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bstract

igh-temperature water vapor corrosion of porous silicon carbide with and without additive alumina and its microstructural feature were investigated
o examine the corrosion resistance of porous membrane supports for hydrogen production by steam modification of methane. Corrosion test was
erformed under similar condition as hydrogen production reaction occurred at 600 and 1000 ◦C, 4 atm (0.4 MPa) and 3/1 = H2O/N2 where nitrogen
as was substituted for methane. In the corrosion at 600 ◦C, the alumina-doped support showed weight gain of 1.3 mg/cm2, while the undoped
upport showed weight gain of 0.7 mg/cm2. In the alumina-doped support, pore growth was observed because of the coalescence among oxidized

ne particles. In contrast, the pore size of the supports without alumina was slightly reduced, due to thin silica layer formed on the SiC particle. In

he corrosion at 1000 ◦C, the almost complete conversion to silica and the densification of silica were found. The densification of silica was due to
he viscous flow sintering of silica under water vapor.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Hydrogen has played an important role in many fields and has
een expected as an alternative clean energy source to replace
ossil fuels, which have created a great interest in developing
conomical and effective methods for hydrogen production.

The following production reaction of hydrogen by the steam
eforming of methane is the most typical.

H4 + H2O ↔ 3H2 + CO (�E = 206.0 kJ/mol) (1)

In order to achieve sufficient hydrogen production, high
emperature around 800–1000 ◦C and pressurized conditions
3–4 atm) are required, since this process has been limited by
hermodynamic equilibrium. The improvement of energy effi-
iency and the cost reduction in the production process are still
mportant issues.

High-temperature membrane reactor may be a possible

ethod to solve the above problems. If hydrogen is continu-

usly removed from the reaction zone through membrane, the
quilibrium of the reaction moves toward hydrogen produc-
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ion, which can improve the conversion efficiency and decrease
he reaction temperature to 500–600 ◦C.1,2 Due to cost, high

echanical strength, sharp pore size distribution and good ther-
al and chemical stability in a water vapor environment, ceramic
aterials have recently gathered a considerable interest as mem-

rane reactors. Silica or �-alumina-based membrane coated on
-alumina membrane support is most typical.3–7 However, the
orrosion resistance of these oxides against high-temperature
ater vapor is a very important issue.
Compared to oxide ceramics, silicon carbide (SiC) has a low

elf-diffusion coefficient, better thermal shock resistance and
xcellent thermal stability. This strongly suggests that SiC may
e useful as a membrane or a membrane support in hydrogen pro-
uction. Suwanmethanond et al.8 and Lin9 have developed the
orous SiC membrane support with alumina. We also reported
he fabrication of porous SiC with submicrometer pore and
orosities of 30–40%, and the effect of additive alumina on pore
ize.10

For the corrosion of SiC under high-temperature water
apor, many systematic studies have been carried out for dense

aterials.11–15 They reported the relationship among atmo-

phere, flow rate, partial pressure, temperature, thickness of
ilica scale and the recession of Si–OH gas. Our report about
orrosion indicated that the corrosion under normal pressure

mailto:manabu-fukushima@aist.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.023
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Table 1
Composition and properties of porous SiC

Sintering temperature (◦C) Composition Sample Porosity Peak pore size (nm) BET surface area (m2/g)
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SiC/Al2O3 = 100/0 SC
SiC/Al203 = 96/4 SCA

as affected by grain size of SiC and fabrication route.16 These
revious studies suggest that the conditions of corrosion test
nd the property of SiC are greatly related with its corro-
ion. However, the corrosion of porous SiC membrane support
nder similar condition to the hydrogen production has not been
nvestigated. Especially, the changes of pore size and poros-
ty by corrosion should be studied, because these can affect
ydrogen permeability. In this paper, the corrosion of SiC mem-
rane supports under similar condition to hydrogen production,
nd the changes of pore size were investigated with mercury
orosimetry, scanning electron microscopy (SEM) and X-ray
hotoelectron spectroscopy (XPS).

