA.
ll rights reserved.
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RHA is thermally stable and a tough material possessing high
specific properties. It has approximately 55–97% silica content dis-
tributed between crystalline and amorphous forms. Combustion
conditions determine the extent of crystallinity. Its application as
a filler in thermoplastics mainly depends on purity and particulate
characteristics. Environmental pollution and the necessity to con-
serve energy and material resources have encouraged the use of
RHA in applications such as fillers in cement and fertilizers, cata-
lyst carriers and in the production of pure silica, silica gels, geo-
polymer and filled polymers [10,11].

The use of RHA as a filler in HDPE has the twofold advantage of
reducing the pollution potential of RHA and modifying the proper-
ties of HDPE by a cost effective and reliable method. This work has
been undertaken with this objective in mind.

Silica is the predominant component of RHA with trace amounts
of various elements such as potassium, sodium, magnesium and cal-
cium also present [12]. The fine particle size (<50 lm), irregular
shape and porosity facilitate the use of silica ash as a filler in
polymers. The presence of hydroxyl groups on the ash particles is
advantageous in the case of polymers containing polar groups.
Physical properties such as topography, shape and size are known
to affect the filler reinforcing character in any resin [13]. The particle
morphology and particle size are well correlated with aggregation
tendencies and could also be linked to dispersive nature. The major
impurity is a form of trapped carbon. The impurity reduces the filler
efficiency in composites [14].

Addition of RHA to a thermoplastic increases the stiffness but
tends to reduce strength and toughness [15]. Most silicate fillers

http://dx.doi.org/10.1016/j.matdes.2012.04.035
mailto:ethachil@cusat.ac.in
http://dx.doi.org/10.1016/j.matdes.2012.04.035
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


2 E.P. Ayswarya et al. / Materials and Design 41 (2012) 1–7
have on their surface hydrophilic hydroxyl (-OH groups) or silanol
groups and readily adsorb moisture from the environment [5].
These hydroxyl groups increase the filler aggregation and conse-
quently, greater energy is required to break them into smaller
agglomerates. For better matrix –filler interactions, filler particles
must be wet by the resin. Most polymer melts, being hydrophobic
and highly viscous, do not wet the filler surface effectively. This
leads to incompatibility and a poorly formed interface between
the polymer and filler [16,17]. Coupling or compatibilizing agents
have been used to improve dispersion, adhesion and compatibility
between the hydrophobic and hydrophilic systems. These agents
modify the interface by interacting with both the filler and the
polymer, thus forming a link between these components [18].
RHA has also the ability to increase the thermal stability of the
composites.

The specific objectives of this experimental study were to pre-
pare HDPE-RHA composites, test the properties and explore ways
to get optimal performance from the composites. An attempt has
been made to improve the compatibility between RHA and HDPE
by subjecting the polymer to a chemical modification.
2. Experimental details

2.1. Materials

High density polyethylene was supplied by Reliance Industries
Limited, Mumbai, India. It has a melt flow index (MFI) of 9.65 g/
10 min (190 �C/2.16 kg). Maleic anhydride (MA) and dicumyl per-
oxide (DCP) were supplied by SD fine-chem. Limited, Mumbai.

2.2. Preparation of rice husk ash

Rice husk was collected from rice mills. It was washed clean with
distilled water to remove grit and dried in an oven at a temperature
of 100 �C for 2 h. It was subsequently burnt in five batches in a muf-
fle furnace for 6 h each at five different temperatures (500 �C,
550 �C, 600 �C, 650 �C and 700 �C). This incineration time was found
to give concordant values of ash content at each temperature.

2.3. Compatibilization

The compatibilizer (MA-g-HDPE) was the product of a grafting
reaction between maleic anhydride (MA) and HDPE with the help
of dicumyl peroxide (DCP) initiator at 145 �C. The reaction was
conducted by melt mixing the above ingredients in a Thermo
Haake Polylab system equipped with roller rotors. The MA-g-HDPE
obtained was then used as an ingredient in the preparation of
HDPE-RHA blends in order to improve compatibility between
HDPE and RHA.

