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Abstract

A number of ceramic membrane reactors (CMR) of various designs and compositions for high-temperature 
hydrogen sulphide decomposition were studied. Two CMR types with the layered structure were used: the first 
type included catalyst layer, membrane support, and membrane layer, while the second one was composed of 
catalyst layer, membrane support, an intermediate layer, and membrane layer. It is demonstrated that the pore 
structure and the thickness of the membrane layer have a significant effect on permeability for H

2
 and H

2
S. Due 

to the high H
2
/H

2
S separation coefficient (more than 2.5), a significant improvement of the parameters of H

2
S 

decomposition in CMR in comparison with the flow reactor with a granulated catalyst is observed. The H
2
S 

conversion (with the formation of H
2
) reaches 87 % at 900 °C in the CMR of the optimal composition prepared 

using the optimal method. 
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INTRODUCTION

Hydrogen sulphide (H
2
S) is formed as a 

by-product of various chemical processes, such as 
petroleum production and petrochemical process-
es [1, 2], hydrodesulphurization of hydrocarbons 
[1], processing heavy petroleum [3], bitumen [4] 
and coal [4]. It is very toxic and causes corrosion 
[5], so its processing is necessary to prevent its 
emission into the atmosphere. 

Hydrogen sulphide is usually utilized with the 
help of a well-known Claus process which in-
volves H

2
S oxidation with the formation of water 

and elemental sulphur in a two-stage reaction [6]:
H

2
S + 3/2O

2
 → SO

2
 + H

2
O			   (1)

2H
2
S + SO

2
 → 3S + H

2
O			   (2)

Another method to process hydrogen sulphide 
is its direct oxidation [7–9]:
H

2
S + 1/2O

2
 → 1/nS

n
 + H

2
O			   (3)

which provides oxidation of hydrogen sulphide to 
elemental sulphur in one stage.

In spite of the fact that sulphur obtained in the 
Claus process and through direct oxidation of H

2
S 

is a commercial product, these processes do not 
allow the full involvement of the potential of H

2
S 

because hydrogen present in it is bound in the 
form of water vapour [10–12].

An alternative to oxidation processes is the 
decomposition of H

2
S, which results in the possi-

bility to obtain hydrogen in addition to sulphur, 
which is a highly relevant product: 
H

2
S → H

2
 + 0.5S

2
				    (4)
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Many methods of H
2
S decomposition are 

known [13, 14]. Thermal decomposition appears to 
be the most interesting method among them. This 
process holds high practical significance for the 
production of not only elemental sulphur but also 
hydrogen on an industrial scale. Sulphur is usual-
ly present in reaction products in diatomic state 
because decomposition of hydrogen sulphide is 
performed at high temperatures. 

Thermodynamics of the thermal decomposi-
tion of H

2
S is unfavourable for carrying out at 

low temperatures. in particular, at a tempera-
ture below 550 °C the equilibrium concentration 
of H

2
 is below 1 %, at 900 °C – only 13 % [15].

Investigation of the decomposition of H
2
S at 

different temperatures, pressure and initial con-
centration showed that reduced pressure and 
high temperature promote an increase in the 
yield of hydrogen [16]. The efficiency of H

2
S de-

composition increases substantially in the pres-
ence of heterogeneous catalysts.

Oxides [6, 15, 17, 18] and sulphides [19–21] of 
transition metals were studied as the solid cata-
lysts of heterogeneous high-temperature de-
composition of hydrogen sulphide. The authors 
of [22] studied more than 10 different oxides 
(Fe

2
O

3
, MnO

2
, SiO

2
, ZnO, CaO, etc.) in the reaction 

of H
2
S decomposition. It was demonstrated that it 

is reasonable to use Fe
2
O

3
 as the catalyst for H

2
S 

decomposition because of its ability to readily form 
sulphides, which are active in the reaction. 

The reaction is equilibrium, so simultaneous 
separation of H

2
 from other reagents will improve 

the productivity of the process due to the shift of 
equilibrium to the formation of reaction products. 
For this purpose, it is possible to use, for example, 
a membrane reactor with a catalyst bed. Differ-
ent types of membrane reactors have been stud-
ied [23–27]. Hydrogen was separated from the 
products of thermal decomposition of H

2
S with 

the help of porous membranes based on metals 
(Pd or V) [23, 24] or ceramic materials [25–27]. For 
instance, microporous membranes made of glass 
tubes of Vikor type with an average pore diameter 
of 45 Å and a tubular membrane made of alumini-
um oxide with an average pore diameter of 1020 Å 
were studied. With these membranes used for the 
direct decomposition of H

2
S, the yield of H

2
 in-

creased by a factor of approximately two in com-
parison with the calculated data on the equilibrium 
for the process without hydrogen removal [27].

