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Abstract

In this study, a low-cost thermoset such as unsaturated polyester resin (UPR) was
used for the preparation of lightweight and thermal insulation polymer composite
using rice husk-derived silica aerogel (SA) as filler. For the first time, hydrophilic
and hydrophobic silica aerogel (SA) of similar physical properties were added to the
UPR to study the effects of SA surface polarity on the mechanical tensile and ther-
mal properties of the composites. The composites with 40% and 60% of SA filler by
volume were prepared via direct mixing and cured at room temperature using methyl
ethyl ketone peroxide. The UPR composites were characterized and compared using
density measurement, hot-disc thermal conductivity analyzer, universal testing
machine, Fourier transform infrared spectroscopy, scanning electron microscopy and
thermogravimetric analysis. The results of this study indicate that the filler-matrix
interaction appears to be dependent on the type of SA (hydrophobic or hydrophilic),
due to noticeable differences in the data values. UPR composites containing hydro-
philic SA exhibit lower density and thermal conductivity due to a higher volume
of preserved SA pores. Both hydrophobic and hydrophilic SA could increase the
tensile stiffness, but composite with hydrophilic SA exhibit higher fracture strain,
indicating higher toughness. On the other hand, composites with hydrophobic SA
produced stronger hydrogen bonding interaction which increases resin viscosity and
led to rougher surface morphology. However, the addition of SA, regardless of sur-
face polarity and volume concentration had little or no effect on thermal stability
except that the composite with hydrophobic SA gives a slightly higher char yield.
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Introduction

Silica (Si0,) is one of the most common ceramic fillers used in polymer resins to
improve properties and/or reducing the cost. Natural mineral silica such as quartz
and cristobalite typically exists in crystalline form while colloidal silica, pyro-
genic (fumed) silica and precipitated silica are the three main classes of amor-
phous silica. Due to their high specific surface area, commercial availability and
competitive cost, the effects of amorphous-nano silica in thermosetting composi-
tions such as epoxies and unsaturated polyester resins (UPRs) have been inten-
sively investigated [1]. From the available literature, improvement in the flexural
strength, impact strength, and surface hardness of the composite is commonly
observed by incorporating silica nanoparticles into epoxies and UPR [2-8]. More
interestingly, several studies also demonstrate the potential of the nano-silica as a
flame retardant synergist to increase polymer flame retardancy and thermal stabil-
ity [8-11].

Recently, silica aerogel (SA) is a relatively new form of amorphous silica
used as additives in various types of polymers. Unlike most other forms of amor-
phous silica, SA exhibits many interesting properties due to its three-dimensional
mesoporous structure. Due to the presence of high pore volume, SA has a large
internal surface area (500—1000 m?%/g), high porosity (85-95%), extremely low
density (0.03-0.1 g/cm®) and ultrafine pore size (5-20 nm) which results in a
very low thermal conductivity (0.01-0.05 W/mK at 25 °C) [12][12]. Previously,
numerous investigations have been carried out to study the effects of SA fillers in
polymer resins as systematically reviewed in a review article by Salimian et al.
[14]. However, SA is a lot more expensive when compared to other forms of sil-
ica due to expensive raw materials based on silicon alkoxides which dominate the
overall cost [15]. To reduce cost, researchers have begun to shift their attention
to natural silica sources, such as agricultural waste. Among the many types of
agricultural wastes, rice husk is the optimal choice for this objective because it is
very rich in silica. Nano-sized amorphous silica can be extracted via acid leach-
ing followed by the combustion of the rice husk at 700-850 °C. This active form
of silica source was found suitable as starting material for SA. The potentials of
rice husk-derived silica as reinforcement in epoxies and UPRs have been investi-
gated recently [6, 7, 10, 16, 17].

