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The composites were prepared with a ratio of bitumen to silica of 1:0, 1:1.5, 1:1.6, 1: 1.7, 1:1.8, 1:1.9 and 1:2 by weight,
and calcined at the temperature of 150 °C for 6 hours. The structural and microstructural characteristics of the bituminous
composites were examined by X-ray diffraction (XRD), Fourier Transform Infrared (FTIR), Differential Thermal Analysis
(DTA/TGA), and Scanning Electron Microscopy/Energy-Dispersive X-ray (SEM/EDX). Further evaluation was made by
comparing the characteristics of the modified bituminous composites including the density, porosity, compressive strength,
swelling thickness, and water absorption. The XRD study revealed that the major phases were silica and carbon amorphous,
which were associated with the Si—-OH, Si—O-Si and C—H functional groups according to the FTIR analysis. The DTA/TGA
analysis resulted in an increase in the temperature decomposition by adding silica which was 230 to 315 °C. In addition,
an increased silica addition was followed by an increase in the density, compressive strength, swelling thickness, and water
absorption, while the opposite was true for the porosity. Based on these characteristics, rice husk silica has a positive effect
on improving the mixture of high and low temperature performance, water stability, for use as a substitute in lightweight

steel roof devices.

INTRODUCTION

The present study was carried out with the aim of
exploring the feasibility of rice husk silica to produce
asphalt composite precursors for roofing materials. Rice
husk silica was chosen because of the high availability
of rice husks as an agriculture residue, which makes it
a cost-effective alternative as a silica source. Based on
several studies, the potential of rice husks was investiga-
ted in recognition of its high purity and reactive silica
[1-2], and the solubility of the silica in an alkaline so-
lution, thus enabling the production of rice husk silica in
the form of sols. In addition, rice husk silica is known as
aporous and high-grade amorphous material [3-7], which
has the potential to become a suitable raw material for
the production of various silica-based materials, such as
the production of a nano-silica [1, 8-9], zeolite [10-12],
mullite [13-14], forsterite [15-16], nepheline [17] and
cordierite [18].

Due to its excellent stability, the high surface area,
strong adsorption, and good dispersing ability, silica
also has the potential to help prepare asphaltic materials
with desirable properties. For example, Sarsam, 2013
[19] observed that the viscosity and the softening point
of asphalt increased significantly with increased silica
fumes from 1 to 4 %, while from 1 to 2 % the penetra-
tion value decreased, the elastic strain and temperature

susceptibility increased [20]. Mojtaba et al., 2012 [21]
observed that when 2 % of SiO, was added to asphalt
mixes, it caused increased mechanical behaviour. The
bitumen (asphalt) resistance’s ability to deform the sta-
bility can be obtained by using 7 % silica based on the
asphalt weight [22], while Yao et al., 2012 [23] used 4
and 6 % silica to modify the asphalt. They concluded
that resistance to ageing and fatigue cracking increased.
In a previous study [24], the investigation was conducted
to modify asphalt using clay and reported that asphalt
thermal stability increases, while asphalt mixed with
montmorillonite and carbon can decrease the asphalt
inertia and increase the hardness [25].

Bitumen is a hydrocarbon compound comprised of
80 % carbon, 10 % hydrogen, 6 % sulfur and remaining
percent made from nitrogen and oxygen. In addition to
the increased concentrations of C=0O groups, photooxida-
tion may lead to the increased presence of certain types
of sulfur-oxygen groups, including sulfate groups (SO,),
thus, leading to the hardening and embrittling of the
asphalt [26-27]. Besides, with heat treatment, the asphalt
transforms into an adhesive liquid and easily mixes with
other materials. In the process of cooling, the asphalt
becomes waterproof, adhesive and strong. While adding
a functionalised polymer to asphalt, specific interactions,
such as hydrogen bonding, can be observed between the
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asphalt and the polymers. Also, some other forms of
chemical reactions could take place between the reactive
groups of the matrix (asphalt and polymers).

