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Abstract

The synthesis of silicon nitride, one of the most promising structural materials for
high-temperature and high mechanical-stress applications, from rice husk, which is an
abundant agricultural waste was investigated. Rice husk was first pyrolyzed at 600°C for 3 h
to produce rice husk ash (RHA). The RHA was then subjected to the carbothermal reduction
and nitridation process at the temperature in the range of 1400-1470°C. The product
obtained could be categorized into three forms, i.e. carbon containing dark gray powder at
the bottom of the sample holder, white fibrous material on top and long fibers on the edge of
sample holder. X-ray diffraction analysis confirmed that silicon nitride is the major
crystalline constituent in all product types. Transmission electron micrograph revealed that
the long fiber was polycrystalline while the fibrous top layer consisted of the collection of
silicon nitride single crystals. The temperature programmed oxidation of the dark gray
product suggested that the remaining carbon could be removed. Mass fraction of dark gray
powder decreased, while the fraction of both white long fibers and white fibrous top layer
increased when either reaction temperature or reaction duration was increased. By changing
the overall flow of the gas mixture during the reaction, it was suggested that the process
involved in the generation of siliceous species. Mechanism of the process was also
investigated by comparing with the carbothermal reduction and nitridation of pure silica
mixed with excess carbon.

Keywords: Silicon nitride, Synthesis, Rice husk ash, Carbothermal reduction.

Introduction

Rice husk is an abundant agricultural waste material in Thailand. The major
constituents of rice husk are cellulose, lignin and hydrated silica., although their
compositions vary with variety of crops, growth climate and geographic location [Luh,
1991]. The common applications of rice husks in the present are in low-value agricultural
areas or to be used as fuel. However, since rice husk contains considerably high amount of
silica in the tough interlayer of the husk [Ding, 1986;Houston, 1972], it can be used in high-
value application as raw material for the synthesis of various siliceous species, such as pure
silicon, silicon oxide, silicon carbide, as well as silicon nitride [Chen and Chang, 1991].
Burning of rice husk often results in rice husk ash (RHA) which contains amorphous silica as
high as 87-97% by mass [Krishnarao and Godkhindi, 1992].

Silicon nitride (Si3Ng) is one of the most promising structural materials for high-
temperature and high mechanical stress applications because of its excellent properties such
as high strength retention at elevated temperature, low thermal expansion coefficient, good
thermal shock resistance and high corrosion resistance. It has much higher creep resistance
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than metals and its thermal shock resistance is much better than other ceramics. Silicon
nitride powders are currently produced in commercial scale by many processes. One
common method to produce silicon nitride is the carbothermal reduction and nitridation of

silica, according to the following overall reaction:

3Si02(s) +6 C(s)+2N2(g) — SisNs (s) +6 CO (g) )

Reaction (1) is endothermic, with the heat of reaction approximately 1,268 kJ/mol
SizNy at 1,427°C [Weimer, ef al., 1997]. The mechanism of reaction (1) is believed to
involve multiple steps, as proposed by Arik [Arik, 2003].

Si0; (5)+C (s) — SiO(g)+CO (g) )

Si0, (s)+CO (g) — SiO(g)+CO2(2) 3)
C(s)+CO2(g8) »> 2CO(p) @

3Si0 (g) +3C (s) +2N2(g) — SisNs(s) +3CO (g) )
38i0 (g) +3CO (g) +2N2(g) — SizNg (s) +3CO0; (8) 6)

Since RHA contains both silica and carbon, it is suitable to synthesize silicon nitride
from RHA via the carbothermal reduction and nitridation process. In general, the reaction
takes place at temperatures in the range of 1260 to 1500°C under a flow of nitrogen. It has
been reported that the rate of the reaction depends upon the treatment of rice husk before the
carbothermal process [Real, et al., 1996]. Hydrogen addition is found to be beneficial in
accelerating the rate of nitride formation [Li, et al., 1991]. However, despite intensive study
in previous works, the production of silicon nitride from rice husks has not yet been
commercially implemented. Silicon nitride obtained is usually accompanied by other by-
products, such as silicon carbide or silica. It is therefore an objective of this work to
investigate the effects of reaction parameters on the carbothermal reduction and nitridation of
RHA for silicon nitride synthesis.

