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ABSTRACT: To obtain high-purity amorphous silica from rice husk char through heat treatment, the distribution of silica and
other metallic species in this char and their effects on char combustion reactivity were investigated. The pore properties, crystal
structures, and particle sizes of rice husk chars and ashes were analyzed. It was observed that an embedded structure mixing
amorphous silica and carbon existed, and its size may be 1—10 nm. This structure may protect the amorphous property of silica
during heat treatment. The inherent metallic species were also distributed in the pore size range of 1—10 nm; furthermore, these
species accelerated the burnout rate and the crystallization of amorphous silica above 1000 °C.

1. INTRODUCTION

Rice husk is an agricultural waste material that is abundantly
available in rice-producing countries. Every year, 40 million tons
of rice husk is produced worldwide; at present, the combustion of
these rice husks is the major disposal method used by grain-
processing enterprises, giving rise to considerable pollution of
the environment.' ~ Many industrial boilers have been switching
from the use of fossil fuels to rice husk, owing to the high price of
fossil fuels that has occurred in China in the last 10 years.* The
ash generated after burning rice husk has caused severe disposal
problems, owing to the presence of crystalline silica (cristobalite
form), which is a “Group 1” hazardous compound according to
the International Agency for Research on Cancer. The presence of
crystalline silica in the ash depends upon the conditions of heat
treatment.” Therefore, optimization of the heat treatment temper-
ature has the potential to not only benefit the energy output from
the organic component in rice husk but also retain silica in an
amorphous form as a useful, non-hazardous material. However,
there is rarely literature reported on how to obtain energy and high-
quality silica simultaneously during thermal conversion of rice husk.
Amorphous silica accounts for 12—20% of the weight of raw
rice husk.”” The presence of this silica may discourage various
processes involving heat treatment of rice husk, such as combus-
tion and gasification.””" Mansaray and Ghaly'* previously studied
the combustion characteristics of rice husk using thermo-
gravimetric analysis. They found that there were two distinct
reaction zones that could be observed for all varieties of rice husk
and that the thermal degradation rate in the second reaction zone
was significantly lower than that in the first reaction zone, owing to
the presence and enrichment of silica in this reaction zone.
Crystallite growth during heat treatment and silica ash pro-
duction from rice husk has been studied by Ibrahim and Helmy">
using X-ray diffraction (XRD). It was shown that the nuclei
of disordered cristobalite were present in the silica-containing
ash, and the nucleation manifested itself at 800—900 °C. The
crystallite growth was more pronounced at 1000—1100 °C.
Generally, the temperature used during the generation of energy
from rice husk is above 800 °C; therefore, little amorphous silica
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is present in the ash from a high-temperature boiler.' The silica
distribution in rice husk has been studied by Park et al."” using
microscopic and microanalytical techniques. Their study showed
that most of the silica was present in the outer epidermal cells
of rice husk, particularly concentrating in the dome-shaped
protrusions.'” This was determined by examining the silica
contents and lignified degree of the outer epidermis, layers of
fibers, vascular bundles, parenchyma cells, and inner epidermis of
rice husk in sequence from the outer to inner surface. However,
the distribution of silica in the rice husk chars undergoing
thermal treatment was not found in the literature. In addition, to
obtain amorphous silica, temperatures lower than 600 °C were
judged to be suitable and used,"®'” even though such conditions
would reduce energy utilization efficiency. It is possible that the
silica distribution in rice husk may be protected in its amorphous
state and not destroyed during thermal decomposition. To
illustrate this possibility, it is necessary to investigate the evolution
and distribution of silica in the rice husk char.

There are also other inorganic components, in addition to
silica, present in rice husk, such as the metals K, Na, Mg, and Ca.
Such inorganic components, especially the metallic species, may
influence the characteristics of the resulting amorphous silica.
Chandrasekhar et al.”’ compared the characteristics of amorphous
silica from raw rice husk and acid-treated rice husk, and the results
indicated that an amorphous, reactive, and high-purity silica with
high surface area could be prepared from both husks under acid-
treating and controlled burning. However, there is no report
discussing the reason why acid treatment, which removes all of the
metallic species, can enhance the properties of amorphous silica
from rice husk.

