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Abstract
Water uptake characteristics of epoxy matrix composites reinforced with green silica
particles extracted from rice husk ash have been investigated. The composites was
developed by incorporating the rice husk silica particles in the weight fractions of 0.5,
1, 2, 3, 4 and 6% in an epoxy resin using manual mixing and hand layup method.
Water immersion test was used to evaluate the water absorption behaviour from which
the water diffusion mechanisms of the developed composites were established. Results
show that the water uptake process appears to be diffusion controlled. The weight
gained and percentage water absorption by all the composites increases with
immersion time and increasing particle loading respectively. The highly filled samples
showed higher water absorption which is largely due to agglomeration of rice husk
silica particles. Parameters such as saturated moisture content, diffusion coefficient
and sorption coefficient are dependent on filler content. The diffusion curve fitting
analysis which evaluates the diffusion exponent (n) values show that all the
composites developed exhibited Less Fickian behaviour (also considered as Fickian
diffusion mechanism). This implies that the water penetration rate is very much below
the polymer chain relaxation rate.
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Introduction

Polymer Matrix composites (PMCs) are manufactured commercially for many diverse
applications such as sporting goods, aerospace industry, vehicle structural applications,
industrial heavy duty floorings [1,2]. PMCs possess good flexibility, corrosion resistance,
specific strength, ductility and process ability. However, their major limitation is water
absorption which is very pronounced in marine and humid environments Water molecules can
diffuse into the network of composites to affect the mechanical properties. Polymer matrix
composites differ from other materials in the sense that low- molecular weight substances
such as water may easily migrate into them even at room temperature resulting in a variation
of the material's structure, properties, morphology, and composition [3]. This phenomenon
takes place either in the matrix or at the filler/matrix interface since water cannot penetrate the
filler. In some cases, it could lead to an irreversible degradation of the material in the so called
humid aging that includes both chemical aging and physical aging [4]. The epoxy matrix
show moisture sensitivity due to interactions between some polar groups of the
macromolecule and the water molecules, which leads to a reduction of both glass transition
(Tg) and mechanical properties.

This sensitivity increases with the increasing degree of cross - linking and also with
the polarity concentration of the molecular groups [5]. The prediction of water diffusion, the
mechanism and its influence on the matrix properties are essential to estimate long term
behaviour and service life of polymer matrix composites. Moisture uptake in PMCs usually is
measured by weight gain and the water diffusion mechanism is characterized by Fick’s law of
diffusion [6]. The physical phenomena that characterizes moisture uptake are dissolution,
diffusion, swelling, and relaxation, together with deformation and stress build up in the matrix
[7]. Water absorption behaviour of polymer composites decreases its mechanical and
dimensional properties as matrix cracking and particle debonding can also modify the
mechanisms of water penetration in the composite thereby providing new routes for moisture
ingress [8, 9]. Hence, the need to study the water absorption behaviour of particulate
reinforced composites is not far-fetched as it could give rise to the potential use of these
composites in outdoor applications and humid environmental conditions. The present study

investigates the water absorption characteristics of epoxy matrix composites incorporated
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with varying weight fraction of rice husk silica particles. In addition, we also studied the
water diffusion phenomena of the developed composites.

Material and Method

Rice husk silica particles which was extracted from rice husk was used for this work.
The rice husk was collected from a rice processing mill at Army Barracks along Ondo road,
Akure, South-West, Nigeria. The Epoxy resin system along with its curing hardener (SL 1000
grade) was obtained from a chemical store in Lagos state, Nigeria while the reagents
(hydrochloric acid, sodium hydroxide) and ash less filter paper were purchased from Pascal
Chemical Ltd, Akure, Ondo state, Nigeria.

Combustion of rice husk into rice husk ash (RHA)

First, the rice husk (RH) was thoroughly washed with water and dried. The dried rice
husk was fed into an enclosed drum and burnt into ash. This burnt ash was conditioned in a
muffle furnace at a temperature of 6500c for three hours to obtain a grey rice husk ash (see
Fig. 1a).

S
Figure 1. (a) The conditioned rice husk ash (b) Rice husk silica

Silica powder extraction

The silica gel was extracted from RHA according to Daramola et al. [10]. 80g of rice
husk ash (RHA) was added to sodium hydroxide (NaOH) solution with a concentration and
volume of 2.5 M and 990 ml respectively in a beaker.

