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a b s t r a c t

Several catalytic monoliths containing Cu, Zn, or Cu–Zn supported on CeO2, ZrO2, or CeO2–ZrO2 were
prepared and tested for the dimethyl ether steam reforming reaction under a steam to carbon ratio of
S/C = 1.5 at 473–823 K. The best catalytic performance in terms of stability, hydrogen yield, and low CO
ccepted 29 March 2009

eywords:
ydrogen
imethyl ether
team reforming

production was obtained over Cu–Zn/ZrO2 catalytic monoliths (2.1 × 10−3 molDME h−1 gcat
−1 converted

with SH2 = 96% and SCO2 = 90% at 753 K). Catalytic monoliths were characterized by XRD, SEM, EDX,
NH3-TPD as well as by long-term catalytic and mechanical stability tests.

© 2009 Elsevier B.V. All rights reserved.
atalytic monolith
opper–zinc catalyst

. Introduction

In recent years, the use of hydrogen for fuel cell applications has
een regarded as one of the most efficient technologies for elec-
ricity generation or vehicle applications [1–5]. Steam reforming
f fuels has attracted much attention as an efficient technology for
ydrogen production because it provides a higher reformate quality
e.g. higher hydrogen production yield, lower rate of side reac-
ions and by-products) when compared with partial oxidation or
utothermal reforming [2,6–8]. Among several substrates, dimethyl
ther (DME) can be stored and handled easily (it liquefies at about
bar) and is considered a promising candidate for reforming tech-
ologies since it may be easily derived from renewable biomass
4,5,9]. DME is thought to be an alternative to liquefied petroleum
as (LPG) due to their similar physical properties [3,10–13]. The rela-
ively inert, non-corrosive and non-carcinogenic character of DME

ay help to promote its practical usage with respect to harmful
ethanol [12–16]. The steam reforming of DME is comprised by

wo consecutive reactions [2–5]. The first step is the hydrolysis of
ME to form methanol over a solid acid catalyst (Eq. (1)). However,

he use of too strong acidic materials should be avoided since they

trongly promote the formation of carbonaceous residues, which
esults in rapid catalyst deactivation. The second step is the steam
eforming of methanol (Eq. (2)), which is usually carried out over
u-based catalysts. The overall reaction yields 6 mol H2 per mol

∗ Corresponding author. Tel.: +34 93 401 17 08; fax.: +34 93 401 71 49.
E-mail address: jordi.llorca@upc.edu (J. Llorca).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.03.055
DME, and half of H2 comes from water (Eq. (3)).

(CH3)2O + H2O → 2CH3OH �H◦ = +37 kJ mol−1 (1)

CH3OH + H2O → CO2 + 3H2 �H◦ = +49 kJ mol−1 (2)

(CH3)2O + 3H2O → 2CO2 + 6H2 �H◦ = +135 kJ mol−1 (3)

Therefore, either a two-bed catalytic device or a bifunctional
catalyst is required to carry out the steam reforming of DME. Mix-
tures of acidic oxides or zeolites and Pd, Pt or Cu–Zn-based systems
have been reported in the literature as suited catalysts for DME
steam reforming [1–3,16–20] and, as far as we know, there is only
one work with catalytic monoliths using Pd–Pt–Zn-based systems
supported on Al2O3 or zeolites for autothermal reforming of DME
[17]. Monolithic supports can be an attractive replacement for con-
ventional catalysts because they offer many advantages in terms
of efficiency, cost and operation conditions [21]. In this work, we
have tested the DME steam reforming reaction over honeycomb
catalysts loaded with CeO2-, ZrO2- or Ce0.5Zr0.5O2-supported Cu,
Zn, or Cu–Zn. In addition to their mild acidic character, we have
chosen these supports due to their redox properties. The present
contribution provides the first example of DME steam reforming
over honeycomb samples.

2. Experimental methods
2.1. Preparation of catalytic monoliths

400 cpsi (cells per square inch) cordierite monolith cylinders
with a diameter of 2 cm and a length of 2 cm were used. They were

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jordi.llorca@upc.edu
dx.doi.org/10.1016/j.cej.2009.03.055
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Table 1
Catalytic monoliths prepared in this work. Chemical composition reported as weight
percent with respect to monolith weight. Acidity values calculated from NH3-TPD.