Bitumen is one of the most potentially used pro-
ducts for roofing materials due to the aggregation of the
binders. This is because of the adhesive, high viscoelastic
and chemical resistance properties [28-29]. Unfortunate-
ly, due to severe temperature susceptibility, its applica-
tions are limited. Therefore, necessary modifications are
required. Several materials have the possibility to be uti-
lised along with asphalt, such as hydrated lime, plastic
powders or polymerised powders. Previously, several
studies have been conducted to modify and improve
the characteristics of the asphalt such as using a natural
liquid rubber [30] and a natural rubber latex [31]. Some
researchers have also tried to change the characteristics
of the asphalt to improve its functionality and benefits by
using various polymers like styrene—butadiene—rubber
[32], crumb rubber [33], waste tire rubber [34], fibres and
waste fibres [29, 35], and a polymeric nanocomposite
[36-37]. Not only does it have good durability, abrasion
resistance, and resistance to crack deformation using a
modified asphalt pavement, but it can also maintain good
stability at high- or low temperatures [38-39]. In addition,
modified asphalt waterproofing materials have excellent
imperviousness, therefore, it has more applications in the
building waterproofing material industry [40-41]. With
the addition of other particles, the cohesion and viscosity
of the asphalt may increase, which are good for high-
temperature conditions [42].

This work was undertaken with the aim of inves-
tigating the structural and microstructural properties of
asphalt with the addition of silica from rice husks and
to know its relation to the physical properties of the
asphalt composites for roofing materials. This work has
emphasised the influence of variations of the relative silica
content to the asphalt on the structural, microstructural
and physical properties of asphalt composites prepared
from amorphous rice husk silica. XRD, FTIR, DTA/TGA
and SEM/EDX were used to obtain detailed information
about some asphalt characteristics with the addition of
the silica. Furthermore, the physical properties of the
asphalt composites are investigated by measuring the
density, porosity, compressive strength, water absorption
and swelling thickness.

EXPERIMENTAL

Materials

The silica feedstock is taken from rice husks and
the chemicals used are 5 % NaOH 5 % KOH, 5 % HCI,
and absolute alcohol (C,H;OH) purchased from Merck
(kGaA, Darmstadt, Germany), and distilled water. An
asphalt obtained from the Buton refinery, Southeast
Sulawesi Province, Indonesia was used in the present
investigation.

Procedure

The bituminous composite synthesis is carried out
with the following steps, (i) extraction of the silica, (ii)
synthesis of the bituminous composites with different
additions of silica.

Extraction of the silica

Rice husks were used to extract and obtain the silica
by following the literature in previous studies [15]. The
sol obtained is dripping with a 5 % HCI solution until
the sol turns completely into a gel. The gel was dried at
110 °C for eight hours and then ground into a powder by
mortar and sieved to a 200 mesh.

Synthesis of the bituminous
composites

Synthesis of the bituminous composite was carried
out with a precise mixture of bituminous and silica mass.
Typically, 50 g of solid bituminen is melted by heating
at 100 °C and mixed with the powdered silica using a
shear mixer at a rate of 125 rpm for 4 hours. To obtain
the bituminous composite, the calculated quantity of the
silica is added under stirring to the asphalt to provide the
bitumen to silica ratio with a mass ratio of 1:0, 1:1.5;
1:1.6; 1:1.7; 1:8; 1:1.9 and 1:2. Furthermore, the powder
was pressed into the form of a cylinder pellet with a
pressure of 2 x 10* N-m?. The pellet is then calcined at
150 °C for 6 hours.

Characterisation

The collection of the XRD data was conducted with
an automated Shimadzu XD-610 X-ray diffractometer
at the National Agency for Nuclear Energy (BATAN).
The XRD data was taken with CuKo radiation (A =
= 1.5406 nm) at 40 kV and 30 mA in the range of 20 =
= 5-80°, with a step size of 0.02, counting time 1 s/step
and a 0.15° receiving slit. The FTIR data was taken with
a Perkin Elmer FTIR. The sample was prepared by mixing
with KBr of spectroscopy grade. The microstructural
analysis of the polished and etched samples was under-
taken by SEM Philips-XL. The thermal analysis was
performed using a DTA Merck Setaram Tag 24 S, under
a nitrogen atmosphere with a constant heating rate of
3 °C/min, at the temperature range of 30 to 800 °C.
Archimedes’ method was used to measure the bulk
density and apparent porosity [43]. The water absorption
and swelling thickness were measured in accordance
with JIS A 5908 [44]. The compressive strength was
determined with three replicate measurements following
ASTM C268-70.
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RESULTS AND DISCUSSION