The beaker containing the mixture was placed in a water shaker bath and heated at
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100°C for 1 hour. The solution was then allowed to cool to room temperature and then
filtered through a Whatman no. 42 ash less filter paper. The filtrate and the carbon residue
were both collected in separate containers.

Concentrated hydrochloric acid was then added to the obtained filtrate and then stirred
continuously. The PH of the solution was checked until a value of 7.0 was reached to allow
precipitation of silica gel. Ageing was done for 48 hours to promote silica gel formation. The
silica gel produced was separated from the soluble solution with the aid of the vacuum
filtration pump. The silica gel was dried in an air blast oven for 48 hours. The obtained white
silica gel was then pulverized into silica powder. The pulverized silica powder was then
subjected to sieving process to obtain the required particle size as shown in Figure 1(b).

Chemical composition and particle size analysis of the rice husk silica (RHS)

particles

The extraction yield and purification parameter of rice husk silica from RHA was
estimated using the Energy Dispersive X-ray (EDX) spectrometer. The particle size of the rice
husk silica powder was analysed using Horiba dynamic light scattering (DLS) particle size
analyser.

The measurable particle size range of the instrument is 0.05-3000 um and it is
equipped with a small volume sample dispersion unit. About 0.5 g of the silica powder was
dispersed in deionised water in the sample dispersion unit of the instrument, vigorously mixed
for about two minutes at speed of 2100 rpm, and sonicated for 45 seconds. The ultrasonic
waves were used to break or minimise any particle agglomerates that may be present in the
suspension. Measurements were taken and the diffraction data and graphs recorded by the

instrument’s software program.
Composite production
Manual mixing method and hand lay-up (open moulding technique) were used for the
composite production. The production was carried out at room temperature. The composite

samples were prepared using the 0.5, 1, 2, 3, 4 and 6 wt. % fractions of the rice husk silica

powder. The matrix material (epoxy resin and curing hardener) was prepared in the ratio of 2
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parts of epoxy resin to 1 part of the curing hardener (2:1). The silica powder was first added
to the epoxy resin and mixed thoroughly before adding the hardener.

All forms of weight measurements were carried using an electronic weighing balance.
The mixture was stirred to ensure homogeneity and poured into an aluminium mould pre-
coated with a lubricant to aid easy removal of the cured samples. For neat epoxy cast sample,
only the epoxy and hardener was mixed and poured into the mould. Levelling was done to
uniformly fill the mould cavity. The mixture was then left at room temperature to cure for two
hours before removal of the composite samples. Representative composite samples utilized

for the water immersion test is shown in Figure 2.

Figure 2. Representative composite sampls utilized for the water immersion test

Sample designation

The composites produced were given certain designations depending on the content of
the rice husk silica particles incorporated. The neat epoxy was denoted as EPS0. The
designations EPS1, EPS2, EPS3, EPS4, EPS5 and EPS6 were associated with the composites

reinforced with 0.5,1, 2, 3, 4 and 6 wt. % of rice husk silica particles respectively.
Water absorption test

The water absorption tests were carried out following the recommendations specified
in ASTM D5229M-12 [11]. Each composite sample was dried in an oven to remove surface
moisture before weighing. The weight of the oven dried samples was reported as the initial
weight of the composites. The samples were then placed in distilled water maintained at room
temperature (25°C); and at time intervals of 24 hours, the composite samples were removed
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from the water, cleaned using a dry cloth and weighed. The weight measurements were taken
periodically at time intervals of 24 hours for up to 168 hours. This was after water saturation
in all the composite samples had been noticed. The percentage water absorbed by the
composites was calculated using the Eq. (1).

x 100% 1)

We—Wp
Wo

W (35)=
Where: W (%) - percentage water absorption, Wo and Wt are the oven dry weight, and the
weight of the sample after time t, respectively.

Graphical plots of weight gained—immersion time and percentage water absorption
plot for all the composites samples produced was made. The water absorption curve obtained
for all the composite samples was used for analysis of the diffusion mechanism and kinetics.
Composites usually conform to Fickian diffusion profiles, but this fact is verified with the
experimental data of the different composite compositions. The mechanism of water diffusion
into the composites was studied by analysing the slope and intercepts of the water absorption
graphs plotted by using the relations in Eq. (2) and (3) according to [12]. The experimental
data were fitted to a logarithmic equation (Eq. 3) whose slope (n) helps determines the
diffusion case.