Catalyst % Ce % Zr % Cu % Zn % w/w mmol NH3 gcat
−1

Cu/CeO2 13.2 4.5 17.8
Zn/CeO2 11.3 4.6 15.9
Cu–Zn/CeO2 13.6 5.4 6.5 25.4
CeO2 11.3 11.3 9.9
Cu/ZrO2 12.0 4.7 16.7 0.9
Zn/ZrO2 10.3 5.4 15.7 0.9
Cu–Zn/ZrO2 10.6 4.0 5.2 19.8 1.2
Cu–Zn(A)/ZrO2 10.4 2.1 2.5 15.0 0.9
Cu–Zn(B)/ZrO2 9.6 6.2 7.3 23.1 0.8
Cu–Zn(C)/ZrO2 11.9 7.8 9.7 29.4 0.8
ZrO2 10.2 10.2 6.8
Cu/CeO2–ZrO2 6.4 6.4 5.3 18.1
82 C. Ledesma, J. Llorca / Chemical En

btained by cutting larger monolith pieces with a diamond saw.
onoliths were coated with Cu, Zn, or Cu–Zn particles supported

n CeO2, ZrO2, or CeO2–ZrO2 (CeO2:ZrO2 = 1:1) by the washcoat-
ng method in two steps. First, CeO2 and/or ZrO2 were bound to
he monoliths walls from aqueous solutions of CeCl3·7H2O and/or
rOCl2·8H2O as precursors. Monoliths were dried at 373 K under
ontinuous rotation and then calcined in air at 773 K for 2 h. This
rocedure was repeated several times in order to obtain the desired
eight gain (10–12% w/w) of each support. Then, the active met-

ls were loaded over the monoliths washcoated with the supports
y incipient wetness impregnation from Cu(NO3)2·3H2O and/or
n(NO3)2·6H2O ethanolic solutions. The resulting monoliths were
nally dried at 373 K under continuous rotation and then calcined

n air at 773 K for 2 h.

.2. Characterization techniques

Mechanical stability of the honeycomb samples was evalu-
ted by immersion in water and exposition to high frequency
ltrasounds (40 kHz). Weight loss was monitored for 30 min. The
icrostructure, morphology and composition of monolith chan-

els were studied by scanning electron microscopy (SEM) and
nergy dispersive X-ray analysis (EDX). Secondary electron images
ere recorded at 20 kV using a JEOL JSM 6400 instrument. Pow-
er X-ray diffraction (XRD) was collected at a step width of 0.02◦

nd by counting 10 s at each step with a Siemens D-500 instru-
ent equipped with a Cu target and a graphite monochromator.

mmonia-temperature programmed desorption (NH3-TPD) analy-
is were performed to measure catalysts acidity. Samples were first
eated at 773 K under He during 10 min and then 9 mL min−1 NH3
ere passed over the samples at 323 K for 5 min. After that, He
as flowed until no NH3 signal was detected by mass spectrometry

MKS Cirrus) and, finally, NH3-TPD was conducted up to 873 K at
0 K min−1.

.3. Catalytic tests

Dimethyl ether steam reforming was carried out at atmo-
pheric pressure in a stainless steel tubular reactor under a weight
ourly space velocity (WHSV) of 2–17 L h−1 gcat

−1. DME (between
.7 × 10−3 and 1.1 × 10−2 mol h−1) and H2O were fed separately
t a steam to carbon ratio of S/C = 1.5 and the mixture was bal-
nced with N2. The effluent of the reactor was monitored on line
ith an Agilent 3000A micro-GC, which allowed a careful quan-

ification of H2, N2, CO, CO2, CH4, CH3OH, H2O and CH3OCH3
oncentrations. In a typical experiment, the catalytic monolith
as first pretreated inside the reactor with a H2:He mixture

50 mL min−1, 10% H2) at 573 K for 2 h. Then the temperature was

owered to 473 K under He flow and the reaction mixture was intro-
uced at this temperature. The reaction was followed from 473
o 823 K (2 K min−1). Monoliths operated under isothermal condi-
ions as deduced from temperature monitoring inside the channels,
ocated either in contact with the stainless steel housing wall or

Fig. 1. Scanning electron microscopy images corresponding to a single chann
Zn/CeO2–ZrO2 6.3 6.2 4.8 17.3
Cu–Zn/CeO2–ZrO2 5.9 5.9 4.0 4.9 20.7
CeO2–ZrO2 5.3 5.2 10.5 3.1

at the center of the reactor. Stability tests were conducted over
96 h.

