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ABSTRACT: Rice hulls, a byproduct of the rice industry,
contain 60-90% silica and are unique within nature. The
annual worldwide output of rice-hull-derived silica is more
than 3.2 million tons, which poses environmental concerns
because of disposal issues. Burning rice hulls, as a prepara-
tive step for energy production, is a useful solution to the
growing environmental concern, a desirable outcome would
be the economic use of the resulting silica-rich hull ash. The
economical usefulness of this silica ash in the filler market
has been undermined by its limited dispersion abilities and
poor interaction capability with polymers. In this study,
some of the reasons for the poor performance of silica ash as
a reinforcing filler in various polymeric composites were
linked to its inherent characteristics: factors such as its im-
purity, irregular topography, porosity, and chemical and
thermodynamic nature arising from its surface polarity that
negatively influence the filler-matrix interactions. The silica
ash obtained from a novel combustion process had about 6%
(w/w) impurity, of which around 3% was volatile. We also

propose that the silanation efficiency of silica ash is lower
compared to other commercial silicas because of its porosity,
which could hide a fraction of the silane used. Also, pro-
cessing changed the particle size distribution, and this could
have affected the agglomerating tendencies and seriously
marked the reinforcing capabilities of the silica ash. The
estimation of the surface silanol groups of the rice hull ash
by thermogravimetric studies indicated that the surface si-
lanol density was about 16/nm” On a comparative scale,
this value is comparable to the silanol density on precipi-
tated silica, but a thermodynamic study of silica ash surface
revealed a high surface free energy that contributed to its
high aggregation tendencies and poor distribution and dis-
persion abilities. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
93: 1-8, 2004
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INTRODUCTION

Rice hulls have an unusually high silica content.'?

Yoshida et al. found that silica is distributed mainly in
the outer layer of the hull in the prevalent form of
silica gel.> The nature of silica is mainly amorphous
and has been termed opaline silica.* With rice produc-
tion only second to wheat production worldwide, the
process produces an abundance of this scaly residue
that corresponds to around 3.2 million tons of silica.’
Burning—and thus producing energy—is a cheap
method of extracting the silica from the hulls for pos-
sible commercial use, but this has the associated prob-
lems of uncontrolled particle size and variable impu-
rity levels (mainly in the form of intimately mixed
carbon).

Because of growing environmental concern and the
need to conserve energy and resources, efforts have
been made to burn the husks under controlled condi-
tions and to utilize the resultant ash in a variety of end
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products.®”® There have been some attempts to in-
clude this silica ash in a variety of polymers as fillers,
in lieu of precipitated or fumed silica, to obtain com-
posites with the goal of expanding the present filler
market, but most investigations have indicated poor
filler-matrix interactions and only moderate improve-
ment in composite properties.” ' This article presents
a detailed investigation on the structure—property re-
lations for silica ash in terms of physicochemical and
thermodynamic characterizations aimed at improving
the understanding of the behavior of silica ash in
polymeric systems. Further, this study highlighted the
importance of particle characteristics as a twofold ef-
fect on composite mechanical properties and empha-
sized that performance was strongly linked to the
intrinsic properties of silica ash. First, from a physical
point of view, characteristics such as high impurities,
particle shape, and porosity affected the agglomera-
tion tendencies and particle-matrix interactions. Sec-
ond, from a thermodynamic point of view, the topog-
raphy and surface active sites affected the efficiency of
surface modification. Combinations of such character-
istics in turn limited its reinforcing character. One
report identified the importance of the structure—func-
tion relation for various commercial silicas and stated
that the best reinforcing character results from a high
surface area, a low-median agglomerate particle size,



and a low adsorbed moisture.' Silica ash, however, is
a byproduct of a natural compound, and such charac-
terization studies on silica ash have not been under-
taken, which leaves scope for further investigation to
understand the reasons for its inferior behavior and to
study the modifications necessary to improve the me-
chanical properties of silica ash composites.

EXPERIMENTAL
Filler preparation

Silica ash was obtained from Biocon Industries (Grif-
fith, Australia). It was washed in an acidic aqueous
solution (pH ~ 4.5) and was then with distilled water
to remove the metal impurities and surface carbon.
Then, it was dried at 60°C overnight. Density mea-
surements carried out with a water pyknometer, and
the particle density was found to be 1.83 g/cm? with a
bulk density of 0.22-0.25 g/cm”.