2.4. Preparation of HDPE-RHA composites

A few initial studies were done on HDPE/RHA samples without
compatibilizer. For this only the ash prepared at 550 �C was used
as this temperature gave a mostly amorphous ash. Amorphous ash
is reported to possess greater reinforcing properties because of high-
er reactivity [19]. For preparing compatibilized blends, HDPE was
mixed with the compatibilizer (MA-g-HDPE) and RHA in a Thermo
Haake Polylab system earlier mentioned under the same conditions
employed for preparing the compatibilizer. RHA was initially heated
for 1 h at 120 �C in an air oven to drive away any absorbed moisture.
Different amounts of the dry RHA (0, 0.5, 1, 1.5, 2 and 2.5 wt.%) and a
constant amount of compatibilizer (constituting 15% of the weight
of the total blend) were blened to HDPE and the resulting composites
were tested to find the optimum percentage of RHA.
2.5. Preparation of test specimens

The test specimens were prepared from the blends by moulding
in an electrically heated hydraulic press for 5 min at 150 �C under a
pressure of 20 Mpa. After moullding, the samples were cooled
down to room temperature under pressure. Rectangular shaped
specimens were cut from the moullded sheets and used for testing.

2.6. Mechanical testing

Mechanical properties were evaluated using a Shimadzu Auto-
graph AG-I Series Universal Testing Machine at a crosshead speed
of 50 mm/min according to ASTM D 882 (2002) [20]. Six specimens
were used and the average was calculated in each case. These tests
provided the ultimate tensile strength, elongation-at-break and
Young’s modulus values of the composites.

2.7. Measurement of melt flow index (MFI)

The MFI of uncompatibilized HDPE-RHA and compatibilized
HDPE-RHA composites were determined using a CEAST Modular
Line Melt Flow Indexer, according to ASTM D1238 (190 �C/2.160
kg) [21].

2.8. Chemical analysis of RHA

Elemental and chemical compositions of RHA were obtained
using Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICPAES). Samples for ICPAES were prepared by first drying the
ash in an oven (120 �C, 1 h) and then dissolving approximately
100 mg of dried ash in 4 ml of reagent grade, concentrated hydro-
chloric acid. The mixture was left standing for a couple of hours for
complete dissolution. This solution was later diluted to approxi-
mately 100 g using distilled water so that the concentration of var-
ious elements was within the linear range of detection for the
ICPAE Spectrometer. The solution was analyzed for concentrations
of P, K, Ca, Mg, S, Zn, Mn, B, Al, Fe, Si, and Na by a Thermo Electron
IRIS INTREPID II X SP DUO spectrometer.

2.9. Particle size analysis

2.9.1. X-ray diffraction (XRD)
Finely ground RHA mounted on a glass slide was used for X-ray

diffraction studies. The samples were analyzed in a Bruker AXS D8
Advance X-ray Powder Diffractometer.

2.9.2. Light scattering
The average particle size of RHA was determined using a parti-

cle size analyzer. The sample for particle size analysis was pre-
pared by dispersing 500 mg of RHA in a 5% solution of potassium
oleate and sonicating for 6 h. From this, about 3 ml of solution
was used for testing. The solution was analyzed by Malvern
Zetasizer (Model Nano-S), manufactured by Malvern Instruments,
UK.

2.10. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of representative samples were recorded on a
Thermo Nicolet FTIR Spectrometer Model Avatar 370. Samples in
the form of thin films, <1 mm thickness, were employed.

2.11. Thermo gravimetric analysis (TGA)

Thermo gravimetric analysis of the samples was carried out in a
TGA Q-50 thermal analyzer (TA Instruments) under nitrogen atmo-
sphere. Nitrogen was employed in order to remove all corrosive



Table 1
Composition of RHA (ICPAES) prepared at 550 �C.

Component Weight (%)

Silicon 64.81
Aluminum 0.26
Boron 2.09
Calcium 4.05
Iron 0.95
Potassium 20.56
Magnesium 5.58
Manganese 0.28
Sodium 1.36
Zinc 0.06

Table 2
Particle size of RHA (550 �C) by light scattering.
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gases evolved from the degraded materials and to avoid thermo
oxidative degradation. The samples were heated from room tem-
perature to 700 �C at a heating rate of 20 �C/min and a nitrogen
gas flow rate of 40–50 cm3/min. Sample weights varied from 10
to 15 mg. The onset of degradation temperature, the temperature
at which weight loss is maximum (Tmax) and residual weight in
percentage, etc. were noted.

