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Abstract

The effects of the annealing temperature on the structures and quantities of silicon dioxide obtained from rice husk
by means of thermal treatment followed by acid leaching were studied with infrared transmission in the wavenumber
range 400 —4000 cm-L. The Fourier Transform Infrared Radiometer (FTIR) spectra of five series of samples including
rice husk, rice husk ash burnt at 800 °C, and rice husk ash annealed at 900, 1000, and 1100 °C were analyzed and
compared. It was demonstrated that the main absorption Si-O-Si bending band shifts towards lower wavenumbers
while the peaks of stretching and rocking bands of Si-O-Si monotonically shift toward higher wavenumbers as the
annealing temperature is increased. Analysis of the transmission samples showed that the shape of Si-O-Si bonds
changes owing to the annealing temperature, varying in the range of 8 to 40 cm-1.
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I. Introduction

Silicon dioxide (SiO,), a key material in the electronics
industry, is the repeating general structure formula of most
rocks, occurring commonly in nature as sandstone, silica
sand or quartzite. SiO,is crystallized in three main forms —
quartz, tridymite, and cristobalite. The structure of quartz
isathree-dimensional network of 6-membered Si-O rings,
like three SiO4 tetrahedra 1, 2.

SiO, also can be found in some agro-products such as
rice husk (RH). It contains 13-29 % inorganic compo-
nents, of which 87-97 % is SiO, in an amorphous state 3.
The extraction of SiO, from residual rice husk has inter-
ested many researchers working on the basis two main
applications: 1) Semi-conductor-related material based on
purification of extracted SiO, and Si conversion, 2) Ce-
ment industry and mainly lightweight construction prod-
ucts 4. Highly purified product is needed in the former
application and the process is usually conducted by burn-
ing the RH above 500 °C to white ash followed by acid
leaching to obtain rice husk ash (RHA). The presence of
amorphous and crystalline SiO; in the RHA depends on
the thermal treatment in the process, in which the struc-
ture can be transformed into crystalline form in the tem-
perature range 900—1300 °C, and varies from quartz to
tridymite to cristobalite 6.

Structure of a compound is normally estimated and
quantified using Fourier Transform Infrared Spec-
troscopy (FTIR) by investigating absorbed IR through
the molecules of a sample, which in turn is translated to
the interatomic vibrational energy of the atoms compris-
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ing the molecules, either in the form of stretching or bend-
ing 10-12. The absorption or transmission results from
coupling of a dipole vibration with the electric field of
the infrared radiation. The absorption due to a particular
dipole oscillation is generally not greatly affected by other
atoms present in the molecule. Thus the absorption oc-
curs at approximately the same frequency for all bonds in
different molecules 13-15,

In this study, the presence and characteristics of SiO, in
RH, RHA burnt at 800 °C, and a series of RHA annealed
at temperatures of 900, 1000, and 1100 °C were examined
structurally and quantitatively by analyzing the SiO, con-
tent based on the transmittance method of FTIR.

II. Materials and Methods

The raw material used for this study was rice husk
(RH) purchased from a local farm (Babol, Mazandaran
Province, Northern Iran). The first step to produce the
SiO, from RH consisted of washing the RH with tap
water and drying it in the sunlight to vaporize the water
content. The next step involved acid-leaching with dilut-
ed hydrochloride acid (HCI) in distilled water (2 : 8) and
then drying the RH at room temperature (RT). The aim of
these initial steps was to remove any soil and dirt from the
RH. The dried RH was then burnt inside a beaker using a
resistive furnace to obtain a brown rice husk ash (RHA).
The RHA was ground in an agate mortar to reduce the
mean particle size. Then by means of thermal treatment in
a tube furnace with atmospheric conditions (from room
temperature to 800 °C, rate 5 /min, held at the maximum
temperature for 3 h). the brown RHA was transformed
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into white RHA. This was done to increase the specific
surface area (SSA) of the SiO, and remove any unwanted
chemical compounds from the ash. To minimize the ef-
fects of phase transitions and crystal defects owing to the
exothermicity of SiO,, the heating process of the ash was
also defined at 10 min at 200 °C and 400 °C and 60 min
at 600 °C. Then the ash was divided into four samples.
Using same profile as for the heating process, an anneal-
ing profile was applied to three samples at the maximum
temperatures of 900, 1000, and 1100 °C, respectively. The
last sample remained untreated. Eventually, the four sam-
ples including an RH sample were used for FTIR analysis.
Fig. 1 shows a thermal treatment profile as an example.
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Fig. 1: A sample thermal treatment profile. Inset shows produced

white RHA.