In the present work, we describe the results 
of the development and tests of composite 
membranes made of aluminium oxide with a 

supported catalyst based on iron oxide for the 
decomposition of hydrogen sulphide.

EXPERIMENTAL

Preparation and investigation of membrane catalysts

Catalytic membrane reactors (CMR) are ceram-
ic tubes (15 mm long, with the outer diameter 
4 mm, inner diameter 2 mm). A schematic repre-
sentation of CMR under investigation is shown in 
Fig. 1. The catalyst layer was deposited on the ex-
ternal surface of the ceramic tube, while the mem-
brane layer was deposited on its inner surface. The 
membrane is obtained according to sol-gel tech-
nology. Sol composition is Al(OH)

3
 with pseu-

do-boehmite structure, modified with lanthanum 
additives, thus a membrane with the composi-
tion 5 % La

2
O

3
/γ-Al

2
O

3
 was obtained Tubes with 

membrane layer were heated to 550 °C at a rate 
of 100 °C/h, and then they were annealed at dif-
ferent temperatures (T

an
, °С): 550 °С for 4 h, 700 

or 900 °С for 2 h. 
The thickness of the membrane layer (L, µm) 

was calculated as follows:
L = G•104/Sρ					     (5)
where G is the mass of the layer, g; S is the geo-
metric surface of the layer, cm2; ρ is the apparent 
density of the layer, g/cm3.

The catalytic layer at the outer surface of the 
ceramic tube was deposited in the form of suspension 
with the composition 80 mass % catalyst (4.1 % Fe/
α-Al

2
O

3
) prepared according to the procedure 

described in [17, 18], and 20 mass % Al(OH)
3
 with 

pseudo-boehmite structure, with subsequent 
drying, heating to 450 °C, and calcination at 450 
or 550 °C for 2 h. 

The phase composition of the catalysts was de-
termined by means of X-ray phase analysis (XPA) 
with the help of an HZG-4 diffractometer 

Fig. 1. Schematic representation of catalytic membrane reac-
tors under investigation for H

2
S decomposition. 

Catalytic layer

Membrane support

H2

Intermediate layer

H S2 Membrane
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(Freiberger Praezisionemechanik GmbH, Germa-
ny) with copper radiation within the angle region 
10–70° over 2θ. Texture characteristics - specific 
surface area (S

sp
, m2/g), pore volume (V

pore
, cm3/g) 

and effective pore diameter (D
eff

, Å) – were stud-
ied by means of low-temperature nitrogen adsorp-
tion using ASAP 2400 instrument (Micromeritics, 
USA). The morphology of spherical, block and 
membrane catalysts was studied by means of 
scanning electron microscopy (SEM) with the help 
of REM-100U microscope (Russia). 

Membrane permeability and activity  
in the reaction of H

2
S decomposition

Experimental data on permeability and cata-
lytic activity were obtained at a temperature of 
600–900  °C and pressure up to 1 MPa with the 
help of a specially built laboratory set-up (Fig. 2). 
The catalytic membrane reactor was placed in a 
shell made of stainless steel with the heater 
mounted on it and sealed with the help of graph-
ite gaskets (Fig. 3). 

Fig. 2. Schematics of the laboratory set-up to determine permeability and to study H
2
S decomposi-

tion in the catalytic membrane reactor.

Fig. 3. Shell made of stainless steel with the catalytic membrane reactor for H
2
S decomposition. 
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Membrane permeability was tested at room 
temperature in the gas mixture containing 
1 vol. % H

2
 + 1 vol. % H

2
S + Ar. The reaction 

mixture was supplied into the external contour of 
the reactor at a necessary pressure. The composi-
tion of the permeate and the rate of gas flow af-
ter the membrane were determined. 

Catalytic activity was tested by supplying the 
reaction mixture (1 vol. % H

2
S in Ar) into the ex-

ternal contour of the reactor. Carrier gas Ar was 
supplied into the internal contour of the reactor. 
The pressure difference between the external 
and internal contours of the reactor was recorded 
with the help of a piezoelectric pressure gauge 
Sapfir (Russia). The composition of the reaction 
mixture and permeate was determined with the 
help of gas chromatograph Tsvet-500 (Russia) 
with a thermal conductivity detector. Sulphur 
formed as a result of the reaction was com-
pletely removed from the reactor with the gas 
flow within the temperature range under study, 
so sulphur did not form any deposits on the 
walls of the membrane reactor.