. Experimental procedure

High purity �-SiC (Ibiden Co. Ltd., Japan) powder with an
verage particle size of 0.30 �m was used as a raw material.
s the additive, �-Al2O3 (Taimei Chemicals Co. Ltd., Japan)
ith an average particle size of 0.20 �m was used. The mix-

ures with weight ratios of Al2O3/SiC = 0/100 and 4/96 were
lended in ethanol for 1 h by using a planetary mill. The pow-
er compacts were formed without any binder by using a steel
old, and then treated with cold isostatic press (CIP) at 400 MPa.
he green compacts were sintered at 1800 ◦C for 2 h under Ar
as flow. Hereafter, these sintered specimens are referred as
C (Al2O3/SiC = 0/100) and SCA (Al2O3/SiC = 4/96), respec-

ively, according to the additive. Detail process factors to affect
icrostructure have been reported elsewhere.10 The properties

f the obtained porous SiC specimens are illustrated in Table 1.
The water vapor corrosion was performed using a Corrosion

esting Machine at Japan Ultra High Temperature Materi-
ls Research Center. The corrosion tests were performed at
00 or 1000 ◦C and holding period was 100 h. Flow rate was
0 mm/min. Nitrogen gas was flowed to above testing tempera-
ure and then, mixed gas of N2 and H2O was introduced for the
olding period. The partial pressure of water vapor was kept at
/3 (N2/H2O) under 4 atm.
For the analyses of corrosion behavior, porosity, surface
rea, pore size distribution, SEM and XPS were used. Open
orosity was measured by Archimedes method with water
isplacement.17 Specific surface area determined from BET

s
o
t
6

able 2
imensional changes, specific weight change (g/cm2), porosity and conversion rate o

ample Corrosion temperature (◦C) Dimensional change (%) Spec

C
600

−0.6 0.7
CA −2.1 1.3

C
1000

+17.2 93.9
CA +18.6 111.4
37 410 2.1
34 89 5.7

nalysis (Brunauer, Emmet and Teller) was measured by nitro-
en adsorption (Yuasa Ionics Inc., Autosorb, Osaka, Japan).18

he pore size distributions before and after corrosion were
haracterized by mercury porosimetry (Yuasa Ionics Inc.,
oreMaster-GT, Osaka, Japan). The microstructures before
nd after water vapor corrosion were observed using a SEM
JEOL-6330F, Tokyo, Japan). XPS was used for the struc-
ural investigation of the surface of the specimens before and
fter vapor corrosion. The measurements were operated around
.3 × 10−8 Pa and using Mg K� radiation. The C (1s) spectra
or an internal reference (284.6 eV in hydrocarbon) were used
s the calibration of binding energy.

. Results and discussion

Dimensional changes, weight changes, porosities and con-
ersion to silica after vapor corrosion are listed in Table 2. The
eight gain of the SCA was found to be larger than that of the
C for both corrosion temperatures. The corrosion at 1000 ◦C
esulted in dramatic weight gain. According to the following
quation, weight gain due to the conversion to silica is repre-
ented:

iC + 3H2O(g) → SiO2 + 3H2(g) + CO(g) (2)

The conversion rate from SiC to silica was calculated by
he weight gain. The complete conversion to silica accompa-
ies with the weight gain of 50 mass%. The conversion rate can
e worked out by the measured weight gain/the weight gain
50 mass% for the SC or 48 mass% for the SCA) of complete
onversion. In corrosion at 1000 ◦C, the almost complete con-
ersion was observed. And the expansion was also found, which
eant that formed silica by corrosion had larger volume due to

ower density than SiC. Then, the porosity of the SC and the
CA decreased to 36 and 32% at 600 ◦C, and then dramatically
ecreased to 4 and 7% at 1000 ◦C, suggesting the progress of
ensification of silica.

Fig. 1 shows the BET surface area before and after corro-

ion. The SC and the SCA before corrosion had surface area
f 2.1 and 5.7 m2/g, respectively. The SCA seems to contain
he higher content of fine particles than the SC. By corrosion at
00 ◦C, those surface areas decreased to 1.9 and 4.1 m2/g, which

f the porous SiC after vapor corrosion

ific weight change (mg/cm2) Porosity (%) Conversion to silica (%)

36 0.7
32 1.1

4 95.7
7 97.5
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F
c

ig. 1. Changes of BET surface area of the porous SiC before and after vapor
orrosion.

