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a b s t r a c t

The equilibrium controlled water dissociation and the kinetically controlled nitrous oxide (N2O) decom-
position were studied in the perovskite BaCoxFeyZr1−x−yO3−ı (BCFZ) oxygen-permeable membrane
reactor. By increasing the temperature or pressure difference and by feeding reducing gases like methane
or ethane to the permeate side to consume the permeated oxygen, hydrogen production rate or N2O con-
version could be enhanced. A hydrogen production rate of 3.1 cm3 min−1 cm−2 was obtained at 950 ◦C.
When methane was used as the reducing gas on the shell side, the oxygen concentration on the N O side
erovskite
2O decomposition
xygen removal

2

can be kept at a low level, thus avoiding the inhibition of the N2O decomposition by adsorbed surface
oxygen species. A complete decomposition of N2O for gas streams containing 20 vol.% N2O was achieved
on the core side at 850 ◦C. Simultaneously, methane on the shell side was converted into synthesis gas
with CO yield of above 80%. When feeding ethane to the shell side, the hydrogen from the thermal dehy-
drogenation of ethane can consume the permeated oxygen. At 850 ◦C, an ethane conversion of 85% and

86%
an ethylene selectivity of

. Introduction

In the past two decades, membrane reactors, as devices com-
ining chemical reactions and a membrane separation in one unit,
ave attracted more and more attention [1–3]. One of the major
dvantages of membrane reactors is that the equilibrium constraint
f many reversible reactions can be overcome by removal of one
r more product(s) through the membrane, thus further increas-
ng the conversion. For example, the equilibrium constant of water
issociation is very small even at a relatively high temperature.
owever, significant amounts of H2 from water splitting can be
btained at moderate temperatures if an oxygen-permeable mem-
rane [4–7] is used to remove O2 as it is generated [8–10]. In
nother application, a higher conversion can be obtained in mem-
rane reactor if the reaction is kinetically limited and inhibited by

ne of the products. For example, for the catalytic decomposition of
itrous oxide (N2O) [11–14] over perovskite catalysts, most of the
atalysts cannot tolerate the co-existence of O2 because adsorbed
xygen blocks the catalytically active sites for the N2O decompo-
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sition [15,16]. However, the total decomposition of N2O can be
obtained in a perovskite catalytic membrane reactor if the inhibitor
oxygen is continually removed from the N2O side of the membrane
[17].

Obviously, the performance of the membrane reactor used for
water splitting or N2O decomposition depends directly on the
rate of oxygen removal from the system. In this work, a novel
BaCoxFeyZr1−x−yO3−ı (BCFZ) hollow fiber perovskite membrane
was employed to in situ remove O2 from water dissociation or N2O
decomposition. This BCFZ hollow fiber membrane exhibits a high
oxygen permeation rate and has already been used, for example,
in the production of oxygen-enriched air [18] and the partial oxi-
dation of hydrocarbons [19,20]. Special attention was given to the
effect of oxygen permeability of the BCFZ membrane on the reactor
performance for water splitting or N2O decomposition.

2. Experimental
The dense BCFZ perovskite hollow fiber membranes were manu-
factured by a phase inversion process [21]. After sintering, the fiber
has a thickness of around 0.17 mm with outer diameter of 1.10 mm
and inner diameter of 0.76 mm. Fig. 1 shows a schematic diagram
of the membrane reactor used in this study. Two ends of the hol-
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ing the temperature or a steeper oxygen partial pressure gradient
ig. 1. Schematic diagram of membrane reactors for water splitting and N2O decom-
osition.

ow fiber were coated by Au paste (C5754, Heraeus GmbH) and then
intered at 950 ◦C for 5 h. The coating and sintering procedure were
epeated three times and a dense Au film which is not permeable to
xygen was obtained on BCFZ membrane surface. Such Au-coated
ollow fiber can be sealed by silicon rubber ring and the uncoated
art (the effective length is 3 cm, and the effective membrane area

s 0.86 cm2) which is permeable to the oxygen can be kept in the
iddle of the oven ensuring isothermal conditions. The mixture of
2O (or H2O) and He was fed to the core side and a mixture of CH4

or C2H6), Ne and He was fed to the shell side. A Ni-based steam
eforming (SR) catalyst (Süd Chemie AG) was packed around and
ehind the hollow fiber membrane when methane was used as the
educing gas on the shell side. N2O, CH4, C2H6, He and Ne flow
ates were controlled by gas mass flow controllers (Bronkhorst).
2O flow rate was controlled by the liquid mass flow controller

