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Abstract Several Cu and Ni samples, supported over Pr-promoted ceria, were

characterized and tested as water gas shift (WGS) catalysts in the temperature range

250–450 �C. Three metal loadings were studied, 5, 10 and 20 wt%. Redox (TPR)

and textural (XRD and BET) properties were correlated with the observed catalytic

behavior. The activity clearly increased with metal loading (Cu or Ni) from 5 to 10

wt%, but no major changes were observed between mid and high metal loading

samples, 10 and 20 wt%. This might be due to appreciable metal segregation over

support surface as Cu or Ni content increases. For Ni-containing samples, CH4 was

found at the reactor outlet stream, showing that CO methanation also takes place.

For 10 wt% total metal content, kinetic expressions for monometallic Cu and Ni

catalysts, and a bimetallic CuNi were proposed and fitted simultaneously for both

WGS and the CO methanation reaction. Then, the kinetic expressions were used to

model a reactor scheme where the main goal was the minimization of the required

catalyst mass for a given CO conversion. It can be concluded that the most

promissory scheme consists of two reactors, the first operating with the CuNi cat-

alyst at high temperature and the second with the Cu catalyst at a lower temperature.

Keywords Water gas shift � Reactor design � Copper nickel catalysts � Hydrogen

purification
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Introduction

In the last years, non-traditional applications of hydrogen (such as electric power

generation in fuel cells) have given rise to new research efforts to find active and

stable catalysts for the water–gas shift (WGS) reaction. Proton-exchange membrane

fuel cells (PEMFC) for mobile sources require that the inlet gas stream have a CO

concentration lower than 20 ppm. Otherwise, the Pt-based anode is poisoned and

the cell efficiency abruptly drops. Hence, if hydrogen is produced from a carbon

containing raw material, a purification process must be carried out in order to reduce

CO levels to cell requirements. So far, the technology most employed for H2

purification consists of a WGS converter, reducing CO levels from typically 8–1%,

and a latter step for the remaining CO elimination, until a concentration of 20 ppm

is reached. According to Zalc and Löffler, the WGS reactor is expected to have the

largest volume [1]. In chemical and petrochemical industrial applications, WGS is

performed in two steps, the first which operates at high temperature ([400 �C) using

Fe–Cr catalysts [2], and the second operating at lower temperatures (\250 �C)

employing Cu–Zn-Al [3]. The renewed interest in the study of this reaction has

resulted in several works published along the last 20 years, focused on finding

alternative catalysts. Some authors proposed precious metal-based catalyst such as

Pt [4, 5], Au [6–8], Pd, Rh, [9, 10] over different supports, as Al2O3, Fe2O3, TiO2 or

CeO2, the latter being the most adequate support to enhance activity of catalysts.

Besides, the performance of samples with less expensive transition metals, like Cu

or Ni, supported on ceria, [11, 12], was investigated. More recently, it has been

reported that the addition of lanthanide elements as La or Pr into ceria, enhances

redox and textural properties [13, 14]. In a previous work, we explored the effect of

Pr as a ceria promoter in high content Ni and/or Cu catalysts. We concluded that a

small addition of ca. 5 wt% of Pr was the most suitable content to improve redox

properties and WGS activities of Cu catalysts, and at the same time to mitigate the

methanation reaction observed for Ni-based samples [15].

CO þ H2O $ CO2 þ H2 ð1Þ

CO þ 3H2 $ CH4 þ H2O ð2Þ

In the present work, an experimental study was conducted to understand the

influence of active metal content analyzing a series of catalysts with 5, 10 and 20

nominal wt% of Cu and/or Ni. Samples with 10 wt.% of metal showed the best

performance and were submitted to a kinetic study taking into account both

reactions observed, i.e. WGS and methanation. According to the literature, power-

law kinetics was previously proposed for the WGS reaction performed by catalysts

based on transition metals as Pd, Pt, Rh, Ni, Cu, over ceria [10, 16, 17]. The authors

fitted the experimental data to obtain the activation energy and reaction partial

orders. These latter parameters were found to be close to unity. In the present work,

we assumed simple reversible elementary kinetics for WGS reaction for all

catalysts. To the best of our knowledge, no simultaneous fitting were previously

reported for WGS and methanation in case of Ni-containing samples. For the latter
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reaction, we also propose a reversible elementary kinetics with the stoichiometry of

Eq. 2.

In this work, no CO2 was used in the feed stream, since this is a first approach to

the kinetic study. Further developments on the reaction mechanism will allow the

consideration of both CO2 and CH4 gases. The kinetic expressions obtained were

used to model single reactors or two-step reactor schemes using these catalysts with

the aim of finding the configuration that minimize the total catalyst load, for the

same feed conditions.

Materials and methods

Materials

Pr-promoted ceria support was obtained by the thermal treatment of a precursor

synthesized by the urea thermal decomposition method [18]. This precursor was

obtained by dissolving Ce(NO3)3�6H2O (Fluka[99.0%) and Pr(NO3)3�6H2O

(Aldrich 99.9%) in distilled water in a molar ratio [Pr]/([Pr] ? [Ce]) equal to 5

awt.% and total concentration of 0.1 M, and a urea concentration of 1 M at 90 �C
for 24 h. After centrifuging and washing three times, a white solid was obtained.