Fundamentally, SA is relatively polar (hydrophilic) since the surface is mostly
covered with silanol (Si—OH) functional groups but chemical treatment can make
them hydrophobic. The hydrophilic SA is vulnerable to moisture from the envi-
ronment and the wetting of the nanopores will lead to the collapse of its brit-
tle-porous structure due to capillary forces [18]. This has resulted in a higher
demand for hydrophobic SA which is attributed to its longer shelf life extension
compared with the hydrophilic SA [19]. Among polymer resins, the use of SA
in unsaturated polyester resin (UPR) is advantageous because the resin can be
cured without applying pressure; hence, it is possible to preserve the SA pores
in the composite [20]. Nevertheless, studies related to the use of SA in UPR are
scarce, presumably due to the expensive cost of the commercial SA and high filler
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loading requirement for UPR which resulted in its use being limited to certain
polymers only. Filler’s surface polarity is one of the important factors to ensure
good filler—matrix interaction, for example, through the formation of hydrogen
bonds [21]. Since UPR comprises polar polyester segments (ketones, esters and
alcohols) in the main chain and nonpolar polystyrene segments in the crosslinks
[22], it is important to experimentally clarify the effect of hydrophilic and hydro-
phobic SA on the composite as the difference in surface functionality could lead
to certain intermolecular interactions with the polymer structure which conse-
quently affect the extrinsic properties of the composite.

Most recent aerogel scholarships, however, rather focus on common factors such
as filler’s amount, particle sizes or curing techniques, while the effect of SA sur-
face polarity on the properties of the polymer composites tends to be overlooked. As
the development of SA—polymer composites are still largely in their infancy stage,
researchers often select the SA based on convenience (i.e., using commercial SA)
and only reconsider when there is a failure or an unexpected result. To the end, no
study can be found in the literature which investigates the effects of hydrophilic and
hydrophobic SA on the properties of the composite. Understanding this topic is
important as surface polarity commonly affects the wettability and dispersibility of
the filler in the polymer matrix. Both the dispersion and wettability of the filler on
the resin are key factors that can affect the final properties of the materials and need
to be assessed [23].

For the first time, this paper provides a comparative investigation of the effects
of hydrophobic and hydrophilic SA on the final properties of the UPR composites.
Both types of SA were proportionally mixed with UPR and the mechanical proper-
ties, morphological and chemical interaction of the composites were studied using
uniaxial tensile test, scanning electron microscopy and Fourier transform infrared
spectroscopy. The thermal properties of the composites were also evaluated using a
thermal conductivity test and thermogravimetric analysis. The comparative results
among several tests show that the composites filled with hydrophilic SA exhibit
lower density, lower thermal conductivity, higher specific modulus and better tough-
ness as compared to the composites with hydrophobic SA.

Experimental details

Materials

Unsaturated polyester resins (UPR)

Low viscosity (300-500 cP at 25 °C) orthophthalic type UPR (poly-maleic anhy-
dride-phthalic anhydride-1,2-propanediol) containing 35-40 wt% of styrene and
methyl ethyl ketone peroxide (MEKP) hardener was purchased from Reversol,

Revertex Pvt. Ltd. Co., Malaysia. This cobalt accelerated resin tends to be pale pink
color and fairly translucent after curing with the bulk density of around 1.12-1.15 g/
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cm® when properly cured. Figure 1 shows the physical appearance of the UPR used
in this study and its chemical structure.

Preparation and characterization of hydrophilic and hydrophobic silica aerogels (SA)

Figure 2a shows the preparation of the SA from rice husk in which the detail of the
process was described in our earlier publication [16]. From the process, the SA par-
ticles having hydrophilic surfaces as depicted in Fig. 2b, ¢ were first obtained before
being modified. To obtain the hydrophobic SA, the as-synthesized hydrophilic SA
was further modified with 5% TMCS (Trimethylchlorosilane, C1-Si(CH;)3, 98%
Tokyo Chemical Industry Co., Ltd) in n-hexane solution (RCI Labscan Ltd) for 1 h
and subsequently dried at 80 °C under ambient pressure. Both types of SA exhibit
the following properties; bulk density of 0.07-0.08 g/cm?, the porosity was greater
than 85%, the pore diameter was less than 20 nm and surface area between 600 and
800 m*/g. Henceforth, the hydrophilic and hydrophobic SA will also be denoted as
Si0,(OH) and SiO,(CH;), respectively.