Bronkhorst) and was completely evaporated at 180 ◦C before it was
ed to the reactor. All gas lines to the reactor and the gas chromato-
raph were heated to 180 ◦C. The concentrations of the gases at the
xit of the reactor were determined by an on-line gas chromato-
raph (Agilent 6890). Only very small amounts of oxygen (below
.001%) and also nitrogen (below 0.007%) were detected, which
robably come from the residual air in the metal lines. So, it was
ssumed that the oxygen from water splitting on the core side was
otally removed and the flow rate at the outlet is equal to that at
he inlet, and H2 production rate on the core side was calculated
rom the total flow rate Fcore (cm3 min−1), the hydrogen concentra-
ion c (H2), and the effective membrane area S (cm2) based on the
ollowing equation:

(H2) = Fcore × c(H2)
S

The N2O conversion X(N2O), the C2H6 conversion X(C2H6), and
he C2H4 selectivity S(C2H4) were calculated as

(N2O) =
(

1 − F(N2O, out)
F(N2O, in)

)
× 100%

(C2H6) =
(

1 − F(C2H6, out)
F(C2H6, in)

)
× 100%

F(C2H4, out)

(C2H4) =

F(C2H6, in) − F(C2H6, out)
× 100%

here F(i) is the flow rate of species i on the shell or core side of
he hollow fiber membrane.
Fig. 2. Concept of water splitting and N2O decomposition in a perovskite oxygen-
permeable membrane reactor.

3. Results and discussion

3.1. The concept of water splitting and N2O decomposition in
membrane reactor

Water dissociation into hydrogen and oxygen is a reversible
reaction, and the equilibrium constant of this reaction is very
small even at a relatively high temperature. According to the
low equilibrium constant of Kp ≈ 2 × 10−8 at 950 ◦C [22], only
very low equilibrium concentrations of PO2 ≈ 4.6 × 10−6 bar and
PH2 ≈ 9.2 × 10−6 bar can be obtained. However, when this reac-
tion is performed in the perovskite oxygen-permeable membrane
reactor, as shown in Fig. 2, oxygen can permeate to the other
side of the membrane where it is consumed by the partial
oxidation of methane (POM) to form synthesis gas. Thus, oxy-
gen and hydrogen become separated and the equilibrium of
the water dissociation is continuously shifted to the product
side.

Different to the equilibrium controlled water dissociation, the
decomposition of N2O is kinetically limited and inhibited by the
product molecule oxygen. As shown in Fig. 2, the inhibitor O* can
be removed as oxygen ion (O2−) via the membrane as it is gen-
erated from N2O on perovskite membrane surface according to
N2O → N2 + O*. The local charge neutrality can be maintained by the
counter diffusion of electrons (e−). To increase the driving force for
the oxygen transport through the membrane, methane or ethane
can be fed to the permeate side of the membrane to consume the
permeated oxygen.

3.2. Hydrogen production from water splitting

It was experimentally found that, if only inert gas was used as
sweep on the shell side, the H2 production rate on the steam side is
very low. As shown in H2 chromatograms (the inset of Fig. 3), hydro-
gen is hardly detectable even at 900 ◦C. However, H2 was observed
when feeding methane in combination with a Ni-based catalyst to
the shell side, which is more effective to consume the permeated O2
and establish a larger O2 partial pressure gradient across the mem-
brane. Because H2 production rate depends directly on the rate of
O2 removal from water dissociation, it can be increased by increas-
across the membrane according to Wagner theory [23,24]. It can
be seen from Fig. 3 that the hydrogen production rate increases
from 0.7 to 3.1 cm3 min−1 cm−2 as the temperature rises from 800
to 950 ◦C. Moreover, it was also found that increasing the concen-
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Fig. 3. H2 production rate on the core side as a function of tempera-
ture. The inset shows H2 chromatograms at 900 ◦C. Core side (a, b and c):
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Fig. 5. N2O conversion (a) and oxygen concentration (a′) at the exit of N2O side as
3 −1 3 −1
H2O = 30 cm3 min−1 and FHe = 10 cm3 min−1. Shell side (a and c): 50 cm3 min−1

FHe = 45 cm3 min−1, FNe = 3 cm3 min−1 and FCH4 = 2 cm3 min−1). Shell side (b):
0 cm3 min−1 (FHe = 47 cm3 min−1 and FNe = 3 cm3 min−1). Amount of packed bed
i/Al2O3 catalyst: 0.8 g.

ration of steam in the feed gas will shift the equilibrium towards
he water dissociation and more H2 can be produced.

