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A novel method for the synthesis of high surface area silicon
carbide extrudates has been developed which consists of apply-
ing nickel onto activated carbon extrudates followed by reaction
with silicon tetrachloride and hydrogen. Utilization of nickel is
shown to be essential in order to obtain a considerable conver-
sion. Selective SiC formation has been obtained at 1380 K and
10 kPa. Thus, methane is formed at the interior of the carbon
via gasification: C(s)+ 2H2(g)ÀCH4(g), which subsequently reacts
with silicon tetrachloride to silicon carbide: SiCl4(g)+CH4(g)À
SiC(s)+ 4HCl(g). The total carbon conversion ranges from 20 to
55% for nickel contents of 2 and 8 wt%, respectively. Si-codeposition
will occur when the gasification reaction diminishes in time, due to
deactivation of the nickel gasification sites. Extensive whisker for-
mation of SiC is encountered owing to the operative vapour–liquid–
solid mechanism. Mass transport calculations show that methane
is formed throughout the extrudate, whereas the front of SiC for-
mation moves from the outside to the internal part due to diffusion
limitations of SiCl4 and nickel deactivation. The residual carbon
can be removed after conversion by oxidation, resulting in high sur-
face area SiC extrudates. The BET-surface areas after conversion
vary from 359 to 154 m2/g; BET-surface areas after removal of the
residual carbon are in the range of 57 to 32 m2/g. Pore size distri-
butions of the SiC supports show that the pore volume is evenly
distributed over the meso- and macro-pore region (diameter: 2 to
100 nm) which allows the following areas of application: (1) re-
actions at high temperatures and (2) liquid-phase reactions at de-
mandin
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1. INTRODUCTION

lysts based on activated carbon hold several ad-
es over silica and alumina based catalysts. Reaction

by de
oxida
mech
can b
well
can r
obtai
n the support and the active material is limited to a
xtent to the inertness of the graphitic surface. This
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sult in many cases in an optimal utilization of the
applied. An example is the hydrodesulfurization

phene by supported cobalt molybdenum catalysts.
sts based on activated carbon display a higher activity
it weight metal compared to Co–Mo/Al2O3 catalysts
e same behaviour is found for Cu–Cr catalysts used

aust catalysis; i.e., high activities for the oxidation of
d the reduction of NO have been reported for carbon
Cu–Cr catalysts (2). The thermostability of activated

in inert environments at elevated temperatures is
erably higher than that of SiO2 and Al2O3; up to

no significant sintering of the support is observed.
er benefit of activated carbon is its stability in caustic
idic solutions. The use of activated carbon as catalyst
rt is limited despite these beneficial properties due
reactivity in oxidizing environments and poor me-
al strength. Catalysts based on activated carbon are,
ore, predominantly applied in liquid-phase reactions

anding pH conditions, in which the advantages
cability at demanding pH conditions) prevail over the
antages (considerable attrition at high stirring rates).
eview article on these advantages the authors like to
o Jungten (3). The mechanical strength of activated

can be improved by employing special types of
acturing methods or by modifying activated carbon
osition of silicon carbide (SiC) (4), a very hard and
ion resistant material. Significant improvements in
nical strength and the resistance against oxidation
achieved by chemical vapour deposition of SiC as

5, 6). Synthesis of high surface area SiC, however,
nder additional improvements that exceed those
ed by the surface modification of activated carbon.
st two decades much effort has been devoted to the
pment of high surface area nonoxidic ceramics (7–9).
prises mainly carbides, nitrides, and borides of transi-
etals, which possess interesting properties regarding
atalytic activity and stability. Research for the de-

ent of nonoxidic catalyst supports has mainly been

d on the preparation of high surface area (i.e., larger
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20 m2/g (10)) silicon carbide. The bulk properties of
aterial (an inert surface, high resistance against oxida-
nd high mechanical strength) are claimed to provide a
st support with exceptional performance. Pham-Huu
(11) claimed for example for the isomerization of
es with MoO3 on SiC no additional acidic sites, this
trast to MoO3 on alumina. Shaping of high surface
owder is expected to be laborious due to the low
ability of the material. Utilization of a preformed
rsor which exhibits good textural properties might
e this obstacle. Conversion of activated carbon
iC has potential in achieving high surface area SiC.

ux et al. (12) describe a method in which gaseous
monoxide (SiO) is reacted with activated carbon

00 K. Vannice et al. (13) describe the conversion
phite powder into SiC by reacting it with SiCl4 at
ratures exceeding 1600 K. The combination of the
tageous aspects of both procedures might lead to a
ss, in which SiCl4 is utilized at low temperatures. The
ity of activated carbon in a hydrogen environment,
ver, limits its reactivity to SiC formation below 1600 K
he application of catalysis for increasing the reactivity
activated carbon may be the key for combining low
rature conversion with easily accessible reactants.

is article the influence of nickel on the conversion
tivated carbon into high surface area SiC will be
nstrated. Both the chemical aspects regarding the
n activation and SiC formation as well as the possible
rence of mass-transfer limitations will be discussed.