Experimental

Rice husk used in this work was obtained from Nakornratchasima province in
Thailand. The rice husk was washed, soaked in distilled water at 90°C for 3 h to remove
impurities and dried in an oven at 110°C for 24 h. Then, rice husk was pyrolyzed at 600°C
for 3 h under argon flow rate of 10 ml/sec to produce RHA.

For the carbothermal reduction and nitridation, a measured amount of RHA was put
into an alumina trays (25 mm x 15 mm x 5 mm deep) which were then placed in the
horizontal tubular flow reactor. The reactor was purged with argon and heated up to desired
temperature by constant rate of 10°C/min. The reaction temperatures investigated were 1400,
1450 and 1470°C, respectively. The overall flow of the gas mixture, nitrogen mixed with
10% hydrogen, was in the range of 30-80 I/h. The reactor was held at constant temperature
for 3 to 10 h. The obtained products were then characterized by using X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), Infrared Spectroscopy (IR), Temperature
Programmed Oxidation (TPO) and Transmission Electron microscope (TEM).
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Results and Discussion

Carbothermal Reduction and Nitridation of RHA
The products obtained from most of the carbothermal reduction and nitridation
experiments can be classified into three parts, i.e. a layer consisted of dark gray powder at the
bottom of the sample holder (hereafter referred to as DGP layer), a layer of white fibrous
material on top of the dark gray layer (referred to as WFM layer) and cotton-like white fibers
on the edge of the sample holder (referred to as CWF layer). These layers could be easily
separated from each other. It should be noted that both DGP and WFM layers were contained
within the sample holder where RHA was originally placed. On the contrary, the CWF layer
- was discovered outside the cavity of the sample holder. When two sample holders containing
same RHA were placed next to each other in the reactor, it was observed that mass fraction
of both WFM and CWF layers in the downstream sample holders were greater than that of
the upstream holder.
| Since silicon nitride is white or light gray while RHA is black, it was anticipated that
the dark gray powder in the DGP layer contained mainly carbon. Nevertheless, the XRD
patterns of each product portions, as shown in Figure 1, confirmed that silicon nitride was the
- major crystalline phase in all products, including the DGP layer. No other apparent
crystalline phase was detected. However, it is inconclusive whether small amount of silicon
carbide was resided in the product, because the XRD peaks of the products at 34.6° and 35.3°
were broad and might overlap with the main reflection peak of silicon carbide (26 of around
35.5%). '
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Figure 1. XRD patterns of products from the carbothermal reduction and nitridation at

1450°C for 6h: (a) dark gray powder, (b) white fibrous top layer, (c) cotton-like
fibers on the edge of the sample holder.

The SEM micrographs of each part of products are shown in Figure 2. It is clearly
seen that morphology of products in different portion are quite different. The dark gray
powder in the DGP layer consisted of irregular shape aggregates mixed with rod-like grains.
The electron dispersive X-ray spectroscopy (EDX) analyzer equipped on SEM revealed that
the aggregates were carbon-rich, while the rod-like grains were silicon-rich, confirming the
visual observation of residual carbon. The WFM layer was composed of long and flat blade-
like grains, which were approximately 100 um in length. The fibers in the CWF layer were
round and smooth, with diameter in the range of 1 to 3 um. The length of these fibers are in
the millimeter range.




(©)
Figure 2. SEM micrographs of products from the carbothermal reduction and nitridation at
1450°C for 6h: (a) dark gray powder, (b) white fibrous top layer, (c) cotton-like
fibers on the edge of the sample holder.

