
A
h

E
J
a

4
b

c

d

a

A
R
R
A
A

K
H
N
C
A
W
H

1

b
p
r
t
t
i

r
f
r
r

0
d

Catalysis Today 171 (2011) 290– 296

Contents lists available at ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

 comparison  between  copper  and  nickel-based  catalysts  obtained  from
ydrotalcite-like  precursors  for  WGSR

dgardo  Meza  Fuentesa,b, Arnaldo  da  Costa  Faro  Júniorc,  Tatiana  de  Freitas  Silvad,
osé Mansur  Assafd,  Maria  do  Carmo  Rangela,∗

GECCAT Grupo de Estudos em Cinética e Catálise, Instituto de Química, Universidade Federal da Bahia, Campus Universitário de Ondina, Federaç ão,
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a  b  s  t  r  a  c  t

Nickel  or  copper-based  catalysts  were  obtained  from  hydrotalcite-like  precursors  in  this  work,  in order
to find  catalysts  able  to work  at  intermediates  temperatures  (200–350 ◦C)  in  water  gas  shift reaction
(WGSR).  Samples  based  on  nickel  (or  copper),  aluminum  and  zinc  were  obtained  by co-precipitation,
characterized  by  several  techniques  and  evaluated  in  WGSR.  Zinc  caused  changes  in the  cell parameters  of
hydrotalcite-type  structure,  which  determined  the  structural  and  textural  properties  of calcined  samples.
For all  catalysts,  zinc  oxide  was  detected.  In the  case  of nickel-based  hydrotalcites,  aluminum  cations  were
incorporated  into  nickel  oxide  lattice,  hindering  reduction;  however,  the  addition  of zinc  decreased  this
effect.  For  copper-based  samples,  aluminum  entered  into  copper  oxide  lattice  and  the  copper  reduction
decreased  with  the increase  of  zinc  amount  in  solids.  After  calcination,  copper  catalysts  showed  lower
luminum
GSR

ydrogen

specific  surface  areas than  nickel  ones.  Zinc  led to  the  production  of  smaller  and  more  reducible  nickel
oxide  particles,  due  to the  decrease  of  their  interaction  with  Al3+ species;  under  reduction,  they  produced
small  metallic  nickel  particles,  which  are  supposed  to  be  highly  active  and  selective  to  carbon  dioxide.
Copper  catalysts  were  less  active  to  WGSR,  as  compared  to  the  nickel  ones,  this  can  be related  to  their
low  specific  surface  areas.  All  catalysts  were  active  in  the  range  of  200–350 ◦C and  thus  are  candidates  to
be used  in  a single  stage  of  WGSR  at intermediate  temperatures.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

For several years, the water gas shift reaction (WGSR) has
een one of the most important steps in industrial production of
ure hydrogen [1,2]. In recent times, the environmental problems
elated to the use of fossil fuels, as well as the development of new
echnologies for energy generation from hydrogen, have increased
he interest for the WGSR even more, especially because of its role
n fuel cells [3,4].

In the production of high pure hydrogen, the WGSR is used for
emoving carbon monoxide produced in natural gas reforming and

or increasing hydrogen production. In commercial processes, the
eaction is normally performed in two steps, in order to achieve
ates for industrial applications. The first one is carried out at high

∗ Corresponding author. Tel.: +55 7132836867; fax: +55 7132836867.
E-mail address: mcarmov@ufba.br (M.d.C. Rangel).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.082
temperatures over iron oxide-based catalysts and is known as high
temperature shift (HTS), while the second step is performed at low
temperatures over copper-based catalysts (low temperature shift,
LTS) [1,2,5].  In spite of these two steps have been used for many
years, there is an interest for developing catalysts active enough to
carry out the process in only one step at intermediates temperature,
decreasing the operational costs.

The traditional chromium-based hematite catalyst, used in the
high temperature shift step, works in the range of 350–450 ◦C and
has several advantages such as high activity, low cost and resis-
tance against several poisons [1,6]. The last generation of the HTS
catalysts also contains copper, which improved the performance
even more, by increasing the activity [7–9]. However, the activity
of both catalysts significantly decreases with temperature, making

them unable to operate at temperatures lower than 350 ◦C.