Composite preparation and effect of processing

A Haake Rheocord batch mixer. Rheomex model with
Haake Rheocord software, Haake Instruments, Ger-
many; capacity = 66cm®) was used to prepare all of
the composites with 20% (w/w) filler content. To de-
termine the processing effects on the particle size, the
composites were mixed for a given period and were
then removed from the mixer. These samples were
subjected to a temperature of 500°C for 2 h to burn off
the polymer and to obtain the silica ash. For particle
size analysis, a small sample of silica ash was loaded
in an automated Malvern Sizer (MastersizerX version
1.1, Malvern Instruments). Sodium tetraphosphate
(0.5 g) was added in deionized water as a dispersing
agent, and subsequently, a sufficient quantity of the
sample was added to produce statistically good data
(as indicated by the automatic sampler). The mixture
was sonicated during the analysis to prevent agglom-
eration.

Surface area measurements

Surface area measurements were carried out in a Mi-
crometrics ASAP 2000 with ASAP 2000 software ver-
sion 3.03 with the BET isotherm method. The silica ash
was pretreated in an oven at 200°C at atmospheric
pressure for 2 h to remove volatile compounds before
the surface area analysis. We carried out the surface
area analysis by evacuating the sample chamber at
very low pressures and then allowing nitrogen into
the chamber. A set of three samples were analyzed the
silica ash had a surface area of about 29 m?/ g (stan-
dard deviation = 0.54) with a cumulative pore surface
area of about 12 m?/g and an average pore diameter
of about 71 A.
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Thermogravimetric (TGA) measurements

TG studies were carried out to estimate the hydroxyl
group density on the silica ash surface and the sample
purity with a PerkinElmer TG analyzer (TGA
7/TAC7DX with Pyris software version 3.81). Micro-
gram samples (~5 ug) of silica ash were carefully
loaded in the pan and subjected to a constant heating
rate from room temperature to 800°C in an inert at-
mosphere, and the weight loss against temperature
was recorded. Automated baseline correction was
used, and the fractional weight loss between two
given temperature points was found graphically. If the
sample weight loss between 350 and 800°C in an inert
atmosphere corresponded to the amount of condensa-
tion water lost from silanol groups, the amount of
water lost could have been directly related to the
density of the silanol groups.'® Because the condensa-
tion of two silanol groups gives one water molecule, if
m grams of condensation water is lost, the number of
silanol groupsisn = 2Nm /18, where N is Avogadro’s
number. Where the BET area is x and the sample
weight is w, the number of silanol groups (nm?) is
(2b % 1000)/3xw, where b = m/100 = % Weight loss.

Thermodynamic studies

The surface energetic of the silica ash was determined
by with a gas chromatograph (Shimadzu 8A, Japan)
with a flame ionizing detector at infinite dilution. A
304.8 mm long nickel column with an ID of 2.11 mm
was packed with the standard technique with silica
ash particles. Before it was packed, the silica ash was
dried overnight at 110°C. The packed column was
sealed with glass wool and conditioned overnight at
210°C. Injectordetector temperatures were maintained
at 220°C, and measurements were carried out at 60, 80,
and 100°C with helium as the carrier gas at a flow rate
of 20 mL/min. Approximately 0.5 uL of probe was
injected, and retention times were determined graph-
ically. With De-Boer’s state of reference, the required
surface energy parameters were estimated according
to a procedure described elsewhere.'®'” Table I lists
the various probes used to estimate the surface ener-
geties of the silica ash.