Characterisation of the asphalt composite
with different silica additions

The structural transformation of the samples was
performed using XRD and the results are shown in Figu-
res la-g. Figure la shows the spectrum of the bitumen
without the addition of the silica and Figures 1b-g show
the spectra of the samples with the different silica
additions. The diffraction peak intensity of the sample
without the silica addition (Figure 1a) was found at appro-
ximately 18-25° and 40° values of 26, amorphously indi-
cating it came from crystalline asphaltenes, as demonstra-
ted by the previous study [45-46]. The peak asphaltene
appears at about 20 = 20° (Figure 1a), due to the aliphatic
chain and forms an aromatic stack of molecules under
the influence of London’s dispersion forces. The aliphatic
chain represented in asphaltene is known as multilayer
graphene which extends from the central aromatic part
of the asphaltene molecule [47-48]. At the 20 value
(43.12°), a weak bond is formed, which is due to the in-
fluence of nearest neighbours in the ring structure [49].

Similarly, the diffraction peak intensities of the
samples with the addition of the silica were found to
be 10 and 21.8° (Figures 1b-g), amorphously indicating
the background intensities from the carbon and silica,
representing the amorphous scatter. The presence of an
amorphous phase is presumably indicative of the silica
and carbon accumulating on the surface. However,
the change in the peak diffraction is a result of strong
molecular interactions between the bituminous and the
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Figure 1. The X-ray diffraction patterns of the samples with
the different ratios of bitumen to silica using CuKa radiation.

silica through the exfoliation and intercalation process
in the samples. This may indicate that there are many
interactions in the form of crystallisation that do not
separate the asphaltene molecules outside their range of
London attractions between the silica and bituminous.
This result also shows that the intercalation and peeling
occur as evidenced by the modified bitumen peaks falling
between the two peaks associated with the carbon and
silica. This, in turn, suggests an increasing layer distance
due to the modification.

To investigate the formation of the functionality
and follow the dehydration reaction with the addition of
rice husk silica, the samples were characterised by FTIR.
The FTIR spectra of the samples with different rice
husk silica are demonstrated in Figures 2a-g. Figure 2a
presents the infrared spectrum of the bitumen without
the addition of rice husk silica and Figure 2b-g presents
the phase peak intensities of the samples with different
silica additions. For the bituminous sample without silica
(Figure 2a), the high peak appeared at 1752 cm™, which
indicates the vibration of the carbonyl C=0O group. In
addition, the attendance of the peaks at 958, 816, and
749 ¢cm™ corresponds to the bending vibration of C-H
in a phenyl, as supported by a previous study [50]. Other
observed strong bonds located at 2938 and 1474 cm
may show the characteristic group functionality of O-H
from carboxylic acids and C—H from alkanes.

The obvious effect with the addition of the silica to
the functionality of the samples is shown in Figure 2b-g.
The significant influences are the emergence of a related
peak with hydroxyl functionality at around 3709 cm™,
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Figure 2. The FTIR spectra of the samples with the different

ratios of bitumen to silica.
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which indicates the reaction between silica and bitumen
during the silica addition process. As confirmed in pre-
vious research [51], shows that the O—H absorption bonds
are derived from silanol in Si(OH), produced by the
vibration of H-OH. The appearance of Si (OH), is shown
in the absorption wave number 1102 cm™, which indicates
that the Si—~O-Si bond formed by the deformation of
the Si-O vibration, as has been observed by Tsai, 2002
[52]. The presence of SiO vibration is observed in the
results, showing the strong non-bonded interaction of
the SiO tetrahedra with bitumen. In other words, the
SiO vibration also suggests both distortions in the SiO
tetrahedra and stronger interactions between the asphalt
and silica. Other observed strong bonds are located at
1474 and 2938 cm™ and possibly show the characteristic
functionality of O—H from carboxylic acids and aliphatic
[50, 53], and C-H from alkanes, respectively [54-55].
The bond of C—H replaced by butadiene (ethylene bond)
is located at the peak of 958 cm™. Based on the results of
the chemical bond analysis, the addition of silica shows
the peak chemical bond change of the bitumen. Also,
it can be informed that the bitumen undergoes changes
between its bonds and the silica.