Figure 3 shows the FTIR spectra of the SiO,(OH) and SiO,(CH;). The spec-
tra were measured in transmission mode and the peak intensity corresponds to the
relative population of the functional groups on the molecular structure. The broad
and intense bands for both types of SA, centered at 1100 cm™! and 495 cm™!, are
ascribed to the asymmetric and symmetric stretching vibration of siloxane (Si—O-Si)
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Fig.2 a Process flow of SA synthesis from rice husk b Photograph of SA particles ¢ SEM image of the
SA particles at 20,000 X magnification, revealing pore structure

bonds [24]. More intense siloxane functional groups (1100 cm™ and 495 cm™)
can be observed for the SiO,(CH;) as the attached hydrophobic (Si-CH3) surface
groups change the porous structure and the surface area of the SA because of polym-
erization. The structural change on the surface of the SiO,(OH) reacted with a small
concentration of TMCS is shown as follows:

Si — OH + CI — Si(CH3)3(TMCS) — Si — O — Si(CH3)3 + HCI )

The non-polar groups as represented by the Si—-C bonds (890 cm™') and the
absorption peaks at around 2980 cm™' corresponding to C—H bonds are quite
obvious for the SiO,(CH3), confirming the Si~CH3 formation during the TMCS
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Fig. 3 Comparison of FTIR spectra for hydrophilic and hydrophobic SA

modification [24]. Hydrophobization of the SiO,(CH3) is also evidenced by the
decrease of the O—H absorption peaks at 3400 cm™' and 1630 cm™! as compared to
the unmodified SiO,(OH). The hydrophobicity of the SiO,(OH) and SiO,(CH;) was
further demonstrated by the water droplet—contact angle, 6, as depicted in Fig. 4.
Good water repellency can be observed for the SiO,(CH;) based on the contact
angle (higher than 90°), indicating a higher population of the Si—-CH3 groups on the
silica surface.

Preparation and characterization of UPR/SA composites

Based on the volume ratio, UPR mixtures containing 40% and 60% of SA particles
were prepared as described in Table 1. The SA particles were gradually added into
UPR under vigorous stirring using an overhead stirrer (HS 30E, Daihan Scientific,
Korea). Then an appropriate amount of MEKP was added to initiate cross-linking and

e

Surface coated with SiO2(OH) Surface coated with SiO2(CH3)

Fig. 4 Profiles of water droplets on surfaces coated with a hydrophilic and b hydrophobic SA

@ Springer



Polymer Bulletin (2022) 79:6173-6191 6179

Table 1 Compositions of the

. . Sample designation ~UPR/SA ratio (% volume) Remark
composites studied

Neat UPR 100 UPR Unfilled
40Si0,(OH) 60UPR/40SA Hydrophilic SA
60Si0,(OH) 40UPR/60SA Hydrophilic SA
40Si0,(CHy) 60UPR/40SA Hydrophobic SA
60Si0,(CH,) 40UPR/60SA Hydrophobic SA

the mixtures were stirred well until their physical color changes from light pink to pale
yellow. The UPR mixtures were degassed under vacuum (5-10 mmHg) for about 2 h to
remove trapped air and subsequently poured into waxed molds of desired dimensions.
The mixtures were left in room condition for 48 h to allow complete curing into UPR
composites. For comparison, a neat UPR sample was also prepared using the same
procedure.

Characterization of composites
Densities and void contents

The measured densities (Mp) of composites were calculated by dividing the measured
weight by measured volume for each composite, expressed as grams per cubic centim-
eter (g/cm3). The theoretical densities (7p) of the composites were calculated through
the volume rule of mixture, by adding up the density of the SA filler and the UPR
matrix respective to the volume fraction of each component as shown in Eq. (2):

Tp=psp-Vsat Pupr Vupr 2)

where p,, pss and p,, represent the density of the composite, SA filler and the UPR
matrix, respectively. By comparing the measured density to the theoretical density,
the void content or porosity (®) was calculated based on ASTM D2734 (Void Con-
tent of Reinforced Plastics) using the equation below:

_ 1M
(%) = [1 Tp] x 100 3)

where Tp and Mp represent the theoretical density and measured density of the com-
posite. However, since the SA particles themselves are already porous, the above
equation of (3) was modified into Eq. (4) as the actual porosity of the filled compos-
ite is determined based on the ratio between the measured density of the filled com-
posite and the measured density of the cured unfilled resin (neat UPR).