2. EXPERIMENTAL

aterials

tivated carbon extrudates RW08, a peat based, steam
ted carbon has been supplied by Norit. To assure the
ation of well-defined activated carbon, classification
activated carbon extrudates of different degrees of

tion has been carried out by fluidization of the ex-
tes in water for 2 h. After settling the content of the
n was separated in five layers of which the degree of
tion increased from bottom to top. The middle frac-
as been used and will be referred to as RW08. The
rties of this fraction are shown in Table 1. Ni(NO3)2 ·
(>99%) and silicon tetrachloride (>98%) were ob-
from Janssen Chemica. The activated carbon extru-

TABLE 1

e Physical Properties of the Activated Carbon Extrudates

Vpore St Vmicro ρ(Hg) ρ(He) Ash Length Diameter
(ml/g) (m2/g) (ml/g) (kg/m3) (kg/m3) (%) (mm) (mm)
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RW08) have been loaded with nickel by pore volume
nation with a solution of Ni(NO3)2 in demineralized

to arrive at nickel contents of 2, 5, or 8 wt%. Drying
rformed at atmospheric pressure in air at 385 K. The
ere purified by passing them over a Cu/Al2O3 (ar-

r Pd/Al2O3 (hydrogen) catalyst, followed by drying
lecular sieve 5A.

onversion of Activated Carbon Extrudates

chematic picture of the CVD apparatus is shown
1. A thin bed (length 1 mm) of dried extrudates

am) is placed between two quartz wool pads in a
r quartz reactor (ID 42 mm). The reactor is heated
K/s) under flowing hydrogen (0.18 mol/h) at 100 kPa
0 K and maintained at this temperature for 300 s.
actor was subsequently cooled down to the de-

eaction temperature. This procedure will be referred
he pretreatment. The concomitant weight decrease

2, 5, and 8 wt% Ni/C systems was identical and
ted to 18%. The hydrogen flow was then increased
mol/h followed by pressure adjustment of the re-

to 8 kPa. Gaseous silicon tetrachloride (SiCl4) or
l trichlorosilane (MTS, CH3SiCl3) were introduced
rgon as carrier gas, while the pressure of the satu-
as kept constant at 100 kPa. The flow rates of SiCl4
3SiCl3 were determined using their Antoine equa-

14, 15) and amounted to 0.14 mol/h and 0.18 mol/h,
tively. After reaction the reactor was pressurized to
a and cooled down under flowing hydrogen to room
rature.

emoval of Residual Carbon

residual carbon, present after conversion, has been
ed by oxidation for 2 h in dry air at 1023 K in a tubular
r.

-Ray Diffraction (XRD)

ay diffractograms of the extrudates were measured
Philips powder diffractometer (PW1840) using CuKα
on (wavelength 0.154 nm).

anning Electron Microscopy (SEM)

EOL (JSM-35) scanning electron microscope has
sed to determine the morphology of the deposited
. An acceleration current of 15 to 20 keV has been
d; the samples have been sputtered with gold or plat-
o suppress charging during SEM analysis.

hermal Gravimetric Analysis (TGA)

has been carried out on a Stanton Redcraft (STA-

thermobalance. Samples (20 mg) were oxidized in
ng a temperature increase of 0.167 K/s from room
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FIG. 1. Scheme of the CVD

rature to 1273 K. The weight change and concomitant
ux were recorded simultaneously.

urface Area Measurements

rogen isotherms at 77 K were recorded on a Carlo
Sorptomatic 1800 after degassing at 423 K and 0.1 kPa.
ET surface area, pore volume, t surface area, and

-pore volume were determined according to literature
7).

3. RESULTS

retreatment

applied nickel nitrate decomposes during the pre-
ent into NiO and NOx. XRD profiles of the pre-

d extrudates show that NiO is subsequently reduced
tallic Ni by hydrogen.

ickel Catalysis in the SiC Formation Utilizing SiCl4

influence of temperature on the nickel catalyzed SiC
tion has been determined by XRD. Activated car-
xtrudates loaded with 2 wt% Ni and reacted with

Cl4 at 1075, 1250, and 1378 K have been analyzed.
esults are visualized in Fig. 2. The XRD profile af-
action of SiCl4 and H2 with activated carbon in the
ce of nickel at 1380 K is incorporated as a reference
e a). No bulk SiC deposition is observed in this case.

be concluded from curves b, c, and d, that the pres-
of nickel at temperatures above 1250 K favours SiC

pholo
Figur
of the
A SiC
the ex
shown
comit
whisk
growt

FIG

tion, however, still appears in
es investigated. The SiC mor-

catalysis
1250, an
apparatus.

y has been analyzed by SEM as shown by Figs. 3 to 6.
3 displays the presence of SiC whiskers at the interior

extrudate on which secondary nucleation developed.
layer of 5 µm can be distinguished at the surface of
rudate which consists of a cluster of SiC platelets as
by Fig. 4. Bamboo-like SiC structures appear con-
ntly (Fig. 5) of which the diameter equals that of the
rs that are covered with platelets. Excessive whisker
is encountered at the outside of the extrudate as

2. XRD profiles of converted activated carbon, (a) without Ni-

at 1380 K; (b), (c), and (d) 2 wt% Ni, 3600 s reaction, at 1075,

d 1378 K, respectively.
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3. 10µm. Secondary SiC growth on a SiC whisker H2/SiCl4= 26;
K; P, 8 kPa; t, 3600 s.

