
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

6:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
SiC mesoporous
Department of Chemical Engineering, Gra

University, 1-4-1 Kagamiyama, Higashi-Hir

hiroshima-u.ac.jp

† Electronic supplementary informa
10.1039/d0ra06919a

Cite this: RSC Adv., 2020, 10, 41883

Received 11th August 2020
Accepted 6th November 2020

DOI: 10.1039/d0ra06919a

rsc.li/rsc-advances

This journal is © The Royal Society o
membranes for sulfuric acid
decomposition at high temperatures in the iodine–
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Inorganic microporous materials have shown promise for the fabrication of membranes with chemical

stability and resistance to high temperatures. Silicon-carbide (SiC) has been widely studied due to its

outstanding mechanical stability under high temperatures and its resistance to corrosion and oxidation.

This study is the first to prepare mesoporous SiC membranes for use in sulphuric acid decomposition to

achieve thermochemical water splitting in the iodine–sulfur process. Single-gas permeation was carried

out to confirm the stability of this mesoporous membrane under exposure to steam and H2SO4 vapor.

Benefiting from the excellent chemical stability of the a-Al2O3 membrane support and the SiC particle

layer, the SiC membrane exhibited stable gas permeance without significant degradation under H2SO4

vapor treatment at 600 �C. Additionally, with extraction, the membrane reactor exhibited an increased

conversion from 25 to 41% for H2SO4 decomposition at 600 �C. The high performance combined with

outstanding stability under acidic conditions suggests the developed SiC membrane is a promising

candidate for H2SO4 decomposition in a catalytic membrane reactor.
1. Introduction

Over the past twenty years, the water-splitting iodine–sulfur (IS)
process has been extensively investigated as a sustainable
technology with a net production of H2 and O2, at much lower
temperatures compared with the direct thermal decomposition
of water.1–6 The IS process involves cyclic reactions such as the
Bunsen reaction and the thermal decompositions of sulfuric
acid at 850–950 �C and hydroiodic acid at 450 �C. In these
cycles, the decomposition of sulfuric acid requires tempera-
tures so high that the heat of solar or nuclear energy must be
utilized.3,5–7

Net reaction:

2H2O 4 2H2 + O2 (water-splitting)

Bunsen reaction:

2H2O + I2 + SO2 4 2HI + H2SO4 (�120 �C) (1)

H2 production:
duate School of Engineering, Hiroshima

oshima 739-8527, Japan. E-mail: tsuru@

tion (ESI) available. See DOI:

f Chemistry 2020
2HI 4 I2 + H2 (350–450
�C) (2)

O2 production:

H2SO4 4 H2O + SO3 (T > 300 �C) (3)

SO3 4 SO2 + 0.5O2 (�850–950 �C) (4)

H2SO4 decomposes to produce O2 in the following two steps:
H2SO4 dissociates into H2O at 300 �C (eqn (3)) and sulfur
trioxide (SO3), which further decomposes into sulfur dioxide
(SO2) and oxygen (eqn (4)) via catalysis around 850 to 950 �C. O2

production from H2SO4 requires separation from co-produced
SO2, SO3 and H2O gaseous mixtures, while H2 requires separa-
tion from HI and I2. H2 and O2 are collected via the separation
process for further applications. The high temperature of SO3

decomposition (>850 �C) can be lowered via equilibrium shi by
extracting O2 from the reaction systems. Membrane-based
separation methods such as microltration,8 ultraltration,9

nanoltration,10 reverse osmosis,11 and gas separation12

consume the least amount of energy compared with other
separation techniques.13 Membrane processes also provide
a signicant, convenient, and sustainable solution for H2 and
O2 separation.14–18

In recent years, several types of membranes have been
developed for the iodine–sulfur cycle.4,19–28 Myagmarjav et al.
reported that a hexyltrimethoxysilane (HTMOS) derived silica
membrane achieved H2 permeance on the order of 10�7 mol
RSC Adv., 2020, 10, 41883–41890 | 41883