There are large amounts of micropores in the size range of
0.3—2 nm that are generated during the pyrolysis, gasification, or
combustion of rice husk.”** These pores affect the process of
burnout of chars. Knudsen diffusion (molecular flow) is the main
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Table 1. Contents of Other Inorganic Species (mg/kg, db) in Rice Husk

samples K Na Ca Mg
raw 4708 2280 1430 899
acid treated 37 258 397 351

Fe P Cl Al Si
229 970 6300 260 58621
110 220 320 210 76785

mechanism for mass transfer in these micropores. The equi-
librium and kinetics in large pores (>2 nm) are well-described
mathematically by traditional methods, such as the Barrett—
Joyner—Halenda (BJH) method and the Maxwell—Stefan
approach, while the processes within smaller pores (<2 nm)
are not suitably described by these traditional methods. The
pore size distribution analysis using density functional theory
(DFT) was developed well on the characteristics of micro- and
mesoporous materials, and especially, its analytical pore size
range is from 0.4 to 400 nm, which is stronger than these
traditional methods.”’

In this study, the pore size distribution of rice husk chars with
or without silica and the corresponding ash sample were analyzed
in detail by the DFT method, to investigate the distribution of
amorphous silica in the micro dimension. The distribution of
inherent metallic species was also investigated by comparative
analysis on the pore size distribution of rice husk chars with or
without inherent metallic species. These chars were obtained
by pyrolysis of raw or acid-treated rice husk within a range of
temperatures from 600 to 1200 °C, which was the major tem-
perature range for thermal conversion of rice husk. Finally, the
feasibility to obtain energy and high-quality silica simultaneously
during thermal conversion of rice husk was discussed. It is
believed that this work is the first report on the discussion of
the distribution of amorphous silica and inherent metallic
species in the micro dimension and will be useful on rich husk
comprehensive utilization.

2. MATERIALS AND METHODS

2.1. Samples. A rice husk sample from Tuanfeng County in Hubei
Province, China, was used in this study. At first, rice husk containing
more than 40 wt % moisture was dried at 105 °C. The rice husk was then
crushed and sieved to obtain samples with a particle size of 150—300 ym.

The rice husk contained 44.97% C, 7.70% H, 32.46% O, 0.97% N, and
0.07% S on a dry basis (db). Proximate analysis performed on the dry
sample indicated a quantity of 69.41% volatile matter and 13.82% ash,
resulting in a fixed carbon amount of 16.79%. The lower heating value of
the raw rice husk was 14.757 MJ /kg.

To exclude the effect of the other inherent metallic species, such as
alkali and alkaline earth metals (AAEM), acid-washing treatment was
conducted on the raw rice husk. The rice husk was first treated with S M
HCl at 55 °C for 30 h and then filtered and washed with a large amount
of deionized water until neutralized. After the acid treatment and
washing, there was a significant decrease in the AAEM in the rice husk, as
shown in Table 1. Figure 1S of the Supporting Information showed the
pore size distribution of raw and acid-treated rice husk. In comparison
raw rice husk, acid-treated rice husk has a significantly increase of the
surface area from 0.16 to 1.23 m>/g, especially the surface area at the
pore size from 1 to 10 nm, which has a dramatic increase.

The pyrolysis experiments on the raw and acid-treated samples were
carried out in a quartz fixed-bed reactor (35 mm internal diameter), and
each experiment consumed about 500 mg of samples. The samples were
heated at 10 K min™" from room temperature to the set experimental
temperatures (600—1200 °C) and held for about 30 min. A pure N, flow
(99.999%, 100 mL min~") provided the reduction atmosphere. After
each trial, the reactor was cooled to room temperature under N, protec-
tion in the furnace. At least five experiments were run under each
condition to obtain sufficient chars and to ensure the reproducibility of
the experimental data. The repeatability of experiments was very good.
The chars from the acid-treated rice husk and the raw rice husk were
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named AT-XXX and R-XXX (where “XXX” indicates the temperature
of the treatment), respectively. The acid-treated rice husk and raw rice
husk chars are also referred to as “AT-char” and “R-char”, respectively.

To remove the silica, the pyrolysis chars were washed with 20 M
concentrated HF at 55 °C for 24 h. As a result of this process, about
99% of the silica was removed. These chars were named “HAT-char”
(or HAT-XXX when considered alone).