The results from the investigation using TEM and electron diffraction, as shown in
Figure 3, also support the finding from both XRD and SEM analyses. In the DGP layer, the
rod-like grains were polycrystalline with high crystallinity, while the irregular shape
aggregates were amorphous. The fibers on the edge of the sample holder were also
polycrystalline, but the crystallinity was not as high as grains in the bottom layer. On the
other hand, it was found that the white fibrous material on the top layer of the product was in
fact a collection of silicon nitride single crystals.

The results from all analytical techniques discussed above have suggested that silicon
nitride can be successfully synthesized from RHA without major contamination from other
crystalline phases. However, residual of carbonaceous compound from RHA in the product,
especially in the bottom layer, was expected. In this regard, the Thermogravimetric Analysis
(TGA) and the Temperature Programmed Oxidation (TPO) experiments were conducted to
verify the presence of residual carbon and investigate whether it could be removed by
oxidation. For TPO experiment, the sample was heated to 800°C at heating rate of 5°C/min
in a packed column under a flow of helium mixed with oxygen. The exhausted gas was
periodically monitored for both CO and CO, by using gas chromatography.

45



Figure 3. TEM micrographs of products from the carbothermal reduction and nitridation at
1450°C for 6h: (a) dark gray powder, (b) white fibrous top layer, (c) cotton-like
fibers on the edge of the sample holder.

The TGA and TPO experiments confirmed that carbon remained only in the bottom
layer. Amount of residual carbon was in the range of approximately 40 to 10%, depending on
conditions of the reaction. However, the remaining carbon could be removed. When all
carbon was removed, implying from the fact that neither CO or CO, was detected in the
exhausted gas after heating to 800°C, the sample turned white. The XRD analysis of the
oxidized product showed that it was silicon nitride without other crystalline materials.

Effects of Reaction Temperature

The results from preliminary experiments have shown that the carbothermal reduction
and nitridation of RHA is unfavored at temperature lower than 1400°C. Neither silicon
nitride nor the change in the mass of RHA was detected from the reaction at 1300°C. The
effects of the reaction temperature are shown in Table 1.

Because greater amount of fiber in the CWF layer was observed downstream and the
fact that these fibers were found outside the cavity of the sample holder, it is suggested that
they are grown from vapor phase. No sign of liquid, e.g. melting or bead formed at tip of the
fiber, was observed from SEM images. Moreover, since the fibers were silicon nitride, it was
further suggested that siliceous vapor was generated from the bed of RHA powder, carried
out of the sample holder, and reacted to form the fibers downstream. Although the siliceous
vapor has not been identified experimentally in this work, involvement of silicon monoxide
vapor in the carbothermal reduction and nitridation process has been generally recognized
[Arik, 2003;Lin and Kimura, 1996]. According to literatures, generation of silicon monoxide
vapor has been suggested by reactions in Eq. 2 and 3. Thermodynamic calculation shows that
silicon monoxide generation is more favored at higher temperature. The calculation agreed
with the experimental results that greater amount of long fibers were obtained at higher
temperature, as shown in Table 1.
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Table 1. Mass fraction of each portion of products obtained from the carbothermal reduction
and nitridation process at various temperatures for 6 hours.

Reaction = Sample Sample Mass fraction of product (%)
temperature number  mass
°C) ® change®™ DGP layer WFM layer CWF layer
(%)
1400 1 -53.9 approx. 100%  unmeasurable -
2 approx. 100% unmeasurable -
1450 1 -58.3 86.2 13.4 0.4
2 -55.0 74.0 18.2 7.8
1470 1 -57.5 79.7 14.5 5.8
2 -48.2 70.5 17.5 12.0

© 1 represents sample in the upstream sample holder, while 2 represents sample downstream.
® Minus sign indicates mass loss after the carbothermal reduction and nitridation process.

Effects from Gas Phase
An involvement of silicon monoxide vapor is further investigated by varying the
overall flow rate of the reactant gas mixture. The results are shown in Table 2.