ig. 6). Insight in the origin of codeposition of silicon
onversion at 1378 K can be achieved by XRD anal-
conversions at similar conditions with, however, a
nt time span of conversion and increased amounts
el applied. The results are displayed in Fig. 7. Selec-

iC formation has been achieved after 600 s reaction
t% Ni and after 3600 s reaction, employing 5 wt%

t% Ni, respectively. SiC deposition is encountered as
n the quartz-wool pads downstream of the extrudates
5 or 8 wt% Ni had been applied. A prolonged con-
n time for the 5 wt% nickel loaded carbon results in
eposition, similar to the situation in which a conver-
me of one hour and 2 wt% Ni has been applied. A
which precedes SiC growth, is apparent after 600 s
g 8 wt% nickel as shown by two broad peaks around
of 2θ of 25 and 45, which originate from the acti-

carbon. The absence of detectable crystalline nickel
arkable, because XRD detects in all cases nickel after
etreatment of the nickel loaded carbon. The follow-
o processes, or a combination thereof, can account

perse
tempe
towar
conve
distrib
2 µm
Small
as we
to the
SiC fo

The
in Fig
in the
the a
nor c
and 8
the pr
densi
Micro
mixtu
10. Ex
the ex
s. Nickel either reacts with silicon tetrachloride in the
stage to form an amorphous mixture NixSiy or redis-

FIG.
8 kPa; t,
into very small nickel crystallites owing to the high
rature applied. This initial period shifts subsequently
s SiC formation (curve f). Micrographs of extrudates
ted at 1380 K show the abundance of homogeneously
uted whisker growth throughout the extrudate (1 to
n length, 0.15 µm in thickness) after SiC formation.
SiC granules (0.1 µm diameter) can be distinguished
. The presence of these two SiC-morphologies points
xistence of two types of mechanisms operative in the

rmation.
influence of methane on the conversion is depicted
8. Silicon carbide formation is achieved at 1380 K

absence of nickel (curve 8c). The use of methane in
sence and presence of nickel has resulted in a mi-
deposition of silicon as shown by diffractogram 8b

, respectively. Peak broadening in curve 8b implies
sence of a SiC structure with a higher stacking-fault
than that grown in the absence of additional CH4.

raphs of the SiC structure formed from a SiCl4/CH4

e in the presence of nickel are shown in Figs. 9 and
tensive whisker growth is observed at the exterior of
rudates. The whiskers are longer and thicker (0.2 to
4. 5 µm. A cluster of SiC platelets, H2/SiCl4= 26; T, 1250 K; P,
3600 s.
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5. 10 µm. Bamboo-like SiC structures formed by densification
ster of platelets, H2/SiCl4= 26; T, 1250 K; P, 8 kPa; t, 3600 s.

) compared to those obtained in the absence of addi-
methane. The interior of the extrudate is densified to
extent; SEM-analyses of several extrudates suggest

esence of a density gradient moving from the outside
less denser inside.
version of the carbon extrudates into SiC results in
ht increase owing to the deposition of silicon. Mea-
this weight increase in combination with the amount
rbon present in the system permits the determination
rbon and silicon mass balance. Table 2 displays the

rsion conditions and corresponding weight increase.
cond last column (1w conv.) represents the weight
se after conversion of the carbon corrected for the
t loss during the pretreatment. The last column (w
.) embodies the residual mass after oxidation of the
nverted carbon amended for the ash content of the

including the applied nickel. This represents thus
ount of deposited silicon carbide and silicon. It is
that moving from reaction temperatures of 1075 K to
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6. 15 µm. Excessive whisker growth at the exterior of an extru-
/SiCl4= 26; T, 1380 K; P, 8 kPa; t, 3600 s.

ved at higher nickel amounts and longer deposition
s. The weight increase after one hour conversion is
at the investigated reaction conditions when 5 wt%
has been applied. The residual mass after oxidation

TABLE 2

cteristics of Conversion of Activated Carbon Extrudates,
H2/SiCl4= 26, P= 8 kPa

Ni cont. T t 1w conv.a w depos.b

(wt%) (K) (s) (%) (%)

2 1075 3600 23.3 25.9
2 1250 3600 42.5 33.3
2 1378 3600 57.6 42.8
2 1376 600 31.7 29.0
5 1383 3600 67.8 54.4
5 1379 7200 75.2 55.9
8 1373 600 20.8 39.6
8 1379 3600 55.5 54.8
5 1379 3600 82.5 44.8

conv.= (wt/(w0−wgasif.)∗100%.

pos.= (wSiC+wSi−wash)/(wSiC+wSi+wash+wC)∗100%.

hane added (CH4/SiCl4= 2).
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7. XRD profiles of converted activated carbon 1378 K: (a) 2 wt%
s; (b) 2 wt% Ni, 3600 s; (c) 5 wt% Ni, 3600 s; (d) 5 wt% Ni, 7200 s;
% Ni, 600 s; (f) 8 wt% Ni, 3600 s.

ever, identical to that when 8 wt% Ni has been ap-
after 3600 s deposition time.

atalyst Properties

extrudates converted at 1250 and 1380 K remain in-
fter removal of the nonconverted carbon by oxida-
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8. XRD profiles, H2/SiCl4= 26, reaction time 3600 s, 1380 K: (a)
i; (b) 5 wt% Ni, CH4/SiCl4= 2; (c) no nickel, CH4/SiCl4= 2.