2.12. Morphology

The morphological characterization of RHA and tensile frac-
tured surfaces of the composite specimens were carried out using
a JEOL Model JSM 6390LV Scanning Electron Microscope (SEM).
The samples were subjected to gold sputtering prior to electron
microscopy to give the necessary conductivity.
RHA particle size (nm) Mean volume (%)

58.77 0.2
68.06 0.6
78.82 2.7
91.28 6.1

105.7 9.2
122.4 11.6
141.8 13.4
164.2 13.5
190.1 12.4
220.2 10.7
255 8.7
295.3 6.2
342 3.4
396.1 1.2
458.7 0.2
531.2 0.8
3. Results and discussions

3.1. RHA characterization

Fig. 1 shows the XRD pattern of RHA prepared at different tem-
peratures. The sharp peaks in the figure represent crystalline com-
ponents while the broad peaks indicate amorphous fractions. The
peaks are mostly sharp at higher temperatures (>650 �C). It has
been pointed out that RHA turns more crystalline at higher tem-
peratures [13]. Using Scherrer’s equation [22], the average particle
size of RHA was found to be 263–270 nm.

ICPAES (Table 1) indicates that RHA mainly consists of silicon,
calcium, magnesium and potassium. Small amounts of aluminum
and iron are also present. Light scattering studies (Table 2) reveal
that about 9.6% particles are below 100 nm, 60% in the range
100–200 nm, 25.6% in the range 200–300 nm and 5.6% above
300 nm (up to 531 nm).

3.2. Mechanical properties of HDPE-RHA composites

Fig. 2 shows the effect of RHA content on the tensile strength,
elongation at break and Young’s modulus of uncompatibilized
HDPE/RHA composites during initial studies. Tensile strength de-
Fig. 1. XRD of different temperatures RHA.
creases steadily with increasing filler loading due to the incompat-
ibility of the matrix with the filler system. The absence of a
coupling agent results in poor adhesion of the ash particulates to
the matrix. Weak interfacial regions imply that the filler particles
cannot carry any of the load applied to the composites and the en-
tire stress has to be carried solely by the matrix material. Because
of poor wetting, the filler particles and agglomerates retain air in
their hollow spaces, introducing porosity to the internal structure
of the composites. Agglomeration of the filler particles and dewett-
ing of the polymer at the interphase aggravate the situation by cre-
ating stress concentration points. This leads to reduced tensile
Fig. 2. Tensile strength, Elongation at break and Young’s modulus vs % filler loading
in uncompatibilized HDPE.



Fig. 3. Tensile strength, Elongation at break and Young’s modulus vs % of different
temperatures ash in compatibilized HDPE.

Fig. 4. Tensile strength, Elongation at break and Young’s modulus vs % filler loading
in compatibilized HDPE.
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strength [23,24]. Elongation at break predictably decreases with
increasing filler loading because cracks travel through the weaker
interfacial regions and the composite fractures at lower values of
elongation [25]. The Young’s modulus increases steadily with
increasing filler loading. According to Neilsen, the addition of rigid
and stiff particulate fillers would increase the modulus of the com-
posites because of increasing restrictions on the mobility of the
polymer molecules [26]. Such behavior from incompatible filler
materials is wellknown [27–29].

Scheme 1 shows the mechanism by which a free radical is gen-
erated on the HDPE chain by DCP and subsequent reaction with
MA to give a functionalized HDPE molecule. This polymer chain
then reacts with silanol groups on the ash surface opening the
anhydride ring and facilitating extensive hydrogen bonding be-
tween HDPE chains.