M
T _ 7™

M., )
J'_’.ra'grﬂ =Log (k)+nLog (T)
M., @)

Where: Mris water absorption at interval time T which is the time of immersion, M., is water
absorption at saturation point or mass of water absorbed at equilibrium, & is a constant
parameter related to the polymer network structure and n is the diffusion exponent value that
determined the type of diffusion mechanism.

The diffusion, sorption and permeation coefficients were studied using the Fickian
model [13]. The diffusion coefficient or diffusivity D was calculated by the following

correlation, Eq. (4):

-
Mr_% P
= EANT 4)

Where: L is the sample thickness and T is immersion time. The sorption coefficient S can be

calculated according to Eq. (5).
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M, (5)
Where: M; is the initial mass of the composite sample.
The permeation coefficient P is also calculated thus, Eq. (6):
P=D=x5 (6)
Where: D is the diffusion coefficient and S is the sorption coefficient.
For convenience, a graphical flowchart of the entire experimental procedure utilized in

this work is presented in Figure 3.

Combustion of Rice Husk into
Rice Husk Ash (RHA)

L

Conditioning of the RHA in a
Muffle Furnance

|

Extraction of Green Silica Gel
by Sol-gel Technique

{

{ Drying and Pulverization of the

Epoxy/Green Silica
Composites Characterization

Green Silica-gel into Powdery
form

il

Chemical Composition and
Particle Size Analysis of the
Green Silica Powder

Tests Mould Preparation
and Epoxy/Green Silica
Composites Development by
Hand Lay-up Technique

Figure 3. Graphical flowchart of the experimental Procedure
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Results and Discussions
Chemical composition of the silica gel

To evaluate the effectiveness of the purification parameter and to confirm the presence
of silica, EDX analysis was carried out on the silica powder extracted from RHA at 2.5 M
concentration of Sodium Hydroxide (NaOH) according to Daramola et al. [10]. The major
elements present are silicon and oxygen with other impurities such as carbon, phosphorus,
chlorine, sodium and potassium.

Figure 4 shows the EDX elemental spectra of the silica powder extracted from RHA
with 2.5 M NaOH concentration, which contains 65.35 wt % Si and 30.93 wt % O. The
silicon and oxygen peaks that were observed confirm the presence of silica. The EDX

spectrum shows that the content of Si and O is 96.28 in wt % and 97.80 in atomic %.

| Element :\\_'egglu% :.-\tolnl<°o
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Si [0 13193 | 3442
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5 1 |
0
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ull Scale 10167 cts Cursor: 0.000 keV

Figure 4. EDX spectrometric data of silica extracted from RHA with 2.5 M NaOH

Particle size analysis

The chemical composition of silica powder extracted from RHA has been shown to be
mainly composed of silica (SiO2). The particle size of filler materials usually has a
remarkable influence on the properties of composite produced. Hence, the cumulative particle
size distribution of the silica powder extracted is shown in Figure 5. The particle size

distribution of the silica powder is found to be approximately 0.50 pm.
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Figure 5. The particle size distribution of the rice husk silica powder (RHS) with average
particle size of 0.5 um

Water absorption behaviour of the composites

The water absorption curve for the different composite samples showing a plot of the

weight gained-immersion time is presented in Figure 6.
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Figure 6. Graphical plot of weight gained against immersion time for the composites

Water absorption in composite materials assesses the increase in weight of the
composite samples for different immersion times. It can be seen from the plot that the water
absorption by the composites increases monotonically with immersion time until equilibrium
condition is reached after 168 hrs at which saturation was experienced in all the samples. The
characteristics of Fickian behaviour is that the absorption curve should be linear initially and
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the moisture content should reach saturation level at large values of immersion time. It can
also be observed that an increase in content of silica powder produces a corresponding
increase in water absorption for the same values of immersion time. The hygroscopic
expansion in composites is affected by properties of resin such as the monomer, the
polymerization rates, the cross-linking and pore size of the polymer network, the bond
strength, the interaction between polymer and water, the filler and the resin-filler interface
[14].