surfac
structu
9. 10µm. SiC whisker growth at the surface and substantial den-
n owing to methane addition.

he shape memory concept can thus be applied by us-
shaped carbon bodies in order to synthesize shaped

nitrogen isotherm at 77 K has been used to eval-
he texture and thus the potential of this support in
is. The BET method and the t-method then give the

urface area, the meso-/macro-pore surface area, and
cro-pore volume. The results are shown in Table 3.
inction is made between the converted carbon prior
after removal of the residual carbon. Pretreatment

rogen of a nickel loaded activated carbon results in
ll increase in surface area (BET and t) and micro-
olume owing to the gasification, which takes place
the pretreatment. The surface area after conversion

en reduced from 981 m2/g to values between 395 and
2/g (after oxidation; i.e., removal of residual carbon
rface area ranges from 57 to 32 m2/g); the pore vol-
ecreases from 0.67 ml/g to a value between 0.18 and
l/g (after oxidation: 0.37–0.15 ml/g). These changes
edominately be ascribed to a decrease in micro-pore

e area and pore volume, showing that the micro-pore
re is blocked during conversion.
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10. 1 µm. Whiskers at the exterior of an extrudate as a result of
ethane.

4. DISCUSSION

eral characteristics of the catalyzed carbon conver-
merge from the results described above. First of all,
timal temperature when utilizing nickel as catalyz-

TABLE 3

ture of SiC Supports Synthesized by Carbon Conversion
at 1380 K and 8 kPa

SBET Vpore St Vmicro

terial (m2/g) (cm3/g) (m2/g) (cm3/g)

947 0.60 112 0.41
i/RW08 Pretreated 981 0.67 115 0.44

i/RW08a Converted 395 0.22 215 0.10
Oxidized 57 0.37 57 0

i/RW08a Converted 154 0.21 58 0.027
Oxidized 32 0.21 31 0

i/RW08a Converted 189 0.18 88 0.041
Oxidized 36 0.15 33 0

i/RW08b Converted 270 0.27 77 0.091
Oxidized 48 0.29 43 0
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ecies is established by XRD to be around 1380 K.
over, higher nickel contents seem to improve the con-
n properties of the system. To gain full insight in the
ring mechanism, however, elaboration of these obser-
s regarding the chemical aspects and mass-transfer
erations of the process are indispensable.

hemical Aspects

analysis of extrudates containing 2 wt% Ni which
nverted at 1075 K displays the presence of small SiC
les of 0.3 µm diameter. The amount of deposited ma-
and morphology of this system is comparable to that
dified activated carbon by methyl trichlorosilane and
catalysis at 1073 K. This is confirmed by the deposi-

f SiC on the quartz-wool pads outside the extrudates.
observations suggest that the carbon species which

ve in the formation of SiC, utilizing SiCl4 as silicon
rsor, has been supplied via the gas phase. Formation
eous carbon species can be achieved according to the
nown hydrogasification of solid carbon as shown in
4. SiC deposition then ensues via the second reaction.
n formation will be encountered as a consequence of
duction of SiCl4 by hydrogen. The values of the en-
, entropy, and free Gibbs energy of reactions 1, 2, and
ulated from the Janaf thermochemical tables (18) are
in Table 4 for the optimal SiC formation conditions,

00 K and 10 kPa.

1. Hydrogasification of carbon. Hydrogasification
0 K and 10 kPa is thermodynamically not favoured
wn by the positive 1G. The maximum equilibrium

nt of methane formed under reaction conditions is
l%. This explains that hydrogasification at these con-

s is feasible, although not favoured by thermodyna-
In general, two classes of hydrogasification catalyzed
up VIII metals can be distinguished.
first one, typically encountered at temperatures be-
0 K, consists of dissociative adsorption of hydrogen
metal surface and subsequent spillover of H atoms to

aphite zones where methane production takes place
The second class involves dissolution of carbon at
i–C interface, diffusion of carbon in Ni, and reaction
bon with chemisorbed hydrogen at the Ni–gas inter-
(20, 21). This mechanism develops at temperatures

TABLE 4

H, 1S, and 1G for the Reactions during SiC Synthesis
at 1400 K and 10 kPa

1H 1S 1G
Reaction (kJ/mol) (J/(mol K)) (kJ/mol)

+ 2H2ÀCH4 −92.31 −136.8 99.18
Cl +CH À SiC+ 4HCl 297.1 298.9 −121.4
4 4

Cl4+ 2H2À Si+ 4HCl 277.6 169.6 40.08
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800 K and is probably operative in the described
sion of activated carbon.

