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a b s t r a c t

Different coprecipitation sequences were used to prepare Cu/ZnO/Al2O3 catalysts for the water gas shift
reaction. The interdispersion of the components of the obtained mixture of hydroxycarbonates seemed
to be influenced by the coprecipitation sequence, at constant pH and temperature. High metallic copper
surface area was observed when Cu2+ and Zn2+ ions were simultaneously coprecipitated. A remarkable
vailable online 6 November 2009

eywords:
T-WGSR
u/Zn/Al catalysts

activity was found to be related to the catalyst ability to restore the copper surface dispersion after
reduction or oxidation pre-treatment. These last findings were evidenced by temperature-programmed
reduction and X-ray photoelectron spectroscopy experiments.

© 2009 Elsevier B.V. All rights reserved.
opper dispersion
eduction
xidation

. Introduction

Copper/zinc oxide/alumina catalysts are successfully used for
he low temperature water gas shift reaction (LT-WGSR) in indus-
rial ammonia plants. They allow an efficient carbon monoxide
emoval, achieving exit concentration as low as 0.1–0.3%, which
s a pre-requisite for the subsequent steps in the synthesis process
1]. As this is of economic concern, much attention has been paid to
he understanding of the underlining catalytic chemistry and the
ole of each catalyst component [2–7].

The oxide precursors are commonly obtained from hydroxy-
arbonate mixtures prepared by coprecipitation. However, despite
he great effort to rationalize the effects of the preparation con-
itions on the final catalyst, these results are frequently evasive
nd scarcely generalized [7–10]. For instance, Li and Inui [11]
ave found that the pH alters the phase composition and that
he temperature affects the precipitation kinetics of the catalytic
recursors, while the aging temperature determines phase inter-
ispersion. On the other hand, finely dispersed metallic copper
upported on ZnO or ZnO–Al2O3 phases is currently accepted to

e the active phase and the catalytic activity to be proportional to
he metallic surface area of copper. However, there still remains
ome controversy about the actual oxidation state of copper under
eaction conditions [12,13].

∗ Corresponding author. Tel.: +55 079 3218 2190; fax: +55 079 3218 2190.
E-mail address: renantf@infonet.com.br (R.T. Figueiredo).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.10.028
Yurieva [14] considered that the catalytic properties of highly
dispersed oxide mixtures of copper and zinc (with or without alu-
mina) are determined in two stages, namely, the preparation of
the oxide mixture and the catalyst activation by reduction of the
oxides. Thus, an active LT-WGSR catalyst should present high phase
interdispersion and enhanced redox properties.

In order to further contribute to the understanding of the chem-
istry of Cu/ZnO/Al2O3 catalyst, the surface composition of ternary
Cu–Zn–Al (40–45–15) catalyst precursors was investigated under a
reduction–oxidation cycle. The catalysts were prepared following
different coprecipitation sequences but at constant experimental
conditions. The main physico-chemical characteristics of the cata-
lysts after reduction and oxidation treatments were analyzed in
terms of their activity towards the low temperature–water gas
shift reaction. It has been observed that the precipitation sequence
affects the interdispersion and the stability of the copper containing
surface phases, thus determining the catalytic activity for LT-WGSR.

2. Experimental

2.1. Preparation of catalyst precursors
Analytical grade chemicals were used for the preparations.
Three different procedures were employed in catalyst preparation:
(i) catalyst CZA: in this case, the Cu2+, Zn2+ and Al3+ ions were
simultaneously precipitated from nitrate solutions (0.5 M), using
a Na2CO3 solution (0.3 M), at 343 K. The suspension was stirred for

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:renantf@infonet.com.br
dx.doi.org/10.1016/j.molcata.2009.10.028
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Table 1
Composition and characterization of the catalysts.