On the other hand, the copper-based catalysts operate in the
range of 180–250 ◦C in the LTS step and are susceptible to poison-
ing and sintering [1,2]. It is well-known [1] that they are not able

dx.doi.org/10.1016/j.cattod.2011.03.082
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mcarmov@ufba.br
dx.doi.org/10.1016/j.cattod.2011.03.082
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o work at temperatures higher than 250 ◦C, because the activity
apidly decreases due to copper sintering [1,2,10].

Therefore, there is a need of developing new catalysts for oper-
ting at intermediate temperatures in water gas shift reaction.
everal modified iron-based catalysts and copper-based ones were
valuated in the reaction [1,11–15], as well as new ones [1,16–20],
or both high and low temperature shift steps. Especially cobalt,
eria and nickel-based catalysts have been shown high perfor-
ances [16,19,20].  However, even these catalysts have not shown

nough activity at intermediate temperatures to be considered as
 potential system to perform WGSR in a single step.

In a previous work [16], it was found that lanthana-supported
ickel catalysts are promising systems for WGSR, at 370 ◦C. Also,
he addition of small amounts of aluminum increased the specific
urface area and the activity and thus this dopant is beneficial to the
atalyst. In the present work, nickel-based catalysts obtained from
ydrotalcites were obtained in order to develop new catalysts for
GSR carried out at intermediate temperatures. For comparison

urposes, copper-based catalysts were also prepared and evaluated
n WGSR in the same conditions.

In recent times, hydrotalcite-like compounds have been
ttracted much attention as catalyst precursors since it was demon-
trated that they are optimal precursors for hydrogenation catalysts
21]. Upon heating, they decompose to a mixed oxide of high
pecific surface area, with chemical homogeneity and strong
ewis basic sites [22,23],  being suitable catalysts for several base-
atalyzed reaction [21,23–25].  These homogeneous mixtures of
xides with very small crystal size, produced during calcination,
re thermally stable and form stable metal crystallites by reduc-
ion [21]. In addition, when the calcined hydrotalcite is brought into
ontact with water solutions containing several anions, the origi-
al structure is reconstructed, giving rise to the so called memory
ffect [21].

Hydrotalcites have the structure [M(II)1−xM(III)x

OH)2](Ax/n
n−)·mH2O, where M(II) is a divalent cation such as

agnesium, nickel, zinc, cobalt or copper, while M(III) is a trivalent
ation such as aluminum, chromium and iron, among others,
ith Ax/n

n− as an anion of charge n such as CO3
2−, NO3−, Cl−,

O4
2− and others. Its structure resembles that of brucite, Mg(OH)2,

n which magnesium cations are octahedrally coordinated by
ydroxyl ions, resulting in stacks of edge-shared layers of octahe-
ra. When the magnesium cations are replaced by a trivalent ion
ith similar ration (such as Al3+) a positive charge is generated

n the hydroxyl sheet. This net positive charge is compensated by
CO3)2− anions, which is located between two brucite-like sheets.
urthermore, water of crystallization is present in the interlayer
21].

. Experimental

.1. Catalysts preparation

Samples were prepared by the low supersaturating method
t constant pH, by preparing a solution containing aluminum
itrate (Al(NO3)3·9H2O), zinc nitrate (Zn(NO3)2·6H2O) and nickel
or copper) nitrate, Ni(NO3)2·6H2O or Cu(NO3)2·6H2O and another
olution containing potassium hydroxide and potassium carbon-
te. Both solutions were added in different streams simultaneously,
hrough a peristaltic pump, to a beaker with water (400 mL), under
igorous stirring keeping pH at 8.3. The resulting mixture was aged

t 65–70 ◦C, for 2 h. The solid obtained was separated by filtration
nd washed with distillate water up to remove the nitrate ions.
he samples were then dried at 60 ◦C, for 24 h and calcined under
ow air (100 mL  min−1) at 500 ◦C, for 4 h. For all samples the M2+/Al
day 171 (2011) 290– 296 291

ratio was equal to 2 and the Ni (Cu)/Zn ratios were of 2 and 1,
respectively.

