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Abstract—A series of carbon—silica nanocomposite samples prepared by the carbonization of high-ash bio-
mass (using rice husks as an example) in a fluidized-bed reactor with a deep oxidation catalyst at 450-600°C
was studied by a set of physicochemical techniques (BET, IR spectroscopy, XPS, and TGA). The dependence
of the chemical composition, texture characteristics, and main properties of the resulting materials on carbon-

ization temperature was found.
DOI: 10.1134/S0023158408020201

INTRODUCTION

Agriculture is a large-scale source of biomass as a
sufficiently homogeneous chemical raw material. The
high ash content of some types of these raw materials
can be used successfully for the production of carbon-
mineral composites. Rice husks are most interesting in
this respect. The world’s resources of rice husks as
large-tonnage waste from rice milling are as high as
100 million tons annually (about 20% of paddy rice
weight). In Russia, rice husks are formed as a large-ton-
nage resource in Krasnodar krai; the amount of this
resource is 140000-150000 ton per year; only about
20% of this amount finds further use, primarily, as low-
grade fuel. Indeed, the use of rice husks as fuel in stan-
dard boiler equipment is associated with the problem of
a low calorific value of this fuel because of a high ash
content (to 20 wt %). On the other hand, the high silica
content of rice husks allows one to use rice husks as an
inexpensive and homogeneous starting material for the
production of valuable silicon compounds such as SiC;
Si3Ny; pure SiO,, Si, and SiCly; zeolites; liquid glass;
cement; and other widely used silicon-containing com-
pounds [1-7]. In this connection, intensive studies are
under way in order to develop efficient processes for
rice husk conversion into highly marketable products
[3, 7]. The pyrolysis of rice husks for the production of
volatile organic compounds (a mixture of phenols,
organic acids, and alcohols) and silicon—carbon materi-
als (amorphous carbon and silica (Si0O,)) is considered
as the most promising process [3, 8—11].

Processes performed in the fluidized beds of solid
heat-transfer materials occupy a special place among
the thermal methods of rice husk conversion for the
simultaneous manufacture of gaseous and liquid prod-
ucts of pyrolysis [12] and carbon-mineral composites

[13]. An oxidative treatment process (combustion or
gasification) performed in an apparatus with the fluid-
ized bed of solid heat-transfer material provides an
opportunity to control purposefully many process
parameters: the temperature, the contact time, and the
ratio of atmospheric oxygen to fuel carbon. In turn, this
allows one to affect the rate and degree of carbonization
of rice husks and to obtain carbon-mineral composites
with various properties.

Generally, a process of the oxidative treatment (car-
bonization) of rice husks in a fluidized bed with a con-
tact time (7) shorter than 1 s can be considered in terms
of the generalized reaction scheme

C;3H50; - (S10y), + O,
— CO, + CO + volatile organic compounds
+ ash residue.

In this reaction scheme, the ash residue is carbon-
ized silicon dioxide (C/SiO,).

The aim of this work was to obtain nanocomposite
carbon-mineral materials by the carbonization of rice
husks at relatively low temperatures in a fluidized-bed
reactor with a deep oxidation catalyst and to study the
structure and morphology of the resulting samples in
order to find their characteristic properties and possible
areas of application. The chosen process for the carbon-
ization of rice husks combined a high rate of the pro-
cess (the contact time was T ~ 1 s) and the possibility of
performing the process in the autothermal mode with
controllable process temperature.
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Table 1. Composition of the parent rice husks (according to
Koz’ mina [14]) and the ash residue (obtained by ICP AES)
based on elemental analysis data

Elemental composition Elemental composition
of the parent rice husks, wt % | of the ash residue, wt %
C 41.50 K,O 2.17
H 5.50 Na,O 0.3
(0] 33.2 CaO 1.06
N 0.05 MgO 0.33
S 0.02 Al,O4 0.11
Cl 0.01 ZnO 0.007
Ash residue 19.50 Mn,0O;5 0.08
Fe,05 0.12
CuO 0.02
Cr,04 0.01
Si0, 95.78
EXPERIMENTAL

Preparation of Carbon-Mineral Composites

Rice husks (Krasnodar krai) with the following
characteristics were used: husk length, 8-10 mm;
width, 2—3 mm; thickness, 0.1-0.15 mm. The moisture
content was about 5 wt % (TGA). According to pub-
lished data [14], the lignin, cellulose, and hemicellulose
contents of the test rice husks from Krasnodar krai were
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Fig. 1. Schematic diagram of the catalytic fluidized-bed
reactor.
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19-25, 34-42, and 17-22%, respectively. Table 1 sum-
marizes the elemental analysis data for the rice husks
and ash residue. The rice husks were preground to
obtain a fraction with a particle size of 1 mm or smaller.