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06919a&domain=pdf&date_stamp=2020-11-16
http://orcid.org/0000-0002-4428-5541
http://orcid.org/0000-0002-4551-6866
http://orcid.org/0000-0001-7972-2425
http://orcid.org/0000-0003-1435-9754
http://orcid.org/0000-0002-8561-4962
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06919a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010068


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

6:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
m�2 s�1 Pa�1 with H2/HI selectivity of more than 175.4 In
addition, their silica-based ceramic membrane reactor achieved
HI conversion of 0.70 and H2 extraction of 0.98 at 400 �C.27

However, it was also reported that silica membranes can't
survive under humid environments at high temperatures,29 and
challenges remain for the use of silica membranes when using
water in Bunsen reaction and H2SO4 decomposition reaction.
Nomura et al. proposed a cation exchange membrane (CEM)
constructed from polymerized divinylbenzene on Naon for
Bunsen reaction.19 HI and H2SO4 were obtained separately from
CEM-divided cells by feeding SO2, I2 and H2O. He et al.
discovered two Pt/carbon catalyst coated membranes (CCMs)
that showed a reduced charge transfer resistance for the Bunsen
reaction at room temperature.24 The electrolytic voltage was
reduced by 62.7% with cathode current efficiency that reached
97.41%. However, water permeated the cation exchange
membrane to form H2SO4, and resistance to H2SO4 remains
unsolved. Several recent results have also shown promising
membrane performances under H2SO4 for the IS process. PTFE-
based materials were reportedly stable even aer exposure to
highly concentrated H2SO4 solutions at 80–120 �C.30 Non-
uorinated membranes (e.g., polybenzimidazole, non-
uorinated poly(arylene ether sulfone)) have also shown excel-
lent stability against 30 and 60 wt% H2SO4 at 80 �C.31 However,
for O2 separation in integrated H2SO4 decomposition systems,
stability under high temperatures (600–900 �C) for the second
reaction, which is expressed as eqn (4), and for corrosion under
strongly acidic conditions remains a challenge.

Generally, inorganic membranes are prepared with the
strength to withstand high temperatures as well as oxidative
and chemical conditions, which makes them promising
candidates for O2 separation from SO3 decomposition, as
mentioned in eqn (4). Notably, we reported several classes of
inorganic membrane materials/metal oxides employed in
membrane reactors for O2/SO3 separation.3,5 SiO2 membranes,
due to their excellent thermal stability and high gas selec-
tivity,17,32 were rst used by our team for O2/SO2 separation in
2015.3 Bis(triethoxysilyl)ethane (BTESE)-derived membranes,
particularly those fabricated under high temperatures, have
demonstrated high oxidation resistance and exhibited an O2/
SO3 selectivity of 10 with an O2 permeance of 2.5 � 10�8 mol
m�2 s�1 Pa�1.33 Despite a decrease in permeance aer exposure
to SO3, the BTESE membrane exhibited a very high level of SO3

stability. On the other hand, highly water stable BTESE
membranes have also been studied,17,34 and these have served
as selective lters for H2O/O2/SO3 separation. In addition, the
membrane materials with high SO3 (10% in O2) resistance at
550 �C, such as SiO2, SiO2–ZrO2 (high Si/Zr ratio), and a-Al2O3

powders were fundamentally studied.5

To the best of our knowledge, however, no study has yet re-
ported the chemical stability of membrane materials against
sulfuric acid at high temperatures (>400 �C), and as yet no
effective strategy has been developed to fabricate an O2-selective
membrane structure. Moreover, there has been no report of an
attempt to apply a membrane reactor to H2SO4 decomposition.
However, the use of high temperatures is essential for the
separation of O2 though membrane and catalytic
41884 | RSC Adv., 2020, 10, 41883–41890
decomposition of H2SO4. The present study expands our
previous work on the stability of various types of metal oxides
under SO3 exposure,5 and provides insight from evaluating the
characteristics of SiO2, ZrO2, SiC, homemade Al2O3, SiO2–ZrO2,
and a-Al2O3 under H2SO4 vapor at high temperatures. Aer
clarifying the chemical stability, the H2SO4 decomposition
conversion of the membrane fabricated by SiC was further
studied.