3. Results and discussion

3.1. Structural characterization

Table 1 compiles all the catalytic monoliths prepared in this
work, including chemical composition and acidity values. Mechani-
cal stability of the catalytically active phase in monoliths is a critical
issue for industrial application because coating loss and banking up
should be completely avoided. In this regard, the weight loss of all
the catalytic monoliths prepared in this work was about 1% after
30 min of ultrasound exposure, so the adherence of catalyst coat-
ings was very high in all cases. The dispersion and homogeneity
of the catalytic coatings were also monitored by scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX). A
representative SEM image corresponding to a single channel of a
monolith coated with ZrO2 is shown in Fig. 1a. The picture shows
a very good dispersion and homogeneity of the zirconia coating.
A similar good dispersion and homogeneity was observed for the
monolith coated with Cu/ZrO2 catalyst. Bright areas in Fig. 1b cor-
respond to Cu-rich domains. In contrast, the dispersion of Zn in
Cu–Zn/ZrO2 was poorer as a result of the existence of Zn-rich aggre-
gates (Fig. 1c). However, a careful EDX analysis indicated that the
occurrence of Cu is always associated with the presence of Zn,
meaning that an intimate contact exists between the two metals.

3.2. Acidity measurements
Since the first step of the dimethyl ether steam reforming is the
hydration into methanol and this step is strongly influenced by the
acidity of the catalyst, we have determined the acidity directly over
our monoliths using the NH3-TPD technique, as explained in Sec-

el of a monolith coated with ZrO2 (a), Cu/ZrO2 (b) and Cu–Zn/ZrO2 (c).
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ig. 2. Catalytic performance of CeO2-based monoliths under DME steam reforming
.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV ∼16.6 L h−1 gcat

−1.

ion 2.2. Table 1 lists the acidity values in terms of mmol adsorbed
H3 gcat

−1. Among the supports, CeO2 had the highest acidity value,
ollowed by ZrO2 and CeO2–ZrO2. In order to understand the unex-

ected low acidity value recorded over CeO2–ZrO2 (an intermediate
cidity between that of CeO2 and ZrO2 was expected) we carried out
n X-ray study directly over the catalytic monoliths. It is well known
hat ZrO2 can exhibit different crystal structures (monoclinic and

ig. 3. Catalytic performance of CeO2–ZrO2-based monoliths under DME steam reform
onditions: 2.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV ∼16.6 L h−1 gcat

−1.
itions (�= CO2, = H2, = CO, = CH4 and �= CH3OH). Experimental conditions:

tetragonal) and that ZrO2–CeO2 mixtures can also result in a cubic
crystal structure [22–24]. In the X-ray diffraction profile of the ZrO2
catalytic monolith there was a peak at 31◦, which is ascribed to

the (1 0 1) crystallographic plane of tetragonal ZrO2, whereas no
peak characteristic of monoclinic ZrO2 was detected around 24◦.
In contrast, the X-ray diffraction profile of the CeO2–ZrO2 catalytic
monolith showed peaks likely due to the cubic structure. The mean

ing conditions (�= CO2, = H2, = CO, = CH4 and �= CH3OH). Experimental
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ig. 4. Catalytic performance of ZrO2-based monoliths under DME steam reforming
.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV ∼16.6 L h−1 gcat

−1.

rystallite size calculated from line broadening in ZrO2 was about
8 nm, whereas that of ZrO2–CeO2 was below 4 nm. Therefore, the
ifferent acidity of these catalytic monoliths is not related to dif-

erences in surface area and may be due to the different crystal

tructure of CeO2–ZrO2 and ZrO2. The addition of Cu, Zn or Cu–Zn
o the monoliths coated with the supports decreased the acidity
alues in all cases, as expected. The acidity values of catalytic mono-
iths with Cu, Zn or Cu–Zn for a given support were similar.

ig. 5. Catalytic performance of Cu–Zn/ZrO2 monoliths with different metal loadings under
xperimental conditions: 2.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV ∼16.6 L h−1 gcat

−1.
itions (�= CO2, = H2, = CO, = CH4 and �= CH3OH). Experimental conditions:

3.3. Dimethyl ether steam reforming

All the monoliths prepared in this work were tested in the DME
steam reforming reaction at 473–823 K under diluted conditions

in order to establish accurate comparisons in their catalytic per-
formance without diffusional or mass-transfer limitations. These
conditions were set as 2.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV
∼16.6 L h−1 gcat

−1. Figs. 2–5 show the yields attained for all prod-

DME steam reforming conditions (�= CO2, = H2, = CO, = CH4 and�= CH3OH).
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Table 2
Catalytic performance at 753 K and S/C = 1.5 of the Cu–Zn/ZrO2 monolith under dif-
ferent DME load and WHSV values.