A fluidized-bed steel reactor 40 mm in i.d. and
1200 mm in height with an IC-12-73 deep oxidation
catalyst (from OAO Katalizator) with a particle size of
2-3 mm was used for the carbonization of rice husks.
The catalyst consisted of CuO + MgO + Cr,05 (10—
15 wt %) supported on y-Al,O5; the CuCr,0,/MgCr,0,
ratio was 1 : 1 by weight. The use of this catalyst
allowed us to oxidize completely the gaseous products
of rapid rice husk pyrolysis at lower temperatures with-
out the formation of CO and other toxic compounds.

The rice husks were supplied to the reactor (Fig. 1)
with a flow of air (the molar ratio of atmospheric oxy-
gen to rice husk carbon was o ~ 2). The carbonization
time was T ~ 1 s. After the carbonization of rice husks
in a fluidized bed of the catalyst at a specified tempera-
ture, the resulting carbon-mineral material was col-
lected in a cyclone. The carbonization temperatures
were 450, 500, 550, and 600°C. The reactor tempera-
ture was regulated using electric heating units. At
600°C, the carbonization occurred in the autothermal
mode.

Instrumentation

The texture characteristics of samples were mea-
sured by the BET method using the physical adsorption
of N, at 77 K on a Micromeritics ASAP 2400 adsorp-
tion instrument (United States).

The chemical composition of sample surfaces was
studied on a VG ESCALAB HP electron spectrometer
(Vacuum Generators, the United Kingdom) using AlK,,
radiation (hv = 1486.6 eV). The scale of binding ener-
gies (E,) was precalibrated using the Au 4f;,, (84.0 eV)
and Cu 2p;), (932.67 V) peak positions in the spectra
of gold and copper foils, respectively. The relative con-
centrations of the elements in the analysis zone (the
depth of analysis was 2—3 nm) were determined from
the integrated XPS line intensities corrected for atomic
sensitivity factors [15].

The IR spectra of samples were measured on a
Bomem MB-102 spectrometer (Canada) in the fre-
quency range 4000-200 cm™! with the accumulation of
100 scans. The analytical samples were pressed as pel-
lets with KBr.

A Q-1500 D derivatograph (MOM, Hungary) was
used to perform thermogravimetric analysis (TGA).
The rate of sample heating from room temperature to
800°C was 10 K/min. The sample weight was 100 mg.
Platinum labyrinth crucibles, which were blown with
nitrogen at a flow rate of 25 I/h, were used in the anal-
ysis of samples in an inert atmosphere.

KINETICS AND CATALYSIS  Vol. 49 No.2 2008
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Table 2. Texture characteristics of carbon—silica nanocomposites prepared by the carbonization of rice husks in a fluidized-

bed reactor at 450-600°C according to BET data

Fluidized A ize,
bed teml;erlgfure, oC Sper, mY/g Vs, cm’/g V. cm¥/g veragf;fn OT€ S1ZE, | Ash content, %
450 32 0.04 ~0 5.3 35
500 176 0.15 0.03 2.6 56
550 246 0.21 0.05 2.6 69
600 233 0.22 0.04 2.8 76

Note: Spgr is the specific surface area, Vy is the total pore volume, and V|, is the micropore volume.

The ash residue of rice husks was analyzed by
inductively coupled plasma atomic emission spectrom-
etry (ICP AES) on a Perkin-Elmer Optima 4300 instru-
ment (United States). The analytical procedure was
published elsewhere [16].

RESULTS AND DISCUSSION

Commonly used processes for the production of car-
bon-mineral composites like C/SiO, and C/Al,O; are
based on the thermal or thermocatalytic decomposition
of gaseous or liquid hydrocarbons on a mineral matrix
[17-19]. The advantage of rice husks as a starting mate-
rial for the production of a carbon—silica composite is
that rice husks initially contain both carbon and mineral
components. Data in Table 1 indicate that the total ash
content of the rice husks used was almost 20 wt % and
the ash residue mainly consisted of SiO,. Along with
silicon dioxide, alkali and alkaline earth metal com-
pounds and the oxides of Al, Fe, Zn, and Cr were the
constituents of the ash residue.