Property/catalyst CZA CZ-A CA-Z Commercial

% CuO 38 39 39 35
% ZnO 43 45 44 45
% Al2O3 19 16 17 20
V (ml/g) 0.56 0.79 1.0 0.30
6 R.T. Figueiredo et al. / Journal of Molecu

h and cooled under stirring for 1 h. The final pH was 7.8–8.0. After
ashing with deionized water, at 343 K, up to 0.2 ppm [Na], the

olid was dried at 383 K, for 12 h and calcined at 773 K, for 4 h. (ii)
atalyst CZ-A: in this case, the Cu2+, Zn2+ ions were coprecipitated

rom nitrate solutions (0.5 M), using a Na2CO3 solution (0.3 M),
t 343 K and then mixed with the Al3+ hydroxycarbonate that
as precipitated separately. Thereafter, the preparation followed

he previously described procedure (i). (iii) Catalyst CA-Z: in this
ase, the Cu2+, Al3+ ions were coprecipitated from nitrate solutions
0.5 M), using a Na2CO3 solution (0.3 M), at 343 K and then mixed
ith the Zn2+ hydroxycarbonate that was precipitated separately.

hereafter, the preparation followed the previously described pro-
edure (i).

.2. Characterization techniques

The chemical composition of the samples was determined by
nductively coupled plasma adsorption spectrometry using an ARL
CP-OES equipment, model 3410. The specific surface area was cal-
ulated according to the BET method from the nitrogen adsorption
sotherms recorded at 77 K (CG 2000 A equipment) on samples
egassed overnight at 573 K. The pore volumes were determined on
Micromeritics Pore Sizer 9305. Copper metallic surface area and
ispersion were determined using the dissociative chemisorptions
f nitrous oxide (N2O) and the frontal method [8]. The X-ray diffrac-
ion spectra were obtained with a Philips-Norelco diffractometer
ith nickel-filtered Cu K� radiation and a graphite secondary

ean monochromator. The intensities were obtained in the 2 theta
anges between 20 and 90◦ with a step of 0.05◦ and a measur-
ng time of 0.5 s per point. FTIR spectra of the catalyst precursors

ere collected on a Jasco, Valor III spectrometer, using KBr pellets.
PR measurements were carried out in an automatic Micromeritics
000 apparatus, using 30 mg of the calcined sample, heating rate
= 4 K/min, from 290 to 750 K, in a 80 ml/min flow of 10% H2/N2.

X-ray photoelectron spectra were recorded with a VG 200
electron spectrometer operated in a constant pass mode and

rovided with a non-monochromatized MgK� (h� = 1253.6 eV,
eV = 1.603 × 109 J) X-ray source operated at 10 mA and 12 kV. Prior

o analysis the samples were pretreated in the treatment chamber
f the spectrometer according to the following protocols. The pre-
ursors were firstly subjected to oxidation (673 K, in air flow, for
h) and then to reduction (493 K, in H2 flow, for 1 h). The catalysts
ere analyzed after each step of the following cycle: (i) calcination;

ii) reduction; (iii) oxidation; (iv) reduction. The pressure in the
on-pumped chamber was below 3 × 10−9 Torr during data acqui-
ition. The Cu 2p; Zn 2p; Al 2p; O 1s and C 1s energy regions
ere recorded for each sample and the respective binding ener-

ies (BE) were calibrated using the C 1s line at 284.9 eV as internal
eference. BE values within an accuracy of 0.2 eV were obtained.
ata processing was performed with the XPS peak program. The

pectra were decomposed with the least squares fitting routine
rovided with the software, with a Gauss/Lorentz product func-
ion and after subtracting a Shirley background. High resolution
pectra envelopes were obtained by curve fitting synthetic peak
omponents using the software “XPS peak”. The raw data were used
ith no preliminary smoothing. Symmetric Gaussian–Lorentzian
roduct functions were used to approximate the line shapes of
he fitting components. Atomic ratios were computed from experi-

ental intensity ratios and normalized by atomic sensitivity factors
15].
.3. Catalyst testing

Activity measurements were carried out using a fixed bed tubu-
ar reactor consisting of a 40 cm stainless steel tube (i.d. 1.3 cm),
perated at atmospheric pressure. A washing flask containing sul-
p

