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In  this  study,  CuO/CeO2 catalysts  with  a Cu  content  ranging  from  5%  to 40%  were  synthesized  by  sol–gel
Pechini  method  and  were  tested  in  a fixed-bed  reactor  for water  gas  shift  (WGS)  reaction.  The  catalysts
were  characterized  by  XRD,  N2 adsorption  isotherms  at 77  K (SBET)  and H2-TPR.  Based  on  the  catalytic
activity  results,  10%  CuO/CeO2, identified  to be the  most  active  catalyst,  was  deposited  inside finger-
like  regions  of  an  Al2O3 hollow  fibre  support  for  the  further  development  of  both  catalytic  hollow  fibre
micro-reactor  (CHFMR)  and  catalytic  hollow  fibre  membrane  micro-reactor  (CHFMMR)  where  Pd  or  Pd/Ag
symmetric Al2O3 hollow fibre
uO/CeO2 catalysts
ater-gas shift reaction

atalytic hollow fibre membrane
icro-reactor

membrane  was  coated  on the  outer  layer  of the  Al2O3 hollow  fibre  using  a  single  or  multilayer  electroless
plating  (ELP)  technique.  The  prepared  catalytic  membranes  were  characterized  by  SEM,  EDX, and  pure
H2 and  Ar  permeation.  Also,  a comparative  study  of the  CO  conversion  obtained  in the WGS  reaction
as  a function  of  the  reaction  temperature  (from  200 ◦C to 500 ◦C)  in  a  fixed-bed  reactor,  a  CHFMR,  a
Pd-CHFMMR  and  a Pd/Ag-CHFMMR,  was  performed  showing  that  the  conversion  was  highest  in the
Pd/Ag-CHFMMR.
. Introduction

CO produced in steam reforming of fossil fuels is reoxidised with
2O to produce more H2 and CO2 in water gas shift (WGS) reaction.
oth refineries and chemical companies produce H2 by WGS  reac-
ion and use it in desulfurization, hydrotreating and production of
hemicals such as NH3 and CH3OH. In recent years, because the H2
as been considered as an energy vector in fuel cell applications,
he interest in WGS  reactions has increased and new active cat-
lysts have been studied [1].  Among them, the CuO–CeO2 mixed
xide catalysts are very attractive for WGS  reaction due to its high
tabilities for use at high temperatures, the low cost of Cu and the
act that they do not require any in situ activation [2].  In addi-
ion, the CuO–CeO2 catalysts, in contrast to commercial catalysts,
hich contain FeO in their formulations, are absolutely resistant

o CO2, H2O and SO2 thus avoiding deactivation during the WGS
eaction [3,4]. Nevertheless, the catalytic activity of CuO–CeO2 cat-
lysts strongly depends on the interaction between the CuO and the
eO2 [5–15]. Therefore, sol–gel Pechini method, in this context, is
referred technique, catalysts prepared show a high dispersion of

uO over CeO2 particles [16].

However, the main problem of WGS  reaction is that it pro-
uces a significant amount of CO2, one of the most important

∗ Corresponding author. Tel.: +44 0207 5945676; fax: +44 0207 5945629.
E-mail address: kang.li@imperial.ac.uk (K. Li).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.083
© 2011 Elsevier B.V. All rights reserved.

greenhouse gases. Moreover, the presence of CO2 as well as trace
amount of unreacted CO in the anode stream lowers the perfor-
mance of the fuel cells or even poison the electrode [17]. Thus, the
H2 must be purified for high purity applications and the CO2 pro-
duced during the reaction must be captured and stored. Therefore,
in this study, an alternative catalytic hollow fibre membrane micro-
reactor (CHFMMR), which integrates both a catalytic micro-reactor
and an H2 selective membrane in the same unit, has been devel-
oped to produce a COx free H2 by WGS  reaction. The CHFMMR  offers
several advantages over existing H2 production systems. First, the
catalytic membrane micro-reactor works at significantly lower
temperatures and/or using less amounts of catalyst compared to
the conventional reactors. Furthermore, it combines the processes
of generating and separating H2 in a single step resulting in only
H2 being produced in the permeate stream of the reactor [18].

A successful CHFMMR  should have a membrane with high H2
permeability and selectivity combined with chemical, mechanical
and thermal long-term stability. Pd membranes have been often
employed for both H2 purification [19] and catalytic membrane
reactors [20–22], though they have drawbacks including hydrogen
embrittlement and their moderate H2 permeability at low tem-
peratures. Recent efforts have been made in the development and
optimization of the Pd alloy membranes such as the Pd/Ag mem-

brane [23], which works in a greater temperature range and shows
higher H2 permeability than a Pd membrane.