Composites prepared by the carbonization of rice
husks in a fluidized catalyst bed contain carbon and sil-
ica phases, which likely occur in a dispersed state on a
nanolevel. The high dispersity of the two phases can be
explained by the fact that a silica-containing phase is
uniformly distributed in the lignocellulose matrix of the
parent rice husks [20], and these phases stabilize each
other upon carbonization to remain in a dispersed state
at relatively low temperatures.

The process used in this study for the carbonization
of rice husks in a fluidized catalyst bed is easy to per-
form, and it allows one to widely vary the characteris-
tics of the resulting products. Thus, Table 2 summarizes
the texture characteristics of the carbon—silica compos-
ites prepared by the carbonization of rice husks at vari-
ous working temperatures in a catalyst bed.

It can be seen that the degree of combustion of the
carbon phase increased with temperature (the ash con-
tent of the final sample increased). At the same time, the
values of Sggr, Vs, and V, of the resulting nanocompos-
ites exhibited maximums at 7' = 550°C. Evidently, the
surface of the composites was developed because of the
rapid gasification of the starting biomass; in this case,
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the gasification temperature was responsible for the
intensity of this process. It is likely that the low porosity
of a composite prepared at 450°C (Sggr = 32 m%/g; Vy =
0.04 cm¥/g) suggests that the gasification and carbon-
ization processes were incomplete at this temperature
and the sample contained a considerable amount of
undecomposed lignocellulose residues.

To study the nature and surface properties of the
resulting carbon-silica composites, we used IR spec-
troscopy and XPS.

Figure 2 shows the survey IR spectra of the resulting
nanocomposite samples. All of the spectra exhibited
four main regions of sample absorption at 3400, 1650,
1100, and 460 cm™'. The absorption region at 3400 cm™!
was related to the presence of hydroxyl groups and
chemisorbed water on the surface [21]. An intense
absorption peak at 1080 cm™' and a peak in the region
of 1200 cm™! can be attributed to siloxane groups like
Si—O-Si. A peak at 2930 cm™! suggested the presence
of a certain amount of C—H groups that remained from
the starting rice husks on the carbon surface. As the flu-
idized-bed temperature was increased, the peak inten-
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Fig. 2. IR spectra of samples prepared by the carbonization
of rice husks at 450-600°C.
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Fig. 3. Survey XPS spectrum of the starting rice-husk
powder.

sity at 2930 cm™' decreased; this fact suggested the
elimination of surface carbon species containing C—H
units. In this case, oxidized carbon species with absorp-
tion at 1710, 1620, and 1450 cm™ occurred in larger
amounts. We attributed absorption at 1710 and
1620 cm™ to C=0 vibrations in ketone and aldehyde
groups, respectively. A low-intensity broad peak at
1450 cm™! corresponded to C—O bond vibrations in the
carbonyl group. The relative intensities of peaks at
1710, 1620, and 1450 cm™' remained unchanged as the
temperature of carbonization was increased. It is
believed that the formation of oxidized surface carbon
species in the fluidized-bed carbonization of rice husks
under the specified conditions occurred by either (1) the
thermal degradation of initial cellulose, hemicellulose,
and lignin fragments with the formation of surface
ketone, aldehyde, and carboxyl groups or (2) the oxida-
tion of the carbon surface with the surface oxygen of
the catalyst with the formation of analogous groups.

At a carbonization temperature of 450°C, it is likely
that oxygen-containing functional groups were formed
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by the former reaction path because rice husk lignin,
which is the source of these groups, had no time to
decompose completely. The latter reaction path pre-
dominated at higher carbonization temperatures. How-
ever, in this case, the total contribution of both of the
reaction paths was constant because, as can be seen in
Fig. 2, the concentration of surface functional groups
remained almost unchanged with temperature.

We used XPS to study the composition of the near-
surface layers of parent rice husks and a series of
C/Si0, samples prepared at 450, 500, 550, and 600°C.
Figure 3 shows a survey XPS spectrum of the parent
rice husks. It can be seen that the spectra exhibited lines
due to silicon and nitrogen in addition to the intense
lines of oxygen and carbon. Thus, the photoemission of
electrons from the C 1s level of carbon was responsible
for an intense line at 285 eV. The photoemission of
electrons from the O 1s level of oxygen was responsible
for a peak at 533 eV. Less intense lines at 103, 155, and
399 eV corresponded to the photoemission of electrons
from the Si 2p, Si 2s, and N 1s levels, respectively. In
addition, the spectra exhibited the OKVV and CKVV
Auger lines at 980 and 1230 eV, respectively [15].
Table 3 summarizes the relative concentrations of the
elements Si, C, O, and N in the near-surface regions of
the samples, as determined from XPS data. Insignifi-
cant concentrations of K, Ca, and Mg were also
detected in all of the samples.