M p composite

O (%) = [1-—
(%) Mp neat UPR

x 100 )
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Thermal conductivity

The effect of porosity (void content) on the thermal conductivity of the compos-
ites was measured at room temperature using a hot disc thermal constant analyzer
(Hot disc TPS 2500 s, Hot Disc AB, Sweden). Specimens in the form of 11 mm-
diameter and 3 mm thick disks were prepared from the composites. The hot disk
sensor (model 4922) is sandwiched between two identical disks and the measure-
ments were carried out based on the transient plane source (TPS) method (ISO DIS
22007-2). The average thermal conductivity of each specimen was calculated from
three measurements.

Tensile test and morphology of the fractured surface

The tensile properties were determined using a universal testing machine (Instron
4467, Instron Corp., Canton (MA), USA) at a crosshead speed of 1.5 mm min~!
until failure. The samples were prepared according to the standard dumbbell-shaped
specimens as per ASTM D638 Type IV. The load-displacement data were plotted to
evaluate the tensile properties. The tensile-fracture surfaces were examined using
scanning electron microscopy (VPSEM-SU3500, Hitachi High-Technologies Co.,
Ltd. Japan).

Chemical bonds

The surface chemistry of the SA fillers and the UPR composites were determined
using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR, Spectrum 100, PerkinElmer Inc, USA). The infrared radiation wavenumbers
used in this study was set as a mid-infra-red region (600-4000 cm™!) with a resolu-
tion of 5 cm™!.

Thermogravimetric analysis

Thermal behaviors of the UPR composites were evaluated using thermogravimetric
analysis (TGA 2, Mettler Toledo, U.S) on 10 mg specimen at a heating rate of 10 °C/
min under nitrogen atmospheres; with a gas flow rate of 20 ml/min. The weight loss
was recorded up to 600 °C.

Results and discussions

Relationship between density, void content and thermal conductivity

Table 2 shows the comparison between the theoretical (7p) and the measured densi-
ties (Mp) of the composites prepared in this study. The void contents (®) measures
the porosity of the composites due to the addition of porous SA as fillers. A negligi-

ble difference between the Tp and Mp for neat UPR suggests the good quality of the
cured resin, with very minimal porosity. For composites filled with SiO,(OH) and
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Table2 Composite density and estimated % of porosity

Composite SA vol% SA wt% Tp (g/em™) Mp (g/cm™>) @ (%)
Neat UPR 0 0 1.15 1.16+0.01 0.08
40Si0,(OH) 40 443 0.72 1.09+0.01 522
60Si0,(OH) 60 9.45 0.51 1.05+0.01 8.70
40Si0,(CH,) 40 443 0.72 1.12+0.01 2.61
60Si0,(CH;) 60 9.45 0.51 1.13+0.01 1.74

Density of UPR=1.15 g/cm™; Density of SA=0.08 g/cm~>; Tp Theoretical density; Mp Measured den-
sity; T® Theoretical porosity; M@ Measured porosity

Si0,(CH,) particles, the void content or porosity of each respective composite was
majorly contributed by the volume of the preserved SA pores. From the result, it is
clear that the measured densities for all SA-filled composites are marginally lower
than the neat UPR between 2.5 and 9%, indicating that the composites were rela-
tively porous. The distinction in the Mp and ®% between the composites containing
SiO,(OH) and SiO,(CH;) can be observed. The composites filled with SiO,(OH)
showed lower density and therefore higher porosity, as compared to other compos-
ites with SiO,(CH,). Higher porosity means lower capillary absorption of the liquid
UPR into the SA pores during the resin-filler mixing process.