2. Experiments
2.1 Preparation of sol, gel and powders

SiO2–ZrO2 sols with sol concentrations of 2.0 wt% were
synthesized from tetraethoxysilane (TEOS) and zirconium but-
oxide solutions (ZrBT, 80% in 1-butanol) in Si/Zr molar ratios of
5/5, 7/3 and 10/0 by hydrolysis and condensation reactions in
H2O with HCl (35 wt%) as the catalyst. The details can be found
in our previous reports.5,35 Al2O3 gels were prepared via hydro-
lysis and condensation by mixing aluminium tri-sec-butoxide
(AlTBT, 97%) with water, and HCl in molar ratios of AlTBT/H2O/
HCl ¼ 1/10/0.1. ZrO2 sol was prepared via hydrolysis and
condensation by mixing ZrBT, H2O, and HCl in molar ratios of
ZrBT/H2O/HCl ¼ 1/1/0.1. Ethanol (99.5%) was added to adjust
the concentration of AlTBT or ZrBT sols at 5 wt%. Al2O3, SiO2,
ZrO2, and SiO2–ZrO2 powders were prepared by drying Al2O3,
SiO2, ZrO2, and SiO2–ZrO2 (Si/Zr ratio ¼ 7/3) gels at 50 �C and
subsequently calcined at 600 �C under air for 24 h.

2.2 Characterizations

Aer drying SiO2, ZrO2, homemade Al2O3, SiO2–ZrO2 (Si/Zr ratio
of 7/3), and SiC powders at 600 �C under air, the exposure
experiment was carried out in a quartz cell in which these
powders were exposed to either H2O or H2SO4 (98%) vapor
under an absolute pressure of 1 bar at 600 �C for 24 h. Then,
2 ml of liquid (H2O or H2SO4) was added into the quartz tube
before heating, and aer heating at 600 �C, and the vaporized
liquid was reuxed in the tube as schematically shown in the
diagram in the Fig. S1.† Powders were also exposed with an SO3

of 10 kPa at 600 �C under sweep conditions similar to our
previous report.5 Subsequently, those powders were followed by
drying at 500 �C under air to remove the adsorbed gas on the
surface. Then, characterizations of powders were carried out
using Energy Dispersive X-ray Spectroscopy (EDS) Scanning
Electron Microscopy (SEM, JCM-5700, JEOL Ltd.), X-ray
diffraction (XRD, Bruker AXS, Japan), and N2 adsorption
under liquid nitrogen at 77 K (BELMAX, BEL Japan Inc.).

2.3 Preparation of mesoporous membranes

Fabrication of membranes for H2SO4 separation, a-Al2O3

membrane support (cylindrical porous tubes with average pore
size 2 mm; outer diameter 1 cm; length 10 cm, Nikkato. Corp.)
were used as substrates. 5 types membranes were fabricated as
shown in Table 1. The outer surfaces of the tube were coated
with a-alumina (2.0 and 0.2 mm, Sumitomo Chemical Co., Ltd)
or silicon carbide (2.3 and 0.5 mm, Pacic Rundum Co., Ltd.)
particles mixed with the sols (SiO2–ZrO2 at Si/Zr ratio of 5/5, 7/3
This journal is © The Royal Society of Chemistry 2020
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Table 1 Conditions of the membrane fabrication by using various
particles and binder sols

No. Particles Binder sols

M1 — —
M2 a-Al2O3 SiO2–ZrO2 (5/5)
M3 a-Al2O3 SiO2–ZrO2 (7/3)
M4 SiC SiO2–ZrO2 (7/3)
M5 SiC SiO2–ZrO2 (10/0)
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or 10/0) as the binder to create a smooth and homogeneous
surface, followed by ring at 600 �C for 15 min then cooling to
room temperature. This procedure of coating particle layers was
repeated several times to reduce the pore sizes of the
membranes to approximately 20 nm. The schematic membrane
structure is shown in Fig. 1.
2.4 Gas permeance of membranes and H2SO4 conversion