F

Fig. 3. FE-SEM micrographs of the fractured SC and SCA: (a and d) as-recei
ig. 2. Pore size distribution of the porous SiC before and after vapor corrosion.

ved; (b and e) after vapor corrosion at 600 ◦C and (c and f) at 1000 ◦C.
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ere about 90 and 72% of initial surface area, respectively.
urface area further decreased with the increase of corrosion

emperature. This is found to be consistent with the decrease of
orosity (Table 2). The surface area of macroporous material is
enerally affected by particle size and porosity. The decrease
f surface area suggests the decrease of the number of fine
articles, the decrease of porosity and the increase of particle
ize.

Fig. 2 shows the pore size distributions of the SC and the SCA
efore and after vapor corrosion. The pore sizes of as-received
C and SCA were distributed in the range of 0.16–0.65 and
.02–0.11 �m, respectively. By corrosion at 600 ◦C, the pore size
f the SC decreased to 0.16–0.57 �m, while the pore size of the
CA increased to 0.04–0.16 �m. It can be seen that the pore size
f 0.08 �m in the SC is reduced and the size of 0.02–0.05 �m in
he SCA is enlarged by corrosion. In addition, small pore around
.02–0.04 �m in the SCA disappeared, though that was much
maller change.

These changes are considered to be available range as
ydrogen production of membrane support, which requires the
etention of submicrometer pore around 500–600 ◦C. In con-
rast, by corrosion at 1000 ◦C, no pore could be monitored by

ercury porosimetry, although porosity was slightly detected by
rchimedes method (Table 2). The observed reduction of poros-

ty and pore suggests that the porous SiC at 1000 ◦C should not
e utilized.

Fig. 3 shows the FE-SEM micrographs of the fractured sur-
ace for the SC (Fig. 4(a–c)) and the SCA (Fig. 4(d–f)) before
nd after vapor corrosion at 600 and 1000 ◦C. In (a) and (d)
icrographs for as-received specimens, particle size and pore

ize were varied by the addition of alumina, which was due to
ifferent mass transfer during sintering. In the undoped spec-
men, surface diffusion was main mass transfer pass, which
aused enlarged pore and grain coarsening. In contrast, for
he alumina-doped SiC, SiO2–Al2O3 liquid phase between sil-
ca on the particle surface and additive alumina was formed
uring sintering, leading to the prevention of pore growth
nd grain coarsening. These partial sintering behaviors were
reviously confirmed by TEM–EDS analysis and elemental
apping.10

The micrograph (b) of the SC after corrosion at 600 ◦C
evealed that the microstructure of the SC was not significantly
ifferent from that (a) of as-received specimen. In contrast,
een from the (d) and (e), by corrosion, the observed fine SiC
articles (as indicated by circles) disappeared or changed to
pherical shape. On the other hand, in corrosion at 1000 ◦C,
icrostructures dramatically changed. The fine particles com-

letely disappeared, and grain coarsening was observed. Then,
he SCA was found to have appreciable grain boundary.

Fig. 4 illustrates the (A) Si (2p) and (B) O (1s) spectra of the
CA before and after vapor corrosion. As seen from the Si (2p)
pectra, the peak due to silicon carbide before corrosion, two
eaks ascribed to silicon oxycarbide and silica after corrosion at

00 ◦C and the peak due to silica after corrosion at 1000 ◦C were
etected, respectively.19,20 At 600 ◦C, the complete conversion
o silica in the Eq. (2) was not found to completely perform even
t surface detected by XPS. The surface composition of the SC

s
t
n
d

ig. 4. (A) Si (2p) and (B) O (1s) XPS spectra of the SCA before and after water
apor corrosion.

nd the SCA were nearly same; SiC0.20O1.60 and SiC0.18O1.64,
espectively, which was calculated by the ratio of the area in the
eak deconvolution. This suggests that the rate of corrosion may
e nearly equal for both specimens.