Fig. 3 shows the effect of changing incineration temperature of
RHA on the tensile strength, elongation at break and Young’s mod-
ulus of the compatibilized HDPE/RHA blend. From the figure, ash at
550 �C gives the highest tensile strength and elongation at break
for composites. Moreover, the reactivity of RHA is known to be
higher at lower temperatures [19]. So further studies were done
using only the ash prepared at 550 �C. Young’s modulus of the
composites increases with increasing filler loading. This is a com-
mon observation with filled materials [30]. In one of our previous
studies it was found that at 15% compatibilizer (MA-g-HDPE) the
mechanical properties of virgin HDPE (without filler) were maxi-
mum [31]. Hence the same compatibilizer % was retained for all
studies.

Fig. 4 shows the effect of RHA content on the tensile strength,
elongation at break and Young’s modulus of compatibilized
HDPE/RHA composites. The behavior of the composite in the pres-
ence of the compatibilizer is vastly superior. At 1.5% ash the
improvement in tensile strength is as much as 22% as against a
reduction of 13% in the absence of the compatibilizer. The use of
the compatibilizer has proven to be effective in enhancing the
dispersion, adhesion and compatibility of the filler with the hydro-
phobic matrix. The tensile strength of the compatibilized HDPE-ash
composite also shows an increasing tendency with increasing filler
loading until 1.5%. The breaking elongation of the composite also
reaches a maximum at 1.5 wt.% of ash. When the composites are
Scheme 1. Reaction between MA-g-HDPE and silanol group in RHA.



Fig. 5. Melt flow index vs % filler loading in HDPE.
Fig. 7. Thermogram of HDPE-RHA uncompatibilized composites.

Fig. 8. Thermogram of compatibilized HDPE-RHA composites.
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under exterior stress, the filler helps to distribute the stress evenly
and delay the rupture of the material. Young’s modulus of the com-
posites increases with increasing filler loading. The interfacial
adhesion is increased by the presence of the compatibilizer and
the high surface area of the filler gives rise to increased modulus
and strength.

3.3. Melt flow measurement

Fig. 5 shows the variation of the melt flow index of HDPE/RHA
blends in the presence as well as absence of compatibilizer. Low
melt flow index indicates a higher melt viscosity [32]. Addition
of compatibilizer was expected to increase the viscous as well as
elastic response of the system by improving filler-matrix interac-
tion. The result is in agreement with the recognized ability of mal-
eated polyethylene to strengthen the intermolecular forces
between the polymer chains via chemical and physical bonds
and also to restrict chain mobility by the presence of the anhydride
ring [33]. The ability of anhydride rings to interact with silanol
groups has already been mentioned.

3.4. FTIR

Fig. 6 shows the spectra of RHA and compatibilized HDPE-RHA
composites. The FTIR spectrum shows a peak at 1106.16 cm�1
Fig. 6. FTIR of RHA and compatibilized composites.

Fig. 9. SEM image of RHA.
corresponding to SiAOASi stretching vibration [34]. The peak at
750 cm�1 shows vibration of Al2O3 [35]. The peak at 3436.39 cm�1

indicates the presence of OAH group in the RHA [34] arising from
silanol molecules. The spectrum of the compatibilized composite
shows a peak at 1740 cm�1 assignable to symmetric stretching of



Table 3
TGA analysis of HDPE and HDPE-RHA composites.

Sample Onset T (�C) Peak T (�C) End T (�C) 10% weight loss (�C) 20% Weight loss (�C) 50% weight loss (�C) Residue (%)

HDPE 384.39 482.73 502.02 441.11 455.18 474.55 0.33
HDPE + 0.5% RHA 412.55 491.82 513.97 450.29 472.23 486.49 0.82
HDPE + 1% RHA 414.98 492.91 511.33 453.97 473.69 487.52 1.32
HDPE + 1.5% RHA 413.57 493.54 511.51 455.07 473.37 486.39 1.802
HDPE + 2% RHA 415.38 495.14 513.30 457.81 472.04 490.50 2.30
HDPE + 2.5% RHA 422.76 497.54 517.35 458.88 475.49 491.57 2.882
HDPE + 15%C + 1.5% RHA 420 497.31 514.68 458.05 472.40 490.42 1.780
HDPE + 15%C + 2% RHA 421.56 500.74 518.42 462.88 477.13 494.31 2.301
HDPE + 15%C + 2.5% RHA 430.96 501.64 518.56 467.82 480.36 496.42 2.812

6 E.P. Ayswarya et al. / Materials and Design 41 (2012) 1–7
C@O group present in ester moieties. The C@O group present in the
anhydride ring will show absorbance at a different wave number
1830 cm�1 [36] which is not noticeable in the spectrum. This indi-
cates that the functional groups of MA-g-HDPE react with the hy-
droxyl groups of RHA (Scheme 1) leading to covalent bonding and
esterification reactions [37].
Fig. 10a. SEM image of HDPE-RHA composite.