Figure 4 shows the characteristic C 1s, Si 2p, and O
1s XPS spectra of the test samples. Four lines at 282.5,
284.4, 286.0, and 287.8 eV can be distinguished in the
C 1s XPS spectra (Fig. 4a). According to published
data, the most intense line at 284.4 eV corresponds to
the C—C/C-H fragments of a carbon matrix. Lines
with greater binding energies correspond to carbon
chemically bound to oxygen [22-25]. As a rule, C 1s
lines in the region 286.0-286.3 eV are attributed to
alcohol or ether groups. For ketone and carbonyl
groups, the C 1s binding energy is 287.0-287.8 eV.
Carboxyl groups are characterized by a much higher
C 1s binding energy (288.4-289.1 eV). A weak shoul-
der in the region of lower binding energies (283 eV)
suggests the occurrence of carbon atoms chemically
bound to silicon [26-28].

Table 3. Relative atomic concentrations of oxygen, carbon, silicon, and nitrogen and the ash content of the surface region
of the parent rice husks and carbon-silica composite samples prepared at various temperatures, as determined from XPS data

T,°C oysil | rovcl | orcmsip | Npep | Ash C‘t)gg"g;}sfi;oordmg Bulk ash content, %
Parent rice husks 49 0.38 15 0.026 23 19
450 3.9 0.63 6.1 0.014 40 35
500 26 0.84 3.1 0.027 59 56
550 23 1.20 19 0.025 70 69
600 2.1 1.30 17 0.026 74 76
KINETICS AND CATALYSIS Vol. 49 No. 2 2008
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Fig. 4. (a) C 1s, (b) Si 2p, and (c) O 1s XPS spectra of (/) the parent rice husks and the samples prepared at (2) 450 and (3) 600°C.

In the Si 2p XPS spectrum of the parent rice husks
(Fig. 4b), an intense line at 103.2 eV was observed; the
position of this line corresponds to silicon as a constit-
uent of SiO, fragments [28, 29]. A weak shoulder in the
region of lower binding energies (~102 eV) suggests
the occurrence of Si—C fragments [26-28]. For carbon-
ized rice husk samples, the Si 2p binding energy is
103.7 eV, which suggests the formation of a SiO, phase
[29]. Indeed, in the course of carbonization, on the one
hand, a portion of carbon was removed to increase the
ash content of the samples, whereas, on the other hand,

Ash content =

M(SiO,)

the [O]/[Si] atomic ratio decreased (Fig. 5). Thus, the
[O]/[Si] atomic ratio in the parent rice husks was 4.9,
which indicated that the major portion of oxygen as a
constituent of the rice husks entered into the organic
component (Table 3). It can also be seen that the bulk
ash content of the samples was almost equal to the sur-
face ash content, which was determined using XPS.
The surface ash content was calculated with the use of
the [O]/[Si] and [C]/[Si] atomic ratios, which were
found by XPS, from the equation

x 100.

[CI/[SiIM(C) + ([O])/[Si] -=2)M(O) + M(Si0O,)

Here, M is the molar weight of the corresponding
element or compound specified in parentheses. In this
case, we assumed that oxygen was bound to silicon in
an atomic ratio of 2 : 1 (SiO,) and the nitrogen content
could be ignored (because it was negligible).

A comparative analysis of the bulk and surface ash
contents (Table 3) allowed us to conclude that the silica
and carbon phases were homogeneously distributed
over the nanocomposite grain. A somewhat inhomoge-
neous distribution of silica was observed in the parent
rice husks; in this case, the silica content was somewhat
shifted to the surface. This can be explained by the nat-
ural structure of rice husks, which serve as the hard pro-
tecting coverings of rice grains.