. Silicon carbide formation. XRD analysis has
that conversion at 1250 K results in an considerable
t of SiC formed. The angle between the platelets
t at the surface of the extrudate (70◦) corresponds
ell with values reported by Knippenberg for twin-
β- and α-SiC (70◦33′) (22). These dendritic crys-

iginate from secondary nucleation of SiC on long
rs at the outer part of the extrudate as shown by
These branches form a skeleton which is filled up by
uous deposition between the platelets as displayed in
The thickness of these platelets (0.1µm) corresponds

that of the whiskers. Consecutive growth finally re-
bamboo-like structures as shown by Fig. 5, which
can be branched as well. The outlined mechanism

reement with the SiC growth phenomena described
ippenberg (22). At the interior of the extrudates SiC-
es (0.3 µm diameter) are formed as well.
bon conversion at 1378 K results in the formation
e amounts of SiC as is shown by the X-ray diffrac-
s in Fig. 2. The substantial increase primarily origi-

rom the catalyzed SiC whisker growth by the vapour–
solid (VLS) mechanism. Excessive whisker growth
le throughout the entire extrudate. Figure 6 is an
le of a whisker explosion, which has probably been
ted by a large nickel crystallite. The VLS mechanism
en introduced by Wagner and Ellis in 1964 (23) and
ccessfully been applied in whisker syntheses. Prior
r report the model proposed by Sears (24) assumed
hisker growth was initiated by a screw dislocation
top of the growing crystal. Molecules that adsorbed
whisker surface either diffused to the top of the
r and would be incorporated in the crystal round
ew axis or desorb. This model left, however, much
ified. Furthermore, only a few materials, like palla-
exhibited a screw dislocation at the top of the whisker
he research of Wagner and Ellis was focused on the
of silicon whiskers by the reduction of SiCl4 by hy-
at 1323 K and the influence of certain impurities

f. They reported that (1) silicon whiskers do not con-
axial screw dislocation at the top of the Si-whisker,
presence of certain impurities are indispensable for
r growth, and (3) a liquid-like globule is present at
of the whisker during growth. The impurity (in their
ld) forms under reaction conditions a liquid droplet

acts as a preferred site for adsorption of the gaseous
cursor. The surface of this droplet can be considered

ically rough; this situation is similar to that of a (111)
e on which every surface site resembles an attractive

site, which is attended by a high accommodation
ient or sticking coefficient. Besides the adsorption
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SiC d
s at the V-L surface (and concomitant chemical re-
s), two other processes are of importance in the VLS

substra
Si : C r
nism, i.e. diffusion through the liquid droplet and in-
ation of atoms in the crystal at the L-S interface. In
le, each of these processes can be the rate limiting
ut in most cases the incorporation of atoms in the
is considered to be rate limiting.

wth of SiC whiskers can be catalyzed by several met-
otsma et al. (26) reported the use of iron in the sy-
iO2/C/H2 at 1473 to 1573 K. Heating to 1473 K re-
in the formation of Fe–Si–C droplets. The droplet

ters vary in the same range as the initially applied Fe
es (1 to 40 µm). These Fe–Si–C droplets are formed
ing a small amount of the substrate into solution,
g a shallow etch pit. After saturation with SiC, the

it is refilled by SiC growth and the alloy is lifted up-
This process is typical for situations in which the
te consists of one of the constituents of the whisker.

ima and Hasegawa (27) grew β-SiC whiskers uti-
a gas mixture containing Si2Cl6, CH4, H2, and Ar.
l metallic components (group VIIIa of the periodic
according to IUPAC) have been investigated for

atalytic effect on whisker growth. The following se-
was established in which the catalytic effect ranges

trongly positive to negative; Co>Ni>Cu≈ Cr≈
n. Especially cobalt and nickel were shown to be

ffective catalysts. The velocity of whisker formation
d to be in the order of several millimetres per hour,
is common for whisker growth, but high for con-
nal CVD processes. The minimal temperature for
alyzed whisker growth from Si2Cl6 is reported to be
. Nickel catalyzed growth with SiCl4 as Si precur-
hown to be the best combination in the parameter
vestigated. SiC whiskers were formed above 1363 K,

as the use of cobalt necessitates temperature above
. The observations regarding the nickel catalyzed
r growth are in agreement with the results attained
conversion of activated carbon into SiC; substantial
rmation is found at 1378 K.

. Silicon codeposition. The X-ray diffractograms
mes display the presence of crystalline silicon. The
t which this codeposition starts shifts to longer du-
of conversion for higher nickel loadings (e.g., 3600 s
t% Ni and 7200 s for 5 wt% Ni). Silicon codeposi-
n be attributed to deactivation of the nickel catalyst
takes part in the catalytic hydrogasification of the
. Reaction with the ash of the carbon, contamination
el by dissolution of some silicon, or encapsulation
osited SiC, are most likely the causes of deactiva-
hus, the concentration of gaseous carbon species in
rudate diminishes, resulting in Si codeposition. Chin
8) decomposed CH3SiCl3 (MTS) to form SiC and re-
at the transitions between the zones of stoichiometric
position and silicon codeposition encountered on the

te were not sharp but showed a gradual change in

atio in the deposits as the process parameters varied.
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CONVERSION OF ACTIVE CARBON INTO

diffraction displayed the presence of large amounts of
ile electron probe micro analysis revealed an average
sition of Si1.18C. The excess silicon is incorporated
SiC structure as small crystals as shown by Minatu
29). Free silicon is seen as small white spots in op-
icrographs, which decrease in size and number at
deposition temperatures. Silicon is reported to be

le by SEM analysis. The addition of methane (30) or
ne (31) to CH3SiCl3 generally results in less extensive

ation. Stoichiometric SiC is then deposited at 1600 K
H4) and 1473 K (for C3H8) using C/Si ratios of 2.
i ratio of 3.4 is necessary at 1473 K to deposit SiC from
/CH3SiCl3 mixture. These reported observations are
or H/Si ratio greater than 100. The use of lower H/Si
is expected to lower the necessary temperature or
eactant ratio (5) in order to achieve stoichiometric
he reason for silicon deposition during carbon con-
n is thus to be conceived as methane deficiency dur-