RESULTS AND DISCUSSION
Particle size determination

Most investigations into the effect of filler particle size
on polymeric composite properties have enumerated
that particle size is inversely related to the reinforcing
character and that an increase in surface area (as a
consequence of reduced particle size) increases the
composite mechanical properties.'®'” However, it is
well known that small particles with higher specific
surface areas tend to aggregate because of increased
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TABLE I TABLE 1I
Various Polar and Nonpolar Probes Used for the Size Distribution (um) of Silica Ash as Affected by
Determination of the Surface Energeties of Processing (Mixing) Times
the Silica Ash
Volume After processing
Molecular fraction Before

Probe weight a (A?) (%) processing 7 min 10 min 15 min
Pentane 60 455 10 14 5 4 5
Hexane 72 51.5 20 26 10 10 10
Heptane 84 57 50 50 34 34 33
Octane 9% 63 Mean 47 (24) 34 (12) 33 (12) 33 (11)
Acetone 58 425 - — —
Chloroform 64 44 The values in bracket indicate the standard deviation.
THF 72 45

a = theoretical molecular weight reported in ref. 16.

fillerfiller interactions. In reality, a good homoge-
neous filler distribution rarely occurs, and the reduc-
tion of particle size and its aggregation tendencies
need to be balanced.

Figure 1 shows the result of the particle size analysis
from the Malvern Sizer software for the silica ash. It
indicates that the distribution was centered near 50
pm. The occurrence of a broad shoulder (between 8
and 25 um) indicated that a significant number of
particles were in this range. Blume suggested that
larger particles in the peak region might be secondary
agglomerates that can break down to give smaller
particles and thus increase the volume fraction of
smaller particles in the final composite, producing a
better reinforcing character.® This could result in a
broad bipolar distribution. During processing, how-
ever, smaller particles in the distribution may also
aggregate to give a different sized distribution in the
composite, reduce filler distribution, and reduce its
reinforcing character. Table II shows the results for the
silica ash particle size distribution and the effect of
processing on the average particle size. The large stan-
dard deviation associated with the median size and
the shape of Figure 1 indicated that the distribution
was broad rather than bipolar.
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Figure1 Particle size distribution for the silica ash (median
size = 47 um).

Table II shows the effect of processing on the parti-
cle size. There was a reduction in particle size during
processing, and this generated a broader size distribu-
tion. This, along with increased agglomeration ten-
dencies and the more irregular shape, would reduce
the filler packing capacity, the dispersion, and the
reinforcing character of silica ash in polymeric com-
posites.

Controlling the particle size during the burning pro-
cess is not economically viable. The data obtained for
silica ash from Industries,” who produce commercial
silica ash in an economically viable way, showed that
the particle size was controlled only to a moderate
extent (as seen by the broad distribution in Fig. 1), and
experimental investigations regarding the optimum
particle size of silica ash for reinforcement have yet to
be reported.

Impurity in silica ash

Impurities in silica ash occur as surface carbon or as
carbon trapped in the silica ash structure along with
some volatile matter associated with silica ash.** In-
vestigations have found that temperature plays a sig-
nificant role in the level of carbon associated with the
silica in silica ash by influencing a cocoon structure of
silica that at high temperatures, traps the carbon, and
thus, the burning of the hulls inherently includes car-
bon as an impurity.***

Figure 2 is a thermogram showing the weight loss
curves of two samples of silica ash, one in an oxygen-
ated (air) atmosphere and the other one in an inert
(N,) atmosphere, against temperature in a TG exper-
iment carried out at a constant heating rate of 10°C/
min. In a N, atmosphere, the carbon was not oxidized,
and the total weight loss represented the net volatile
matter, and the total amount of carbon in the silica ash
sample could be found by the subtraction of the
weight loss in N, from the weight loss in air.

As shown in Figure 2, the weight loss at low tem-
peratures indicated the loss of adsorbed moisture and
other volatile compounds, and as expected, the slopes
of the two curves were similar. As temperature in-
creased, there was a progressive loss in matter in both
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Figure 2 Typical thermogram of silica ash comparing the weight loss values in nitrogen and oxygen atmospheres. Silica ash

was evacuated at 100°C.

samples; however, in air, carbon was converted to CO,
at around 500°C, as reflected by the change in the
slope of the corresponding curve. In N,, carbon was
not lost, but the relatively slow weight loss step in the
broad region between 300 and 800°C indicated silanol
group condensation and maybe some elemental de-
composition. The analysis showed that the percentage
purity of the silica ash sample was about 94 wt %
silica, and the carbon content was about 3%. Experi-
ments conducted with other heating rates (5, 12, and
20°C/min) showed similar results.