.3. Direct decomposition of N2O coupled with partial oxidation
f methane

Fig. 4 presents N2O conversion and oxygen concentration at the
xit of N2O side at different temperatures without and with oxy-
en removal. It can be seen that the conversion of N2O increases
ith increasing temperature. When there is no sweep gas flow on

he shell side, however, the conversion is relatively low (below
0% even at 900 ◦C) since the produced oxygen from the N2O
ecomposition was not removed and – as a result – the oxygen
oncentration at the exit of N2O side increases when the tempera-
ure rises from 750 to 900 ◦C, as shown in Fig. 4a′. To obtain a higher
onversion of N2O decomposition, the adsorbed surface oxygen O*
hould be removed fast. As shown in Fig. 4b′, when diluted methane

as fed to the shell side, the oxygen concentration at the exit of
2O side decreases with increasing temperature because the oxy-
en from N2O decomposition can be effectively removed in this
ase. Accordingly, the conversion of N2O decomposition was sig-

ig. 4. N2O conversion and oxygen concentration at exit of N2O side as a function
f temperature without (a and a′) or with (b and b′) oxygen removal. Core side:
N2O = 6 cm3 min−1, FHe = 24 cm3 min−1. Shell side: (a and a′) no feed gas or (b and
′) 40 cm3 min−1 (FCH4 = 8 cm3 min−1, FNe = 12 cm3 min−1 and FH2O = 20 cm3 min−1).
mount of packed bed Ni/Al2O3 catalyst: 1.2 g.
a function of pressure difference. Core side: FN2O = 6 cm min , FHe = 24 cm min ,
P = 1.0–5.0 bar. Shell side: 40 cm3 min−1 (FCH4 = 8 cm3 min−1, FNe = 12 cm3 min−1 and
FH2O = 20 cm3 min−1), P = 1 bar, T = 800 ◦C. Amount of packed bed Ni/Al2O3 catalyst:
1.2 g.

nificantly improved, as shown in Fig. 4b. When the temperature
reaches 850 ◦C, N2O in a concentration of 20 vol.% on the core side
was totally decomposed.

As mentioned above, the conversion of N2O decomposition is
related to the oxygen permeability of the membrane. According to
Wagner equation, the oxygen permeation rate can be improved by
increasing the oxygen partial pressure gradient across the mem-
brane. Fig. 5 shows the influence of pressure difference on the N2O
conversion and oxygen concentration at the exit of N2O side at
800 ◦C. It can be seen that N2O conversion increases with rising
pressure difference because more oxygen from N2O decomposi-
tion can be transported to the other side of the membrane in the
case of a steeper oxygen partial pressure gradient. It was found that
the N2O conversion increased from 80% to 99% when changing the
pressure difference from 0 to 4 bar. Accordingly, the oxygen con-
centration at exit of N2O side decreased gradually with increasing
pressure difference due to the depletion of N2O, as shown in Fig. 5a′.

In order to investigate the effect of the presence of external oxy-
gen in the feed gas on N2O abatement in this membrane reactor,
different amounts of oxygen were added to the N2O/He co-feed on

the core side. From Fig. 6, we can see that N2O conversion decreased
with increasing oxygen concentration in the N2O/O2 co-feed gas at
800 ◦C. Oxygen cannot become totally removed due to the limited
oxygen permeability of this membrane at this temperature, which

Fig. 6. N2O conversion and oxygen concentration at the exit of N2O side as a func-
tion of oxygen concentration in the N2O/O2 co-feed gas. Core side: 30 cm3 min−1

(FN2O = 6 cm3 min−1, FO2 = 1.5–7.5 cm3 min−1, FHe = balance). Shell side: 40 cm3 min−1

(FCH4 = 18 cm3 min−1, FH2O = 22 cm3 min−1). Amount of packed bed Ni/Al2O3 catalyst:
1.2 g.
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Table 1
C2H6 conversion X(C2H6), C2H4 selectivity S(C2H4) and N2O conversion X(N2O) at
different temperatures.