In the O (1s) spectra, the peak due to Si–O–Si (siloxane)
n the specimen before corrosion was monitored. This is due
o siloxane in thin silica layer on the surface of SiC particle.
fter corrosion, peak shifted to higher binding energy, which
as ascribed to the formation of Si–OH (silanol) group.21,22

ilanol group can be easily produced by the cession of silox-
ne bonds under high-temperature water vapor, according to the
ollowing equation23:

Si–O–Si– + H2O → 2 Si–OH (3)

Oxycarbide or silica, detected by Si-XPS spectra, may
ccompany with silanol group on their terminal site.

The decrease of surface area, the changes of pore size and the
ormation of Si–OH group were monitored by corrosion. Here,
e discuss the relationship among these phenomena. First, in the
C, the particle size after corrosion at 600 ◦C was almost similar
ith that of the as-received specimen (see Fig. 3). However,
urface area and pore size were slightly reduced. This means that
he thin silica layer on the SiC particle is formed by corrosion,
amely, apparent particle size is slightly enlarged due to lower
ensity of silica than that of SiC. This can lead to the narrower
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ore size and the decrease of surface area due to slight increase
f particle size.

In contrast, for the SCA after corrosion at 600 ◦C, pore size
as enlarged and small pore around 0.02–0.04 �m was closed

see Fig. 2). Then, fine particles less than at least 100 nm (as
bserved in Fig. 3d) disappeared, suggesting that some fine par-
icles completely converted to silica. In addition, the formation
f silanol group was detected by XPS spectra. During vapor cor-
osion, the surface of SiC particle is oxidized and a silica layer
s generated by Eq. (2). When the silica on the surface of parti-
le partially accompanies with silanol groups, viscosity greatly
ecreases with the content of silanol.24 Seen from the previous
eports, the viscosity of silica without silanol is one to two orders
f magnitude higher than that of silica with much slight silanol
ontent (0.01 mass%).24,25 The silica layer or fine particles with
ilanol may gradually gather toward neck area due to low vis-
osity and surface tension. This should result in the pore growth,
he coalescence with fine particle and the closure of small pore,
hich is consistent with the decrease of surface area.
The pore of the SC was reduced and that of the SCA was

nlarged, which were both due to the formation of silica layer.
he coarse particle of the SC has silica layer on the surface,
hich can reduce pore size. In contrast, some fine particles of

he SCA may be completely oxidized. The complete corrosion
f fine particles leads to the grain coarsening by their gathering
ue to low viscosity, closure of small pore around 0.02–0.04 �m
nd then pore growth.

During the corrosion at 1000 ◦C, the dramatic decrease of
orosity, the almost complete conversion to silica and the den-
ification of silica were found. The viscous flow sintering of
ilica under water vapor is considered to occur.23–25 Though
he porosities of both specimens were slightly different, the
bserved reduction of porosity suggests that the porous SiC at
000 ◦C should not be utilized.

The hydrogen production reaction occurs around
00–1000 ◦C. However, by using membrane reactor, its
eaction temperature can be lowered to 500–600 ◦C. In the
orrosion test at 600 ◦C, the submicrometer pore required
or membrane support was retained, although slight changes
ere monitored. Thus, this study suggests that porous SiC for
ydrogen production by membrane can be available.

. Conclusion

The corrosion of porous SiC with and without alumina was
erformed under similar condition to hydrogen production reac-
ion (at 600 and 1000 ◦C, 4 atm (0.4 MPa) and partial pressure of
5% H2O), and the role of microstructures on corrosion behavior
as investigated.
By the corrosion at 600 ◦C, the pore size of supports with

lumina showed the slight increase. This was considered to be
ue to the coalescence among oxidized fine particles. In the
upport without alumina, pore size was reduced by corrosion at

00 ◦C, which was due to thin silica layer formed on the SiC
article. Though the changes of pore size were monitored, pore
izes after corrosion at 600 ◦C were remained in the range of
ubmicrometer for both supports. In the corrosion at 1000 ◦C,

1
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he almost complete conversion to silica and the densification
ue to the viscous flow sintering of silica occurred on both sup-
orts, which suggested that porous SiC at 1000 ◦C should not
e used.
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