The gas permeation of membranes during H2SO4 and H2O
exposure was tested in membrane module shown schematically
in Fig. 2. Distilled H2O (0.48 ml h�1) or H2SO4 (1.0 ml h�1) was
introduced into the membrane via a syringe pump, and helium
was supplied as a carrier gas (ow rate of 90 ml min�1) to
control the molar ratio of H2O or H2SO4 at 0.1 bar. Membranes
of different types, M1–M5, were placed in an electric furnace
with a controlled inner-side temperature of 600 �C for evapo-
ration and reaction. Once H2SO4 was injected inside the heated
zone, liquid H2SO4 was evaporated, and then thermally
decomposed into sulfur trioxide and water vapor. Aer exposure
tests for several hours, membranes were dried with N2 ow in
the furnace at 600 �C, followed by cooling to room temperature.
Then, the membrane module and gas lines were carefully
cleaned by water to wash out the remaining H2SO4 and dried in
an 80 �C oven. Pure gas permeance was measured under the
transmembrane pressure difference from 0.01 to 1 bar by
feeding gas to the outside of the membrane.

An M4 membrane was used for the membrane reactor to An
M4 membrane was used for the membrane reactor to investi-
gate the effect of O2 extraction on H2SO4 decomposition
conversion. At 600 �C, the liquid sulphuric acid changes to a gas
phase, and the decomposition reaction can be split into two
Fig. 1 The schematic structure of a-Al2O3 or SiC particle membranes.

This journal is © The Royal Society of Chemistry 2020
endothermic sub-reactions. The rst sub-reaction is the disso-
ciation of sulphuric acid into sulphur trioxide and water (reac-
tion (3)), and the second is the decomposition of sulphur
trioxide into sulphur dioxide and oxygen (reaction (4)). Here,
SO3 was decomposed to SO2 with the Pt/Al2O3 catalyst (1.5 g,
Shimadzu Corporation), which was packed inside the
membrane. Outlet gases from the membrane reactor, consist-
ing of mixtures of carrier gas He, and H2O, SO3, SO2, and O2, as
produced from H2SO4 decomposition, subsequently passed
through two bottles lled with 120 ml sodium hydroxide
aqueous solution (20 wt%), where H2O was condensed and SO3

or SO2 was trapped by the neutralization reaction. So the outlet
gas consisted of He and O2 and was measured using a soap lm
bubble owmeter. NaOH was chosen for acidic gas absorption
because it had high efficiency (nearly 100%) with SO2 removal.36

For safety, a SO2 alarm (ToxiRAE II, PGM-1130) was set nearby
the equipment to signal SO2 leakage, and the outlet gas in the
NaOH trap was monitored by the SO2 alarm and the SO2 content
was found to be lower than 1 ppm.

H2SO4 conversion (w) can be quantied by the ratio of
produced O2 over theoretical O2 since 1 mol of H2SO4 can
produce 0.5 mol of O2 aer complete conversion. Therefore, the
conversion can be expressed in the following equation:

w ¼ Fr þ Fp � Fc

0:5Fh

� 100%

In that equation, Fr and Fp are the gas molar rate (mol s�1) of
retentate and permeate side of the membrane, Fc is the molar
rate of carried gas He. Fh (mol s�1) is the feed rate of liquid
H2SO4. It is of note that H2SO4 was 100% decomposed to H2O
and SO3 at 450 �C, hence, from this perspective, the H2SO4

conversion to SO2 was dominated by SO3 decomposition.
3. Results and discussion
3.1 Stability of membrane materials under H2SO4 exposure

It has been pointed out that the a-Al2O3, SiO2 and lower-Zr-
content SiO2–ZrO2 powders had good chemical stability
against SO2 and SO3 even at 550 �C for O2/SO2 or O2/SO3 sepa-
ration.5,37 The H2SO4 decomposition generates water vapor at
temperatures higher than 300 �C, and, hence, the stability and
corrosion under steam/acid still needs to be addressed. There-
fore, Fig. 3 depicts the XRD patterns of the samples aer being
treated in SO3 or H2SO4 vapor at 600 �C for 24 h. The XRD
patterns of SiO2 (Fig. 3A) showed a broad single peak centered at
23�, which was assigned to an amorphous SiO2 phase, and no
other peaks were observed in the XRD patterns. Additionally,
Nadar et al. also reported that TG-DTA and XRD patterns of SiO2