Table 1. Saturated moisture content, calculated diffusion coefficient, sorption coefficient and
permeation coefficient of the composites
Composition | Designation | M_. | Dx10 | S Px10
%) | *° |[(g9)|
(m?/s) (m?/s)
Neat Epoxy EPSO 297 | 756 | 102 | 771
0.5 wt% SiO> EPS1 2.86| 6.04 | 1.03 | 62.2
1.0 wt% SiO» EPS2 3.11| 3.19 | 1.03 | 329
2.0 wt% SiO» EPS3 5.02 | 424 | 1.05| 445
3.0 wt% SiO> EPS4 6.61| 7.35 | 1.06 | 78.0
4.0 wt% SiO2 EPS5 6.81| 7.94 | 1.07 | 85.0

6.0 wt% SiO: EPS6 7.13 | 7.15 77.2
1.08

Some important parameters can be determined from the water absorption curve in
Figure 7. The first parameter is known as the saturation water absorption of the composites
(M..), usually referred to as equilibrium value for the water content when the samples are
exposed to immersion for a long period of time. Some observations can be made from the
saturation parameter results shown in Table 1.The saturated water content (#.) depends on
the rice husk silica content of the composites. As the silica content is increasing, the saturated
water content (M..) also experiences a corresponding increase.

Another vital parameter of Fick’s model that can be determined is the diffusion
coefficient (D) which shows the ability of the water molecules to penetrate inside the
composite structure. The diffusion coefficient (D) of the composites was calculated by the
measurements of weight gain and the initial slope of the weight gain curves versus square root

of time according to [15]
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Figure 7. Water absorption curves for the composites

The values of the diffusion coefficients are presented in Table 1 above. The diffusion
coefficient of the neat epoxy (EPSO0) is higher than a good number of the composite samples.
This is because of reaction between epoxy and water molecules through the matrix/filler
interface, thus making a separation between the epoxy and rice husk silica particles [16].
Previous study has shown that diffusion coefficient of particulate epoxy composites is lesser
than the neat epoxy resin [17]. Sorption is the absorption ability of water into materials. The
value of the sorption coefficients of the composites is also presented in Table 1. It can be seen
that the sorption coefficients increases linearly with increase in filler content implying that
sorption depends on the filler content. This is in agreement with the Kittikorn et al. [13]. The
increase in sorption coefficient is quite small and approximately equal to one for all samples.
Permeation is defined as the penetration of water through a material as calculated from
equation (6). As observed from the data in Table 1, the permeation of water through the

composites with higher silica content is large compared those with lower silica content.
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Water Absorption (%)
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Figure 8. Percentage water absorption of the samples

Figure 8 revealed that percentage water absorption increases as the particle loading
increases. The data indicates that water absorption for the composites is higher than for the
neat epoxy. The increase in silica content increases the volume of interfacial zone where
water molecules can be easily trapped. Moreover, composites with higher silica concentration
possess high moisture absorption which is attributed to the agglomeration experienced by
silica particles at higher loading [18].

Water diffusion mechanism in the composites

Figure 9 shows a plot of Log :—; versus Log T for the composites produced which

gives the values of slope (n) used in establishing the mechanism of water diffusion. The
prediction of water diffusion and its influence on the matrix properties are essential to
estimate long term behaviour and service life of composites. Moisture uptake in PMCs
usually is measured by weight gain and the water diffusion mechanism is characterized by
Fick’s law of diffusion [6]. The phenomenon of water penetration into polymer matrix
composites (PMCs) consists of diffusion of water molecules into the micro-voids between
polymer chains. Other common mechanisms includes capillary transport into the gaps and
flaws at the matrix/filler interface, incomplete wettability and impregnation of filler in matrix

and transport by micro-cracks in the matrix formed during processing [6,19].
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Figure 9. Diffusion curve fitting plot for the composites

Water diffusion mechanism in PMCs can be categorized according to the relative
mobility of the penetrant (water molecules) and of the polymer segments (monomers). Due to
these factors, three categories of diffusion mechanisms have been established according to
Shen and Springer [6]. If the rate of penetrant (water molecules) diffusion is much less than
that of the polymer segment mobility, Fickian diffusion (Case I) is dominant. For this
mechanism, the diffusion exponent (n) is 0.5. The saturation inside the polymer composite is
quickly reached and it is maintained with independence of time [20]. If the rate of penetrant
(water molecules) mobility is much greater than other relaxation processes (polymer segment
mobility), Case Il prevails. The value of n is 1.0 and indicates that diffusion process is more
rapid than the relaxation process. This diffusion mechanism is characterised by the
development of a boundary between the swollen outer part and the inner glassy core of the
polymer matrix. The boundary advances at a constant velocity and the core size reduces until
an equilibrium penetrant concentration (saturation) is reached in the entire polymer matrix
composite [21]. For Non-Fickian (or anomalous) diffusion, the diffusion exponent is an
intermediate value (0.5 < n < 1). This mechanism indicates situations when the penetrant
mobility and the polymer segment relaxation are equally matched.