. Table 2. Mass fraction of each portion of products obtained from the carbothermal reduction
and nitridation process at 1450°C for 6 h, using different values of overall flow rate.

Overall Sample  Sample Mass fraction of product (%)
flow rate number mass
(/h) @ change™ DGPlayer WFMlayer = CWF layer
%)
30 1 -55.9 T3 22.2 0.7
2 -49.9 122 14.0 13.8
50 1 -58.3 86.2 134 0.4
2 -55.0 74.0 18.2 7.8
70 1 -59.1 70.4 255 4.1
2 -52.5 63.8 19.9 16.3

@1 represents sample in the upstream sample holder, while 2 represents sample downstream,
® Minus sign indicates mass loss after the carbothermal reduction and nitridation process.

Although the reactant gas flow rate did not significantly affect the mass fraction of
each type of product, an increase in the overall gas flow rate resulted in higher fraction of
long fibers. It was clear that the increased flow rate reduced the gas film mass transfer
resistance for the diffusion of silicon monoxide vapor from RHA bed to bulk gas stream.

47




Furthermore, since vapor pressure of silicon monoxide vapor at temperature of the system
was very low, silicon monoxide vapor generated must be continuously removed by the flow
of gas in the reactor, in order to sustain its production [Lin and Kimura, 1996]. The partial
pressure of silicon monoxide vapor downstream is therefore higher than that in upstream.
Consequently, the mass loss due to the generation of this siliceous species for the
downstream sample holder is less than that in upstream holder and the long fibers grow
denser and longer downstream.

Effects of Reaction Time

The reaction time of 3, 6 and 10 hours were investigated in this work. As indicated in
Table 3, when the reaction period was limited to only 3 hours, majority of the product
obtained was dark gray powder with very thin layer of white fibrous material formed on top.
No fibers on the edge of the sample holder was observed. On the contrary, when the reaction
duration was prolonged, the amount of the dark gray powder decreased, while both white
cotton-like fibers and fibrous top layer of the product in the sample holder increased.
Majority of the product obtained after 10 hours of the reaction was fiber, especially on the
sample holder downstream. The observation using optical microscope indicated that the
fibers in both WFM and CWF layers were longer when the reaction time was lengthened. It
was evident that the carbothermal reduction and nitridation process of RHA is rather slow.
The process does not reach the stage of slow progress even after 6 hours of the operation.
This is in agreement with the results reported earlier in the literature for the carbothermal
reduction and nitridation of silica [Lencart-Silva and Vieira, 1999].

Table 3. Mass fraction of each portion of products obtained from the carbothermal reduction
and nitridation process at 1450°C for various reaction periods.

Reaction  Sample Sample Mass fraction of product (%)
time number mass
(h) @ change®  DGP layer WFM layer ~ CWF layer
(%)
3 1 -52.5 approx. 100%  unmeasurable -
2 -56.5 approx. 100% unmeasurable -
6 1 -58.3 86.2 134 0.4
2 -55.0 74.0 18.2 7.8
10 1 -60.5 66.3 28.9 4.8
2 -43.7 46.3 30.4 233

"B represents sample in the upstream sample holder, while 2 represents sample downstream.
® Minus sign indicates mass loss after the carbothermal reduction and nitridation process.

Comparative Study using Silica Mixed with Excess Carbon

For comparison, amorphous silica mixed with 50% excess carbon was subjected to
the carbothermal reduction and nitridation process at 1450°C for 3 and 6 h, respectively. It
was found that products obtained consisted of only two types of products, i.e. DGP and
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WFM layers. No fibers was observed outside the cavity of the sample holder. The mass
fraction data for both runs are shown in Table 4. XRD analysis revealed that both portions
were silicon nitride mixed with cristobalite. Since cristobalite is one of the most stable forms
of crystalline silica, silicon nitride production via carbothermal reduction of silica is
indirectly retarded.