Permeability of reaction components through 
the membrane (K

p
, mol/(s•m2•Pa)) was deter-

mined using equation [28, 29]:

K
p
 =

V
p

(6)
S

m
•DP

Here V
p
 is the molar rate of component flow 

through the membrane reactor, mol/s; S
m
 is the 

geometric surface of the membrane, cm2; DP is 
the pressure difference, Pa. 

Transformation degree of hydrogen sulphide 
(X

H2S
, %) was calculated using the equation:

X
H2S

 =
V

1
0C0

H2S
 – V

1
C

1H2S
 – V

2
C

2H2S
100	 (7)

V
1
0С0

1H2S

Here V
1
0 is the volume flow rate of the initial 

reaction mixture at the inlet of the reactor, cm3/s; 
V

1
 is the volume flow rate at the outlet of the 

external contour of the reactor, cm3/s; V
2
 is the 

volume flow rate at the outlet of the internal con-
tour of the reactor after the membrane, cm3/s; 
C0

H2S
 is H

2
S concentration in the initial reaction mix-

ture, mol/cm3; C
1H2S

, C
2H2S

 are H
2
S concentrations 

at the outlet of the external and internal con-
tours of the reactor, respectively, mol/cm3.

In addition, the degree of hydrogen sulphide 
transformation was calculated from the amount of 
hydrogen formed during the reaction (X

H2S(H2)
, %):

X
H2S(H2)

 =
V

1
C

1H2
 + V

2
C

2H2
100	              (8)

V
1
0С0

1H2S

Here C
1H2

, C
2H2

 are H
2
 concentrations at the 

outlet of the external and internal contours of the 
reactor, respectively, mol/cm3.

The coefficient of Н
2
 and H

2
S separation (α) 

was calculated from the concentrations of Н
2 
and 

H
2
S using equation [24]:

α =
C

2H2
C

1H2S (9)
C

1H2
C

2H2S

RESULTS AND DISCUSSION

Physicochemical properties of catalytic membrane reactors 

Analysis of the literature showed that the 
amount of works dealing with the development 
and systematic investigation of CMR for hydro-
gen sulphide decomposition is insufficient. The 
available data allow us to conclude that porous 
structure and the thickness of the membrane lay-
er have a substantial effect on the efficiency of 
catalytic membranes. In the present work, we 
studied the CMR with membranes possessing dif-
ferent porous structures and thickness of the 
membrane layer.

The properties of ceramic tubes (membrane 
supports) used for making the CMR are present-
ed in Table 1.

Depending on the calcination temperature, the 
total pore volume of the used tubes varied within 
the range 0.10–0.23 cm3/g, efficient pore diame-
ter determined by means of BET procedure var-
ied from 900 to 1100 Å. The image of the surface 
of the ceramic tube taken by means of SEM is 
shown in Fig. 4.

The major properties of the membrane layer 
are listed in Table 2. The effective pore diameter 
of the membrane layer composed of γ-Al

2
O

3
 in-

creases from 60 to 360 Å with an increase in the 
calcination temperature from 550 to 900 °C. XPA 
data showed that an increase in the calcination 
temperature leads to a partial phase transition 
of γ-Al

2
O

3
 into δ-Al

2
O

3
. To enhance thermal sta-

bility, the membrane layer was modified by add-
ing lanthanum oxide. It was established that the 

TABLE 1 

Properties of ceramic tubes used to prepare catalytic mem-
brane reactors for H

2
S decomposition

No. Composition T
calc

, °С Ssp, м
2/г Vpore, cm

3/g Deff, Å

1 Al2O3-SiO2 1000 6 0.23 900

2 Al2O3-SiO2 1160 1 0.10 1100



102	 S. R. KHAIRULIN et al.

effective diameter of pores in the membrane lay-
er with the composition 5 % La

2
O

3
/γ-Al

2
O

3
 cal-

cined at 900 °C is three times smaller than that in 
non-modified γ-Al

2
O

3
, and is equal to 114 Å. 

X-ray phase analysis showed only the presence of 
the γ-Al

2
O

3
 phase, which confirmed the stabiliz-

ing effect of the La
2
O

3
 additive.