WHSV (L h−1 gcat
−1) molDME h−1 Conv. (%) Selectivity (%)

H2 CO2 CO CH4

2.3 5.3 × 10−3 26.7 71.8 27.1 0.8 0.3
4.5 5.3 × 10−3 23.2 71.7 26.2 1.7 0.4
6.8 5.3 × 10−3 15.0 71.4 26.1 2.1 0.4
9.0 5.3 × 10−3 13.8 71.5 25.7 2.5 0.4

Cu–Zn/ZrO2 sample yielded a stable outlet stream with ∼5.4 mol
H2/mol DME and ∼1.9 mol CO2/mol DME and a small amount of
CO (0.9%) and CH4 (0.3%). Methanol concentration was less than
50 ppm (the maximum values of mol H2 and mol CO2 with respect
C. Ledesma, J. Llorca / Chemical En

cts on a dry basis at three selected temperatures (693, 753, and
23 K) for each family of catalytic monoliths with the same sup-
ort. Catalytic monoliths based on CeO2 (Fig. 2) clearly showed the
ffect of Cu and Zn addition. The monolith containing only CeO2
as active for DME transformation mainly into a mixture of H2 and
O, with [H2]∼2[CO], meaning that the CeO2 sample was active for
oth the hydration of DME into methanol due to the presence of
cidic centers and methanol decomposition (Eq. (4)). However, the
inute amount of CO2 at the outlet stream indicated that the water

as shift reaction (WGS) between CO and steam (Eq. (5)) was largely
indered.

H3OH → CO + 2H2 (4)

O + H2O → CO2 + H2 (5)

In contrast, the addition of Cu and/or Zn promoted the WGS and
he selectivity towards H2 and CO2 increased notably, although CO
till remained among the products of the reaction. The addition of
u or Zn also resulted in a marked increase of DME transformation
ith respect to the monolith coated with CeO2 alone, but in the

ase of the monolith with Cu–Zn/CeO2, the increase of activity was
egligible probably because the DME hydration into methanol was
ffected by the decrease of acidity upon metal loading. Catalytic
onoliths based on CeO2–ZrO2 showed a similar selectivity trend

Fig. 3), although the appearance of methanol among the reaction
roducts in the monolith coated with CeO2–ZrO2 alone indicates
hat the sample was less active for the second step of the DME
eforming, that is, the methanol transformation. In this case, the
ddition of Zn strongly promoted the WGS reaction, but due to
he low intrinsic acidity of the CeO2–ZrO2 support (Table 1), sam-
les loaded with metal exhibited lower activity, particularly the
u/CeO2–ZrO2 sample.

Catalytic monoliths based on ZrO2 were much more active than
hose based on CeO2 or CeO2–ZrO2 (Fig. 4). Over ZrO2, the trans-
ormation of DME into a mixture containing CH3OH, H2, CO and
O2 occurred to a large extent, and DME conversion values greater
han 90% were attained at high temperature. The ratio between
2, CO, and CO2 follows the trend: [H2]∼2.2[CO] + 2.4[CO2] and

CO]/[CO2]∼1.1, which corresponds to a scheme where methanol
ecomposition (Eq. (4)) occurs at a extent of ∼75% followed by WGS
eaction (Eq. (5)) at a extent of ∼25%. The addition of Cu to ZrO2
esulted in the disappearance of methanol among the reaction
roducts due to the promotion of methanol transformation in
he presence of Cu, but the selectivity towards H2, CO and CO2
emained approximately unchanged, with an increasing amount
f CO at increasing temperature due to the reverse-WGS reaction.

n contrast, the addition of Zn to ZrO2 resulted in a strong change
n selectivity and almost exclusively H2 and CO2 with [H2]∼3[CO2]

ere encountered at the reactor outlet at all temperature tested.
he promotional effect of Zn for the WGS reaction is in accordance
o other results in methanol steam reforming [25–29]. However, the
ctivity of the Zn/ZrO2 sample was low with respect to monoliths
rO2 and Cu/ZrO2. A compromise situation between activity and
electivity is encountered with the catalytic monolith Cu–Zn/ZrO2,
here a good selectivity was maintained at intermediate conver-

ion levels. Therefore, the catalytic performance in the DME steam
eforming reaction was further studied over several Cu–Zn/ZrO2
atalytic monoliths with different metal loadings (Cu–Zn(A)/ZrO2,
u–Zn(B)/ZrO2, and Cu–Zn(C)/ZrO2 in Table 1). The results are
hown in Fig. 5. The DME conversion followed the trend Cu–Zn(B)/
rO2 > Cu–Zn/ZrO2 > Cu–Zn(C)/ZrO2 > Cu–Zn(A)/ZrO2, whereas