deposition, imposed by the deactivation of gasifying
. The extent of deactivation increases with increasing
rsion time, the C/Si ratio drops simultaneously, which
at a certain moment the formation of free Si during
owth. The maximum achievable carbon conversion
ds on the initial amount of gasifying nickel and the de-
tion rate thereof and will be discussed in Section 4.2.
addition of methane during carbon conversion re-

n minor Si-deposition as shown by XRD (Fig. 8), ex-
e densification, and the formation of a more exten-
icrograined SiC structure. The Si codeposition can be
alized by the fact that the relative extent of noncata-
SiC formation increases, which apparently requires a
C to Si ratio in the gas phase (30, 31) than that in the

f catalytic SiC formation. It can thus be concluded that
is codeposited during SiC growth with a deficiency

eous carbon species, rather than an abrupt shift from
Si deposition at the end of the conversion procedure.
next section deals with the evaluation of the possible
ce of mass-transfer limitations during the conversion
vated carbon into SiC.

ass Transport Phenomena

etic measurements in catalytic studies are often dis-
by mass-transport limitations of the reactants or

cts. Very fast surface reactions result thus in severe
ntration gradients inside the catalyst pellet. These gra-
in turn can impose the formation of external diffu-

mitations. Both types of mass-transfer limitations are
nown in the field of catalysis and chemical vapour
ition. Obvious instances of internal mass-transport
tions can be found in the field of chemical vapour in-
on (32). Chemical vapour deposition on flat surfaces
ffer from mass-transport limitations as well. Concen-
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1. Reaction rates for SiC and CH4 formation as a function of
ntent, 3600 s reaction.

osits. Diffusion limited growth will result in deposits
ing voids and a rough surface morphology owing
nhancement of surface fluctuations during deposi-

inetically controlled processes, however, will cause
ation of smooth surfaces. With the aid of thermal

etric analysis (TGA) the reaction rate of CH4 and
mation has been determined. These figures are used
stigate the possible existence of diffusional limita-
this system of carbon conversion. Figure 11 shows

rall rates of CH4 and SiC formation for carbon con-
s of 3600 s utilizing 2, 5, and 8 wt% Ni on carbon.
lues given in Fig. 11 are average rates of the entire
ion period. Similar rates of formation of CH4 and
found for the carbon containing 2 wt% Ni. Both

n rates increase with increasing amounts of nickel.
mation of methane is, however, enhanced to a larger
This process will cause higher carbon conversions
mplete conversions of methane into silicon carbide
n by Fig. 12. The observations described above seem
ree with the thermodynamic calculations (Table 4).
sequent reaction of methane with silicon tetrachlo-

form silicon carbide is expected to consume the total
t of methane present in the pores of the extrudates.
ect can either have a kinetic or mass-transfer origin.
t is not likely to occur, because it would implicate
en the total nickel content is increased, the amount
l responsible for the gasification increases to a larger

than the amount of nickel which catalyzes the VLS
of SiC. Mass-transport limitations, however, are to
cted in the experiments described above, owing to
reaction rates encountered when the VLS mecha-

operative.
nal diffusion limitations are easily evaluated utiliz-
Wheeler–Weizs number, which is the product of the

eness factor and the square of the Thiele modulus.
mber can be calculated using observable quantities
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12. CH4 selectivity (+) and carbon conversion (4) as a function
ickel content.

ing to Eq. [1] (32).

ηϕ2 = RobsL2/DeffCb, [1]

η is the effectiveness factor, ϕ is the Thiele modulus,
the observed reaction rate in mol/s, L is a character-

iffusion length (Vpore/Apore), Deff is the effective diffu-
efficient, and Cb represents the concentration of the

ng species in the gas phase. The effectiveness factor
e to one in the absence of internal mass-transfer lim-
s which results in the criterion for those conditions,

ηϕ2 < 0.15. [2]

fective diffusion coefficient is determined concordant
ocedures given in (33). External concentration gradi-
an be observed in the presence of internal diffusion
tions. The Carberry number (Ca) is convenient for
aluation of the magnitude of these gradients. It rep-
s the relative concentration difference over the film
d the particle and is calculated according to Eq. [3],

Ca = Robs/kga′Cb, [3]

kg is the mass-transfer coefficient and a′ is the specific
er unit volume (Ap/Vp). A relative concentration dif-
e of 5% over the film (i.e., Ca< 0.05) is assumed to be
iterion from which external diffusion limitations are
cant. For low Reynolds numbers (5<Re< 500) the
ransfer coefficient can be determined from the fol-
correlation in which the Stanton (St) and Schmidt

umbers are used (34).