Table 4. Mass fraction of each portion of products obtained from the carbothermal reduction
and nitridation of silica mixed with excess carbon.

Reaction Sample  Sample Mass fraction of product (%)
time holder®  mass
(h) change®  DGP layer WFM layer CWF layer

%)

3 1 -53.8 69.7 30.3 -

2 -53.9 70.9 29.1 E

6 1 -61.82 62.9 37.1 -

2 -63.37 64.4 35.6 -

@ | represents sample in the upstream sample holder, while 2 represents sample downstream.
® Minus sign indicates mass loss after the carbothermal reduction and nitridation process.

It was found that the transformation from amorphous silica to cristobalite in this
system took place at temperature as low as 1000°C, which is significantly lower than the
temperature for the carbothermal reduction process. Although the rate of cristobalite
formation may not be as fast as the rate of silicon nitride formation due to the fact that silicon
nitride can still be synthesized, cristobalite is unavoidable impurity. Removal of cristobalite
from silicon nitride product is difficult. Therefore, the use of RHA as starting material is
more advantageous because no cristobalite is formed.

It should be noted that no cotton-like fiber was observed on the edge of the sample
holder when silica was used. Furthermore, the fractions of DGP and WFM layers in this case
did not depend upon the location of the sample. This was different from the reaction when
RHA was used as starting material. The results implied that no significant amount of silicon
monoxide was generated when silica was used instead of RHA. Therefore, it was suggested
that the mechanism of the carbothermal reduction and nitridation of RHA 1is different than
that of pure silica. Detailed study to verify the actual mechanism is needed.

Conclusion

Silicon nitride is successfully synthesized from rice husk ash via the carbothermal
reduction and nitridation process at temperature higher than 1400°C. There are three forms of
product observed, i.e. dark gray powder of silicon nitride grains mixed with residual carbon,
a layer of white fibrous material which is in fact rod-like shaped silicon nitride, and cotton-
like silicon nitride long fibers. No other crystalline phase was detected. Although
carbonaceous compound remains in the product, it can be removed by an oxidation process.
The formation of cotton-like fibers outside the cavity of the sample holder suggests that the
process involves the reaction in vapor phase.
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ABSTRACT

Silicon nitride can be synthesized from low-valued rice husk ash (RHA) via the
carbothermal reduction and nitridation at temperature in the range of 1400-1470°C. RHA,
which is the natural amorphous mixture of carbon and silica, was obtained by pyrolysis
of rice husk at 600°C under argon atmosphere. In this work, effects of acid pretreatment
of the rice husk on properties of silicon nitride product such as morphology, crystal
structure as well as amount of residing impurities and by-product, were investigated. The
products were analyzed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM). It was found that although acid
treatment did not affect the major chemical constituents in rice husk, metallic impurities
in the husk were substantially removed after the pretreatment. More importantly, the
structure of the husk was modified by acid such that the obtained RHA had significant
increase in surface area. The increased surface area subsequently altered the dominant
mechanism in the carbothermal reduction and nitridation of RHA. The gas-solid reaction
between nitrogen and silica-carbon mixture in RHA was enhanced by the pretreatment,
resulting in higher fraction of silicon nitride product in form of aggregated powder rather
than the fibrous form. Other mechanisms of the silicon nitride formation via the
carbothermal reduction and nitridation of RHA are also discussed.

INTRODUCTION

Rice husk is an abundant agricultural waste material in Thailand. The major
constituents of rice husk are cellulose (38%), lignin (22%), ash (20%), pentosan (18%)
and other (2%)'. Silica contained in rice husk is mainly localized in the tough interlayer
of the husk and fills in spaces between the epidermal cells”™. After burning, rice husk ash
(RHA) containing 87-97% amorphous silica with small proportion of metallic
compounds is obtained’. This silica has been used to synthesize various siliceous species,
such as silicon, silicon nitride, silicon carbide and magnesium silicide®. The high price of
these materials motivated the use of rice husk as an inexpensive starting material.