The thermal characteristics of the samples were
evaluated by analysing the samples with TGA/DTA.
The TGA thermograms of the samples with different rice
husk silica additions are compiled in Figure 3 and the
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Figure 3. The TGA thermograms of the samples with the diffe-
rent ratios of bitumen to silica.

Table 1. Summary of TGA properties results for all samples.

DTA thermograms are shown in Figure 4. Figure 3a is the
TGA of the sample without the silica addition, showing
avery small weight loss at around 230 °C and a very large
weight loss occurs up to 453 °C. The DTA thermogram
of the bituminous sample without the silica (Fig. 4a)
shows the existence of two endothermic peaks located at
around 100 and 450 °C, and one exothermic peak located
at around 480 °C. The peak in the range of 100 °C is most
likely due to the evaporation of water and the residual
organics probably present during the preparation of the
samples. The peaks at around 450 and 480 °C could be
assigned to the dehydration of asphaltene molecules, as
supported by the XRD results in Figure 1a.

The thermal gravimetric analysis method was used
to determine the weight loss of the samples with the
curve of the temperature and to determine the samples
temperature stability. The TGA thermograms of the
samples with the addition of the silica (Figures 3b-g)
have undergone two major weight loss stages. The first
stage, a very small weight loss (Figures 3b-g and Table 1)
occurs in the temperature range of 30-300 °C, and the
weight loss of sample is mainly due to the removal of
water and the volatility of the asphaltene components
such as the saturation and decomposition of asphaltene
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Figure 4. The DTA thermograms of the samples with the
different ratios of bitumen to silica.

Sample Onset temperature Max. temperature Weight loss Weight loss Residue after
(°C) (°C) (%) 30-300 °C (%) 300-500 °C 500 °C (%)
Asphalt 230 453 -0.5 -79.9 20.6
1:1.5 233 459 -6.4 -36.4 57.2
1:1.6 267 463 -6.7 -35.6 57.7
1:1.7 272 470 -7.2 -34.9 57.9
1:1.8 283 473 -4.4 -30.8 64.3
1:1.9 288 477 -5.6 -30.1 64.5
1:2 315 497 -5.9 -29.3 64.8
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[56]. In this stage, DTA thermograms (Figures 4b-g)
revealed a small endothermic peak located at around
100 °C. The second step, the weight loss starts at 300 °C
and ended at 500 °C, the results show a very sharp weight
loss. The weight loss was mainly attributed to the further
volatilisation of the decayed residues of the asphaltene
decomposition and silica crystallisation, supported by
the endothermic peak presence at around 500 °C in the
DTA thermograms as shown in Figures 4 b-g. From 300
to 500 °C, the rate of the weight loss decreased sharply as
the temperature increases, and after 500 °C, the samples,
practically have reached a stable state, the TGA curve
became flat as displayed in Figure 3 b-g. This means that
the silica particles and asphalt mixed homogeneously to
form a compact blend. Compared to the weight loss of
the asphalt without the silica and the asphalt with the
addition of the silica (Table 1), the amount of asphalt
without the silica is 79.9 % to 500 ° C, while the amount
of the silica addition from 1.5 to 1.7 g of weight loss
decreases from 36.4 to 34.9 %, and an increase in the
number of silica additions from 1.7 to 2 g, weight loss
decreased from 34.9 to 29.3 %. These results indicate
an increase in the temperature stability along with the
addition of the silica. The TGA results showed that the
sample performance, such as viscosity, tensile strength,
and high temperature stability, had increased significantly
with the addition of the rice husk silica. That is due to the
strengthening the interface interaction between the silica
and the bitumen.

The surface images of the samples with the diffe-
rent ratio of bituminous to silica obtained from the SEM
analyses are shown in Figure 5a-g and followed by the
chemical composition as shown in Table 2. Examina-
tion of the SEM micrographs presented in Figure Sa-g
shows the reaction between the silica and bituminous
on the sample surface. The microstructure of the sample
without the silica addition (Figure 5a) shows a quite dif-
ferent characteristic, in comparison with the addition of
1.5 gand 1.6 g of the silica (Figures 5b and c). The image
in Figure 5a indicates the existence of clusters with a
large size, most likely deriving from the arrangement of
asphaltenic structures. The microstructures of the samples
prepared at ratios of 1:1.5 (Figure 5b) and 1:1.6 (Figure
5¢) do not show any major difference. The surfaces of both
samples are characterised by smaller silica particles that
cover several large grains of the asphaltenic structures.
The silica reacts with the bitumen, so the particle size
of the silica becomes smaller, as the silica crystallinity
rate increases. Both samples were followed by the initial
coalescence of the silica and bituminous. These changes
are presented in the XRD results for the samples with
the addition of the silica in Figure 3b-c, in which the
silica was detected. As shown by the SEM examinations
in Figure 5d-g, it indicated that the surface profiles at
higher ratios of 1:1.7, 1:1.8, 1:1.9 and 1:2 are distributed
homogeneously in the form of porous deposits in the
asphaltenic structure and covered some small grains