2.2. Samples characterization

The solids were characterized by atomic absorption spec-
troscopy, thermogravimetry, X-ray diffraction, Fourier transform
infrared spectroscopy, Raman spectroscopy, specific surface area
and porosity measurements, temperature-programmed reduction
and copper dispersion measurements.

Elemental chemical analyses were carried out by atomic absorp-
tion spectroscopy (AAS) on a Unicam 969 Solar instrument. For
this analysis, the samples were previously dissolved in acid
medium, using a mixture of nitric acid and hydrochloric acid.
The experiments of thermogravimetry (TG) were performed in a
TA Instruments SDT 2670. The samples (0.015 g) were heated at
10 ◦C min−1 from 25 to 800 ◦C range, under air flow of 50 mL min−1.

The X-ray diffraction (XRD) patterns of precursors and calcined
solids were recorded in a Shimadzu XDR-600 with CuK� radia-
tion (� = 1.54059 Å) generated at 40 kV and 40 mA,  using at 0.02
step size at the room temperature, in the 5–80◦ (2�) range. The
X-ray diffraction patterns of the spent catalysts were recorded in
Rigaku Multiflex, with CuK� radiation (� = 1.54059 Å), generated at
40 kV and 40 mA.  The cell parameters of hydrotalcite were calcu-
lated by XPowder software, using the interplanar spacings of (1 1 0)
and (0 0 3) planes for a and c cell parameters, respectively, consid-
ering a unit cell belonging to the rhombohedral R-3m system. The
cell parameters and the average particles size were calculated using
(2 0 0) and (1 1 1) planes for nickel oxide and copper oxide, respec-
tively, by applying the Lorentz model and the Scherrer equation.
For calculating the cell parameters, the cubic system with Fm-3m
symmetry and the monoclinic system with C2/c spatial group were
considered for nickel oxide and copper oxide, respectively.

Fourier transform infrared spectroscopy (FTIR) analyses were
performed in a Perkin Elmer model Spectrum One, using samples
diluted in potassium bromide discs with a 1:100 ratio. The spec-
tra were recorded in the region between 4000 and 400 cm−1, using
32 scan and a resolution of 4 cm−1. Raman spectra were obtained
in a LabRAM HR-UV 800/Jobin-Yvon apparatus, equipped with two
lasers He–Ne (l = 632 nm)  and Ar (l = 514 nm), with a resolution of
1 mm3, focusing the samples in a optical microscope with objec-
tives of 10×,  50× and 100×, using a CCD detector at −70 ◦C. Samples
were analysed as self-supported discs.

The specific surface area (Sg) and porosity of the calcined solids
were measured by nitrogen adsorption/desorption at −196.15 ◦C
by BET and BJH methods, respectively, using a Micromeritics ASAP
2010 instrument. Before the analysis, the sample (0.2 g) was heated
up to 200 ◦C under vacuum (2 �m Hg) to remove water from the
solids. The temperature-programmed reduction analyses were car-
ried in a Zeton Altamar AMI  90 equipped with a TCD detector. Before
the analysis the samples (0.05 g) were heated up to 300 ◦C in order
to remove water and then cooled to 25 ◦C. During analyses, the
samples were heated from 25 to 1000 ◦C in the case of nickel-based
solids and from 25 to 800 ◦C for copper-based solids, under a flow
(50 mL  min−1) of a 5% H2/Ar mixture.

For copper dispersion and metallic area measurements, the sam-
ples were reduced under a flow of a 5% H2/N2 mixture, from room
temperature to 350 ◦C, under a heating rate of 10 ◦C min−1 and kept
at this temperature for 1 h, by monitoring the hydrogen consump-
tion. The condition of reduction used in this step is the same as that
one used in the reduction of copper catalysts before the catalytic

tests. The solids were then cooled to 90 ◦C and oxidized with nitrous
oxide in a flow of 30 mL  min−1, for 80 min. The ratio of hydrogen
consumption before and after oxidation with nitrous oxide pro-
vided copper dispersion. The metallic area of copper of the solids
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Table 1
Number of moles and metal molar ratios and CO3

2−anion per 100 g of precursor.