The prepared CMR differing in support, the 
calcination temperature and the thickness of 
membrane layer are listed in Table 3. Microphoto-
graphs of sample No. 7 (see Table 3) are shown in 
Fig. 5 as an example. One can see a well pro-

nounced boundary between the porous support 
and a dense membrane. The thickness of the 
membrane layer was about 8 µm, while the calcu-
lated value is 9 µm. With an increase in the calci-
nation temperature, an increase in the effective 
pore diameter was observed, accompanied by a 
decrease in specific surface area. 

Taking into account the fact that the decom-
position of hydrogen sulphide takes place at a 
high temperature (900 °C), we chose ceramic 
support calcined at 1160 °C as the initial mate-
rial for CMR. The major characteristics of the 
synthesized CMR samples (CMR-1–CMR-3) 
composed of a membrane layer/membrane sup-
port/catalytic layer, and CMR-4 sample contain-
ing an additional intermediate layer are present-
ed in Table 4. 

For clarity, the synthesized CMR (with and 
without an intermediate layer) are shown sche-
matically in Fig. 6.

As mentioned above, the membrane layer 
with the composition La

2
O

3
/γ-Al

2
O

3
 with the 

thickness within the range of 3–25 µm was an-
nealed at different temperatures (550, 700 or 
900  °C). The catalytic layer containing specially 
prepared catalyst 4.1 % Fe/γ-Al

2
O

3
 was deposited 

on the membrane support from the external side.
The CMR-4 sample containing an additional 

intermediate layer was manufactured to improve 
the selectivity of the membrane with respect to 
hydrogen, which is formed during the reaction. 
In this case, the efficient diameter of pores in the 
membrane layer was minimal (45 Å).

Permeability with respect to H
2
 and Ar

Membrane permeability K
p
 was calculated as 

a tangent of the slope from experimental data 
plotted as V

p
/S

m
 – DP. Results of the determina-

tion of permeability of the membranes under inves-

Fig. 4. SEM image of membrane support [30]. 

TABLE 2 

Properties of membrane layer

Composition of membrane 
layer

Tcalc, °С Ssp, m
2/g Deff, Å

γ-Al2O3 550 210 60

γ-Al2O3 700 180 120

γ-Al2O3 900 100 360

5 % La2O3/γ-Al2O3 550 200 60

5 % La2O3/γ-Al2O3 900 110 114

TABLE 3 

Synthesized catalytic membrane reactors for H
2
S decomposition

Sample No. Membrane support Membrane layer Tcalc, °С Thickness of mem-
brane layer, µm

Ssp, m
2/g Deff, Å

1 Al2O3-SiO2 (Тcalc = 1000 °C) γ-Al2O3 550 80 8 60

2 Al2O3-SiO2 (Тcalc = 1000 °C) 5 % La2O3/γ-Al2O3 550 120 9 63

3 Al2O3-SiO2 (Тcalc = 1000 °C) 5 % La2O3/γ-Al2O3 900 25 7 120

4 Al2O3-SiO2 (Тcalc = 1160 °C) γ-Al2O3 550 80 3 60

5 Al2O3-SiO2 (Тcalc = 1160 °C) 5 % La2O3/γ-Al2O3 550 10 3 63

6 Al2O3-SiO2 (Тcalc = 1160 °C) 5 % La2O3/γ-Al2O3 700 4 2 83

7 Al2O3-SiO2 (Тcalc = 1160 °C) 5 % La2O3/γ-Al2O3 900 9 1 120
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tigation (at room temperature) with respect to H
2
, 

H
2
S and Ar are shown in Fig. 7 [30]. 
The obtained permeability value K

p
 and the co-

efficient of H
2
/H

2
S separation (α) are presented in 

Table 5. It should be stressed that the permeability 
values for Н

2
 and N

2
 that have been obtained with 

the mesoporous support α-Al
2
O

3
 coated with a layer 

of γ-Al
2
O

3
 were 7•10–7 and 0.5•10–7 mol/(cm2•Pa), 

respectively [31]. This is much lower than the coef-
ficients calculated in this work.

Separation coefficients are close for all the stud-
ied membranes and are approximately equal to 2.5.

Catalytic activity in the reaction of H
2
S decomposition

The parameters of the process of H
2
S decom-

position in the CMR are listed in Table 6. Hydro-
gen sulphide conversion calculated from the 

changes in its concentration and the conversion 
calculated from the concentration of the formed 
hydrogen are mainly close to each other; some 
deviations are observed for low conversion. Tem-
perature dependences of the degree of hydrogen 
sulphide transformation are presented in Fig. 8. 
For comparison, process parameters in a flow re-
actor in the presence of granulated catalyst 4.1 % 
Fe/γ-Al

2
O

3
 are also shown in the same Figure.  