To remove the inherent metallic species of the R-char, acid-washing
treatment was also used on the R-chars. These chars were named
“ATR-char” (or ATR-XXX when considered alone).

After these processes, the resultant chars were ashed at a low
temperature (~S00 °C) to obtain the silica. The burning experiment
was carried out in a muffle furnace, and each experiment consumed
about 200 mg of char lying in the crucible as a thin layer. The samples
were heated at 10 K min™" from room temperature to 500 °C and held
for more than 5 h to achieve complete burnout. An air flow at 100 mL
min~" provided the combustion atmosphere. The ash from the AT-char
and R-char were named “AT-ash” and “R-ash”, respectively.

2.2. Characterization of Char and Ash Particles. Nitrogen
isothermal adsorption at —196.15 °C using an automatic adsorption
equipment (Micromeritics, ASAP 2020, Norcross, GA) was used to
analyze the pore structure characteristics of the chars and ashes. Before
the adsorption measurements, the sample was degassed at 150 °C under
a vacuum pressure of 30 mmHg for 10 h. To obtain the information
pertaining to the micropores, a rather low adsorption pressure was used,
with a relative pressure (P/P,) equal to 1077, and the N, adsorption
isotherm was obtained at a relative pressure (P/P,) between 10~ and
0.995. The specific surface areas and pore size distribution properties
were analyzed using the DFT. The calculation process using the DFT
was carried out by the ASAP 2020, version 3.01. The reference solid
was graphitized thermal carbon black, and the pore model was slit pore.
No regularization was used. This approach can be used to calculate
the distribution of micro-, meso-, and macropores through a unified
method.

The evolution behavior of the crystal structure of the silica in ash
obtained from solid char was checked using a powder XRD device
(X’Pert PRO, PANalytical B.V., Netherlands) with Cu Ka radiation
at A = 0.154 nm. The diffraction data were recorded in the 26 range
of 5—105°, with 0.017° step size and 6.35 s step time.

The particle size distribution of the char particles was measured using
a Malvern Mastersizer analyzer (Man5004, Malvern, U.K.), which uses
the laser diffraction technique and can provide a measurement range
from 0.05 to 1000 pm.

The reactivity of the char particles was measured using a thermo-
gravimetric analyzer (TGA, Netzsch STA 409, Germany). Char particles
(~S mg) were placed in an Al,O; crucible, heated to 110 °C, and
maintained at that temperature for 10 min to remove the moisture
contained in the char particles. The char particles were then heated to
500 °C at a rate of S0 °C/min. The sweeping gas was N, (99.99%) at a
flow rate of 100 mL min~". Then, the purging gas was switched to air
at a flow rate of 100 mL min~" for char combustion. The method of
thermogravimetric (TG) analysis has been described by Ollero et al.>
The specific reactivity (R) of char at any given time was calculated
from the derivative thermogravimetric (DTG) analysis data (dW/dt)
provided by the thermogravimetry software according to the following
equation:

1 dw

oW odt (1)
where W is on the dry and ash-free basis and Ry, a representative
reactivity, was determined from the weighted mean value calculated for
the conversion range of 20—80%.
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3. RESULTS AND DISCUSSION

3.1. Distribution of Silica in the Rice Husk Chars. The
pore size distribution (in nanometers) of the AT-char obtained
using DFT analysis is shown in Figure 1, with the macro-, meso-,
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Figure 1. Pore size distribution (in nanometers) of AT-chars obtained
by DFT analysis: micropore, <2 nm; mesopore, 2—50 nm; and
macropore, >50 nm.

and micropore distributions illustrated separately. During pyrolysis,
the organic matter was degraded with volatile gas product evolving
out, which resulted in many pores on the char surface. As a result,
the surface area of AT-600 achieved 351.36 cm”/g, while that of
acid-treated rice husk was 1.23 cm?/g. The surface area of the char
decreased gradually as the pyrolysis temperature was further
increased to 1200 °C. As shown in Figure 1, the surface area of the
micropores was quite large, accounting for the main portion of the
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char surface area. While the surface area of the char decreased when
the temperature increased, the major pore size enlarged from
0.5 nm at 600 °C to 1.4 nm at 1200 °C. This might be attributed to
dehydrogenation and increase of the aromatic ring size taking place
at higher temperatures, thus causing micropores to become larger.