Further, the relationship between the composite’s porosity and their thermal con-
ductivity is elucidated in Fig. 5. In general, our finding is in good agreement with
other studies that have reported a decrease in thermal conductivity by the addition of
SA into polymer matrices [25-30]. Empirically, reductions in thermal conductivity
have been found for UPR composites with increasing levels of porosity. As expected,
the composites containing SiO,(OH) exhibit lower thermal conductivity and better
thermal insulation, due to the higher volume of preserved SA pores in the compos-
ites. The 60SiO,(OH) has the lowest thermal conductivity (0.345+0.005 W/mK),
which is 24.5% lower than the neat UPR. Since porosity was mostly contributed by

Porosity % Thermal conductivity
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8.0 1 £ 0.300

701 E 0325
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Fig.5 Relation between thermal conductivity and porosity for neat UPR and UPR composites
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Fig.6 Tensile load versus extension curves of neat UPR and UPR composites

Table 3 Mechanical properties obtained from the tensile test

Sample Density (p) Mechanical properties
10°(kgm™) —— —— , ,

Tensile strength  Tensile strain ~ Elastic modulus (E) Specific modulus

(MPa) (%) (MPa) (E/p)
Neat UPR 1.15 12+1.5 24.8+0.3 48.4+4.0 42.09
40SiO2(OH) 1.09 27.8+3.3 16.5+1.5 168.8 +16.2 154.86
60SiO2(OH)  1.05 25.6+3.0 102+1.3 250.6+20.1 238.67
40SiO2(CH3) 1.12 19.7+£2.3 8.1+0.8 243.3+20.3 217.23
60Si02(CH3) 1.13 244427 9.2+09 263.7+25.6 233.36

the nano-sized pores of SA in the composite, it is clear that the preservation of SA
pores from resin intrusion is important to improve the thermal insulation of the com-
posite as highlighted in previous works [25-30]. The nano-sized pores of SA are not
only effectively limit the convection but also the conduction heat transfer [28].

Tensile testing

The load (N) versus extension graph (mm) as shown in Fig. 6 are the average values
obtained from three repetitions. Table 3 shows the average values of the maximum
tensile stress, strain and elastic modulus were calculated using the in-built software
(Bluehill 3, Instron). In general, the load extension curves for all samples were
steadily increased up to their maximum breaking load before there was a sudden
drop, indicating a brittle failure. It is worth noting that all samples revealed a visco-
elastic behavior in which the linear elastic region of the sample is difficult to deter-
mine. Therefore, the secant modulus of elasticity is applied to calculate the elastic
modulus. The tensile data for neat UPR were fairly consistent after three repetitions

@ Springer



Polymer Bulletin (2022) 79:6173-6191 6183

with a smaller standard deviation, indicating a structural uniformity but the standard
deviation for composites with SA was increased around 10-12%.

The neat UPR was found to be less elastic than the SA-filled composites as indi-
cated by higher elongation at the break due to plastic deformation. The addition of
SA fillers in UPR has significantly increased the stiffness of the matrix as evidenced
by the increase in the elastic modulus with the SA loading. The improvement in the
mechanical properties of polymer matrix including the modulus, strength, elastic-
ity, and toughness by the addition of SA was also reported in many works as sum-
marized by Salimian et.al [14]. The distribution of the SA particles has a prominent
effect on the strength of the polymer via mechanical interlocking which restricts the
mobility of the surrounding matrix chains and limits the plastic deformation. More-
over, the three-dimensional network of nanopores of isotropic silica particles can
be partially aligned in the direction of stress, leading to further enhance the tensile
properties [14].

When the SA loading was increased from 40 to 60 vol%, the composites filled
with SiO,(OH) showed a higher increment of elastic modulus as compared to the
composites filled with SiO,(CH,). It is interesting to found that the composites with
Si0,(OH) tend to have higher fracture strain, indicating better toughness. However,
composites with SiO,(CH;) were relatively stiffer as they failed at smaller strain
(i.e., higher elastic modulus). This finding suggests that the addition of SiO,(OH)
and SiO,(CHj;) could increase the toughness and stiffness of the UPR, respectively.
Similar result was also reported by [31] after incorporating hydrophobic and hydro-
philic minerals into UPR. The highest elastic modulus of 263 MPa was recorded
for the 60S10,(CH;) composite while the 60SiO,(OH) composite shows the highest
specific modulus of 238 MPa, due to its lower density.