SBET (m2/g) 90.5 100.4 78.4 53.4
Scu (m2/g) 25.3 61.3 18.9 39.3
% D 5.7 13.8 4.3 8.9

furic acid was used to remove water from the exit gases. The feed
gas of volumetric composition 0.25% CH4; 16.5% CO2; 3.2% CO;
0.2% Ar; 20.5% N2 and 59.3% H2, was supplied from an industrial
ammonia plant. Steam was supplied to the reactor from a saturator
containing distilled water, under rigorous temperature control, in
order to allow an accurate variation of the vapor/gas (V/G) molar
ratio. The space velocity was 4.500 h−1 during the reaction tests.
The reaction conditions for activity testing were established in
order to avoid mass transfer limitations. The feed gas and reac-
tion effluents were analyzed using a Hewlett-Packard HP5890 gas
chromatograph, with a thermal conductivity detector and a 13X
molecular sieve column. CO2 was separately analyzed using a Pora-
pak Q column. 0.05–0.10 g of powdered (−100/+150 mesh) catalyst
samples were activated in situ, heating up to 393 K in N2 flow and
then up to 493 K, using a 7.5% H2/N2 reducing mixture, at 4 K/min.
Before testing, the catalyst was reduced for further 2 h at 493 K and
4.500 h−1 space velocity.

3. Results and discussion

3.1. Preparation and characterization

The main physico-chemical properties of the obtained cata-
lysts are shown in Table 1. A commercial catalyst sample has
also been also included as a source of comparison. The chemi-
cal analyses revealed that the catalyst bulk compositions were
nearly constant, irrespective of the coprecipitation sequence.
The obtained precursors were analyzed by XRD and FTIR. These
techniques indicated that the precursors contain a mixture of
hydroxycarbonates. Major phases identified included: rosasite
[(Cu,Zn)2CO3(OH)2], hydrotalcite [(Cu,Zn)6Al2CO3(OH)16·H2O] and
aurichalcite [(Cu,Zn)5(CO3)2(OH)6] [11,16–18]. Accordingly, CuO,
ZnO and an amorphous phase, probably containing a mixture of
oxides, were observed on the X-ray diffraction profiles of the
calcined catalysts [16,17]. No diffraction peaks belonging to the
CuAl2O4 phase could detected.

Relatively high BET specific area and pore volume values were
obtained for the calcined catalysts as compared to that of the
commercial catalyst. These discrepancies seemed nevertheless rea-
sonable, considering that the commercial catalyst was previously
submitted to pelletizing and stabilization processes not applied for
the laboratory synthesized samples.

Significant differences were found for the copper metallic sur-
face area and copper dispersion values for catalysts prepared
according to different precipitation sequences. The obtained values
suggest that the phase interdispersion is affected by the precipita-
tion sequence, allowing a better copper exposure when copper and
zinc were simultaneously coprecipitated. Single phase or mixtures
of Cu,Zn hydroxycarbonates are usually reported as resulting prod-
ucts of Cu and Zn coprecipitation [8,11,14,17,18], at experimental

conditions similar to those used in this study. Thus, the addition
of aluminum hydroxide to the Cu,Zn hydroxycarbonates precursor
seemed to contribute to increase both the BET and the metallic cop-
per surface area, as observed for catalyst CZ-A. The role of spacer
or textural promoter has been commonly postulated for aluminum
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CA-Z than for CZA and CZ-A. The reduction–oxidation cycle was
ig. 1. Temperature-programmed reduction profiles for (a) CZA; (b) CZ-A; (c) CA-Z.

xide either in the LT-WGSR or the LT-methanol synthesis catalysts
19]. On the other hand, it has been demonstrated using statistical
esign of experiments that ZnO plays a role of a dispersion agent
or small copper clusters in active LT-WGSR catalysts [17].

The system under investigation consists of copper oxide, zinc
xide and alumina oxide where the last one is a minor constituent.
he reactivity of the oxide is clearly an effect of the nature the
xide and probably depends on the crystallite structure within the
ndividual particle. Properties such as Cu2+ dispersion on the oxide

atrix, Cu2+ chemical environment, crystal size of CuO and degree
f crystallization, among others, are key properties in determin-
ng reduction behavior. Therefore, TPR was a very valuable tool to
etect alterations in the Cu2+ state in different samples.