of silica. All the samples are marked by initiated as
a high crystalline of silica, leading to the formation of
the bituminous composite.

c) 1:1.6

Figure 5. The scanning electron microscopy (SEM) images
of the samples with the different ratios of bitumen to silica.
(Continue on next page)
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Figure 5. The scanning electron microscopy (SEM) images of the samples with the different ratios of bitumen to silica.

Table 2. Composition of samples according to EDX spectra.

Sample Carbon Na,O SiO, SO, Cl
(wt. %) (wt. %) (wt. %) (wt. %)  (wt. %)

Asphalt  91.77 - - 8.23 -

1:1.5 68.86 1.70 25.14 3.48 0.82
1:1.6 63.64 2.86 28.47 3.47 1.56
1:1.7 63.30 3.08 28.98 2.99 1.64
1:1.8 61.54 0.89 34.05 3.26 0.27
1:1.9 56.00 1.44 38.49 3.36 0.70
1:2 53.19 1.22 41.66 3.59 0.34

Analysis of the composition data is demonstrated
in Table 2. Table 2 obviously revealed the significant
addition of the silica content relative to bituminous on
the silica and carbon composition. As shown in Table 2,
a high amount (91.77 %) of the carbon was obtained
from the bitumen without the silica and this element was
reduced to 53.19 % with the addition of the silica up to
2 g. Meanwhile, the sample with the silica addition of
1.5 g contained 25.14 % and increased to 41.66 % with

the silica addition up to 2 g. Furthermore, the SEM image
indicates that the sample is denser with the addition of
2 g of'silica, which leads to a compact shape indicated by
the TGA analysis (Figure 3 and Table 1).

Physical characteristics of the
synthesised asphalt composite

Figure 6 represents the variation of the density
and porosity with the addition of the silica. It is clear
that the porosities of the samples increase sharply at the
silica addition to 1.7 g and decrease sharply up to the
1.8 g addition (Figure 6a). Meanwhile, the densities of
the samples decrease sharply at the silica addition to
1.7 g and increase sharply up to the 1.8 g addition. The
increase in the porosity as the silica addition to 1.7 g
is most likely caused by dominant carbon as shown in
Table 1. As shown in Figure 6a, the porosities increase
from 12.5 to 14.8 % as the silica content increases from
1.5 to 1.7 g. The porosity sharply decreased as the silica
content increased from 1.7 to 1.8 and reached the value
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of 10.8 % of the silica content of 2 g. The sharp decrease
in the porosity with the increasing silica content up to
1.8 was attributed to the proportional amount of carbon
and silica, whereas the addition of silica in higher
quantities did not cause a remarkable decrease in the
porosity (Table 1).
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Figure 6. Variation in the porosity and density of the samples
with the different silica additions.

The densities of the samples decrease sharply at the
silica addition to 1.7 g and increase sharply up to 1.8 g,
and the density slightly increased as the silica content
increased from 1.8 to 2 g. As shown in Figure 6b, the
densities decrease from 3.30 to 2.70 g-cm™ as the silica
content increases from 1.5 to 1.7 g. The density sharply
increased as the silica content increased from 1.7to 1.8 g
and reached the value of 4.10 g-cm™ at the silica content
of 2 g. Increasing the silica content over 1.7 % seems to
suppress the pore propagation inside the matrix, causing
no abrupt porosity change to occur. Although the density
increased in a small extent from the addition of 1.8 to
2 g silica, significant changes occurred in the density of
these samples. This is due to the different densities of the
carbon and silica, which caused the density to increase
and the porosity to decrease. In other words, the decrease
in porosity is due to the presence of the decreasing pore
numbers of different sizes in the asphalt composite
structure. This is also due to the presence of the carbon
surrounding the silica particles and the decrease in the
carbon by the addition of the silica. Furthermore, it is
observed that the silica particles, as a reinforcement, have
a tendency to bind themselves leading to the formation
of groups of pores, which increase the numbers of
homogeneous pore nucleation sites inside the bituminous
composite structures.