Ceramic supports are usually employed in the development
of conventional catalytic membrane reactors (CMRs), since the

dx.doi.org/10.1016/j.cattod.2011.03.083
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:kang.li@imperial.ac.uk
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ombination of high chemical, thermal and mechanical resistance
long with their small pores and narrow pore size distribution have
ade them an attractive alternative to polymeric and stainless

teel supports. However, ceramic supports are currently produced
s tubes with diameters of several millimetres, which have a
ow surface area/volume ratio. This is an important limitation
n the development of CMRs, in which it is desirable to maxi-

ize the surface area/volume ratio of the membrane module in
rder to increase the permeation of the H2 from the reaction
one.

The exceptional asymmetric pore structure of the Al2O3 hol-
ow fibres [24], dense sponge-like structure in the outer border
nd open porous finger-like structure in the inner, make them an
xcellent support for both membrane and CuO/CeO2 catalysts. A
hin Pd or Pd/Ag layer can be deposited on the outer layer of the
l2O3 hollow fibre, because of its small pores and narrow pore size
istribution. At the same time, the high geometric surface area of
he finger-like region allows its deposition of CuO/CeO2 catalysts.

oreover, the finger-like region can be viewed as one micro-
eactor made up of hundreds of microchannels (dp = 10 �m)  that
re perpendicularly distributed around the lumen of the fibre. This
ovel catalyst distribution offers important advantages in compar-

son with the conventional packed bed catalyst distributions such
s reduction of the pressure drop, increase of the catalytic surface
o volume ratio and improvement of the heat and mass transfer and
he mixing of gases during the reaction [25–29].  Finally, the mod-
lar and high surface area/volume ratio of the Al2O3 hollow fibres
ake them easily scale up by bundling the fibres in the unit [30].
In this study, a series of CuO/CeO2 catalysts with a Cu content

anging from 5% to 40% have been synthesized by sol–gel Pechini
ethod and tested in WGS  reaction in a fixed-bed reactor. Based

n the catalytic activity results, the most active catalyst was then
eposited inside the finger-like region of the Al2O3 hollow fibre
or the further development of both CHFMR and CHFMMR, the
atter of which was fabricated by coating the Pd or Pd/Ag mem-
rane on the outer layer of the Al2O3 hollow fibre using a single or
ultilayer electroless plating (ELP) technique. The performances

f the CHFMR, Pd-CHFMMR and Pd/Ag-CHFMMR, were studied in
etails.

. Experimental

.1. Preparation of the CuO/CeO2 catalysts

The CuO/CeO2 catalysts were prepared using the sol–gel
echini method. Ce(NO3)3·6H2O (99.0% Fluka Analytical)
nd Cu(NO3)2·3H2O (99% Acros Organic) were dissolved in
0 ml  deionised water. The amount of Ce(NO3)3·6H2O and
u(NO3)2·3H2O were varied to produce CuO/CeO2 with different
uO loading. After both metal nitrates were fully dissolved, citric
cid (99.0% Sigma–Aldrich) was added to the solution with a molar
atio of 2:1 between the citric acid and the metal ions. The process
as continued by adding ethylene glycol into the solution and the
olar ratio between citric acid and ethylene glycol was 1:1.2. The

atalyst solutions were kept stirring for 3 h and later placed into an
ven (Salvislab Thermocenter) for drying process at 115 ◦C for 24 h
o form foamy dry gel. The dry gel was then calcined in a tubular
urnace (Vecstar Furnaces, VCTF/SP) at 400 ◦C for an hour.

.2. Characterization of the CuO/CeO2 catalysts
X-ray diffraction measurements were performed with a Bruker
XS D8 ADVANCE diffractometer with CoK�1 source (� = 0.178897)

n a wide angle range (from 30 to 90 in 2�).
 Today 171 (2011) 281– 289

The specific surface area and the pore volume of the fresh
catalysts were measured by N2 adsorption isotherms at 77 K. An
automatic TriStar 3000 volumetric system was used to obtain the
gas adsorption isotherms. Prior to N2 adsorption, the catalysts were
degassed at 150 ◦C overnight. The BET model was used to obtain the
specific surface area.

Temperature programmed reduction (TPR) was  performed on a
Micromeritics Autochem-II instrument equipped with a TCD detec-
tor. The samples (0.03 g) were prior dried in an Ar flow at 120 ◦C
for 30 min. After the TCD signal was  stable, the gas stream was
switched to 50 ml/min 5% H2/Ar (Linde). The temperature was
raised from 25 to 900 at 10 ◦C/min.

2.3. Preparation of the Al2O3 hollow fibre

Asymmetric Al2O3 hollow fibre substrates, which have an
OD = 1.9 mm and an ID = 1.0 mm,  have been prepared using phase-
inversion technique, followed by sintering at high temperatures.
The detailed procedures in fabricating the substrates can be found
elsewhere [24].