Sample Ni Cu Zn Al CO3
2− Ni/Zn Ni/Al Cu/Zn Cu/Al

N0.66A0.33 0.65 – – 0.30 0.15 – 2.16 – –
N0.44Z0.22A0.33 0.45 – 0.22 0.32 0.15 2.15 1.40 – –

0.15 1.10 1.10 – –
0.16 – – 2.09 1.40
0.15 – – 1.00 1.03
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Table 2
Values of cell parameters of hydrotalcites.

Sample a parameter (Å) c parameter (Å)

N0.66A0.33 3.030 22.908
N0.44Z0.22A0.33 3.041 22.750
N0.33Z0.33A0.33 3.048 22.750
N0.33Z0.33A0.33 0.33 – 0.30 0.30 

C0.44Z0.22A0.33 – 0.46 0.22 0.32 

C0.33Z0.33A0.33 – 0.31 0.31 0.30 

s calculated by the number of copper atoms per unit surface area,
.47 × 1019 atom Cu/m2 [26].

.3. Catalysts evaluation

The catalysts were evaluated in WGSR in the 200–350 ◦C range.
efore reaction, nickel-based solids were reduced in situ, at 500 ◦C,

or 2 h, under hydrogen flow. Copper-based solids were also
educed previously in situ, at 350 ◦C, during 1 h under a flow of 10%
2/N2 mixture. The gaseous effluent was analysed by on line gas
hromatography, using a Varian Model 3800 instrument, equipped
ith 2 TCD detectors.

The catalyst performance was evaluated using 0.1 g of pow-
er and a fixed bed microreactor consisting of a stainless tube. All
xperiments were carried at atmospheric pressure, under a flow
60 mL  min−1) of a gas mixture with composition of 10% CO and
0% N2. A steam to carbon monoxide ratio equal to 10 was used
or all runs. The steam used was generated through the addition
f water by a bomb to a vaporizer at 303 ◦C. After reaction, the
atalysts were characterized by X-ray diffraction.

. Results and discussion

The results of chemical analysis are shown in Table 1. It can be
oted that the number of moles obtained for all the samples are
ery close to the expected values. Also, the amount of carbonate
nions is around half the quantity of Al3+ cations for all cases, as
xpected for hydrotalcites in which the amount of bivalent anions
s half the amount of trivalent cations. These results show that the
o-precipitation method, in low saturation at constant pH, is suit-

ble for preparing nickel and copper-based hydrotalcites with the
xpected compositions.

The hydrotalcite structure (JCPDS 89-0460) was  found for all
amples, as shown in Fig. 1. Nickel-based solids showed similar XRD
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Fig. 1. X-ray diffractograms of nickel or copper-based hydrotalcites.
C0.44Z0.22A0.33 3.032 21.810
C0.33Z0.33A0.33 3.074 22.630

patterns but there was a shift of the (1 1 0) peak to lower angles
due to the addition and increase of zinc content, this is possibly
due to the higher radius of Zn2+ species as compared to the Ni2+

and Al3+ ones; this led to an increase of the a cell parameter, as
shown in Table 2, in agreement with previous work [21]. In the case
of copper-based materials, the solid with the highest zinc content
(C0.33Z0.33A0.33) originated a diffractogram with larger number of
peaks which are narrower, showing that this solid is made up of
a more organized hydrotalcite structure, as compared to the other
solids. The difference noted in the c parameter for the C0.44Z0.22A0.33
sample (Table 2) is possibly due to the highest content of carbonate
(Table 1), which increased the electrostatic interaction between the
carbonate anions and the positive layers, decreasing the value of c
parameter.