Fig. 1 shows the reduction profile of the calcined catalysts
etween 373 and 573 K. Estimation of the extent of reduction from
he integral of these curves revealed that copper oxide was stoichio-

etrically reduced to Cu0. The catalyst reduction profiles presented
n Fig. 1 show different profiles and peak positions. Considering that
ll the experiments were performed under the same experimental
onditions, such differences were caused by changes in the chem-
cal environment. The distribution of metallic particle size in the
atalysts and the reduction behavior of calcined samples are due
o not only the interaction between the Cu2+, Zn2+ and Al2+ phases,
ut also to the dispersion of Cu2+ phases in the ZnO–Al2O3 matrix
nd CuO crystal size.

On the basis of slope changes, the TPR profiles given in Fig. 1
nclude three steps: (i) the reduction or H2-consumption corre-
ponding to a shoulder peak placed around 400–450 K can be
ainly ascribed to a reduction of Cu2+ to Cu1+ and the rate is low.

onsidered that this step represents a surface reaction and postu-
ated that the diffusion of anion vacancies away from the surface
17] into the interior of the solid, could be the rate determining
tep at this stage; (ii) the second step is characterized by a rapid
ncrease in the reaction rate, while the main reduction process is
pparently attributable to the reduction of Cu2+ and/or Cu1+ to Cu0

ithin the temperature interval 450–500 K. Most of the reduction
s completed at this step. It can be seen from the reduction curves
Fig. 1) that there is a progressive rise in the reduction rates with the
emperature rise, suggesting that cupric oxide is directly reduced to
opper without any intermediate lower oxides being formed; (iii)

n the third step, the last step in the reduction profile presented in
ig. 1 occurs after the main reaction is over.

The broad TPR profiles recorded for CZA, CZ-A and CA-Z
xide precursors indicate superposition of two or three peaks.
talysis A: Chemical 318 (2010) 15–20 17

They can represent the ill-defined structures of copper oxide in
these catalysts. It is clearly demonstrated that, as temperature
increases, at least four Cu2+ species were reduced in the calcined
CuO–ZnO–Al2O3 catalysts, which can be attributed to copper in the
ZnO lattice, in amorphous Cu oxide phases, in crystalline CuO and
Cu2+ in the Al2O3 phase.

Different profiles were obtained for each experiment. CZA
reduction showed one peak and took place at about 475 K, simi-
lar to the CZ-A catalyst. The CA-Z catalyst showed a profile which
is different from the others. In addition to the main peak at lower
temperatures (475–500 K), this catalyst presented a wider shoul-
der at 400–475 K and another shoulder at 500–550 K. The reduction
profile of CZ-A was very similar to that obtained for CZA. This
suggested that in CZ-A, most of the copper ions are dispersed as
CuO in the ZnO matrix, corresponding to the reduction peak at
nearly 478 K. For the reduction of these species, Gusi et al. [20]
found an activation energy similar to that for CuO and called them
as “free” copper. Furthermore, the small peaks only appearing as
shoulders at nearly 450 and 500 K, represent minor contributions
to the reduction process of catalyst CZ-A. On the contrary, a small
and broad but well-defined high temperature reduction peak was
observed for catalyst CA-Z, at 480–530 K. This is in agreement with
the low reactivity towards reduction hypothesized for Cu2+ species
interacting with aluminum in Cu/Zn/Al oxide precursors [20]. An
intermediate behavior towards reduction was observed for catalyst
CZA, suggesting that the interaction between the catalysts compo-
nents may be selectively favored by the coprecipitation sequence.
According to the TPR analyses, it also seemed that only aluminum
influenced the reduction behavior of the ternary LT-WGSR catalyst
[20,21].

The chemical state and relative concentration of the compo-
nents at the surface were obtained from X-ray photoelectron
spectra recorded under a reduction–oxidation cycle. The respective
Cu 2p core-level spectra are displayed (Figs. 2–4) and correspond-
ing binding energies are collected in Table 2. The BE corresponds
to the values reported elsewhere [12,17,22–26]. In addition, as a
satellite line is observed at above ca. 9 eV of the principal Cu 2p3/2
and Cu 2p1/2 levels, which is the fingerprint of Cu2+ ions, it can be
concluded that copper remains in the copper state Cu(II). When
the catalysts were vacuum treated or reoxidized (steps I and III,
respectively) two copper species were observed: one at 932.9 ± 0.1
corresponds to Cu2+ ions in CuO and another at 935.1 ± 0.1 eV is
assigned to Cu2+ ions dispersed in the oxide matrix [12]. Sepul-
veda et al. [27] assigned this last peak to Cu2+ ions in the spinel
environment of CuAl2O4. Although the pattern for this compound
could not be found by XRD analyses of the calcined precursor, evi-
dences have been shown by TPR that the reduction behavior of Cu2+