Estimation of silanol groups

Silanol (—OH) groups are reactive groups known to
dominate the filler—-matrix adhesion,*** and in an
epoxy matrix, they increase the polymer hardness by
crosslinking polymeric chains.”**® However, these
groups take up moisture and/or interact among them-
selves to neutralize one another and cause filler ag-
glomeration. The surface silanol group density for the
silica ash was calculated with TG techniques. Figure 3
is a thermogram of silica ash in an inert (N,) atmo-
sphere. The weight loss occurred through two steps,
first through the removal of physically adsorbed water
(and some small molecules trapped in the pore struc-
ture), occurring up to about 250°C, and second
through the removal of chemical water by the conden-
sation of two silanol groups, occurring between 350
and 800°C. It can be seen (from the difference in
slopes) that the first reaction (100-250°C) was quite
rapid and short compared to the second step (350—
800°C), which occurred over a broader temperature
range. Above 850°C, elemental decomposition and
morphological changes occur in the silica ash struc-
ture, as described elsewhere.?’ On the basis of the BET

surface area and an average second step weight loss of
0.72 wt % for a number of silica ash samples in N, the
average number of silanol groups was estimated to be
about 16/nm?. In comparison, the reported tempera-
ture range for precipitated silica was 270-700°C with
about 13 silanol groups/nm?* whereas fumed silicas
contain about 4.5 primarily isolated silanol groups/
nm”? A previous investigation suggested that the
density of silanol groups is not sufficient enough for
good particle-matrix interaction; however, we believe
that the high temperature treatment (>1000°C) used
in that study might have rendered the surface hydro-
phobic.'” This suggests that surface quality of silica
ash depends largely on the production temperature.
The higher number of silanol groups, which are
known to react with surface-modifying agents, are, the
higher the compatibility of the treated silica is with
polymers, especially those having reactive groups to-
ward silanol, such as natural rubber with the epoxy
groups. However, with fillers added on a weight or
volume basis, a simple analysis of silanol groups per

oy silica ash
hesting rate 5C/min
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Figure 3 Thermogram showing the weight loss curve at a
constant heating rate for a silica ash sample in an inert
atmosphere of nitrogen. The slope (s) is given in units mwt
(%)/°C, that is, 10~ wt % (%)/°C.
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Figure 4 Micrograph of silica ash particles (a) dispersed in a solution of sodium tetraborate and (b) showing the irregular

topography of the particle.

gram of filler indicated that silica ash had an inferior
silanol group density per gram. When we compared
commercial precipitated silica or fumed silica (both
having surface areas > 100 m*/g but silanol densities
of ~9 and 4.5 groups/nm?, respectively) with silica
ash (surface area ~29 m*/g and silanol density ~16
groups/nm?), the silanol group per gram of precipi-
tated silica (~900 # 10'®) and fumed silica (~450
# 10'®) was higher than that of silica ash (~320 * 10'®).
Both precipitated silica and silica ash were amorphous
and irregular, but the surface treatment was more
effective for precipitated silica because of its higher
silanol group density per gram. Fumed silica, with a
flat and plane structure, had an efficient surface treat-
ment. Therefore, compounded with higher impurity
level and porosity, both factors, surface irregularity
and a lower silanol group density per gram, acted
against the reinforcing character of silica ash, as
shown by various experimental investigations.>'>*

Particle surface area and porosity

Nitrogen BET surface area measurements were carried
out on an evacuated sample of silica ash (the sample
was conditioned at 100°C overnight). The silica ash
had a specific surface area of about 29 m?/g with a
cumulative pore volume of about 0.03 cm?/ g and a
cumulative pore area of about 12.5 m*/g. The average
pore diameter was about 71 A.

Porous particles such as silica ash could hide mois-
ture or other smaller molecules (e.g., N,, CO,) in their
pore structures. These could change final composite
properties unfavorably, as residual molecules can
cause voids or debonding in composites.’® More im-
portant, during the silane treatment of silica ash par-
ticles, a fraction of the silane molecules used for sur-
face treatment could also be lost in the pore struc-
ture.® It is possible that silane molecules, with an
average molecular cross-sectional area of 50 A2
would traverse into the pore structure of silica ash
(average pore diameter ~ 71 A), whereas the steric
hindrances of long polymeric chains would limit their
access into the pores, and consequently, the overall
silanation efficiency would be reduced.