2.4. Preparation of the Pd and Pd/Ag membranes

The outer surface of the Al2O3 hollow fibre was  coated with a
thin and gas-tight layer of white glaze in order to block the pores of
that area; only 10 cm in the central part of the Al2O3 hollow fibre
was free where either the Pd or Pd/Ag membrane was  deposited by
electroless plating technique [31]. Prior to the activation process,
the Al2O3 hollow fibres were cleaned using deionised water and
activated subsequently by sequential dipping in SnCl2–HCl (1 g/L,
pH 2) and in PdCl2–HCl (1 g/L, pH 2) solutions. The activation pro-
cess was repeated six times, after which the surface colour of the
Al2O3 hollow fibre changed from white to dark brown. The Al2O3
hollow fibres activated with Pd seeds were then coated with Pd
and Pd/Ag using single or sequential multi-layer electroless plat-
ing technique, respectively. During the preparation of the Pd/Ag
membrane, the Pd layer was  deposited first and then the Ag layer,
since the ability of Pd to penetrate into the pore support is higher
than that of Ag [32]. Both Pd and Pd/Ag prepared membranes were
dried in an oven at 120 ◦C for 2 h. Finally, a uniform Pd/Ag alloy was
obtained by annealing to the Pd/Ag membrane in an H2 atmosphere
for 24 h at 400 ◦C.

2.5. Characterization of the Pd and Pd/Ag membranes

The morphology, structure and thickness of Pd and Pd/Ag mem-
branes were studied using a scanning electron microscope (SEM,
JEOL JSM-5610LV). Secondary electron (SE) and back-scattered
electron (BSE) detectors were employed during the capture of
the SEM images. Both top-surface and cross-section SEM images
were recorded at different magnifications. Elemental analysis (line-
scans) with an energy dispersive X-ray spectroscopy detector (EDS,
INCA Energy by Oxford Instruments) was performed on the inter-
phase between the Al2O3 hollow fibre support and the Pd/Ag
membrane, before and after annealing in H2 atmosphere at 400 ◦C
for 24 h, in order to study the homogeneity of the final membrane.
The samples were gold coated under vacuum for 3 min  at 20 mA
(EMITECH Model K550 LV) before SEM and EDS analysis.

Permeation tests using pure H2 and Ar gases were carried out to
study the permeability and selectivity of the prepared Pd and Pd/Ag
membranes. The permeation measurements of both single gases

through the membranes were studied in the temperature range
between 300 ◦C and 450 ◦C and over the pressure range from 0.5 bar
to 3.5 bar. The selectivity of the membrane (SH2/Ar) was defined as
the ratio of the permeation flux of pure H2 to pure Ar.
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ognized, it was  not possible to calculate a reliable value for the
CuO crystallite particle size due to the signal to noise ratio and
the low intensity of these reflection peaks. Table 1 shows that the

Table 1
Physical properties of CuO/CeO2 catalysts synthesized by sol–gel Pechini method.

Samples SBET (m2/g) Pore volume
(cm3/g)

Crystallite size (nm)

CeO2 CuO

CeO2 27 0.081 5.4 –
5%CuO/CeO2 30 0.074 5.3 –
7.5%CuO/CeO 50 0.037 5.5 –
F.R. García-García et al. / Ca

.6. Deposition of 10% CuO/CeO2 into the Al2O3 hollow fibre for
evelopment of both CHFMR and CHFMMR

Prior to the deposition of 10% CuO/CeO2 catalyst into the fingers
f the Al2O3 hollow fibre, the outer surface of both Al2O3 (in the
ase of CHFMR) and the Pd or Pd/Ag membrane (in the case of
HFMMR) was wrapped with the PTFE tape properly in order to
revent direct contact with the catalyst solution. A homogeneous
atalyst solution was later injected into the lumen of the Al2O3
ollow fibre substrates using a glass pipette and this process was
epeated several times. The Al2O3 hollow fibres were then dried
n an oven (Salvislab Thermocenter) at 60 ◦C for 24 h and further
ried at 115 ◦C to complete the polymerization of a polymeric
esin precursor. The calcination process was later carried out by
owing 30 ml/min of air into the lumen-side of the Al2O3 hollow
bre at 400 ◦C for 1 h. In order to prevent the oxidation of the
d or Pd/Ag membrane of the CHFMMR, 60 ml/min of Ar was
owed on the outer surface. The catalyst loading in the Al2O3
ollow fibre was obtained by measuring the weight of the Al2O3
ollow fibre substrates before and after calcination steps and was

ound to be around 8 mg  in all cases. Finally, it is important to
ote, that in the development of the CHFMMR  the deposition
f 10% CuO/CeO2 into the fingers of the Al2O3 hollow fibre was
arried out after the fabrication of either Pd or Pd/Ag membranes
n order to avoid the dissolution of copper into the plating solu-
ion due to the presence of ammonia and EDTA in the plating
olution.

.7. Catalytic activity

The catalytic activity measurements of the WGS  reaction were
ested in a fixed-bed reactor, a CHFMR and a CHFMMR  operating
nder atmospheric pressure over a temperature range from 300 ◦C
o 500 ◦C. The feed mixture in all cases contained Ar (90%), CO (5%)
nd H2O vapour (5%) and was supplied to the reactor at a flow rate
f 100 ml/min.