For all CMR under investigation, the highest 
efficiency in H

2
S decomposition is achieved at 

900 °С. Results obtained for the samples without 
an intermediate layer and at the temperature of 
membrane layer calcination 500 and 950 °C are 
close to the data obtained in the flow reactor with 
granulated catalyst 4.1 % Fe/γ-Al

2
O

3
 (see Fig. 8, 

CMR-1 and CMR-3). The highest H
2
S 

TABLE 4 

Physicochemical properties of the prepared catalytic membrane reactors for H
2
S decomposition

Sample Membrane layer Intermediate layer Catalytic layer

Tcalc, °С L, mm Deff, Å Tcalc, °С L, mm Deff, Å L, mm

CMR-1 550 19 63 – – – 51

CMR-2 700 10 83 – – – 60

CMR-3 900 25 114 – – – 62

CMR-4 900 6 45 900 9 110 53

Note. Dash means the absence of a layer.

Fig. 5. SEM image of ceramic support with membrane layer 
deposited on it: 1 – membrane layer; 2 – support [30]. 

Fig. 6. Schematic representation of H
2
S decomposition in the 

catalytic membrane reactor without an intermediate layer (a) 
and with the intermediate layer (b).
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transformation degree in CMR containing no 
intermediate layer is observed for the sample 
annealed at 700 °C and is equal to 70 % at 900 °C 
(see Fig. 8, CMR-2). This is likely to be due to the 
efficient separation of H

2
 and H

2
S (α = 3–4). The 

coefficients of H
2
 and H

2
S separation at 900  °C 

Fig. 7. Results of the determination of permeability with respect to H
2
, H

2
S and Ar at room temperature for CMR-1 (a), 

CMR-2 (b), CMR-3 (c) and CMR-4 (d) [30]. 

TABLE 5 

Results of permeability tests of catalytic membrane reactors 
with respect to H

2
, H

2
S and Ar at room temperature

Sample Permeability Kp•107, mol/(cm2•Pa) α

H2 H2S Ar

CMR-1 41 16 12 2.2

CMR-2 44 18 13 2.4

CMR-3 33 14 10 2.4

CMR-4 35 14 14 2.5

TABLE 6 

Results of catalytic tests of the catalytic membrane reactors 
in H

2
S decomposition

Sample T, °C XH2S
, % XH2S(H2)

, % α

CMR-1 621 5 13 1.00

716 38 24 1.14

813 45 42 1.12

913 39 44 1.65

CMR-2 630 46 11 3.82

720 60 23 3.01

820 44 50 3.00

880 61 70 4.05

CMR-3 717 20 21 0.81

838 49 45 1.15

913 56 50 1.16

CMR-4 608 22 21 1.0

702 46 52 0.78

814 59 76 1.10

913 67 87 1.63
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Fig. 8. Temperature dependences of the degree of H
2
S trans-

formation calculated from the amount of formed hydrogen 
(X

H2S(H2)
) in the catalytic membrane reactors without an inter-

mediate layer (CMR-1, CMR-2, CMR-3) and with the inter-
mediate layer (CMR-4) and in the flow reactor with granulat-
ed catalyst (4.1 % Fe/γ-Al

2
O

3
). 

were 1.65, 4.05 and 1.16 for samples CMR-1, 
CMR-2 and CMR-3, respectively. 

The introduction of an additional intermedi-
ate layer into CMR provides an increase in the 
degree of H

2
S transformation, which is 87 % at 

900 °С (see Fig. 8, CMR-4). The presented data pro-
vide that the application of CMR leads to a substan-
tial increase in the efficiency of hydrogen sulphide 
decomposition in comparison with the flow reactor 
with granulated catalyst. 

CONCLUSION

Investigation of CMR with the layered struc-
ture of two types including in the first case a cat-
alyst layer, membrane support and membrane 
layer, and in the second case a catalyst layer, 
membrane support, intermediate layer and mem-
brane layer revealed that the porous structure and 
thickness of the membrane layer have a substan-
tial effect on permeability and the coefficient of H

2
 

and H
2
S separation. A high coefficient of H

2
 

and H
2
S separation was achieved (more than 

2.5), which provides an increase in the degree of 
H

2
S transformation in CMR in comparison with a 

flow reactor with granulated catalyst. The degree 
of H

2
S transformation (with the formation of hy-

drogen) is 87 % at 900 °C in the CMR with opti-
mal composition and method of preparation.
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