ions was influenced by the presence of an Al containing phase. One
single peak at 932.4 ± 0.1 eV and the absence of the satellite struc-
ture are conclusive on the presence of Cu and/or Cu+ and may be
observed in the spectra of the reduced catalyst (steps II and IV).
The significant decrease in the Cu/Zn ratios for the H2-reduced cat-
alysts was interpreted as a decrease in copper surface dispersion
as a consequence of growing the metallic copper particles on the
oxide matrix, namely, ZnO and Al2O3.

After reoxidation (step III), the amount of the former Cu2+

species at 932.9 ± 0.1 eV significantly increased with respect to step
I for catalyst CZA but remained nearly constant for catalysts CZ-
A and CA-Z. On the other hand, the Cu/Zn ratio increased but it
was not completely restored to the values found for the fresh cal-
cined catalysts. The Cu/Zn surface ratio decrease was higher for
finally accomplished upon reducing the catalyst at 493 K in a H2
flow for 1 h and the peak at 932.4 ± 0.1 eV (step IV) was restored.
A significant decrease in the Cu/Zn surface ratio was nevertheless
observed for CA-Z and CZA with respect to the values found after
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Table 2
Surface analyses of the Cu/Zn/Al catalysts under a reduction–oxidation cycle.

Sample Step Cu 2p3/2 Zn 2p3/2 Al 2s Cu/Zn Al/Zn Cu/Al

CZA I 932.9 (63)
935.0 (37) 1022.2 119.4 0.611 0.229 2.67

II 932.4 1022.2 119.5 0.449 0.237 1.89
III 933.1 (81)

935.2 (19) 1022.2 119.4 0.509 0.201 2.53
IV 932.4 1022.2 119.3 0.239 0.216 1.106

CZ-A I 932.9 (87)
934.9 (13) 1022.2 119.4 0.661 0.112 5.90

II 932.4 1022.2 119.5 0.386 0.089 4.34
III 932.8 (86)

935.2 (14) 1022.2 119.4 0.569 0.105 5.42
IV 932.4 1022.2 119.4 0.301 0.073 4.123

CA-Z I 932.9 (83)
935.2 (17) 1022.2 119.4 0.724 0.117 6.199

II 932.4 1022.2 119.5 0.391 0.098 3.99
III 933.0 (80)

935.0 (20) 1022.2 119.4 0.436 0.091 4.79

S ; step
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e
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IV 932.3 1022.2

tep I: calcined catalyst; step II: catalysts were reduced in a H2 flow for 1 h at 493 K
urther reduced in a H2 flow for 1 h at 493 K.

he first reduction of the catalysts. Again, the Al/Zn surface ratio
as not significantly affected upon the oxidation–reduction cycle.

The results presented above suggest that catalyst CZ-A is more
asily reconstructed than catalysts CA-Z and CZA, after reduc-
ion or oxidation treatments. Under conditions similar to those of
T-WGSR, namely, reducing atmosphere and 493 K, catalyst CZ-A

hows high Cu/Zn surface ratio, even after reoxidation. On the con-
rary, for catalysts CZA and CA-Z, the Cu/Zn surface ratio decreased
fter exposure to either oxidant or reducing atmosphere.

ig. 2. Cu 2p core-level spectra for catalyst CZA: (a) calcined; (b) reduced at 493 K,
or 1 h, in a H2 flow; (c) reoxidized at 673 K, for 2 h, in an air flow; (d) reduced at
93 K, for 1 h in a H2 flow, after reoxidation.
119.4 0.190 0.107 1.77

III: catalysts were reoxidized in an air flow for 2 h at 673 K; step IV: catalysts were

3.2. Activity testing

The performance of the ternary Cu/Zn/Al catalysts for WGSR
is shown in Fig. 5, as a function of the reaction temperature. An
activity increase is observed up to nearly 513 K, when catalyst
deactivation by copper sintering seemed to become significant. In
addition, a more defined activity maximum was observed for cat-
alyst CZ-A, suggesting that it was more sensitive than the others

towards this effect. This behavior could be nevertheless expected
as catalysts CZ-A showed very fine copper particles dispersed over
the ZnO–Al2O3 matrix.