he selectivity towards the reforming products, H2 and CO2
ollowed the trend Cu–Zn(A)/ZrO2 > Cu–Zn/ZrO2 > Cu–Zn(C)/
rO2 > Cu–Zn(B)/ZrO2. These trends cannot be related to a different
cidity of the samples (Table 1) and may be due to differences
n surface composition and/or contact between Cu, Zn and the
11.3 5.3 × 10−3 14.2 71.1 25.7 2.9 0.4
11.3 2.7 × 10−3 56.0 70.4 25.4 3.7 0.4
11.3 1.1 × 10−2 10.4 70.9 25.2 3.4 0.4

support. Additional catalytic tests were carried out over the
catalytic monolith Cu–Zn/ZrO2, where a compromise between
activity and selectivity was found. Several DME loads and WHSV
values were tested at 753 K with S/C = 1.5 (Table 2). As expected,
DME conversion increased as the WHSV decreased from 11.3 to
2.3 L h−1 gcat

−1 (from 14.2 to 26.7%) but, interestingly, the increase
of DME conversion did not affect the distribution of products, being
H2 and CO2 the main products of the reaction. In fact, as the contact
time increased, the extent of WGS reaction increased, according to
a reaction scheme with consecutive reactions, and the amount of
CO progressively decreased and that of H2 and CO2 increased. Also,
a variation of the DME load from 2.7 × 10−3 to 1.1 × 10−2 mol h−1

had no significant effect on the product distribution, even at 56%
DME conversion.

A stability test was performed over the Cu–Zn/ZrO2 monolith
at 753 K (S/C = 1.5, 2.7 × 10−3 molDME h−1, WHSV ∼16.6 L h−1 gcat

−1)
and the results were compared with those obtained over Cu/ZrO2
in order to study the effect of Zn in the stabilization of Cu ensem-
bles over ZrO2. Fig. 6 shows the yields of H2, CO2, CO, and CH3OH
(on a DME converted basis) obtained for each catalytic monolith
over time on stream. After a stabilization period of about 3 h, the
Fig. 6. Stability tests over Cu–Zn/ZrO2 catalytic monolith (a) and Cu/ZrO2 catalytic
monolith (b) at 753 K (�= H2,♦= CO2, © = CO, � = CH3OH). Experimental conditions:
2.7 × 10−3 molDME h−1, S/C = 1.5 and WHSV ∼16.6 L h−1 gcat

−1.
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o mol of DME converted as deduced from equation (3) are 6 and
, respectively). Under these experimental conditions, the catalytic
onolith was remarkably stable (Fig. 6a). In contrast, the sample

u/ZrO2 deactivated severely over time on stream (Fig. 6b). The
ecrease in H2 and CO2 yields was accompanied by a simultaneous

ncrease in methanol yield. From this behavior, it can be inferred
hat the deactivation was likely originated by a decrease of Cu
ctive surface area (sintering). This would explain the appearance of
ethanol due to DME hydration over ZrO2 and the loss of methanol

eforming activity. Therefore, the Cu–Zn/ZrO2 monolith constitutes
n active, selective, and stable catalyst for the steam reforming of
imethyl ether. The mild acidity of ZrO2 is appropriate for DME
ransformation into methanol without promoting the formation of
arbonaceous deposits, Cu is active for methanol reforming, and Zn
romotes the WGS reaction and stabilizes the Cu ensembles.

. Conclusions

Catalytic monoliths containing Cu, Zn, or Cu–Zn supported on
eO2, ZrO2, or CeO2–ZrO2 have been prepared, characterized by
EM, EDX, XRD, NH3-TPD, and mechanical stability test, and tested
n the dimethyl ether (DME) steam reforming reaction under var-
ous conditions. DME steam reforming occurred in two steps.
irst, DME transformed mainly into methanol over acidic sites,
nd then methanol was efficiently reformed into a mixture of
2, CO, and CO2 in the presence of Cu ensembles. ZrO2-based

atalytic monoliths performed better than their CeO2-based coun-
erparts, both in terms of DME conversion and selectivity into the
eforming products, H2 and CO2. Monoliths containing CeO2–ZrO2
upport exhibited a poor performance due to low acidity, which
as related to the absence of tetragonal ZrO2. The addition of

n to supported Cu samples resulted in a strong enhancement of
he water gas shift reaction, which lead to a remarkable selectiv-
ty improvement in terms of CO transformation into H2 and CO2.
mong various formulations tested, a Cu–Zn/ZrO2 monolith with

Zr]∼[Cu] + [Zn] wt.% gave the highest H2 yield. Over this sample,
he selectivity was maintained under different DME conversion val-

es obtained by varying the contact time and DME flow rate. A
trong positive effect of Zn addition into the catalytic stability of
rO2-supported Cu was demonstrated by long-term catalytic tests.
atalyst coatings showed a good mechanical resistance for practical
pplication.

[
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