The catalytic activity tests in the fixed-bed reactor were car-
ied out using 35 mg  of catalysts. The catalyst with a particle size
f approximately 100 �m,  was mixed with 1.3 g of SiC and packed
nto a 6 mm ID ceramic tube. The packed-bed length was  approxi-

ately 25 mm and the mass transfer limitation across the bed was
egligible.

The catalytic activity tests in both CHFMR and CHFMMR  were
arried out in an open-both-end configuration, which enabled the
eactants to flow through the lumen of the Al2O3 hollow fibre
33]. In a typical catalytic activity test the weight of the catalyst
eposited inside the finger of the Al2O3 hollow fibre was 8 mg.

 co-current sweep gas rate of 40 ml/min of Ar was  used during
he operation of the CHFMMR  to create a concentration gradient
cross the Pd or Pd/Ag membrane. The H2 recovery index, which
epresents the ability of the membrane to perform H2 permeation
s defined as follows:

2 recovery index (%) =
FPermeate

H2

FPermeate
H2

+ FRetentate
H2

× 100 (1)

The concentration of the products was measured using TCD gas
hromatography (Varian-3900). The GC injections for gas analy-
is for every reactor used in this study were repeated three times
o obtain more reliable results. The CO conversion is defined as

ollows:

O conversion (%) = 1 − Fout
CO

Fin
CO

× 100 (2)
Fig. 1. XRD patterns of CuO/CeO2 catalysts: (a) 5% CuO/CeO2, (b) 7.5% CuO/CeO2, (c)
10% CuO/CeO2, (d) 20% CuO/CeO2, (e) 30% CuO/CeO2 and (f) 40% CuO/CeO2.

3. Results and discussion

The XRD patterns of CeO2 and fresh CuO/CeO2 catalysts, pre-
pared by the sol–gel Pechini method, are shown in Fig. 1a–f. All the
samples presented show characteristic cubic fluorite CeO2 reflec-
tion peaks. However, the monoclinic CuO reflection peaks were
only observed in catalysts with Cu loadings higher than 7.5%, which
progressively increased in intensity with the Cu loadings. There
were no observed reflection peaks that could be associated with a
metallic Cu phase in any of the catalysts.

The fact that at Cu loadings lower than 7.5% the CuO could not be
detected by XRD analysis can be attributed to one of the following
phenomena: the CuO particles are highly dispersed on the CeO2 and
consequently they are too small (dp < 2 nm)  [34] or the Cu is inter-
acting with the CeO2 forming a solid solution Cu–Ce–O [35]. It is
quite accepted according to the literature that non-crystalline CuO
could be explained by a combination of both above phenomena,
occurring at the same time. In this respect, it was  also observed that
according to the quantitative phase analysis about 27 wt%  of the Cu,
in 30% CuO/CeO2 and 20% CuO/CeO2 catalysts, is not detected by
XRD analysis. These results indicate that both crystalline and non-
crystalline CuO coexists in these catalysts. Similar results have been
reported for CuO/CeO2 catalysts with higher Cu loadings [36–40].

The CeO2 and the CuO crystallite particle sizes were determined
from the XRD results by Scherrer analysis of the peaks (1 1 1) at
33.4◦ and (1 1 1) at 45.5◦, respectively as shown in Table 1. Although
in Fig. 1d some of the monoclinic CuO reflection peaks can be rec-
2

10%CuO/CeO2 112 0.142 4.6 –
20%CuO/CeO2 122 0.124 3.7 9.4
30%CuO/CeO2 79 0.100 4.3 14.0
40%CuO/CeO2 58 0.070 4.5 17.3
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ig. 2. Adsorption isotherm of N2 at −198 ◦C: (�) 5% CuO/CeO2, (©) 7.5% CuO/CeO2,
�) 10% CuO/CeO2, (�) 20% CuO/CeO2, (�) 30% CuO/CeO2 and (�) 40% CuO/CeO2.

eO2 crystallite particle size decreased with the Cu loadings reach-
ng its minimum value at 20%, i.e. the CeO2 crystallite particle size
n 20% CuO/CeO2 is about 30% smaller than in the pure CeO2. This
ehaviour suggests that the non-crystalline CuO acts to increase the
hermal stability of the CeO2 particles avoiding crystal growth dur-
ng the calcination step [41–43].  Nevertheless, the CeO2 crystallite
article size increases again for Cu loadings higher than 20%. This
ehaviour seems to be related with the fact that large CuO crys-
allite particle sizes (dp ≥ 13 nm)  have been observed for these Cu
oadings, which indicates the low concentration of non-crystalline
uO in these catalysts and consequently the lower thermal stability
f the CeO2 particles.