Silicon nitride (SizN4) is one of the most promising structural materials for high-
temperature and high mechanical stress applications because of its excellent properties
such as high strength retention at elevated temperature, low thermal expansion coefficient
and good thermal shock resistance. One common method to produce silicon nitride is the
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carbothermal reduction and nitridation of silica (S8i0,), according to the following overall

reaction:
3Si0, (s) +6C (s) +2N2 (g) <> SizN4 (s) + 6CO (g) (1)

Since the rice husk ash naturally consists of well-mixed silica and carbon, it is
considered to be a good candidate for synthesizing silicon nitride via the carbothermal
reduction and nitridation process. Furthermore, it is considerably economical to produce
high-valued silicon nitride from low-valued agricultural waste. In general, silicon nitride
powder can be prepared from RHA at temperature in the range of 1260 to 1500°C under a
flow of nitrogen. It has been reported that the reaction takes place at relatively lower

temperature, while the nitridation rate is distinctively higher, than that of the conventional -

silica/carbon mixture’. Nevertheless, despite intensive study in previous works, the
production of silicon nitride from rice husks has not yet been commercially implemented.
Silicon nitride obtained is usually accompanied by other by-products, such as silicon
carbide or silica. However, our previous study has reported that silicon nitride without
other crystalline phase can be synthesized from RHA, but reaction parameters, such as
temperature, gas composition and reaction tnne greatly affect the morphology of the
product as well as the reaction mechanism®. In this work, the effects of rice hush
pretreatment on the formation of silicon nitride are investigated.

EXPERIMENTAL

Raw material used in this work was husks of jasmine rice obtained from
Nakornratchasima province in Thailand. The pretreatment of rice husk was done by
soaking in 1 M hydrochloric acid at room temperature for 1 h. Then, it was washed in
distilled water at 90°C for 3 h and consequently dried in an oven at 110°C for 24 h to
ensure the elimination of all possibly remaining moisture. RHA was obtained from
pyrolysis of the pretreated rice husk at 600°C under continuous flow of argon at the rate
of 10 ml/sec for 3 h.

For the carbothermal reduction and nitridation, RHA was put into an alumina tray
(25 mm x15 mm x 5 mm deep), which was then placed in the horizontal tubular flow
reactor. Two sample holders containing same RHA were placed next to each other in the
reactor. The reactor was purged with argon and heated up to desired temperature at
constant heating rate of 10°C/min. The reaction temperatures investigated were 1400,

1450 and 1470°C, respectively. The overall flow rate of the gas mixture, i.c., nitrogen

mixed with 10% hydrogen, was in the range of 30-70 I/h (measured at room temperature)
The reaction time was held at constant temperature for 3 to 10 h.

RESULTS AND DISCUSSION

It has been reported i in literature that acid treatment of rice husk has effect on
properties of the rice husk ash’. The results from quantltanve analysis carried out by the
X-ray photoelectron spectroscopy (XPS), as shown in Table 1, reveal that chemical
composition of major constituents in the ash obtained from pyrolysis of acid treated rice
husk is not significantly different than that pyrolyzed using rice husk treated only in
distilled water. However, it is expected that metallic impurities, such as K,0, P,0s, CaO,
Fe;03, MnO and MgO in the ash from acid treated rice husk (ARHA) are substantially
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eliminated, according to the literatures'™ ''. The only major difference between ARHA
and the ash from untreated rice husk (URHA) is the surface area. It was observed that
ARHA has much higher BET surface area (311 m%g) than URHA (110 m?/g).