The comparison of the surface area between the AT-char and
HAT-char obtained by DFT analysis is shown in Figure 2, with
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Figure 2. Comparison of the surface area between AT-char and HAT-
char obtained by DFT analysis: micropore, <2 nm; mesopore, 2—50 nm;
and macropore, >50 nm.
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the macro-, meso-, and micropore distributions illustrated
separately. A significant increase of the surface area was observed
after removing silica from the chars. This indicated that removal
of silica in the char liberated a large amount of surface area for the
pores, which led to a huge pore surface area. The micropores
accounted for the major portion of the pore area for the HAT-
chars after removal of the silica, but there was also a significant
increase in the surface area of the mesopores.

Table 2 shows the median particle size of the AT-series
samples (char, ash, and HF-treated char) from the particle size

Table 2. Median Particle Size of Char and Ash Particles
(in Micrometers)

temperature (°C) AT-char AT-ash HAT-char
600 190.51 128.99 57.81
800 191.23 130.26 56.32
1000 196.53 144.93 54.14
1200 195.62 143.62 54.01

distribution. It can be observed that the size of the HAT-char
after removal of silica was much smaller than the AT-char with
silica. The particle size distribution of the three types of particles
was AT-char > AT-ash > HAT-char, according to the mean
diameter data. Consequently, from the pore size distribution
analysis and particle size distribution analysis, it can be concluded
that there is an embedded structure in the size range of
mesopores involving carbon as the continuous phase and silica as
inclusions.

3.2. Distribution of Inherent Metallic Species in the
Rice Husk Chars. The pore size distribution (in nanometers) of
the R-chars obtained using DFT analysis is shown in Figure 3,
with the macro-, meso-, and micropore distributions illustrated
separately. The surface area of the micropores is also the major
portion of the total surface area, as was found with the AT-chars,
but the total surface areas of the R-chars were smaller than the
AT-chars. Increasing the pyrolysis temperature decreased the
surface area of the R-chars. The surface area of the R-chars
decreased from 82.22 cm*/g at 600 °C to 33.66 cm*/g at 1200 °C.
The evolution of the surface area between the R-char and ATR-
char obtained using DFT analysis is shown in Figure 4, with the
macro-, meso-, and micropore distributions illustrated separately.
After acid treatment, the inherent metallic species of the R-char
were removed and the change of the surface area may be used as
the basis for analysis of the distribution of the inherent species.
As shown in Figure 4, the surface areas of the macropores of the
ATR-chars were similar to those in the R-chars, but there was
a significant increase in the scope of the mesopores of the ATR-
chars. In addition, there was a considerable increase in the
micropore surface area for the ATR-char obtained at 600 °C but
little increase for the other three chars obtained above 600 °C.
These results indicated that the inherent metallic species were
located in the regions of the micro- and mesopores, from which
they escaped at high temperatures.

3.3. Effect of Silicon and Inherent Metallic Species on
Combustion Reactivity. Figure 5 shows the specific reactivity
of the chars from the AT-char, HAT-char, and R-char. It is
significant that the specific reactivity of the R-char, containing the
inherent metallic species, was higher than that of the AT-chars
and HAT-chars by a factor of about 10. Generally, a high surface
area of char is favorable for the combustion reaction. However,
as shown in Figures 2, 4, and S, the surface area of the R-chars
possessing a higher reactivity was lower than that of the
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Figure 3. Pore size distribution (in nanometers) of R-chars obtained by
DFT analysis: micropore, <2 nm; mesopore, 2—50 nm; and macropore,
>S50 nm.

AT-chars. This difference can be attributed to the catalytic effect
of the inherent metallic species.

The specific reactivity of the HAT-chars was a little higher than
that of the AT-chars. The relationship between Ry, and surface
area is shown in Figure 6. For the AT-chars, the reaction between
carbon and oxygen may be on the micropore surfaces based on
the good linear relationship of Ry, and micropore surface area,
which was evident by the research on the coal combustion.**
However, for the HAT-char, there was a good linear relationship
between Ry, and total surface area, illustrating that the reaction
between carbon and oxygen could involve all of the pores. Half of
the weight of the AT-char was taken up by silica, which may be
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obtained by DFT analysis: micropore, <2 nm; mesopore, 2—50 nm; and
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non-active. There was no good linear relationship between Ry
and surface area for the R-char, likely owing to the presence of
inherent metallic species that could have a catalytic effect on the
gas—solid reaction.”>*°

3.4. Properties of the Ash. The evolution of pore size
distribution of the AT-ashes is shown in Figure 7. It was observed
that, for all ash, there were nearly no micropores less than 1 nm.
The major pores exhibited a range of 1—10 nm, accounting for
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Figure S. Specific reactivities of the chars measured in air in TGA at
450 °C: (a) AT-char, (b) HAT-char, and (c) R-char.