The effect of the rice husk silica addition on the
compressive strength is shown in Figure 7. The result
indicates that the compressive strength of the bituminous
composite increased with increasing rice husk silica con-
tent. As shown in Figure 7, the compressive strength
increased sharply as the silica addition rose from 1.5 to
1.8 g. The sharp increase in the compressive strength

with the increasing silica content up to 1.8 referred
to the large decrease in the porosity and the increase
in the density as shown in Figure 6. The compressive
strength increased smoothly with the increasing silica
form 1.8 to 2 g, and reached the value of 7.61 N-cm™
at the silica content of 2 g. This trend implies that the
samples became highly compact and dense as a result of
the increased amount of silica and the decreased amount
of carbon (Table 1). From a practical point of view, this
finding demonstrates that the compressive strength of the
samples is compatible with the change in the porosity
and the density results in this study (Figures 6a and b).
The role of the density and porosity in determining the
compressive strength is in agreement with the structure
profile of the samples as revealed by the XRD results
(Figure 1). Other factors that control the compressive
strength are probably both the homogeneity and the
distribution of the particles, which is in accordance with
the surface morphology of the samples, as shown in
Figure 5.
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Figure 7. Variation in the compressive strength of the samples

with the different silica additions.

The water absorption and swelling thickness of
the bituminous composites made of the various rice
husk silica additions are given in Figure 8. It can be
clearly seen in Figure 8 that the water absorption and
swelling thickness of all samples increased sharply from
the silica content of 1.5 to 1.8 g, and was relatively flat
up to 2 g. The increase in the water absorption and the
swelling thickness with the increasing silica content up
to 1.8 was attributed the proportional amount of carbon
and silica (Table 1) and the presence of a number of
microvoids caused by a larger number of poorly bonded
areas between hydrophilic of silica and hydrophobicity
of the bitumen. This shows that the water absorption and
swelling thickness increase with the silica addition, until
a certain value is attained, where it defined the water
absorption and the swelling thickness. In other words, the
possible reason is the reduced dispersion and interfacial
adhesion between the bitumen and the silica. This can
be confirmed by comparing the SEM micrographs of the
surfaces of the bituminous composites made with and
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without the addition of the silica as presented in Figu-
re Sa-g. These profiles suggest that the water absorption
and swelling thickness can be fully believed with the
presence of the structure of the silica and the low vis-
cosity of the bituminous composite sample. This result
also indicates that the water absorption and swelling
thickness of the samples can be adjusted by regulating
the formation of the silica, which is very useful to adjust
the suitability of the material for the desired applica-
tions. Other factors governing the water absorption
and swelling thickness may be the homogeneity of the
composites, which is presented by SEM images of the
sample surface (Figures Se-g).
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Figure 8. Variation in the water absorption and thickness

swelling of the samples with the different silica additions.

CONLUSIONS

From the series of experiments conducted in this
study, some conclusions were obtained regarding the
analysis of the bituminous composite characteristics.
The XRD study revealed the main structures are silica
and amorphous carbon, which were associated with
the silanol and C—H functional groups according to the
FTIR analysis. The surface morphology of the bitumen
without the silica addition presents a cluster of larger size
than those with the addition of the silica. Also, the SEM
analysis with the addition of the silica clearly indicates
that the scattered silica covering the bituminous with
a small grain size found in the bitumen ratio to silica is
1:2. The DTA/TGA analyses found that the temperature
decomposition increased with the increase in the silica
addition. In addition, an increased silica addition was
followed by an increase in density, compressive strength,
swelling thickness, and water absorption, while the oppo-
site was true for the porosity. Therefore, it was found that
the bituminous composite with a ratio of 1:2 is suitable
for the design of roofing materials with increased com-
pressive strength. Based on these characteristics, the
samples are considered for a roofing material, suggesting
their potential use in substitute lightweight steel roof
devices.
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