aer H2SO4 exposure were similar to those before H2SO4,38

indicating the high acid resistance of SiO2. Table 2 shows the
BET area of SiO2 powders was largely decreased aer being
treated in steam and in H2SO4 vapor. The reason for this
decrease in the BET area could have centered around the reac-
tion of Si–O–Si and H2O to form Si–OH, which could have led to
large non-selective pores and resultant particles that became
dense.34,39 XRD analyses of a-Al2O3 (Fig. 3B) powders revealed
that the S in Al2(SO4)3 and the percentage of sulfur/aluminum
RSC Adv., 2020, 10, 41883–41890 | 41885
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Fig. 2 (A) Schematic diagram of the experiment for steam and sulphuric acid treatment and gas permeance measurement. (B) Schematic
illustration of the SiC membrane used membrane reactor for H2SO4 decomposition.
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detected by EDS had increased from 0.87 to 26%, as shown in
Table 2. Also, the FT-IR spectra conrmed that an SO4 peak was
formed in a-Al2O3 (ESI-2†), which was attributed to the reaction
of alumina with the H2SO4 vapor at 600 �C. Furthermore, BET
analyses revealed how the surface area of a-Al2O3 had decreased
from 8.8 to 1.9 m2 g�1 following exposure to H2SO4, presumably
due to the formation of Al2(SO4)3 on the surface, which reduced
the size of the pores. Regarding the homemade Al2O3 powder,
which had a high surface area of 226 m2 g�1 compared with that
Fig. 3 XRD of different powders after SO3 or H2SO4 exposure at 600 �

sulfate, t/m: tetragonal/monoclinic ZrO2. (A) Home-made SiO2. (B) a-Al2O
support.

41886 | RSC Adv., 2020, 10, 41883–41890
of crystalline a-Al2O3 at 8.8 m2 g�1, the BET area was drastically
decreased aer exposure to SO3 and H2SO4, but the reactivity
was signicantly greater under H2SO4 vapor than under SO3.
Fig. 3C shows the XRD of ZrO2, which exhibited an increased
crystalline monoclinic (m) ZrO2 from the tetragonal (t) phase40

due to the temperature swings of the membrane furnace and
the dryer oven. XRD analysis did not detect the sulfate phase for
ZrO2 and SiO2–ZrO2 (Si/Zr ¼ 7/3) powders aer SO3 exposure, as
shown in Fig. 3C and D, and corresponded to low S ratios of 2.7
C under one-atmosphere pressure. S: zirconium sulfate or aluminum

3. (C) ZrO2. (D) SiO2–ZrO2 (Si/Zr ¼ 7/3). (E) SiC. (F) a-Al2O3 membrane

This journal is © The Royal Society of Chemistry 2020
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Table 2 BET area and S ratio of powders after H2O or H2SO4 exposure

Powders Air-red temperature (�C)

BET area (m2 g�1)
S/Al or S/(Si +
Zr) mole ratio (%)Fresh Aer H2O Aer H2SO4

SiO2 600 650 600 390 <0.1
Home-made Al2O3 600 226 18 6.4 86
a-Al2O3 >1200 8.8 11 1.9 26
Membrane support >1200 0.21 0.14 0.57 17
SiO2–ZrO2 600 115 25 14.9 4.0
ZrO2 600 21 20 3.2 100
SiC >1800 10.0 10.5 9.0 <0.1
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and 2.2%,5 respectively. On the contrary, aer exposure to
H2SO4 vapor at the same temperature of 600 �C, the S ratio was
quite different between ZrO2 and SiO2–ZrO2 powders. The XRD
spectra in Fig. 3C shows the formation of Zr(SO4)2 from ZrO2