Microstructure of fractured surfaces

Figure 7a is an example photo image of the failed tensile specimen depicting the
brittle fracture mode of the UPR. The SEM micrograph of the fracture surface of
neat UPR as shown in Fig. 7b reveals a smooth, glassy and homogeneous micro-
structure. Meanwhile, a similar cleavage fracture with river-like patterns was
observed for 40Si0,(OH) and 60SiO,(OH) composites in Fig. 7c, d. This type of
fracture surface usually involves high energy absorption, which could explain the
higher values of the tensile strain for the SiO,(OH) composites [32]. Besides, no
macroscopic agglomeration of SA particles or macro-voids can be seen on the
morphologies, indicating good wettability of the SiO,(OH) particles with the UPR
matrix. Meanwhile, Fig. 7e, f depicts rougher surface textures for the 40SiO,(CHj;)
and 60SiO,(CH;) composites in which the area is mostly occupied with irregular
aggregates. These aggregates were formed as a result of poor filler dispersibility
due to the increase of the resin viscosity during the mixing process [33]. Although
some voids as presented in the 60SiO,(CH;) composite are because of the pulled-
out aggregates, most of the aggregate structures, however, are remain intact after
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the tensile pull-off, thus implying a good mechanical interlocking between the
Si0,(CH;) and the UPR matrix [33].

FTIR studies

The FTIR spectra as shown in Fig. 8 reveal the functional groups for neat UPR,
60Si0,(OH) and 60SiO,(CH;) composites after complete curing. In general, the
peaks generated for all specimens are characteristic of orthophthalic UPR as further
described in Table 4. Apparently, none of the SA characteristic peaks can be seen on
the spectra, likely due to a relatively lower amount of SA particles on the sample’s
surface for IR absorption. It is worth noting that the addition of SA fillers did not
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Table 4 FTIR peak assignment for UPR [35]

Peak label Wavelength (cm™) Peak assignment

a 700 =C-H oop’ bending styrene aromatic ring monomer
b 743 =C-H oop’ bending of ortho disubstituted aromatic ring
c 846 —CH2-CO stretching from glycol

d 1070 C—O—C asymmetric stretching vibration

e 1120 C-H bending vibration

f 1270 Aliphatic C-O linkage

g 1380 CH3 symmetrical bend

h 1450-1495 CH3 asymmetrical bending of styrene

i 1580-1600 C=C stretching of aromatic ring—styrene

j 1720 Carbonyl (C=O0) stretching from ester linkage

k 2930 C-H stretching

1 3450 hydroxyl (OH) stretching vibration

cause any change in the molecular structure of the UPR as the peaks and the corre-
sponding wavelengths are quite identical for all specimens. Nevertheless, noticeable
changes for some IR bands could still be observed between the specimens, indicat-
ing a variation in the concentration or path length for certain functional groups due
to molecular interaction between SA and UPR [34]. Notable differences can be seen
in the intensities of the saturated carbonyl (C=0) group near 1720 cm™! (j) and the
hydroxyl (O-H) group near 3450 cm™! (I) due to intermolecular reaction between
the UPR and the SA through the hydrogen bonding [34, 34].

The correlation between the intensity changes and the type of SA used is shown in
Fig. 9. By using the C—O—C peak near 1070 cm™! as a reference, it is found that the
peak intensity for the C=0 groups near 1720 cm™! was increased by the addition of
Si0,(OH), but decreased with SiO,(CH;). The result suggests that covalent bonding

@ Springer



6186 Polymer Bulletin (2022) 79:6173-6191

1.01 4 r 117

L 1.15

1.005 - L 1.13
o 111 o
= S
S 100 ®
Q L7 @
o o
0.995 - L 1.05 -
Q T
) L 103 O

0.99 - 1.01

«+C=0:C-0 0.9

+0-H:C-0 ’
0.985 0.97

Neat UPR  60SiO2(OH) 60SiO2(CH3)
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60SiO,(CH3)

has taken place through an esterification reaction between the silanols —OH from
the hydrophilic SA and UPR ester (-COO-) group, forming the carboxyl (COOH)
groups [36]. On the other hand, the addition of SiO,(CHj;) led to an increase of the
hydroxyl (-OH) peak intensity near 3450 cm™", due to cooperative hydrogen bond-
ing the —CHj; groups of the SiO,(CHj;) with the available sites on UPR chains such
as carbonyl and ester groups [34, 34]. Based on the relative OH: C-O ratio, it is
clear that the composite with SiO,(CH;) contains more hydrogen bonding than the
composite with SiO,(OH). The increases of the intermolecular forces between the
UPR and the SA through the hydrogen bonding could increase the viscosity of the
resin which affects the morphology of the composite and determines the tensile
behavior [38, 38].