St · Sc2/3 = (0.81± 0.05)Re−0.5 [4]
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, Re = ρfUfdp

ηf
, Sc = ηf

ρf Dg
, [5], [6], [7]

Visco
Speci
ρf denotes the density of the gas, εb is the porosity of
d, Uf is the superficial gas velocity, dp is the particle
ter, and ηf represents the viscosity of the gas.
following conditions (Table 5) are used as an exam-
the determination of mass transfer limitations. The
y and viscosity of hydrogen are assumed to be rep-
ative for the total gas mixture which consists of at
0 mol% H2. Silicon tetrachloride has been assumed
resent the major abundant gaseous Si species. The
n rates of methane and silicon carbide formation in
nversion of 2 wt% Ni/C have been used to evalu-
possible presence of internal and external diffusion

ions.
rnal mass-transfer limitations are evaluated depend-
the pore dimensions of the carbon. In general, a tri-
pore distribution is encountered in activated carbon
imposes the necessity of considering micro-, meso-,
acro-pores independently for the estimation of inter-
fusion limitations. The results of applying the values
le 5 for the calculation of the transport properties
played in Table 6. Calculation of the effective diffu-

oefficients reveals that internal mass transport is in
es primarily determined by the Knudsen regime, re-

in a tenfold higher overall diffusion coefficient for
en compared to that of SiCl4. Internal mass-transfer
ions are present for the SiCl4 species invariably of
res considered. It should be noted that thermody-
calculations have shown that at these conditions the
t of SiCl2 approaches the amount of SiCl4 (5). The

on coefficient of SiCl2 is only 30% larger (Knudsen
) than that of SiCl4, which also results in large in-
mass-transfer limitations. Diffusion limitations for
en are encountered in the micro-pores as well as the

pores. The Carberry numbers are in all cases smaller

TABLE 5

Numerical Values Applied in the Calculations

erature T 1378 K
ure P 10 kPa
ength Lb 0.8× 10−3 m
orosity εb 0.4 m3 gas/m3 reactor
iameter db 0.04 m

properties
radius micro pore rmi 0.6 nm
radius meso pore rme 10 nm
radius macro pore rma 400 nm

osity τ 4 m2 gas/m2 particle
ity εp 0.7 m3 gas/m3 particle

s (at reactor conditions)
φf 2.21× 10−6 kg/s

velocity Uf 1.04 m/s
ity ρf 1.7× 10−3 kg/m3

−5
sity ηf 2.4× 10 Pa s
fic heat Cp 15.93 J/(kg K)
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CONVERSION OF ACTIVE CARBON INTO

TABLE 6

Transfer Characteristics for H2 and SiCl4 in the Conversion
of Extrudates Containing 2 wt% Ni

Diffusion coefficients Dimensionless
(10−6 m2/s) numbers

SiCl4 H2 SiCl4 H2

i 0.03 0.27 Re 0.05 0.05
e 0.48 4.4 Sc 2.6 0.97
a 19 170 St 1.9 3.7

Wheeler–Weizs Carberry

SiCl4 H2 SiCl4 H2

1106 9.4 kg 5 10
66 0.60 Ca <0.05 <0.05

1.7 0.01

0.05, which means that external concentration gradi-
an be neglected for both the hydrogen as well for the
n tetrachloride. The extent of internal mass-transfer
tions is calculated for the 5 and 8 wt% Ni/C systems
ll; silicon tetrachloride suffers in all these cases from
e transport limitations. The Wheeler–Weizs moduli of
gen are depicted in Fig. 13.

ernal diffusion limitations of hydrogen increase us-
igher nickel loadings. These limitations, however, are
t in the macro-pores of the carbon. The observed lev-
off of the rate of formation of silicon carbide while

te of methane formation enhances at increasing nickel
ngs is thus shown to originate from mass-transfer lim-
ns of silicon tetrachloride.
ure 14 presents the mechanism which envisages the
transfer considerations as well as the chemical aspects

atomic scale. Hydrogen is present throughout the
n extrudate; its concentration decreases to some ex-
moving to the middle of the extrudate. The presence
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14. The mechanism of nickel catalyzed conversion of activated
xtrudates by reactive chemical vapour deposition, region I: hydro-
ion; II: hydrogasification and whisker growth; III: possible Si de-
.

on tetrachloride, however, is in the initial stage of
sion mainly limited to the outer layer of the porous
re. Hydrogasification and whisker growth occur si-
eously in the presence of SiCl4 (region II). Region I
untered inside the extrudate, where hydrogen is the
actant present. In this initial period excess methane
ed at the interior of the extrudate which accounts for
omplete CH4 conversion into SiC as shown by Figs. 11
for the 5 and 8 wt% Ni/C extrudates. The amount of
iffusing into the porous structure does not suffice for
al methane conversion. The carbon conversion pro-
ter this period is to be conceived as a moving front
on carbide formation going from the outside to the
while methane is being formed throughout the par-
he extent of penetration of region II in the pore in
ial stage is determined by the rate of CH4 formation
rate of SiCl4 diffusion.

position of the front is stationary if these rates are
al. The inwards movement of the SiC formation front
hen the inward flow of SiCl4 exceeds the outward
CH4. This is induced by the deactivation of gasifica-
es, resulting in a decrease in the rate of gasification.
activation is most probably caused by the reaction
el with the ash present in the carbon. Additionally,
con tetrachloride is to be expected to increase this
deactivation of the gasification sites by forming a

lloy (probably Ni3Si) when moving inwards. Hence,
zone (region III) is induced where both SiCl4 and
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15. Cumulative (– – –) and differential (———) pore volume
tion of the RW08, H2 pretreated (Ni/RW08), converted (SiC/C),
converted activated carbon after removal of carbon (SiC).

present in large amounts, whereas CH4 is nearly ab-
ilicon codeposition can then occur in region III via

eposition during SiC growth.

