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Abstract

Short fibers and fine particles of 3-SiC were obtained by pyrolysis of Colombian rice husk (RH). The synthesis of SiC was carried out in a gas
furnace: a mathematical model was developed in order to design and build this equipment and the process was optimized using an experimental
design that included variables such as temperature, pyrolysis time, type of catalyst, and process atmosphere. The obtained material was
characterized by using FTIR, DRX and SEM for microstructural characterization and EDS technique for chemical analysis.
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1. Introduction

Carbides are widely recognized as materials with high
mechanical wear resistance, hardness, and thermal and
chemical stability within the set of modern ceramics [1].
Among the non-oxide ceramics, silicon carbide can be
produced like fibers or whiskers using various thermo-chemical
processes [2]. Two of the main methods employed are (i) the
mixing of silica with carbon in the presence of inert gas at
temperatures between 1300 and 1500 °C [3]; and (ii) the mixing
of silica and carbon by heating of coal and silica in an
atmosphere of chlorhydric or fluorhydric acid at temperatures
between 1300 and 1550 °C [4]. On the other hand, it is widely
known that rice husk (RH) contains more than 90% of silica and
that from a controlled thermal decomposition process
(pyrolysis), it is easy to obtain SiC as fine particles or whisker
shapes, with diameters between 0.5 and 1 pm and lengths
between 10 and 80 wm [5,6]. This alternative is useful because
this process is carried out with an agro-industrial remainder,
diminishing the environmental impact and therefore the costs.
In the particular case of B-SiC, the processes to obtain fibers
and particles are expensive; these consist conventionally in the
use of CVD and VLS techniques in electrical furnaces [7].
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The goal of this paper is to present a new process for
production SiC-based materials. Firstly, it was necessary to
prepare the RH before the process of thermal decomposition.
This preparation consists of the sweepings elimination, size
classification by sifting and the use of catalysts to increase the
efficiency of the process [8]. The effects of two different
catalysts were investigated (CoCl,-6H,0 and FeCl,-4H,0 with
NH,4OH as a Fe precipitation agent). The catalysts decrease the
activation energy required for the reagents in order to convert
them into products, increasing the reaction rate, silica
production, as well as decreasing the temperature of the
reaction [9].

Secondly, a controlled pyrolysis process of RH has been
developed. The products separation was done after the RH
pyrolysis. The SiC can be separated by flotation techniques
[10]; however, ultra fine solid particles tend to adhere to
heavier particles. In this study, the separation process was
performed pneumatically by means of cyclone separator
equipment.

2. Pyrolysis equipment design

The common equipments for thermal decomposition of the
RH are electrical furnaces. The energy consumption and cost
associated with these equipments are high, because it is
necessary to get elevated temperatures to be handled during the
last pyrolysis stages. In this sense, the use of gaseous fuels
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Nomenclature

A suface area (m?)

Cp heat capacity at constant pressure for the gas i
(kI kg~ ' K)

e excess air

F gas flow (kgs™ ")

A leo enthalpy of formation of species i (kJ kg™ ")

v coefficient of heat transfer between the flame (hot
gases) and the sample (kW m 2K

hy, coefficient of heat transfer between gases and

walls (kW m 2K

N coefficient of heat transfer between external wall
of furnace and the surroundings (kW m 2K~ ")

k conductivity (kW m_z)

m mass (kg)

M molecular mass (kg kmolfl)

T temperature (K)

\% volume of combustion chamber (m3)

Subscripts

CO, carbon dioxide

Cs;Hg  propane

H,O water

in input

ins insulation

LL flame

N, nitrogen

(0)) oxygen

ref reference

w wall

x=int position, indicate the internal wall of the furnace

x =ext position, indicate the external wall of the furnace

Greek symbols
o diffusivity (m®s™")
p density of gases (kg m™°)

(propane) offer excellent possibilities because of the high
calorific power of this fuel and of its low cost. The main
problem with high temperature, pressure, and low residence
time operations is the prediction of the heat flux profiles on the
pyrolysis furnace tube walls, where the tube skin temperature
becomes the limiting factor [11]. In order to predict the RH
temperature evolution, a mathematical model for a one-
dimensional time dependent system was proposed. This model
considers the propane combustion with excess air and the
energy lost through the furnace walls (Fig. 1).

2.1. Combustion reaction and global energy balance

The combustion reaction considered is given by (1):

C3Hg + 5(1 + ) (0, + 3.76N;) — 3CO; + 4H,0
+5(1 + ¢)3.76N; + 5¢0, (1)

Combustion gases

|

Exterior wall I

Cold side temperature

Medivm wall Medium'temperature
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Hot side temperature
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Fig. 1. Operational scheme for the pyrolysis equipment.

According to (1), the final combustion products are predicted
assuming a total combustion process. This hypothesis is valid in
this case, where the interest is the energy interchanges and not
the pollution emissions during the process.