aer H2SO4 exposure, with only a small amount of crystalline
Zr(SO4)2 (S peak)41 detected for SiO2–ZrO2 (Fig. 3D). In addition,
Table 2 shows the S content measured by EDS was almost 100
and 4.0% for ZrO2 and SiO2–ZrO2 powders, respectively. Prob-
able reasons for the high sulfur composition in ZrO2 powders
aer exposure to H2SO4 vapor could be primarily that H2O
activated ZrO2 and formed ZrO(OH)2 or Zr(OH)4 at high
temperature.42 Another explanation could be that either
ZrO(OH)2 or Zr(OH)4 was more active in the reaction with SO3 to
form Zr(SO4)2. Fig. 3E shows the XRD spectra of silicon-carbide
powders before and aer H2SO4 exposure. No change in peaks
was observed, probably because SiC is generally known for its
ultrahigh chemical and thermal stability.43–45 Additionally, the
a-Al2O3 membrane supports used in this study were proven to
be chemically stable under H2SO4, which was conrmed by XRD
analysis to have a lesser amount of aluminum sulfate (Fig. 3F)
compared with that of a-Al2O3 powders (Fig. 3B). This was
probably because SiO2 was added to the Al2O3 membrane
supports since Si was detected in the Al2O3 membrane supports,
although the exact content was not available. Although the S
content was 17% for a-Al2O3 membrane supports aer H2SO4

exposure, the change in the element composition of the
substrates had less of an effect on gas permeation (Fig. 5). To
benet the stability of these materials against H2SO4 in the IS
Fig. 4 SEM of fresh SiO2 (A1), a-Al2O3 (B1), ZrO2 (C1) powders. (A2),
(B2) and (C2) were those powders after H2SO4 (100 kPa) exposure at
600 �C, respectively.

This journal is © The Royal Society of Chemistry 2020
process, the use of a-Al2O3 membrane supports, SiC and SiO2–

ZrO2 were proposed for the preparation of SiC membranes.
Fig. 4 features the SEM micrographs of SiO2, a-Al2O3 and

ZrO2 before and aer exposure to H2SO4. As shown in the
images of Fig. 4A1 and A2, the surface of SiO2 powders were
smooth aer H2SO4 exposure, which demonstrated morpho-
logical differences between the fresh state and aer SO3 expo-
sure5 while maintaining approximately the same particle size.
This could be explained by the densication of SiO2 ne parti-
cles induced by the reaction between Si–O–Si and H2O. Fig. 4B1
and B2 shows that a-Al2O3 particles had a relatively uniform
morphology even aer H2SO4 exposure while the size of the
Al2O3 particles grew larger due to the formation of low-melting
Al2(SO4)3 on the surface, with which each of the primary parti-
cles seemed to be connected and aggregated that differed from
the a-Al2O3 particles with SO3 exposure.5 Given that a-Al2O3

particles aer exposure were deposited with, and covered by,
the Al2(SO4)3, these SEM photos conrm the compositions ob-
tained by EDS. The SEM images in Fig. 4C1 and C2 also show
that the ne ZrO2 particles had reacted with the H2SO4 vapor
and increased in size, which is similar to the growth of a-Al2O3

powder under H2SO4 exposure, probably due to the effect of
dissolution under the H2O vapor and to the reaction with SO3.
3.2 Permeance of the SiC membrane reactor for H2SO4

decomposition

Porous inorganic membranes were rst explored under an
extreme condition, i.e., H2SO4 decomposition at 600 �C. Fig. 5
Fig. 5 Time course of N2 permeance for a-Al2O3 membrane support
(M1) and membrane prepared by Al2O3 particle layer (M2, M3), and SiC
particle (M4, M5) after the treatment under H2SO4 vapor at 600 �C.
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shows the time course of the N2 permeance with increases in
the treatment time under H2SO4 vapor. The N2 permeance of
the a-Al2O3 membrane support (M1) was decreased only slightly
even aer 22 h of exposure to H2SO4 vapor at 600 �C, since the
membrane support provided only moderate chemical stability,
as shown in Fig. 3F (XRD) and Table 2, and the large pores
changed very little even aer sulfate formation. M2, M3, andM4
prepared with different particles (SiC, a-Al2O3) and binders
(SiO2–ZrO2, SiO2) showed N2 permeance at the same level
(10�5 mol m�2 s�1 Pa�1) as before the stability test, which
provided a fair comparison and veried good reproducibility of
the membrane fabrication. Values were drastically decreased
for the permeance of both M2 and M3 Al2O3 particle layers
following H2SO4 exposure for 4 h. The permeance of M2 was
further decreased, however, conrming that the high Zr content
in the binder (Si/Zr ¼ 5/5) was more unstable due to the
formation of Zr(SO4)2 with H2SO4, similar to high Zr content
SiO2–ZrO2 (Si/Zr ¼ 5/5) in SO3.5 These results were reasonable,
and strongly suggested that the membranes should be prepared
using Si-rich SiO2–ZrO2 (Si/Zr¼ 7/3) as a binder. M4 and M5 SiC
particle layers showed a very small decrease and high relative
permeance over all the particle membranes, M2–M5. That
indicated that the membrane prepared by SiC with Si-rich SiO2–