The infrared spectra of hydrotalcites are shown in Fig. 2. The
broad band observed at 3400–3600 cm−1, for all solids, is char-
acteristic of the � (O–H) stretching vibration of water molecules
in the interlayer region and of hydroxyl groups of positive layers
[27,28]. The carbonate anions originated bands at 1368 cm−1 (�3
stretching), 1060 cm−1 (�1 stretching) and 870 cm−1 (�2 stretching)
[27–30]. The carbonate anions in interaction with water molecules
also produced a signal between 3000 and 3100 cm−1 for all solids.

In the case of C0.44Z0.22A0.33 sample, it was  observed a band at
1525 cm−1 originated by the interaction between carbonate and
hydroxyl anions, possibly due to the smaller distance between the

Fig. 2. FTIR spectra of nickel or copper-based hydrotalcites.
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Fig. 3. Thermogravimetry curves 

ositive layers, which is evidenced by the lower value of c param-
ter for this material.

The thermogravimetry curves of hydrotalcites showed similar
ehaviors upon heating, with three stages of weight loss, as shown

n Fig. 3. For the nickel and aluminum-based solid (N0.66A0.33 sam-
le), the first step occurred in the range of 30–250 ◦C and 14.92%
eight was lost, which corresponds to the exit of water molecules

ocated between the layers [21]. After this, there is a plateau, indi-
ating the beginning of the collapse of the hydrotalcite structure,
hich causes a decrease of space between the layers and makes

he exit of water molecules more difficult [31]. A second weight loss
17.51%) is noted, from 350 to 375 ◦C, which corresponds to the total
ollapse of the structure and the beginning of the oxide formation,
his process is followed by the exit of hydroxyls groups. The last
tage, at higher temperatures, corresponds to the loss (37.06%) of
arbonate groups occluded in the structure [32]. The introduction

f zinc in the hydrotalcite caused a shift of the weight loss to lower
emperatures, indicating that it decreased the structure stability;
his effect increased with zinc amount.
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Fig. 4. X-ray diffractograms of calcined nickel or copper-based hydrotalcites.
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el or copper-based hydrotalcites.

It can be observed that copper-based hydrotalcites are thermally
less stable then the nickel-based ones (Fig. 3). In the first case, the
collapse occurred at temperatures below 200 ◦C, possibly due to
the formation of copper oxide (CuO), which is typically produced
at temperatures higher than 150 ◦C [33] and then decreased the
stability of hydrotalcite structure. The weight loss observed at tem-
peratures close to 600 ◦C is due to the decomposition of carbonate
anions that were trapped during the collapse and can form carbon-
ates with the cations present in the original structure [34,35].

From the X-ray diffractograms of the calcined solids based on
aluminum and nickel, one can see only the presence of nickel oxide
(NiO, JCPDS 04-0835), as shown in Fig. 4. It was  observed (Table 3)
that the a cell parameter of nickel oxide in solids is lower than the
reported value, this means that some Al3+ cations entered into the
cubic lattice of nickel oxide reducing its cell dimensions, because
of the smaller radius of Al3+ species (0.53 Å), as compared to Ni2+

ones (0.69 Å), in agreement with previous works [21,36,37].  On the
other hand, the addition of zinc increased the a cell parameter of
nickel oxide in solids, suggesting that some Zn2+ cations entered
into the nickel oxide lattice, causing an increase in the cell dimen-
sions, due to the higher ionic radius of Zn2+ species (0.74 Å), as
compared to Ni2+ ones. However, the presence of zinc oxide was
also noted, for both samples (N0.44Z0.22A0.33 and N0.33Z0.33A0.33).
For copper-based samples, only an amorphous halo was  noted in
X-ray diffractograms, as shown in Fig. 4, which can be assigned to
copper oxide.

The presence of zinc in the nickel-based solids led to higher dis-

persion of nickel oxide particles, as shown in Table 3, this effect
increased with the amount of zinc in solids. This finding can be
related to the role of zinc oxide in making nickel oxide particles

Table 3
Values of a parameter of cubic cell, cell volume and particle size of nickel oxide (NiO)
formed during calcination of hydrotalcites.