Particle shape

It is known that for particulate fillers, irregularity
reduces the silanation and the filler packing efficien-
cy,'*?* and surface topography influences the filler
reinforcing character.”® Figure 4 shows a micrograph
of a silica ash sample and shows that there was some
degree of particle irregularity, which probably added
to its poor performance.

Figure 4(b) shows that silica ash retained its serrated
structure despite the burning process, and its topog-
raphy was irregular. As mentioned earlier, such irreg-
ularity could affect the silanation efficiency, a situation
schematically shown in Figure 5. Figure 5 shows that
it was easier for smaller water molecules to access
these sites, which may have compromised the im-
provement in filler-matrix adhesion and permanently
deteriorated the composite mechanical properties.”®
Hence, these silica ash particle characteristics are not
optimal for its reinforcing character, and a more uni-
form particle size and shape (and possibly a lower
average size to minimize structural breakdown) is
required.

Surface energy measurements

Recent investigations have highlighted the shifting
focus onto the study surface energetics to understand

Silane
molecule
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CH3CH20 # 'K Alkory group
CH3CH20 | = OCH2CHT

i
CH3CH20 # ™
OH

Surface defact
0 H

%H

H Silanol group
3

SILICA ASH SURFACE

Figure 5 Schematic representation of the silica ash surface
showing the limited accessibility of silane molecules for the
capping of silanol groups.



TABLE III
Surface Energy Components of Commercial Carbon
Black and Precipitated Silica*®

Filler ¥ (m]/m?) v? (m]/m?)
Carbon black N110 270.4 1.63
Precipitated silica 229 3.58

¥" and ¥ represent the dispersive and specific interaction
components, respectively, of the surface energy.

the aggregation and surface modification of filler par-
ticles and have indicated the significance of thermo-
dynamic events underlying various processes.”**’ As
an example for understanding performance on the
basis of surface energetics, the difference in dispersive
and specific interaction components of the surface en-
ergy of carbon black and precipitated silica® is shown
in Table 3. It shows that the higher agglomeration
tendencies of commercial precipitated silica could be
expressed as a function of its surface energy, specifi-
cally the dispersive component, and highlights the
superiority of carbon black as a reinforcing filler.

For silica ash, IGC studies were used to determine
its surface energy components. The retention times of
standard solutes, affected by their interactions with
the stationary phase, were estimated and converted
into the components of surface energy with standard
methods.*'™* Table IV shows the time retention (T,)
data and the free energy of adsorption (AG) values
measured at three different temperatures.

For homologous n-alkanes (apolar probes) interact-
ing with silica, the free energy of adsorption (AG™*")
varied linearly with the corresponding carbon num-
ber, as shown in Figure 6. This was due to the absence
of any specific interactions.

Figure 6 also shows the temperature dependence of
AG¥ ¢ which decreased with increasing tempera-
ture as expected. This was due to the increase in the
degree of freedom of the probe molecules, which
made adsorption difficult.*’ ¥/ was obtained from the
derivative of AG per mole of methylene groups

(CH,).*!
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Figure 6 Variation in surface energy of silica ash particles
against the alkane homologous series (Cs—Cg) at different
temperatures.

The interaction of polar probes, however, involved
both dispersive and specific interactions, and in prac-
tice, when AG, corresponding to alkane and polar
probes (AGP'®") was plotted against the molecular
cross-sectional area (1), The values of AGP®?" were
above the reference line given by the AG***™ values.
For any polar probe, ¥¥ is then taken as the difference
between AGP?" and AG?k®" where the correspond-
ing alkane has similar physicochemical property to the
polar probe.*® The nature of the probe dictates its
separation from the n-alkane reference line. This is
shown in Figure 7, where various probes were above
the reference line according to their capability to in-
teract with the silica ash surface.

Figure 7 also suggests the nature of the silica ash
surface. The n-alkane reference line represents the
zero tendency to accept or donate electrons. The basic
tetrahydrofuran (THF) was situated further from the
alkane line than the acidic chloroform (CHCl;), as THF
interacted more strongly compared to CHCI;, indicat-
ing that the silica ash surface was acidic in nature. y*
and y7 of silica ash for various polar probes are re-
ported in Table V.