The global energy balance in a transient state (2), accounts
for the combustion energy, energy transferred among combus-
tion gases, internal walls, the sample, and finally the energy
stored in the gases:

F o F
A +5(1+e

Cpoz(Te - Tref) + 5

F
x 3.76(1 +e)MGN

CsHg

F T o
=3 { / Cpeo, dT + A fHCOZ}
CsHg T,

CpN2 (Tin - Tref)

ref

Fon T .
+4— /T Cpu,o0 dT + A fHyy o | + Se

ref

MC3H8

F T
X / Cpo, dT +5
T,

MC3H8 ref
F T
x 3.76(1 + ¢) / Cpy, dT + hvAm(Tir — Tm)
C3Hg J Trer )
+ hvAm (Tir, — Tvm) + hwAw (T — Tw) + PVCPLLd—t
2

From Eqs. (1) and (2), the flame temperature can be determined
considering simultaneously the energy released during the
oxidation process and the energy interchanges with the sur-
rounding systems (sample and internal walls).

2.2. Rice husk heating

Eq. (3) gives the energy exchange from combustion gases
at Ty to the sample a Ty, which is calculated from the
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energy from the hot gases and the energy stored through the
process:

dT;
hvAm (T — Tv) = myuCpy d—;w 3)

The energy transferred from combustion gases to the internal
walls of the furnace, Eq. (4), is simulated considering the
energy from hot gases and the heat conduction through the
internal wall in the pyrolysis equipment:

“4)

0Ty,
thW(TLL - (TW)x:im) = kwAw |:_]

This last equation is also a boundary condition for Eq. (5),
which models the heat transference through the furnace’s
walls:

*T, 1 9T,
- = Q)

2 oy Of

Finally, the second border condition that is required in order
to complete the model is shown in (6). This is the convection
heat transference between the external walls and the sur-
roundings:

T,
) Ay {B—W] ©)
x=ext ax x=ext

Egs. (1)-(6) enable modeling profile flame temperature evolu-
tion, the temperature of the sample and the temperature profile
inside the furnace walls (Fig. 2). Fig. 3 shows both the
calculated temperature and the experimental values. It can
be noted that the mathematical model predicts that the max-
imum operation temperature (1500 °C) is reached in 300 min in
accordance with experimental results. The measured tempera-
ture evolution at the beginning of the process is faster than the
model predictions. This indicates that the heat losses towards
the atmosphere are smaller than the one assumed by the model.
These results were useful in order to perform the construction
of the pyrolysis equipment (Fig. 4).
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Fig. 2. Evolution of theoretical temperatures using mathematical simulation
(see Fig. 1).
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Fig. 3. Evolution of the temperature of the HR during the thermal decomposi-
tion by pyrolysis.
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Fig. 4. Rice husk pyrolysis equipment.

3. Rice husk characterization

The Colombian rice husk used for the SiC production is
known as Paddy Fedearroz 50. The atomic absorption analysis
of this material, showed: 70.9% SiO, (from 12.07% of
remainders) and 33.15% Si (from 70.9% of SiO,). The ash
contained in the used rice’s husk (~12.07%) (Fig. 5), is within
the inferior percentages limits determined at a worldwide level.
The ash content depends on diverse factors, like ground,
climate and fertilizers. In general, minor ash contents are
beneficial for a greater production of SiC [12]. Finally, the
organic carbon content found (43.6%) is the same reported by
others researchers [13,14].

The thermogravimetric analysis in Fig. 5 shows loss of the
hygroscopic water between 96 and 150 °C, and loss of volatile
organic matter between 300 and 420 °C. The combustion of the
solid organic matter, with a possible liberation of volatile in
smaller scale, begins approximately from 420 °C.

On the other hand, the chemical analysis (see Table 1),
confirms the results of Krishnarao et al. [14], where the Fe and
Co contents in RH without catalyzing are minimum. Unlike, in
RH catalyzed samples, Fe and Co contents considerably
increases, which allow then during the pyrolysis, to reach
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Table 1
Chemical analysis of the RH
RH Mass (g) Co (ppm) Fe (wt.%)
1007 X
Loss ofwater Crude 2.0218 4.85 -
Catalyzed with CoCl,-6H,0 2.0368 524.10 -
80 T Crude 2.0126 - 0.132
_ Catalyzed with FeCl,-4H,0O 2.0057 - 0.383
§ Loss of volatile
= organic matter
5 60t
Q
= shorter times and temperatures for SiC production [15,16]. The
40+ chemical analysis was carried out in an atomic absorption
Combustion of sfid spectrometer (UNICAM 929 AA Spectrometer- wavelength of
20 | organic matter 248.3 and 240.7 nm).
13057
(0.9164mg) o .
0 4. Ashes characterization
0 200 400 600 800 1000
Temperature (°C) 4.1. FTIR
Fig. 5. Thermogravimetry of a RH sample. The FTIR analysis was performed in a Perking-Elmer RX
equipment. The spectrum of catalyzed samples with FeCl,-4H,O
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Fig. 6. FTIR spectra of catalyzed SiC ashes with: (a) FeCl,-4H,O, (b) CoCl,-6H,0.
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Fig. 7. DRX of catalyzed SiC ashes with: (a) FeCl,-4H,0, (b) CoCl,-6H,0 (Lin: linear scale, cps: counts per second).
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Fig. 8. Macroscopic image of calcined husk without milling (10x).