Sample Parameter a (Å) Cell volume (Å) Particle size (nm)

NiOa 4.16 71.99 –
N0.66A0.33 4.14 70.95 3.02
N0.44Z0.22A0.33 4.17 72.51 1.96
N0.33Z0.33A0.33 4.19 73.65 1.53

a Data obtained from (04-0835) JCPDS card.
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Fig. 7. FTIR spectra of calcined nickel or copper-based hydrotalcites.

Table 4
Textural properties of calcined solids.

Sample Sg (m2/g) Pore volume (cm3/g) Pore diameter (nm)

N0.66A0.33 200 0.50 4.2
N0.44Z0.22A0.33 172 0.65 5.7
N0.33Z0.33A0.33 182 0.48 6.4
Wavenumber (cm ) 

Fig. 5. Raman spectra of nickel-based hydrotalcites after calcination.

part, hindering agglomeration and subsequent growth of those
articles.

The Raman spectra (Figs. 5 and 6) confirmed the presence of
inc oxide for all calcined solids. In nickel-containing samples, zinc
xide originated a band between 300 and 400 cm−1, due to the over-
apping of TO–E2 (336 cm−1) and TO–A1 (381 cm−1) modes of the
exagonal structure of zinc oxide, ZnO [38]. In these spectra, the
ands of nickel oxide corresponding to the TO and LO (1P) modes
ere also observed [39–41].  In the spectra of N0.44Z0.22A0.33 sample,

 band attributed to LO + LO vibration was noted, which is typi-
al of the cubic structure of nickel oxide with few imperfections
39–41].  For this solid, XRD showed that the cubic cell dimensions
f nickel oxide formed during calcination of hydrotalcite were sim-
lar to nickel oxide from literature (Table 2), indicating that zinc
ecreased the amount of Al3+ species in nickel oxide lattice. The
aman spectra of copper-based solids, after calcination, confirmed
he presence of copper oxide (CuO), by the bands the bands corre-
ponding to the Ag and 2Bg modes of the monoclinic structure of
he CuO [42,43].
The infrared spectra of the samples showed similar profiles, as
hown in Fig. 7. The presence of carbonate anions in the calcined
aterial was detected mainly for copper-based materials. These

nions remained in these materials due to the collapse of the hydro-

Fig. 6. Raman spectra of copper-based hydrotalcites after calcination.
C0.44Z0.22A0.33 36 0.18 10.5
C0.33Z0.33A0.33 33 0.16 10.4

talcite structure at low temperatures, which causes the trapping of
these species inside the solid. The infrared spectra confirmed also
the presence of aluminum, copper and nickel species, by the bands
at low wavenumbers, attributed to M–O  stretching (M = metal) [44].

Aluminum and nickel-based samples showed the highest spe-
cific surface areas, while copper-containing solids showed the
lowest ones, as shown in Table 4. From the nitrogen isotherms (not
shown) it was found that the nickel-based solids were macrop-
orous with some mesopores, while the copper-based ones were

macroporous.

Nickel-based solids showed similar TPR curves with a broad
peak from 300 to 800 ◦C (Fig. 8). By deconvolution, several peaks
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Fig. 8. TPR curves of calcined nickel or copper-based hydrotalcites.
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ig. 9. Conversion of carbon monoxide over nickel or copper catalysts as a func-
ion of reaction temperature. N0.66A0.33 (–�–); N0.44Z0.22A0.33 (–�–); N0.33Z0.33A0.33T
–�–);  C0.44Z0.22A0.33 (–�–); C0.33Z0.33A0.33 (–�–).

ere obtained related to the reduction of nickel in several kinds of
nteractions with the support. Regarding the nickel and aluminum-
ased sample, the deconvolution produced two  peaks, the first
ne (around 520 ◦C) can be assigned to the reduction of nickel
ontaining Al3+ species in the lattice, causing an increase of the
emperature required to reduce this oxide [21,45].  The peak at
igher temperature is probably associated with a transition phase
o nickel aluminate or by nickel oxide particles in strong interaction
ith aluminum amorphous phases, in agreement with previous
ork [46]. One can note that the addition of zinc shifted the peak

o lower temperatures, indicating a decrease of the interaction
etween nickel and the support caused by zinc, the increase of zinc
mount increased this effect even more. This finding can be related
o the decrease of Al3+ ions in the lattice, as zinc is being incorpo-
ated. The deconvolution of these curves indicates three different
inds of interactions of nickel oxide particles with the support,
n accordance with other works [45]. As compared to nickel and
luminum-based sample, these curves showed an additional peak
t low temperatures, associated to nickel oxide particles in weak
nteraction with the support.