I1I. Results and Discussion

Fourier Transform Infrared Spectroscopy was per-
formed using a Shimadzu 8400S FTIR spectrometer in
transmission (T) mode at mid IR, wavenumbers range
400-4000cm1 (A = 2.5 —25 ym), to conduct IR mea-
surements. Band intensities can be also expressed in ab-
sorbance mode, in which same results are expected. Ab-
sorption of radiant energy is represented by a “trough” in
the curve which means zero transmittance corresponds to
100 % absorption of light at that wavelength. Absorbance
is the logarithm, to the base 10, of the reciprocal of the
transmittance, i.e. A =logo(1/T).

For the analysis, samples were ground to a fine powder
consisting of particles of 2 um or less, lower than the end of
radiation wavelength, to minimize band distortion owing
to scattering of radiation. The powder was then dispersed
in a matrix of potassium bromide (KBr) in the ratio of
~1:100 and finally transferred to a die with an average
thickness of 0.12 mm. KBr absorbs moisture from the
atmosphere and does have some fundamental transitions
at ~1660 cm-1. The absorption coefficient of KBr is far
less than 400 cm-1, therefore no absorption peak of KBr
appeared in the range of measurement.

In the IR spectra of SiO,; rocking, bending, and
stretching vibrational bands of Si-O can be observed at
~450cm-1; ~800cm-!l, and ~1080cm-1, respectively 1.
Since the thickness of the samples is already known, the
concentration of interstitial oxygen in silicon at these
bands can be calculated based on the Fabry-Perot method
with Eq. (1):
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O; Absorp.Coeff * Absorbance

O, = x In10(atoms/cm®) (1)

SampleThickness(cm)
Fig. 2 (a) shows the transmittance intensities of the sam-
ples with detail of the intensity of transmittance peaks at
wavenumbers ranging between 400 and 4000 cm-1. An IR
transmittance correlation chart of SiO, is also given in
Fig.2 (b) as the reference. The appearance of strong ab-
sorption bands in the region of 4000 to 1400 cm™! usu-
ally comes from stretching vibrations between hydrogen
and some other atoms and a wide variety of double- and
triple-bonded functional groups such as carbonyls and al-
lenes. The IR spectra produced with the pellet technique
often exhibit bands at 3450 cm-land 1640 cm-! owing to
absorbed moisture.
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Fig.2: (a) Transmittance representative FTIR spectra of different
samples; RH, RHA, 900 °C, 1000 °C, and 1100 °C from bottom to
the top, respectively. Numbers indicate the wave numbers of peaks
of interest in cm-1, (b) IR correlation chart of SiO; adapted from
National Institute of Standards and Technology (NIST) source
reference COBLENTZ No. 5585.
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Referring to Fig.2 (a), a broad band of vibrational
stretching owing to the O-H bond is observed at
~3427 cm! significantly in RH and RHA. The existence
of the bond is pervasive owing to the adsorption proper-
ties on the surface of silica and related silicates, referred
to as silanol bond, a single compound with the formula
H;SiOH 7. The strength of the bond dramatically de-
creased owing to dehydroxylation as the treatment tem-
perature of the samples was increased, resulting in the
change in the relative band intensities and shift to lower
wavenumbers. The shift is correlated to the concentration
of H-bonded silanols relative to that of isolated silanols 18.
Owing to the water absorption at higher temperatures, the
highly porous structure may accommodate the volume
change, becoming a denser structure.

Another vibrational stretching assigned to hydroxyl
functional group of C-O-H, related to trimethylsilanol,
can be observed at ~2923 cm-1. It reacts with the silanol
groups of the higher wavenumbers and coats the sur-
face of the sample with a layer of hydrophobic methyl
groups 19. The content of carbon in the bond is responsi-
ble for varying band intensities, which is not of interest in
this analysis. A C-H vibrational stretching band, owing to
the absence of SiH, is also observed at ~2355—-2347 cm-!
and assigned to either symmetrical or asymmetrical CH,
bonds. This indicates a carbon-rich termination for the
cubic hydrogen-annealed surfaces, as it has been suggest-
ed by Seyller 20 that the higher annealing temperature, the
higher intensity of the bond to the lower wavenumbers.

Fig. 3 shows the next range of interest with more details
expanded from 1650 to 1590 cm-1. In this region, vibra-
tional bending H-OH bond of adsorbed water molecules
can be seen at ~1649—-1637 cm1. As suggested by Adam
and Chua 2! the water molecules are unable to escape from
the silica matrix, therefore small peaks of the bonds were
presentin the samples annealed at higher temperatures and
the peaks are shifted to lower wavenumbers according-
ly. The next peak of interest occurs at ~1600—1591 cm-!
and is ascribed to C-O vibrational bending. Furthermore,
it can be seen from Fig.3 that there are no significant
changes between the peak intensities and their associated
wavenumbers of samples annealed at 1000 and 1100 °C in
the given range.