(c)
Fig. 9. SEM of catalyzed B-SiC ashes with: (a) FeCl,-4H,0 (150 pm), (b) CoCl,-6H,0 (250 m), () CoCly-6H,O (45 wm), (d) FeCl,-4H,0 (38 pum).

(Fig. 6a), is in accordance with the theoretical results, e.g. [17];
there are similarities in the tips around 1100 cm™', which
corresponds to the group Si—O. On the other hand, the spectra of
catalyzed samples with CoCl,-4H,O (Fig. 6b), exhibits a wide
signal around 800 cm_l, wave value in which the carbon—silicon
extension band is reported in the literature [12]. In addition to this
band, it can also be observed an absorption band approximately
at 1280 cm ™', which is characteristic of siloxanes groups (Si-O—
Si).

4.2. X-ray diffraction

This analysis was executed in a Bruker D8-Advance dust
equipment with Fe filter, K-a of Co (Ac, =1.78897 A) and

"4-68 Co
X356 58um 18 36 2SR

(b)

UrALMEDR 488
1S5kU K298 18681m

(d)
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position sensible detection. The diffractograms, indexed with
PDFM phase data base, shown high intensity values at 41.575°
and 48.395°. The DRX for ash catalyzed with FeCl,-4H,0
(Fig. 7a) shows high intensity tips at different 26 according to
the theoretical data base elements that had been used. Similarly,
for ashes catalyzed with CoCl,-6H,0, there are also good
results (Fig. 7b), indicating the presence of SiC crystals. DRX
theoretical results for RH pyrolysis reports the formation of -
SiC at working temperatures between 1050 and 1400 °C, argon
flow of 0.1 1min~' and process time between 1 and 8h
maximum [16,18,19]. For the case studied, the 3-SiC crystals
are obtained in smaller times, which is a consequence of the
catalysts use.

4.3. Microstructural observation and EDS analysis

The macrograph shown in Fig. 8§ was obtained using an
Olympus SZ-PT optical microscope; the brightness in some
parts is probably caused by the presence of silica. The
macroscopic observation for blackened husk does not
show a great difference before and after the pyrolysis.
However, the amount of pores in the blackened husk is
remarkable. The B-SiC ashes showed a grain sized distribu-
tion from mesh 38 to 250 wm. The heavier ashes (125-
250 pm) showed short fiber forms (Fig. 9a and b), made by
structures with undulating and spongy contours with 60 pm
separation which are useful for the processing of metal matrix

Spectrum 1|

d ‘ 2I } dl, I 6' I 8 10
ull Scale 2023 cts Cursor: -2.303 keV (0 cts) ke

(b)

Fig. 10. EDS spectrum of catalyzed B-SiC ashes with: (a) FeCl,-4H,0, (b)
COC12'6H20.

composites [20]. The fine ashes (<53 pwm) showed equiaxial
forms (Fig. 9¢ and d).

Finally, the semi-quantitative analyses by EDS are shown in
Fig. 10, where the main constitutive elements and impurities
that remain after the pyrolysis can be found. The catalyzed
ashes are mainly compounds of C and Si, and the Fe and the Co
appear because of the catalyst employed.

5. Result of the experimental design

A Taguchi [21] experimental design was followed in this
research. In this sense, the matrix that has been used is the type
L,e4> of 16 experiments. The selected answer variable is the
purity of obtained SiC, which is described by means of the
crystallinity in DRX tests. According to experimental design,
the best conditions processes were: 1370 °C, 1.5 1 min~" argon
flow, a residence time of 40 min, size of 2.36 mm for the RH
and FeCl,-4H,0 catalyzer.

6. Conclusions

-SiC has been obtained by pyrolysis of rice husk in a gas
furnace. The mathematical model used to predict the temperature
evolution during the thermal decomposition and for the furnace
design showed a good agreement with experimental measure-
ments. From an experimental design, the optimized production
process was developed using as a FeCl,-4H,O catalyzer, 1370 °C
as process temperature, 1.51 min~' argon flow and 40 min
residence time. In this way, alternative uses for the rice husk are
generated as new products that are manufactured from a
remainder material.
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