atalyst Properties

textural properties of a catalyst support determine
rge extent the feasibility of application. Utilization of
carbide is, however, a priori limited to those fields in
substantial advantages are obtained over application
ventional catalyst supports (SiO2, Al2O3, and acti-
carbon), due to the foreseen higher production costs.
eral SiC formation is a highly endothermic process
g high energy processing costs. Additionally the SiC
tion is a high-temperature reaction, which requires
apital costs for the reactor. Areas in which silicon
e may be employed are (1) high-temperature reac-
(2) liquid-phase reactions at demanding pH condi-
nd (3) reactions in which the inertness of the silicon

e surface is crucial. The exact manner of application
ds on the achieved surface area and pore distribution.
rface areas of all synthesized SiC supports lay in the
rface area range (above 20 m2/g) which is, compared
of α-Al2O3, sufficient for high-temperature applica-
atalytic operations at high temperatures, e.g. steam

ing of methane (35), suffer generally from severe
onal limitations. Moreover, mass transport in catalyst
at high temperature (above 1000 K) mainly occurs in
udsen regime, which implicates that the pore radius
ines to a large extent the rate of diffusion. Hence,
ore catalyst supports are most suitable, where mod-
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urface areas (i.e.,≈20 m2/g) at normal pore volumina
. The remaining nickel is generally present as nickel

FIG.
preserva
, which is not known to be a catalytically active ma-
When metallic nickel or nickel oxides are, however,
t, these can be easily removed by an acid washing
ure.
oration of the nitrogen isotherms results in Fig. 15,

displays the cumulative and differential pore volume
utions, calculated using the corrected Kelvin equa-
r all four stages in the synthesis. Note that only the
acro part of the pore size distribution is given.

increase at diameters below 4 nm is appearing, indi-
the onset of the micro-pore region for original, H2

ated, and the converted carbon. The major part of
re volume of the silicon carbide support, however,
tioned in the meso/macro-pore region which means
e entire surface area is available for catalysis. Addi-
y, the meso/macro-pore volume of the high surface
iC is larger than the original carbon. The absence of
pore volume is shown as well by the equal values of
nd St (Table 3). Figures 16 and 17 are micrographs
SiC support which shows that this type of conversion
s the synthesis of wide-pore SiC extrudates. The ho-
eous conversion is confirmed in Fig. 16, while Fig. 17
16. 100 µm. Micrograph of the SiC support which shows the
tion of the extrudate shape.
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17. 5 µm. Magnification of Fig. 16, which shows the morphology
surface area SiC.

ys the two types of SiC formation. Conventional SiC
ition results in the formation of granules, which act as
rt of the whiskers grown by the VLS mechanism.

5. CONCLUSIONS

ovel method has been developed for the synthesis
h surface area silicon carbide. It comprises the re-
of nickel loaded activated carbon extrudates with
tetrachloride and hydrogen at 1380 K and 10 kPa

m silicon arbide. Reaction at temperatures below
results in silicon codeposition. A dual catalytic ac-

f nickel has been observed, viz. hydrogasification:
2H2(g)ÀCH4(g) and SiC formation SiCl4(g)+
)ÀSiC(s)+ 4HCl(g). The total carbon conversion
ds on the amount of nickel used and ranges from
5% for 2 and 8 wt% Ni, respectively. The operative

r–liquid–solid mechanism causes the abundance of
hiskers throughout the converted extrudates. Calcu-
of mass-transport numbers shows that in the initial

is the c
SiCl4.
move
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of conversion methane is formed in the entire extru-
hereas SiC formation is limited to the outer part. This
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onsequence of severe internal diffusion limitations of
Deactivation of gasification sites causes the inwards

ent of SiC formation, until all gasification sites are
ated and the conversion is ended. The surface areas
iC/C composites range from 154 to 395 m2/g. Oxida-
the residual carbon at 1023 K results in high surface

iC (57 m2/g to 32 m2/g). The meso/macro porous tex-
lows utilization of this catalyst support (1) at high
rature and (2) in liquid-phase reactions.

SYMBOLS

specific area per unit volume (m2/m3)
external surface area of particle (m2)
specific surface area (m2/g)
the concentration of the diffusing species

in the gas phase (mol/m3)
specific heat (J/kg/K)
particle diameter (m)
gas-phase diffusion coefficient (m2/s)
effective diffusion coefficient (m2/s)

en Knudsen diffusion coefficient (m2/s)
Mass-transfer coefficient (m/s)
characteristic diffusion length (m)
length of bed (m)
mol weight (g/mol)

a radius of micro, meso, or macro pore (m)
reaction rate (mol/m3

carbon/s)
the observed reaction rate (mol/s)
temperature (K)
superficial gas velocity (m3 gas/(m2 reactor s))
volume particle (m3)
pore volume (m3/g)
weight after pretreatment (kg)
amount ash of pretreated carbon (kg)
weight loss due to gasification (kg)
weight after conversion (kg)

/C amount SiC/Si/C after conversion (kg)

porosity of the bed (m3 gas/m3 reactor)
porosity of the particle (m2 gas/m2 particle)
effectiveness factor (−)
viscosity of the gas (Pa s)
mass flow (kg/s)
Thiele modulus (−)
density of the gas (kg/m3)
tortuosity (−)

sionless Numbers

Carberry
Reynolds

Schmidt
Stanton
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