Fig. 3. Cu 2p core-level spectra for catalyst CZ-A: (a) calcined; (b) reduced at 493 K,
for 1 h, in a H2 flow; (c) reoxidized at 673 K, for 2 h, in an air flow; (d) reduced at
493 K, for 1 h in a H2 flow, after reoxidation.



R.T. Figueiredo et al. / Journal of Molecular Catalysis A: Chemical 318 (2010) 15–20 19

F
f
4

s
a
c

C

b

C

C

m
f
r

F
a

Fig. 6. Stabilization of the Cu/Zn/Al catalysts for WGSR, at 493 K, V/G = 0.60, and
GHSV = 4500 h−1.
ig. 4. Cu 2p core-level spectra for catalyst CA-Z: (a) calcined; (b) reduced at 493 K,
or 1 h, in a H2 flow; (c) reoxidized at 673 K, for 2 h, in an air flow; (d) reduced at
93 K, for 1 h in a H2 flow, after reoxidation.

The stabilization of the catalysts under reaction conditions is
hown in Fig. 6. Catalysts CZ-A and CA-Z quickly attained a stable
ctivity but again CZ-A showed much higher activity than the other
atalysts. The water gas shift reaction may be represented as:

O(g) + H2O(g) ⇔ CO2(g) + H2(g) (1)

ut side reactions such as:

O(g) + 2H2(g) ⇔ CH3OH(g) (2)

O (g) + 3H (g) ⇔ CH OH(g) + H O(g) (3)
2 2 3 2

ay significantly contribute to the global process. The selectivity
or reaction (1) is therefore strongly dependent on the steam/gas
atio molar, V/G [28].

ig. 5. Activity of the Cu/Zn/Al catalysts (mol CO converted per h and g of catalyst)
s function of reaction temperature, at 493 K; V/G = 0.60; GHSV = 4500 h−1.
Fig. 7. Influence of the V/G molar ratio on the activity of the Cu/Zn/Al catalysts for
WGSR, at 493 K, GHSV = 4500 h.

The influence of the V/G ratio on the activity towards the shift
reaction is shown in Fig. 7. CZ-A catalyst shows higher activity
than the other catalysts, over the investigated V/G ratio range,
namely, 0.0–1.4. An activity increase was observed with increasing
the V/G molar ratio but it seemed to be stabilized for values above
0.7. Notwithstanding this, at low water vapor pressures, methanol
production is favored, either according reaction (2) or (3). These
reactions consume hydrogen produced according to reaction (1)
and contribute to decrease the hydrogen yield. The later behavior
was observed for all the investigated catalyst samples.

4. Conclusions

On the basis of results derived from this study, the following
conclusions can be drawn: (i) high catalytic activity was found
for catalysts prepared by simultaneous coprecipitation of the Cu-
and Zn-components, namely, catalysts CZA and CZ-A. However,
as indicated by the Cu/Zn and Cu/Al surface atomic ratio deter-
mined by XPS, the copper surface concentration on catalyst CZ-A
was less affected than on catalysts CZA and CA-Z, when subjected to
a reduction–oxidation cycle. (ii) Among the investigated catalysts,

CZ-A attained high and stable activity towards the LT-WGS reaction
under a broad range of reaction conditions. This catalyst has been
prepared by coprecipitation of Cu- and Zn-components followed
by combination with the fresh precipitated Al-component. In addi-
tion, it showed a high copper metal area that seemed to be easily
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econstructed after oxidation and reduction treatments, according
o the XPS analyses. (iii) The TPR profiles obtained for the ternary
u/Zn/Al catalysts indicated the presence of different Cu(II) species
nd suggested that the amount and the behavior towards reduction
f each copper species might be related to the interdispersion of the
atalyst components. (iv) These last findings were interpreted as
consequence of the coprecipitation sequence in the preparation
ethod, allowing the interactions between the catalyst compo-

ents to be selectively established and favoring the production of
atalysts showing well-defined properties.
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