The anomalous behaviour is an intermediate between the Fickian case and Case Il
diffusion mechanisms [22]. There are cases where n >1, such as usually referred to as Super

Case Il mechanism [23]. However, if the water penetration rate is very much below the
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polymer chain (monomer) relaxation rate, it is possible to record the n values below 0.5. This
scenario, which is classified also as Fickian diffusion, is called as ‘Less Fickian’ behaviour
[24, 25]. These three cases of diffusion can be distinguished theoretically by the shape of the
water absorption curve represented by power law expression given by Sombastsompop and
Chaochanchikul [12]. Upon fitting the experimental data into equation (3), the plot in Figure 8
is presented. It is observed from figure 8 that all the composites exhibited the shapes of

straight line graphs which are obtained by curve fitting in agreement with equation (3).

Table 2. Water sorption constants of the composites

Sample | Slope (n) | Intercept (k) R?
EPSO 0.8150 0.7243 0.8915
EPS1 0.0940 0.5760 0.8519
EPS2 0.0817 0.4721 0.7008
EPS3 0.1424 0.9336 0.9113
EPS4 0.1357 0.8178 0.8270
EPS5 0.1404 0.8366 0.8242
EPS6 0.1213 0.7324 0.8292

The water sorption constants n and k calculated from the fitting of the experimental

data to equation (3) have been presented in Table 2.

Table 3. Water diffusion mechanism for the produced composites

Type of . Range of
diffusion Slope Time Composites water
; (n) | dependence .
mechanism absorption
Less Fickian n< a2 EPS1,EPS2,EPS3, i
0.5 t EPS4,EPS5,EPS6 1.73-4.09
.. . . n= 12 ) )
Fickian Diffusion 05 t
. 05<
Non-Flcklgn (Anomalous) n< -l EPSO 0-1.62
Diffusion
1.0
e n= Time
Case Il Diffusion 1.0 | independent - -
Super Case Il Diffusion nl>0 "t - -

A summary of the water diffusion mechanisms in the composites produced is also
presented in Table 3. It can be observed from Table 2 that the diffusion exponent (n) value

ranges between 0.0817-0.8150. For neat epoxy, the diffusion coefficient value (0.815) is in
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the range of 0.5<n<1.0 which indicates that is exhibits Non-Fickian (anomalous) diffusion
where the diffusion rate and the relaxation chain are equally matched. However, all the
composite samples produced exhibited Less Fickian diffusion behaviour since their diffusion
exponent (n) values are far lesser than 0.5. This implies that the water penetration rate is very
much below the polymer chain (monomer) relaxation rate.

This behaviour can also be classified as Fickian diffusion mechanism [24, 25]. None
of the composite samples developed exhibited Case Il or Super Case Il diffusion. It is also
established that for the neat epoxy that possess lower water absorption, the diffusion exponent
Is higher compared to the composites which possess increasing water absorption and lesser

diffusion exponent values.

Conclusion

In this work, the water absorption characteristics of epoxy matrix composites
reinforced with varying weight fractions of rice husk silica particles have been investigated.
Submicron silica particles (0.50 um) was successfully extracted from rice husk ash (RHA)
using sol-gel process.

The silica content in the particle was found to be 96.28 wt. %. The silica particles
extracted was used to produce epoxy-green silica composites. Results revealed that the neat
epoxy would perform better than the green silica composites in applications that requires
long-term exposure to water or humid conditions as the silica addition led to increase in water
absorption in the composites. Amongst the composites, those with lower silica content
(especially EPS1-0.5wt% SiO2) can be considered for these applications. At higher loading,
the silica addition increases the volume of interfacial regions which traps water, hence, highly
filled composites should not be utilized for long-term water exposure and humid applications.

Also, results revealed that incorporation of green silica particles led to a change from a
Non-Fickian diffusion process in the neat epoxy matrix to a Less Fickian diffusion process in
all the developed composites. This implies that the water penetration rate is way lesser than
the polymer chain (monomer) relaxation rate. Conclusively, all composites samples exhibited

Fickian diffusion behaviour.
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