Table 1. Elemental compositions of rice husk ash obtained from untreated and acid-

treated rice husk.
RHA from rice husk RHA from rice husk
pretreated with pretreated with hydrochloric
distilled water (URHA) acid (ARHA)
Element Atomic Mass Atomic Mass
Concentration Concentration Concentration Concentration
(%) (%) (%) (%)
O 26.99 29.93 25.31 27.97
C 64.65 53.80 65.63 54 .45
Si 8.36 16.27 9.06 17.58

The products obtained from most of the carbothermal reduction and nitridation
experiments can be classified into three parts, i.e. a layer consisted of dark gray powder at
the bottom of the sample holder (hereafter referred to as DGP layer), a layer of white
fibrous material on top of the dark gray layer (referred to as WFM layer) and cotton-like
white fibers on the edge of the sample holder, outside the cavity of the holder, (referred to
as CWF layer). The X-ray diffraction analysis (not shown) confirmed that that silicon
nitride was the major crystalline phase in all products, regardless of the pretreatment
condition. No other apparent crystalline phase was detected. Detailed discussion on the
formation of each portion of the product has been reported in our previous work®,

SEM micrographs of the nitrided products from the reaction at 1450°C for 6 h,
using URHA and ARHA as the starting materials, are shown in Figure 1. It can be clearly
seen that morphologies of both CWF and WFM layers of the product obtained from
ARHA and URHA are different. In case of the ARHA, the fibers found outside the cavity
of sample holder is smaller in diameter, while the elongated grains found in WFM layer
is much bigger, than those obtained from URHA. Moreover, it should be noted that the
dark gray powder (DGP portion) of product using ARHA as starting material is lighter in
color.

It has been proposed that the carbothermal reduction and nitridation of RHA
involves at least two different mechanisms, i.e. direct gas-solid reaction according the
Eq.l and gas phase reaction between nitrogen and silicon monoxide vapor generated
from the reduction of RHA®. Silicon nitride fibers formed outside the sample holder are
the result from the later mechanism. Therefore, the fact that more silicon nitride was
formed in DGP layer while less amount of fibers was found suggests that the formation
of silicon nitride via gas-solid reaction is enhanced when ARHA was used. This is
suggested to be the result from the increased surface area of ARHA, as well as the
enhanced activity achieved from acid treatment.
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Figure 1. SEM micrographs of each portion of the nitrided products: cotton-like white
fibers obtained from URHA (a) and ARHA (b); white fibrous top layer obtained
from URHA (c) and ARHA (d); dark gray powder obtained from URHA (e) and
ARHA (f).
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Figure 2. Comparison of mass fraction of CWF and WFM layers of products obtained
from the nitridation of URHA and ARHA at various temperatures. Shaded area

represents products in downstream sample holder.
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Figure 3. Comparison of mass fraction of CWF and WFM layers of products obtained
from the nitridation of URHA and ARHA at various times. Shaded area

represents products in downstream sample holder.
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Effect of the acid pretreatment is also evident in the reaction at different
temperature and time. Figure 2 and 3 show the comparison of mass fraction of CWF and
WFM layers obtained from the nitridation of URHA and ARHA at various temperatures
and various reaction times, respectively. It is clear that less products from vapor phase
reaction, i.e. cotton-like white fibers (CWF) and white fibrous material on the top layer of
the product bed (WFM), are obtained from the nitridation of ARHA at most of
temperature and reaction time investigated. Only exception is the reaction at relatively
low temperature (1400°C) and short period of time (3 h), in which the enhanced surface
area of ARHA may increase the production of silicon monoxide vapor while the reaction
conditions may not intense enough to activate the gas-solid reaction.

CONCLUSION

In this work, the effect of acid pretreatment of rice husk on the carbothermal
reduction and nitridation of rice husk ash for silicon nitride synthesis was investigated. It
was found that the surface area of rice husk ash was dramatically increased by the
pretreatment. The pretreatment also results in the enhancement of the gas-solid reaction
between nitrogen, carbon and silica in the carbothermal reduction and nitridation, which
decreases the fraction of silicon nitride fiber formed according to the vapor phase
reaction of silicon monoxide intermediate.
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