90% of all of the area. In comparison of the results of Figures 1, 3,
and 8, it was observed that the argument of the pore surface area
increasing with the removal of silica from chars was nearly equal
to the pore surface area of ash samples that only contained silica.
This proved that the assumption of an embedded structure of
silica existing in the char was correct.

The evolution of the pore size distribution of the R-ash
samples is shown in Figure 8. The evolution of the pore size
distribution of the R-ashes was similar to that of the AT-ash
samples, except for a lower surface area resulting from the inherent
metallic species.
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According the results of the XRD analysis of the AT-ash
and R-ash shown in Figures 9 for the AT-ash samples, as the
temperature increased, the disorder of the amorphous silica
decreased, crystallinity enhanced, and tridymite appeared when
the temperature reached 1200 °C. However, there was still about
30% of amorphous silica in the ash from the char at 1200 °C.
It is suggested that the embedded structure of the silica inclusions
in a continuous phase of carbon could protect the amorphous
nature of silica. For the R-ash samples, tridymite appeared when
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Figure 7. Pore size distribution (in nanometers) of AT-ashes obtained
by DFT analysis: micropore, <2 nm; mesopore, 2—50 nm; and
macropore, >50 nm.

the temperature was above 1000 °C and may be attributed to the
high reactivity of the inherent metallic species.

As mentioned above, it is probable that the embedded
structure between the carbon basis and silica may protect the
amorphous property of silica during heat treatment. A thermal
conversion roadmap of the processes used on the rice husk to
obtain energy and high-quality silica simultaneously is shown in
Figure 10. To prevent crystallization of silica, a suitable ratio of
carbon and silica in the thermal-treated product of rice husk is
needed and a thermal treatment temperature and conversion
reactor should be appropriate. Generally, a fixed bed is used to
combust rice husk to obtain the heat needed, but the temperature
at burning may be up to above 1100 °C; therefore, it is difficult to
produce high-quality silica from rice husk ash. Thus, to generate
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the heat needed for the combustion of rice husk, a fluidized
bed, whose operation temperature can be easily retained at
850—950 °C when the crystallization of silica has not begun, is
recommended. Furthermore, the operation for the burnout of
rice husk is not used to retain about 30 wt %>’ of carbon in the
rice husk ash. A syngas from the gasification of rice husk can
also be obtained, and use of a gasification reactor derived from
a fluidized bed is also recommended for this process. The
gasification temperature may be up to 1050 °C, and the content
of carbon in the rice husk ash may be up to about 35%° to
protect the embedding structure. A moderate thermal treatment,
fast pyrolysis at 450—550 °C, may be more suitable to obtain
energy and silica simultaneously, but the rice husk char generated
during pyrolysis has a high carbon content (up to 55 wt %),
which means that more energy is wasted. However, the rice husk
ash from combustion and gasification of the rice husk char is not
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directly used as silica because of its relatively high carbon content.
Therefore, a moderate and long roast time at 500—600 °C should
be used to obtain high-quality silica, in which the content of
carbon is below 2 wt %.

4. CONCLUSION

The experimental data in this study showed that a large number
of pores were generated during pyrolysis of rice husk in the
temperature range of 600—1200 °C. After removal of silica from
the char, the pores sizes increased 1—10 nm. Most of the pores
in the ash obtained from the same char were in the range of
1—10 nm, which indicates that an embedded structure having a
size range of 1—10 nm existed between the continuous phase of
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carbon and inclusions of silica. Such a structure may protect
the amorphous nature of the silica during heat treatment. The
inherent metallic species were also distributed in the range of
pores from 1 to 10 nm. Furthermore, these species accelerated
the burnout rate and the crystallization of amorphous silica
above 1000 °C.
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