The N2 adsorption–desorption isotherms at 77 K correspond-
ng to the CuO/CeO2 catalysts are shown in Fig. 2. All the catalysts
how a type IV N2 adsorption–desorption isotherm, according to
he Brunauer–Deming–Deming–Teller (BDDT) classification [44],
hich is typical of mesoporous materials. The hysteresis loop could

e ascribed to either type H3 or type A, according to the IUPAC or De
oer classifications, respectively [45]. This hysteresis loop confirms
he presence of mesopores and it is typically reported for materials
aving pores with slit-like shapes.

Specific surface areas calculated by application of the BET
ethod to the N2 adsorption–desorption isotherms at −198 ◦C are

ummarized in Table 1. A gradual increase of the specific surface
rea values as the Cu content increases was observed from 5% to 20%
u loadings. However, the specific surface area values decreased for
u loadings higher than 20%. Although, in some cases it has been
eported that the specific surface area seems to be independent of
he Cu content and it is primarily influenced by CeO2 particle mor-
hology [46], in this study, the changes in the specific surface area
alues could be tentatively related with the Cu content as explained
elow.

The uniform distribution of the Cu and Ce cations on the organic
el obtained after etherification and polymerization steps by using
he sol–gel Pechini method, allows not only a high dispersion of
he CuO on the catalyst but also the avoidance of the sintering
f the CeO2 particles during the calcination step. Based upon this,
he addition of CuO that acts as a structural promoter significantly
nhances the specific surface area of the CuO/CeO2 system by ther-
al  stabilization of the CeO2 particles. Nevertheless, the smaller

pecific surface area of both 30% CuO/CeO2 and 40% CuO/CeO2 cat-

lysts along with a 56% decrease in the pore volume observed from
0% to 40% Cu loadings suggest that the increase in the proportion
f large CuO particles (14 nm < dp < 17.3 nm), when Cu loading is
Fig. 3. H2-TPR profiles of CuO/CeO2 catalysts: (a) 5% CuO/CeO2, (b) 7.5% CuO/CeO2,
(c)  10% CuO/CeO2, (d) 20% CuO/CeO2, (e) 30% CuO/CeO2 and (f) 40% CuO/CeO2.

higher than 20%, blocks the CeO2 porosity decreasing the specific
surface area.

The deconvolution H2-TPR profiles of CuO/CeO2 catalysts are
shown in Fig. 3. It was observed that the feature of each H2-TPR pro-
file was  highly dependent on the Cu contained, showing that more
than one CuO species coexists in all the catalytic systems studied.
It is well known that CeO2 has two reduction peaks at 400 ◦C and at
900 ◦C, which are ascribed to the reduction of surface and bulk oxy-
gen, respectively. Meanwhile, CuO only has a single reduction peak
at about 280 ◦C. When CuO is incorporated to the CeO, the redox
properties of the CuO/CeO2 system is greatly promoted due to the
interaction occurring at the interface between CuO and the surface
oxygen vacancies of CeO2, shifting the reduction peaks to below
or around 200 ◦C. According to the literature, the H2-TPR profiles
have been deconvoluted in the following three components: small
highly dispersed CuO strongly interacting with the CeO2 particles
(125–175 ◦C) [47,48], large CuO particles on the CeO2 surface parti-
cles (175–200 ◦C) [49,40] and large CuO particles unassociated with
CeO2 particles (200–250 ◦C) [50,51]. The reduction temperature,
shape and intensity of each component provide useful information
for an overview of the surface composition of each catalytic system.

The first contribution, due to small highly dispersed CuO parti-
cles on the CeO2 surface, can be observed in all the catalysts; the
reduction temperature decreased with increasing the Cu content up
to 20% and then increased again. This behaviour indicated that 20%
CuO/CeO2 catalyst showed the strongest synergistic interaction
between the CuO particles and CeO2 surface. Moreover, a significant

contribution due to the formation of CuO particles (dp ≤ 10 nm)  on
the CeO2 surface was observed for catalysts with a Cu content from
7.5% to 20%. However, it was irrelevant for Cu content higher than
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0%, where the most important contribution was due to larger CuO
articles (10 nm > dp > 17 nm)  unassociated with CeO2 particles.

The catalytic activity of CuO/CeO2 samples in the WGS  reaction
s shown in Fig. 4. The reaction conditions were fixed in order to

est all the catalysts under the thermodynamic equilibrium line, to
acilitate the comparison between each catalyst.

In all cases with the exception of 5% CuO/CeO2 catalyst, the CO
onversion increased with an increase in temperature to 400 ◦C

ig. 5. SEM picture of the cross-section of a typical Al2O3 hollow fibre employed in this w
nd  (C) inner surface.
 Today 171 (2011) 281– 289 285

and then it either steadily decreased or remained constant. This
behaviour suggests that the high dispersion of the Cu nanoparti-
cles in a 5% CuO/CeO2 catalyst is too small to be detected by XRD
(dp < 2 nm), prevented their sintering at high temperature avoid-
ing their deactivation. Hence, the high thermal stability of the 5%
CuO/CeO2 catalyst makes it an excellent option for WGS  reaction
at high temperatures.