Interestingly, Figure 8 shows that the decrease in y?
was not linear, and the temperature dependence of v
could be described as

TABLE IV
Retention Data of Various Probes and Surface Energy of Silica Ash as Measured at Three Different Temperatures
100°C 80°C 60°C
-AG -AG -AG
Probe T, (min) (kJ/mol) T, (min) (kJ/mol) T, (min) (kJ/mol)

C5 0.200 12.646 0.221 12.350 0.271 12.246
C6 0.488 16.030 0.652 16.282 0.898 16.414
c7 1.425 19.672 2.480 20.447 4.052 20.823
C8 5.228 23.799 11.240 24.948 20.457 25.359
THF 1.650 20.091 3.052 21.071 6.252 22.047
CHCl, 0.488 16.030 0.550 15.719 0.580 15.024
Acetone 1.157 18.941 1.328 18.540 1.775 18.453
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Figure 7 Surface energy of various polar probes and their
separation from the n-alkane reference line for silica ash at
100°C.

d d
% — —0.0159T + 1.702 + ¢c[m]/(°C m?)]

where T is the temperature and c is a constant.

The behaviour of y# was similar to its dispersive
counterpart. The higher y¥ of silica ash with THF or
acetone as against CHCl; probe was a reflection of the
higher surface polarity that allowed silica ash to inter-
act strongly due to its acidic silanol groups. Further,
changes in temperature had a significant effect on y*¥
for basic THF compared to amphoteric acetone. This
was expected because with a decrease in temperature
and freedom, it was easier for the species to interact,
and because it was basic in character, the increase in
the interaction parameter was highest for THF.

The results showed a poor silanol group density per
gram and indicated a relation between the poor dis-
persion characteristics and low /¥ ratio of silica
ash. Such characteristics of silica ash along with its
irregular shape and porosity could also explain the
inferiority in performance compared to other commer-
cial silica fillers with similar surface free energies***
and suggest that

CONCLUSIONS

Past investigations have clearly indicated that there
are certain issues with silica ash that must be resolved
for it to be used as a reinforcing agent in polymeric
composites. A systematic method to approaching the
observed behavior of silica ash is the characterization

TABLE V
" ¥ at Various Temperatures

y” (mJ/m?)

Temperature
(°C) ¥ (m]/m?) THF CHCl, Acetone
100 75.39 28.95 10.16 32.05
80 98.63 33.842 13.33 32.83
60 106.23 37.95 14.65 33.44

125
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65 T T T
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Figure 8 Influence of temperature on y* of silica ash.

of the materials as detailed in this investigation. Issues
such as filler aggregation and poor filler-matrix adhe-
sion, widely mentioned in literature, can now be un-
derstood in terms of the combined effect of a low
surface area and a high surface polarity (low ratio of
¥ to ) of silica ash. The impurity level and particle
porosity could explain its limited capability to un-
dergo silanation.

It is accepted that the impurity level is silica ash is
related to its production conditions, which differ in
different parts of the world. However, most investiga-
tions have indicated the use of high-purity silica ash
(~5%), which is similar to the material investigated in
this study. Further, because the nature of silica ash
remains similar due to identical production methods,
analysis of the behavior of silica ash on the basis of its
characteristics would retain its generality. We suggest
here that the improvement in the mechanical proper-
ties of silanated silica ash—-polymer composite is com-
promised by the presence of surface impurities and
the structural breakdown of silica ash during process-
ing that generates irregular particles with poor rein-
forcing characteristics.

In this investigation, analytical methods, such as TG
analysis and IGC, were successfully used to estimate
the physicochemical properties of silica ash. Interest-
ingly, as revealed by TG analysis, the silica ash used in
this study possessed adequate surface silanol groups
to undergo efficient silanation and to therefore pro-
vide better interaction with a polymer. Further inves-
tigations are required to understand silanation of silica
ash from a thermodynamic point of view. Also, there
is strong evidence that the poor filler—-matrix adhesion
can be improved by an increasing the surface area (by
reducing the particle size) for increased interaction
and subsequent silanation.

The authors acknowledge the contribution of Dr. Cser in the
form of valuable discussion and the support of Mr. Chryss
for forwarding comments on the particle size analysis.
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