The O 1s XPS spectrum exhibited two lines at 530.6
and 532.4 eV (Fig. 4c). The former less intense line cor-
responded to ketone and carbonyl groups, whereas the
latter corresponded to alcohol or ether groups [23]. In a
sample prepared at 600°C, the [O]/[Si] surface atomic
ratio was 2.1 (Table 3). Moreover, the O 1s XPS spec-
trum exhibited an intense line at 533.2 eV, which is
No.2 2008
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Fig. 6. TGA spectra of the parent rice husks and carbon-
mineral composites prepared at various temperatures.

characteristic of an amorphous SiO, phase [29]. Thus,
the carbonization of rice husks in a fluidized catalyst
bed resulted in the removal of oxidized fragments and
the graphitization of a carbon matrix. In accordance
with XPS data, the removal of alcohol and ether groups
(C 1s and O 1s lines at 286.0 and 532.4 eV, respec-
tively) occurred most intensely. Simultaneously, an
increase in the carbonization temperature also resulted
in the complete oxidation of silicon with the formation
of a SiO, phase. This is evidenced by a considerable
decrease in the relative intensities of Si 2p and C 1s
lines corresponding to Si—C fragments. The N 1s line in
the survey XPS spectrum occurred at 399 eV, which
corresponds to nitrogen chemically bound to carbon.

To study the constituents of the resulting nanocom-
posites, we examined the test samples by TGA in an
inert atmosphere (Fig. 6). The nature and concentra-
tions of some thermal degradation products of rice
husks and the carbon-silica composites prepared from
these rice husks were determined from TG, DTG, and
DTA spectra (Table 4).

It is well known that the parent rice husks contained
carbon as hemicellulose, cellulose, and lignin, which
have their own temperatures at which maximum rates
of degradation were attained. Indeed, the TGA spec-
trum of the parent rice husks demonstrated that the
decomposition of hemicellulose occurred simulta-
neously with the removal of physisorbed water in the
range 120-200°C. The maximum degradation of cellu-
lose and lignin was observed at 280 and 335°C, respec-
tively. The samples prepared at 450 and 500°C con-
tained two carbon species, which can be classified as
undecomposed lignin and soot, respectively. As the car-
bonization temperature was increased, the concentra-
tion of lignin fragments in the composites decreased
and the samples prepared at 550 and 600°C did not con-
tain the above carbon species. An insignificant decrease
in the weight of these samples in the course of analysis
was likely due to the fact that oxygen-containing func-
tional groups of the carbon surface were removed as
CO; CO,; and, probably, simple organic compounds.

Thus, in the carbonization of rice husks in the pres-
ence of air in a fluidized-bed reactor with an IK 12-73
catalyst at 450 and 500°C, lignin was oxidized incom-
pletely and the degradation of its fragments was
observed in TGA spectra (Fig. 6). In the samples pre-
pared by the carbonization of rice husks at 550 and
600°C, carbon mainly occurred as soot, the surface of
which contained a large amount of oxygen-containing
functional groups.

KINETICS AND CATALYSIS  Vol. 49 No.2 2008
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Table 4. Thermogravimetric analysis data for the parent rice husks and carbon—silica composites

Parent Carbonization temperature, °C
TGA data rice husks
450 500 550 600
Temperature range of weight loss, °C to 600 to 700 to 700 to 600 to 600
H,0,45, Wt % 7 (125°C)* 4 (125°C) 6 (120°C) 5.4 (120°C) 4 (125°C)
Volatile substances, wt % 14 (280°C) 18 (335°C) 4 (420°C) - -
31(335°C)

Soot, wt % 32 (440°C) 50 (410°C) 39 (430°C) | 29.6 (425°C) 22 (400°C)
SiO, (ash residue), wt % 19 35 56 69 76

* The temperatures at which maximum rates of weight losses of the specified C/SiO, components were attained are specified in parentheses.

CONCLUSIONS

The above study indicates that the short-time car-
bonization of rice husks in a fluidized catalyst bed in
the presence of air allows one to obtain carbon-silica
nanocomposites with various texture characteristics
and ratios between carbon and silica phases.

Considerable amounts of oxygen-containing
groups, including hydroxyl, ketone, aldehyde, and car-
boxyl groups, were identified on the surface of the
resulting composites with the use of XPS and IR spec-
troscopy. In addition, a comparative analysis of bulk
and surface ash contents allowed us to conclude that the
distribution of silica and carbon phases within the com-
posites was homogeneous. The high degree of disper-
sion of one phase in the other is responsible for a high
phase interface, which can be effectively used for the
synthesis of silicon compounds such as Si, SiC, sili-
cates, and chlorosilanes.

The concentration of undecomposed lignin frag-
ments in the composite can be changed by varying the
temperature of carbonization. These fragments can play
both a negative and a positive role in the subsequent
processing of the resulting materials, for example, in
the course of steam or steam—air gasification, pyrolysis,
and topochemical synthesis.
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