Temperature/◦C X(C2H6)/% S(C2H4)/% X(N2O)/%

800 57 88 68
850 85 86 100
875 91 80 100

C 3 −1 3 −1 3 −1
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[20] H.H. Wang, C. Tablet, T. Schiestel, J. Caro, Catal. Today 118 (2006) 98.
ore side: FN2O = 1.5 cm min , FHe = 28.5 cm min . Shell side: 50 cm min
FC2H6 = 11.5 cm3 min−1, FNe = 1 cm3 min−1, FHe = 32.5 cm3 min−1 and FH2O = 5 cm3

in−1).

an be further confirmed by the fact that the oxygen concentra-
ion at exit increased with increasing oxygen concentration in the
o-feed gas. The excess oxygen will produce an inhibition effect
n N2O decomposition. However, N2O conversion reached 99% and
id not change with increasing oxygen concentration in the co-feed
as at 875 ◦C. According to the high oxygen permeability of BCFZ
embrane at this temperature, all the oxygen can be removed from

he N2O side as shown in Fig. 6. These results show that the active
urface of BCFZ membrane employed for N2O abatement was not
oisoned by adsorbed oxygen at high temperatures.

The permeated oxygen from N2O decomposition can be used
o produce synthesis gas by the POM on the shell side. According
o a previous study [19], the so-called POM process using a Ni-
ased catalyst is first a total oxidation of methane to H2O and CO2,
hich is followed by steam and CO2 reforming. A methane conver-

ion of over 90% and CO selectivity of 90% were obtained at 875 ◦C.
hen oxygen is provided by thermal splitting of water, only lim-

ted amounts of oxygen were transported to methane side due to
he very low equilibrium constant of water dissociation, and it was
ound that only 2 cm3 min−1 methane can be converted into syn-
hesis gas with methane conversion of 70% and CO selectivity of 60%
10]. Here, it was found that around 20 cm3 min−1 methane can be
onverted into synthesis gas with CO yield of above 80% when N2O
as used to provide oxygen, indicating that N2O decomposes easier

han water to provide oxygen in the membrane reactor.

.4. Direct decomposition of N2O coupled with dehydrogenation
f ethane

From the above discussion, to achieve the total decomposition
f N2O, a reducing gas should be used on the permeate side to con-
ume the permeated oxygen, thus ensuring a large driving force for
he fast oxygen removal from N2O side. Besides methane, ethane
as also used as the reducing gas in this paper. At high tempera-

ure, the thermal dehydrogenation of ethane leads to the formation
f ethylene and hydrogen according to Eq. (1).

2H6 � C2H4 + H2 (1)

he produced hydrogen can be used to consume the permeated
xygen from N2O side based on Eq. (2).

2 + 1/2O2 → H2O (2)

rom Table 1, it can be found that, on increasing the tempera-
ure from 800 to 875 ◦C, ethane conversion increases from about
7% to 91%. Besides C2H4, H2, H2O and C2H6, CO and CO2 were
lso detected in the effluents. Simultaneously, with rising temper-
ture, N2O conversion increased from 68% to almost 100% due to
he increasing oxygen permeation rate. The ethylene selectivity

ecreases from 88% to 80%, the concentrations of CO increase from
% to 4%, and the concentrations of CO2 increase from 0.4% to 0.7%.
n increasing amount of methane was also found in the product
tream from the shell side of BCFZ membrane. In the dehydrogena-
ion of C2H6 to C2H4, in addition to the combustion of hydrogen by

[

[
[
[
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the permeated oxygen, the deep oxidation of C2H4 to CO and CO2
could not be avoided in the hollow fiber membrane reactor.

4. Conclusions

By using a perovskite-type BCFZ oxygen-permeable hollow fiber
membrane, oxygen from water dissociation can be continually
removed, and the equilibrium of this reaction is continuously
shifted to the product side. When feeding methane to the perme-
ate side, a larger driving force was provided for oxygen transport
through the membrane, and accordingly significant amounts
of hydrogen can be produced. A hydrogen production rate of
3.1 cm3 min−1 cm−2 was obtained at 950 ◦C. For the decomposition
of N2O over perovskite BCFZ, the surface adsorbed oxygen acts as
an inhibitor. To obtain a higher N2O conversion, the oxygen con-
centration on N2O side should be kept at a very low level, which can
be achieved by in situ removing the inhibitor oxygen via BCFZ hol-
low fiber membrane. It was found that the oxygen concentration on
N2O side can be kept at a low level by increasing the temperature or
the pressure difference and by feeding reducing gases like methane
or ethane on permeate side. Benefiting from the effective oxygen
removal via the oxygen-permeable membrane, a complete decom-
position of N2O with the concentration of 20 vol.% was obtained at
850 ◦C. Moreover, the permeated oxygen was used to produce syn-
thesis gas by the POM or ethylene by the dehydrogenation of ethane
on the shell side. An ethane conversion of 85% and an ethylene
selectivity of 86% were obtained at 850 ◦C.
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