On the other hand, Fig. 4 also shows that the catalytic activ-
ity increased with the increase of the Cu loading and reached a
maximum CO conversion of 52% at 400 ◦C when the Cu loading was
between 10% and 20%, then the catalytic activity decreased with the
Cu loading. This behaviour indicates that the Cu loading is a main
factor for catalytic activity. However, at low temperatures, from
150 ◦C to 300 ◦C, the CO conversion was the same for the catalysts
with a Cu loading higher than 7.5%.

On the other hand, it is important to note the correlation
that exists between the specific surface area of the catalysts and
their catalytic activity as shown in Table 1. The fact that the
higher the surface area, the higher the catalytic activity is, sug-
gests that the highly porous nano-crystalline CeO2 morphology in
10% CuO/CeO2 and 20% CuO/CeO2 catalysts is probably one of the
reasons for their high CO conversion in the WGS  reaction. More-
over, the catalytic activity results also indicate that the highly
dispersed small CuO particles strongly interacting with the CeO2
particles, observed during the H2-TPR experiments, showed the
highest catalytic activity. As is well known, the synergistic inter-
2
the Cu particle size and the number of oxygen vacancies of the
CeO2 plays an essential role for a high catalytic activity in WGS
reaction.

ork. (A) Top view of the outer layer surface, (B) horizontal cross section of the shell
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Based on these results, a 10% CuO/CeO2 catalyst, which showed
he highest catalytic activity in a WGS  reaction was deposited inside
he finger-like region of the Al2O3 hollow fibre in the develop-

ent of both catalytic hollow fibre micro-reactor (CHFMR) and
atalytic hollow fibre membrane micro-reactor (CHFMMR). Two
ifferent membranes were tested in the CHFMMR: Pd and Pd/Ag
embranes.
Fig. 5 shows a different SEM picture of a typical Al2O3 hol-

ow fibre employed in this work as a support of both catalyst
nd Pd or Pd/Ag membrane. An asymmetric pore structure can
e clearly observed, which consists of finger-like and sponge-

ike regions occupying approximately 80% and 20% of the fibre
ross-section, respectively. The different pore sizes between the
nger-like (dp = 10 �m)  and the sponge-like (dp = 0.1 �m)  regions
iven by Kingsbury and Li [24] allows the deposit of the catalysts
nto the finger-like region at the same time coating the outer layer
f the Al2O3 hollow fibre with a thin Pd or Pd/Ag membrane.

Fig. 6A and B shows the SEM pictures of the cross section of
he Al2O3 hollow fibre after Pd and Pd/Ag membrane deposition.

 back-scattered electron detector was employed during the cap-
ure of both photos, in order to increase the contrast between both
hases: Al2O3 hollow fibre support and Pd or Pd/Ag membrane. It
an be observed that the deposition of both Pd and Pd/Ag mem-
ranes was uniform all around the outer layer of the Al2O3 hollow
bre with a total thickness of about 5 �m for Pd/Ag as confirmed

n Fig. 7.
The elemental composition along the cross-section of the Pd/Ag

embrane (see the arrow in Fig. 6B) was determined using EDX.
ig. 7a and b shows the EDX line scans of the Pd/Ag membrane
ross-section before and after annealing at 400 ◦C for 24 h in an
2 atmosphere, respectively. In both cases two different zones
an be clearly observed: (I) the Al2O3 support and (II) the Pd/Ag
ayer. Although Fig. 7a shows that the composition profile along
he Pd/Ag membrane was non-uniform, Fig. 7b shows a very uni-
orm distribution of Pd and Ag along the membrane. This behaviour
uggests firstly, that the deposition of the Pd layer was not uniform
nd did not fully cover the Al2O3 surface and as a result Ag can

e observed on the surface of the Al2O3 hollow fibre. Secondly, a
niform Pd/Ag alloy was produced during annealing. Finally, inter-
etallic diffusion between the Al2O3 hollow fibre support and

he Pd/Ag membrane was  not observed, even though during the
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Fig. 7. EDX line scans of: Pd/Ag membrane cross-section (a) before
Fig. 6. SEM pictures of the cross-section of the Al2O3 hollow fibre after (A) Pd
membrane deposition and (B) Pd/Ag membrane deposition.

annealing process the membrane was  heated at a high temperature
(400 ◦C) for a long time (24 h).
Permeation tests were carried out on the Pd and the annealed
Pd/Ag membranes using pure H2 and Ar gases in order to test the
H2 permeability and H2/Ar selectivity before being tested in the
CHFMMR. Fig. 8a and b shows both H2 and Ar permeation fluxes
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 and (b) after annealing at 400 ◦C for 24 h in H2 atmosphere.
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Table 2
H2 permeability and H2/Ar selectivity of both Pd and Pd/Ag membranes.