As expected, copper particles were more susceptible to reduc-
ion than nickel ones; in addition, the interaction between copper
nd the support increased with zinc amount. Copper-based solids
howed a single reduction peak, assigned to the reduction of copper
xide, CuO, to produce Cu0 species. The maximum for the reduction
eak appeared at lower temperature for the C0.44Z0.22A0.33 sample,
s compared to C0.33Z0.33A0.33 one. In agreement with these find-
ngs, the first sample showed the highest dispersion (25%,) and then
he metallic area (25 m2 g−1) while the other C0.33Z0.33A0.33 sam-
le, which showed the lowest dispersion and metallic area (22%;
5 m2/g).

◦
All solids were active in WGSR in the range of 200–350 C and
he activity increased with temperature (Fig. 9). The aluminum
nd nickel-based catalyst (N0.66A0.33 sample) was the most active
ne, achieving 100% of carbon monoxide conversion at 250 ◦C.

able 5
ethane selectivity (S) of the N0.66A0.33 catalyst at several temperatures.

Temperature (◦C) S (%)

350 4.0
300 2.0
250  2.0
200 0.0
Fig. 10. X-ray diffractograms of spent catalysts produced by calcination of nickel or
copper-based hydrotalcites.

However, it produced methane in this temperature range, and
this effect increased with temperature, as shown in Table 5. By
adding different amounts of zinc to this catalyst, the methane
production was inhibited and the catalysts achieved 100% of selec-
tivity for all temperature range; however, this addition caused a
decrease in conversion. On the other hand, the activity increased
with nickel content and then the lowest activity was shown by the
N0.33Z0.33A0.33 sample, among the nickel-based catalysts.

As a whole, copper-based catalysts are less active than the
nickel-based ones, a fact which can be related to their lower specific
surface areas. They were selective only towards carbon dioxide, the
activity increased with temperature for all catalysts. For these sam-
ples, the difference in activity is not related to the metallic area of
copper. The highest activity of C0.33Z0.33A33 sample can be associ-
ated to the highest amount of zinc, which improved the catalytic
activity of copper, by a synergistic effect, as reported previously
[47].

After WGSR, all catalysts showed metallic nickel and aluminum
oxide (�-A2O3), as shown in Fig. 10,  the last one was  produced dur-
ing reaction. The nickel and alumina-based catalyst also showed
nickel oxide (NiO), a fact that can be related to the presence of
aluminum, which makes nickel reduction more difficult [46]. The
nickel and zinc-containing samples did not show nickel oxide, due
to the action of zinc in favoring nickel reduction, as found by TPR.
The N0.33Z0.33A0.33 sample also showed peaks related to hydrotal-
cites, indicating that it has the memory effect, which was possible
due to the presence of carbon dioxide and water during reaction.

4. Conclusions

Heating hydrotalcites based on nickel, aluminum and zinc pro-
duces nickel and zinc oxides with some aluminum dispersed in the
lattice. This occurs at temperatures higher than those for copper,
zinc and aluminum-based solids. Zinc favors the decomposition of
nickel-based hydrotalcites while the opposite occurs for copper-
based ones. Zinc decreases the reduction temperature for calcined
nickel-based hydrotalcites and increases for copper-based ones. All
catalysts based on calcined hydrotalcites are active in water gas
shift reaction (WGSR) and selective to carbon dioxide. The sam-

ple based on nickel and aluminum is also selective to methane but
the addition of zinc inhibits its production. The activity of nickel-
based catalysts increases with the amount of nickel in solids while
the activity of the copper-based ones increases with zinc amount
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