Thermogravimetric analysis

The TGA curves of neat UPR and UPR composites are presented in Fig. 10. For fur-
ther details, the weight losses at a specific temperature for each sample are recorded in
Table 5. In general, the TGA curves of neat UPR and UPR composites are relatively
similar, corresponding to three degradation stages of UPR as commonly observed [40].
The first degradation stage occurs below 200 °C. Around 5 wt% of weight losses were
recorded from all samples which were associated with the slow evaporation of the
adsorbed moisture and volatilization of uncured substances on the surface [40]. The
second degradation stage is represented by major weight loss of the UPR matrix above
300 °C up to 500 °C. More than 90 wt% losses were recorded during this stage which
is ascribed to the primary chain scission of the cross-linked styrene and the main poly-
ester chain, leaving a small amount of carbon soot as residual char [40]. The final deg-
radation stage as observed until 600 °C shows gradual weight loss due to the decom-
position of residual char. The final residual weight of the degraded composite can be
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Fig. 10 TGA weight versus temperature curves for neat UPR and UPR composites

Table 5 Data extracted from

T ture °C
TGA analysis emperature

Sample 30 100 200 300 400 500 600
Weight (wt%)

Neat UPR 99.82 99.63 9693 87.35 18.19 3.23 1.89
40SiO,(OH) 99.85 99.69 94.81 87.30 19.73 598 4.92
60SiO,(OH) 99.82 99.68 9647 8796 27.16 891 793
40Si0,(CH;) 99.77 99.56 96.77 87.97 21.18 6.83 5.77
60SiO,(CH;) 99.84 98.88 95.74 86.33 30.35 10.62 9.22

used as a measure of the filler content since the UPR is completely decomposed into
volatiles at 600° C.

The degradation behavior of the UPR matrix was slightly affected by the addition of
SA, whether hydrophilic or hydrophobic until the temperature reaches 400 °C. Above
400 °C, a noticeable variation in the rate of weight loss can be observed between
60Si0,(OH) and 60Si0,(CH3) composites. Comparing these two, the 60SiO,(CH;)
composite showed a lower weight loss at 400 °C which finally yield a higher amount
of residue. The higher char yield of the 60SiO,(CH;) indicates that the presence
of SiO,(CHj;) could increase char formation due to the carbonization of the —Si(CHj);
surface groups [41].

Conclusions
In the present study, rice husk-derived SA with similar surface area and particle

size but different surface polarity (hydrophilic and hydrophobic) were mixed with
UPR into polymer composites. The effect of the SA surface polarity on the UPR
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composites was investigated using tensile test, thermal conductivity, TGA, FTIR
and SEM. The noticeable differences in the data values obtained from each experi-
ments indicate the dependency of the filler-matrix interaction on the SA surface
polarity. In general, composites containing hydrophilic SA tends to be more porous,
due to the higher volume of preserved SA pores in the composite. The lowest den-
sity (i.e., highest porosity) and lowest thermal conductivity were found to be 1.05 g/
cm® and 0.345 W/mK for the composite filled with 60 vol% of hydrophilic SA
(60S10,(OH)). The composites containing hydrophilic SA also showed higher val-
ues of fracture strain during tensile tests. On the other hand, the addition of hydro-
phobic SA results in a rougher composite’s morphology with irregular and randomly
distributed aggregates, indicating that interaction between UPR and hydrophobic
SA could induce a higher resin viscosity. An increase in resin viscosity was evi-
denced by the changes in FTIR peak intensities corresponding to C=0 and —OH
functional groups. A higher number of hydrogen bonding between the hydrophobic
SA and UPR decreases the dispersibility of the hydrophobic SA in UPR and conse-
quently affects the tensile behavior. In TGA studies, the thermal stability of the UPR
composites was less affected by the SA surface polarity, regardless of filler load-
ing, except that the composite with 60vol% of hydrophobic SA (60SiO2(CH3)) yield
slightly higher residue at the end of the decomposition.
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