Temperature
(◦C)

Pd membrane Pd/Ag membrane (after
annealing)

H2 permeances
(L m−2 s−1 atm−1/2)

SH2/Ar H2 permeances
(L m−2 s−1 atm−1/2)

SH2/Ar

300 6.9 ∞ 9.1 ∞
350  8.3 ∞ 10.8 ∞

F
P

ig. 8. Fluxes of pure gases through the (a) Pd membrane and (b) Pd/Ag membrane
00 ◦C (�) H2 and (�) Ar, 350 ◦C (�) H2 and (©) Ar, 400 ◦C (�) H2 and (�) Ar and 45

hrough the Pd and the annealed Pd/Ag membranes, respectively,
s a function of the pressure difference calculated between shell
nd lumen sides. It can be observed that for both membranes the
2 permeation increased as the temperature and/or the pressure

n the lumen of Al2O3 hollow fibre was increased. The permeation
ata given in Table 2 shows that the H2 permeances of the Pd/Ag
embrane were about 25% higher than that of the Pd membrane,

lthough the Ag concentration on the membrane was  50%, which is
ot the optimum 23% [52]. On the other hand, Ar did not permeate
hrough both the Pd and the annealing Pd/Ag membranes at any
esting conditions applied during the permeation tests, showing
n infinite selectivity towards H2. Based on these results, it can be

oncluded that both the Pd and Pd/Ag membranes coated on the
l2O3 hollow fibre was absolutely dense and free from defects.

Fig. 9a shows the CO conversion in WGS  reaction at different
emperatures using a fixed-bed reactor, CHFMR, Pd-CHFMMR and
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ig. 9. (a) CO conversion as a function of the temperature in WGS  reaction: (- - -) therm
d/Ag-CHFMMR. (b) H2 recovery during WGS  reaction as a function of the temperature u
400 9.5 ∞ 12.4 ∞
450  10.7 ∞ 14.1 ∞

Pd/Ag-CHFMMR. It is important to note that the amount of catalyst

deposited inside the finger-like region of the Al2O3 hollow fibre
was 8 mg,  which was three times smaller than those tested in the
fixed bed reactor (see Fig. 4), as the small volume of the finger-like
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Fig. 10. SEM pictures at different magnifications of the top surfa

egion of the Al2O3 hollow fibres prevented further deposition of
he catalyst. Fig. 9a shows that under similar reaction conditions
he CO conversion obtained in the CHFMR is significantly larger
han that obtained in a fixed-bed reactor. This improvement in the
O conversion, a 30% increase at 450 ◦C, can be explained by the
se of Al2O3 hollow fibres as a substrate resulting in a more effi-
ient utilization of the catalyst compared to conventional fixed-bed
onfigurations. As we have reported in our previous work [53], the
ispersion of the catalyst inside the finger-like microchannels of the
l2O3 hollow fibres improves the catalytic surface to volume ratio,

he heat and mass transfer as well as the mixing of gases during the
eaction.

In order to improve the CO conversion, a Pd-CHFMMR, which
ntegrates both a CHFMR and a Pd membrane in the same unit

as developed and tested in WGS  reaction. The Pd-CHFMMR
ffers several advantages over the CHFMR and the fixed-bed reac-
or. First, Pd-CHFMMR combines, in a single step, the processes
f generating and separating H2, due to high selectivity of the
d, resulting in that only H2 is produced as the reaction takes
lace in the reactor. Secondly, it can be observed in Fig. 9a that
d-CHFMMR works at significantly lower temperatures than the
HFMR and the fixed-bed reactor. This behaviour can be explained
y the fact that, in accordance with the “Le Chatelier” principle, the
emoval of one or more reaction products will shift the conversion
owards product formation. Hence, an increase in the CO conver-
ion to 10% and 35% from the corresponding values of the CHFMR
nd fixed bed reactor, respectively, was observed by using the
d-CHFMMR.

A thin Pd/Ag alloy membrane was used in the Pd/Ag-CHFMMR in
rder to increase the H2 recovery during the WGS  reaction, because
f its high H2 permeances in comparison with a pure Pd membrane.

ig. 9a shows that the CO conversion in the Pd/Ag-CHFMMR was
ignificantly improved with respect to Pd-CHFMMR; i.e. at 350 ◦C
he CO conversion in the Pd/Ag-CHFMMR was double that obtained
n the Pd-CHFMMR. Moreover, it is important to highlight that
(A and B) the Pd membrane and (C and D) the Pd/Ag membrane.

the high H2 permeances of the Pd/Ag alloy membrane allows its
operation at lower temperatures than a Pd membrane. As is shown
in Fig. 9a, the effects of the Pd/Ag alloy membrane in the CO
conversion become visible at 250 ◦C whereas for the Pd membrane
it was  not visible up to 300 ◦C. This behaviour suggests that the
Pd/Ag alloy membrane could be a very promising candidate for
WGS  reaction at low temperature. However, although the CO con-
version was significantly enhanced by using the Pd/Ag-CHFMMR
(a 37% increase at 450 ◦C), it was not possible to reach and exceed
the thermodynamic equilibrium line. This result is a consequence
of the small amount of catalysts deposited into the finger-like
microchannels of the Al2O3 hollow fibres. Nevertheless, since the
Al2O3 hollow fibres have a tubular geometry with an outer diame-
ter smaller than 2 mm,  it is relatively easy to scale up by bundling
the Al2O3 hollow fibres to a module, which makes it possible to
pass the thermodynamic equilibrium line if additional fibres are
used.