ZrO2 (Si/Zr ¼ 7/3) increased both the chemical and hydro-
thermal stability compared with that of the Al2O3 particle layers
with Zr-rich SiO2–ZrO2 used to fabricate M2 and M3. The
morphology changed less for membranes fabricated with SiC
layers following exposure to H2SO4 (ESI-3†), which corresponds
to the stability conrmed by XRD and BET results. These results
suggested that the SiC was stable for fabricating a particle layer
for membrane preparation in the IS process.

Catalytic membrane reactor for H2SO4 decomposition, liquid
H2SO4 (98%) was fed at a ow rate of 1.0 ml h�1 and He was used
as the carrier gas with a ow rate of 24.5 ml min�1 controlled by
a mass ow controller. Fig. 6 shows the time course for the total
ow rate of the outlet gas in both the retentate and permeate, and
the conversion of H2SO4 decomposition at 600 �C in a SiC particle-
derived membrane reactor. A brief ow sheet with or without
extraction is shown in ESI-4.† The membrane reactor with
extraction, O2 with low molecular weight was transferred faster
than SO2 and SO3, and SO3, and the largest molecular weight,
permeated at the slowest speed by Knudsen diffusion through the
Fig. 6 Time course of gas flow rate and H2SO4 conversion for a SiC
membrane tested in the catalytic membrane reactor at 600 �C.

41888 | RSC Adv., 2020, 10, 41883–41890
mesoporous SiC membrane.46 Therefore, the equilibrium of the
reaction (R4) (SO3 4 SO2 + 0.5O2) was forwarded to the product
side by removing O2. In a comparison with a membrane without
extraction, the membrane reactor with extraction achieved higher
conversion at the same temperature of 600 �C. The catalytic
membrane reactor obtained conversion of 25% without extrac-
tion, which approximated the equilibrium (theoretical) conver-
sion of SO3 decomposition (eqn (4)) of 28% at 900 K.3 Comparison
with membrane without extraction, the conversion of H2SO4

decomposition was increased to 45%, which was much higher at
the same temperature of 600 �C. Additionally, the H2SO4

decomposition conversion remained constant at around 41%
aer membrane exposure to H2SO4 vapor for 10 h. Moreover, aer
decomposition for 10 h, He permeance was approximately the
same as that before the decomposition reaction, which indicated
that the SiC particle layer (with SiO2–ZrO2) had high hydrothermal
and chemical stability under H2O and SO3. However, the separa-
tion properties of M4 membranes was still poor; the He/N2 per-
meance ratio was 2.3 with N2 permeance of 4.5 � 10�5 mol m�2

s�1 Pa�1, since the SiC membrane was fabricated using SiC
particles, and the gaps between particles were large enough to
allow gas to pass through.
4. Conclusions

SiC mesoporous membranes were successfully prepared using
an a-Al2O3 support and a SiC particle layer. The gas permeance
of the SiC membrane was stable for 20 h under H2SO4 vapor at
600 �C, which indicated its high chemical stability. Regarding
the H2SO4 decomposition reaction, the SiC membrane achieved
a conversion of 41% at 600 �C, which wasmuch higher than that
of the membrane without extraction (25%). Our previous work
involved the preliminary use of SiC membranes in a catalytic
membrane reactor for hydrogen production in the iodine–
sulfur process, and a desirable design for a SiC subnanoporous
membrane with a combination of high O2 permeance and O2/
SO2 selectivity will be a major objective in the future.
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