Fig. 10b. SEM image of compatibilized HDPE- RHA composite.
3.5. Thermo gravimetry

Figs. 7 and 8 show the thermograms of pure HDPE, three cases
of RHA/HDPE in the absence of compatibilizer and three cases of
RHA/HDPE in the presence of 15% compatibilizer. The thermal
degradation of HDPE can take place through random chain scission
and a radical chain mechanism [38,39]. The established mecha-
nism for polyethylene involves formation of free radicals and
abstraction of hydrogen from the polymer chains leading to a
molecular weight decrease and finally to the formation of volatile
products. Polyethylene decomposes into a large number of paraf-
finic and olefinic compounds without residue [40].

The thermograms (Fig. 7, without compatibilizer) show only
moderate variation. But the maximum temperature of degradation
is seen to increase with RHA content. The variation somewhat in-
creases in the presence of the compatibilizer (Fig. 8) showing that
there is a marginal improvement in thermal stability on addition of
compatibilizer.

Table 3 shows concisely information obtained from the thermo-
grams. The thermal degradation of virgin HDPE starts at 384.39 �C
and 100% degradation are observed at 502.02 �C. HDPE shows
maximum degradation at 482.73 �C. Addition of rice husk ash into
HDPE increases this to 491.82–497.54 �C. Enhancement of thermal
stability of the rice husk ash composites is attributed to the
organic/inorganic interaction between the polymer and rice husk
ash where inorganic filler delays the volatilizations of the products
generated at the temperature of carbon–carbon bond scission of
the polymer matrix [41]. The presence of the filler restricts the
mobility of the polymer chains and thereby delays the thermal
degradation [42]. The inorganic ash can also absorb the heat
generated during the degradation and help to decelerate the over-
all degradation process.

The compatibilized blends show marginally superior thermal
stability by virtue of reduced segmental motion of the polymer
chains. The compatibilizer has the effect of making the chains less
mobile due to interactions between the HDPE and RHA. This
has the effect of making the blend less susceptible to thermal
degradation. The reduced MFI of compatibilized blends is also sug-
gestive of this.
3.6. Scanning electron microscopy (SEM)

Fig. 9 shows that RHA particles are of irregular shape and have a
tendency to form agglomerates [5]. A micrograph of the failure sur-
face of RHA filled-HDPE without MA-g-HDPE is shown in Fig. 10a.
RHA particles in the composite are found to be of widely different
sizes presumably due to agglomeration and nonhomogeneous dis-
persion. Inadequate wetting can also be responsible for this. In the
absence of wetting the particles tend to stick together rather than
getting distributed evenly in the melt. Fig. 10b is a micrograph of
the surface of the RHA filled-HDPE composites compatibilized by
MA-g-HDPE. The presence of MA-g-HDPE leads to a homogenous
dispersion of RHA and improved wettability. The wavy pattern is
an indication of greater energy absorption.
4. Conclusion

The results prove that RHA, a pollutant, can be used as reinforc-
ing filler in the processing of HDPE. It can be incorporated into
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HDPE by the melt blending process. In the absence of a compatibi-
lizer, blends of HDPE and rice husk ash show mechanical proper-
ties inferior to the base polymer. But a compatibilizer consisting
of MA-g-HDPE greatly improves the mechanical properties, viz.
tensile strength, modulus and elongation of RHA-HDPE compos-
ites. The compatibilized blend is also found to have a more homo-
geneous structure. The best mechanical properties are observed at
1.5% RHA and 15% compatibilizer. The technique provides a meth-
od for gainful utilization of RHA and a cheap and profitable way to
strengthen HDPE.
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