In order to compare the performance of both Pd and Pd/Ag
membranes during the operation of the CHFMMR, the H2 recovery
index was  calculated at different temperatures, as shown in Fig. 9b.
This index is typically used to describe the efficiency of the mem-
branes and can be defined as the H2 fraction permeated through
the membrane with respect to the total amount of H2 produced
during the WGS  reaction. As can be seen, in both Pd and Pd/Ag
membranes, the H2 recovery index increased as the temperature
was increased from 200 ◦C to 500 ◦C. Nevertheless, for the Pd mem-
brane the H2 recovery index increased almost linearly; whereas, for
the Pd/Ag membrane it increased exponentially. Moreover, the H2
index recovery was significantly higher for the Pd/Ag membrane
than that of the Pd membrane, especially in the temperature range
from 250 ◦C to 400 ◦C. This behaviour suggests that the different

solubility and diffusion of the H2 in Pd and Pd/Ag alloy systems
[54,55].  On the other hand, the low H2 index recovery observed
even at high temperatures, i.e. 19% and 27% at 500 ◦C for Pd and
Pd/Ag, respectively, suggests that the pressure difference across
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oth membranes produced by using 40 ml/min of Ar as a sweep
as was very low.

Finally, both Pd and Pd/Ag membranes deposited on the outer
ayer of the Al2O3 hollow fibre in the CHFMMR  showed an excel-
ent stability during the WGS  reaction, even though they were
ested at higher temperatures (500 ◦C) for long periods of time
24 h). Fig. 10A–D shows the top surface of both Pd and the
d/Ag membranes after WGS  reaction at different magnifica-
ions. Based on these SEM photos, we can conclude that both

embranes were fully dense and free of defects after the WGS
eaction.

. Conclusions

In this study, CuO/CeO2 catalysts with a Cu content range from
% to 40% have been synthesized by the sol–gel Pechini method and
ested in a WGS  reaction in a fixed-bed reactor. According to XRD
esults, the high dispersion of the CuO nanoparticles on CuO/CeO2
atalysts prevented the sintering of the CeO2 particles at high tem-
erature avoiding catalytic deactivation during the WGS  reaction.
oreover, it was observed that the catalytic activity increased with

he specific surface area, which suggests that the highly porous
ano-crystalline CeO2 particle morphology is probably one of the
ain reasons for the high catalytic activity in the WGS  reaction.
ccording to these results, 10% CuO/CeO2 catalyst which showed

he highest catalytic activity in the WGS  reaction was  successfully
eposited inside the finger-like region of the Al2O3 hollow fibre by
he sol–gel Pechini method in the development of both CHFMR and
HFMMR.

Fully dense and uniform Pd and Pd/Ag membranes with a total
hickness of about 5.0 �m were deposited on the outer layer of the
l2O3 hollow fibre by electroless plating technique before catalyst
eposition. A uniform Pd/Ag alloy across the membrane was  pro-
uced after annealing the Pd/Ag membrane in a H2 atmosphere for
4 h at 400 ◦C. The H2 permeances of the annealed Pd/Ag membrane
as about 25% higher than that of the Pd membrane, even though

he Ag concentration on the membrane was 50%, which is not the
ptimum concentration of 23%. An infinite H2 selectivity through
oth Pd and Pd/Ag membranes was observed in the temperature
nd pressure ranges studied.

The CO conversion obtained in the WGS  reaction using the
HFMR was three times larger than that in a conventional fixed-
ed reactor, due to the deposition of the 10% CuO/CeO2 catalyst

nto the finger-like region of the Al2O3 hollow fibres resulting in a
ore efficient utilization of the catalyst. In addition, the presence of

oth Pd and Pd/Ag membranes in the CHFMMR increased in a 10%
nd 20% CO conversion at 350 ◦C, respectively. Both Pd and Pd/Ag
embranes deposited on the outer layer of the Al2O3 hollow fibre

n the CHFMMR showed an excellent stability during the WGS  reac-
ion, even though they were tested at higher temperatures (500 ◦C)
or long periods of time (24 h).

Based upon these results, the Pd/Ag-CHFMMR offers exclusive
dvantages over existing H2 production systems and can be pre-
ented as an extremely promising system to produce COx-free H2 by

GS  reaction. Furthermore, the fabrication techniques and under-
tanding of the process generated from this study are generic and
ay be applied to a wide range of heterogeneously catalysed gas

hase reactions related to H2 production.
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