Both IR spectra of transmittance and absorbance vibra-
tional bonds of Si are shown in Fig. 4 in the wavenumbers
range 400-1400 cm-1. The IR spectra of Si-O-Si are of-
ten presented in this range to characterize vibrational ab-
sorption modes of the Si-O-Si unit and furthermore, to
investigate the phase separation and silicon crystallization
of the silica-based samples 22. Therefore, instead of trans-
mittance mode, the absorption mode of the FTIR results is
takeninto account. Fig. 4 (b) shows the vibrational absorp-
tion stretching, bending, and rocking bonds of Si-O-Si.
The series bands at ~ 1110-1070 cm-1 are interpreted ow-
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ing to the Si-O-Si asymmetric stretching vibration bond.
The band shifts slightly to higher wavenumbers as the an-
nealing temperature is increased. The shift is reversed for
the sample annealed at 1100 °C. It is presumed that this
happens because of the tighter bonds owing to the densifi-
cation of SiO, and itis predicted thatathigher temperature
the band would shift to a wavenumber aslow as 1090 cm-1.
The increase in the amount of Si-O-Si could result from
condensation reaction of the silanol groups and is called
as organosilicate. The reaction is thermally activated and
needs enough Si-OH bonds to make the group of Si-O-
Si23;

(Si—H) + (HO-=Si) - (Si~O-S1)+H,O t )

As the temperature is increased the water content is va-
porized and the structure is presumed to be porous.

The bands at ~815-790 cm-1 are assigned to a network
vibrational bending Si-O-Si symmetric bonds 2324, The
band shifts slightly to lower wavenumbers as the anneal-
ing temperature is increased. The bands at ~478 —460 cm!
are associated with a network of Si-O-Si bond rocking
modes 24. In the case of crystalline SiO,, formation of a
new bond at~ 669 cm1is due to the polymerization of the
cristobalite phase of silicates, and is described as structure-
dependent Si-O-Si symmetrical bending vibrations 23.
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Fig. 3: An expanded detail of transmittance spectra of the samples
range 1650 to 1590cm-1, indicates the H-OH and C-O bonds.
Adsorption peaks tend to shift to lower wave numbers when the
annealing temperature is lower than 900 °C.



44 Journal of Ceramic Science and Technology — M. H. Shahrokh Abadi et al. Vol. 6, No. 1
1400 1200 1000 800 600 400 1400 1200 1000 800 600 400
90.22| 1100 2:2201 100 Stretchi\ng ROCki%g
: 3 Bending <.
89.96 01008 —1087.7 \\\ 794.6 N\
89.70 0osed —__ /\feee3) /
89.44 - \ V" /
90.16 | 1000 0.10168 1000 /\ 4657
89.93 _otord 1105.2 N 296.5 =
< 8970 % 0.09975 e
S o Q.
o 86:48 900 & :48% 900 S
2 £ 0.10088 \ 4687
& 90.00 o 1102.3 \ A\
2 som 2 010004 T e0e2 TN
5 o < 0.00922 — 7\ s
5 o984 0.10106 RHA
S . /,,
= 90.15 RHA 0.10044 ///1 088>\ 463 8
90.00 0.09982 \__ 8159 /" \
\/
89.85 0.09920 .y ,/—'*/
89.70 —
0.10065 RH] N
90.22|RH 0.10004—— 1083.1 \__ . -
90.09| 0.09943 TS e
89.96 0.09882
89.83 1400 1200 1000 800 600 400
1400 1200 1000 800 600 400

Wavenumber (cm™)

(a)

(b)

Fig. 4: IR (a) transmittance vs. (b) absorbance spectra of vibrational Si bonds.

IV. Conclusions

We examined the effect of the annealing temperature on
the infrared spectra of rice husk, rice husk ash, and rice
husk ash annealed at 900, 1000, and 1100 °C. We showed
that the silanol and the hydro-carbonaceous contents de-
crease with increasing annealing temperature owing to a
dehydroxylation process as suggested in Eq. (2). We al-
so showed that the intensity of the absorption bands as
well as their associated wavenumbers were altered with
the annealing temperature. As evidence, these alterations
can be seen at the bands located at ~1070-1110cm-1,
~815-790cm-1, and ~460—478 cm-1. The effect of the an-
nealing process was more pronounced for the absorption
caseof 1100°Cat~1110 cm1.Itis concluded thatrice husk
as an agriculture product residue is a good substitution to
produce high-quality SiO, provided care is taken during
the annealing process.
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