The calcination of the sample was conducted from room temperature to 450 �C with

an air flow of 100 ml/min, a rate of 10 �C/min, maintaining this final temperature

450 �C for 5 h. Catalysts were prepared by incipient impregnation of the Pr-

promoted ceria support with the corresponding metal salts: Cu(NO3)2�3H2O (Sigma

98.0%) and/or Ni(NO3)2�6H2O (Merck 99.0%). Salt concentrations were adjusted in

order to obtain the desired metal loading for each catalysts, using a salt volume of

0.85 ml per gram of sample. After impregnation, catalysts were dried in a stove at

70 �C for 24 h and subsequently calcined following the same thermal treatment

procedure as the support. The catalysts presented in this work were prepared with

nominal metal contents of ca. 5, 10 and 20 wt%, and samples were named

accordingly, i.e.: 5%Cu/CePr5 is a catalyst with 5 wt%. of pure Cu impregnated on

Pr-promoted ceria. Besides, an additional bimetallic catalyst with 5 wt% Cu and 5

wt% Ni was prepared.

Experimental characterization and activity measurements

Three characterization techniques were used in this work. The surface area was

obtained by sorptometry using an ASAP 2020 apparatus. The samples were

characterized with X-ray diffraction (XRD) using the graphite-filtered Cu Ka

radiation (k = 1.5406 Å). Temperature programmed reduction (TPR) experiments

were performed in a Micromeritics Auto Chem II 2920 analyzer equipped with a

thermal conductivity detector. An H2/Ar stream (4% H2, 50 cm3/min) was passed

over 30 mg of the catalytic samples while the operating temperature was raised

from room temperature to 1050 �C using a temperature ramp rate of 10 �C/min.

Prior to TPR tests, the samples were treated at 450 �C for 1 h under a flow of air to

clean the surface.
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Activity tests were conducted in a stainless steel fixed-bed reactor using 120 mg

of catalyst and a total inlet flow of 150 cm3/min containing CO (8%), H2O (24%),

H2 (45%) and N2 as balance. The catalytic performance was evaluated at several

temperatures in the range 250–450 �C. Before each analysis, solids were reduced

for 30 min with a stream of H2/N2 (50% of H2) at the highest reaction temperature

employed (450 �C). At the reactor outlet, non-converted CO and gaseous products

was analyzed by a Hewlett Packard HP 6890 gas chromatograph equipped with a

TCD detector. Reported values of CO conversion correspond to steady state values,

verified by the comparison of two successive chromatographic injections. Condi-

tions used during activity test are listed in Table 1. The parameters used to evaluate

the performance were the CO conversion, the selectivity to the WGS and the H2

production (‘‘DFH2’’).

COconversion ¼ Fin
CO � Fout

CO

Fin
CO

� 100 ð3Þ

WGS Selectivity ¼ Fout
CO2

Fout
CO2 þ Fout

CH4

ð4Þ

DFH2 ¼ Fout
H2 � Fin

H2

Fin
CO

ð5Þ

Kinetic parameter fitting

In order to fit the experimental data, reactions 1 and 2 were proposed for Ni

containing catalysts (Ni and CuNi over CePr5), and only reaction 1 (i.e. WGS) was

fitted in the case of Cu catalysts. The kinetic expressions employed to fit the data

are:

r1 ¼ k1 pCOpH2O � pCO2
pH2

Kp1

� �
ð6Þ

Table 1 Activity test

conditions
Condition Value

Pressure (atm) 1.00

Volume flow (ml/min) 150.0

Catalyst mass (mg) 120

Gas hourly space velocity (h-1) 10,000

Catalyst mesh (lm) 44–88

pCO (atm) 0.08

pH2O (atm) 0.24

pH2 (atm) 0.45

pN2 (atm) 0.23
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r2 ¼ k2 pCOp
3
H2

� pCH4
pH2O

Kp2

� �
ð7Þ

Here ri is the reaction rate [mol/(min g)], ki is the rate coefficient of reaction i (in

consistent units), Kpi is the thermodynamic equilibrium constant of reaction

i. Experimental conditions were such that no internal or external gradients of species

compositions or temperature are present: in order to discard internal effects,

different granulometry was employed until two consecutive sizes showed no

difference in performance; for the case of external gradients, the gas flow was

increased (changing the catalyst proportionally to maintain the contact time

constant) until two different flows showed no appreciable variation in the

performance of the fixed bed. This guaranteed the consideration of chemical

control. Furthermore, plug flow conditions were fulfilled as well. Thus, with these

considerations, we need to solve the set of mass balances for species j as shown in

Eq. 8.

dFj

dm
¼
XNR

k

ajkrk ¼ rj ð8aÞ

Fj m ¼ 0ð Þ ¼ Fin
j ð8bÞ

The parameter fitting consisted in obtaining the values of the kinetic constants at

each temperature. To this end, the error function is defined in Eq. 9:

G ¼ 1

2

X
j

ln
Fcalc
j

Fdat
j

 !" #2

ð9Þ

Here Fj
calc is the outlet mole flow of j calculated by the simulation, Fj

dat represents

the experimental data, ajk are the stoichiometric factors of species j in reaction k.

The aim is to find the value of the kinetic constants such that G attains the lowest

possible value. This can be easily transformed into finding the zeros of Eqs. 10a and

10b for Ni and CuNi catalysts and Cu samples.

F,

oG

ok1
oG

ok2

2
664

3
775;Y, k1

k2

� �
ð10aÞ

F,
oG

ok1

;Y,k1 ð10bÞ

These derivatives can be obtained numerically. With a goal function so defined,

we solve the system by means of the Newton–Raphson method.

Once the values of the rate constants were obtained for each temperature, we

finally fitted the pre-exponential factors and activation energies assuming an

Arrhenius-type temperature dependence.
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Simulation of reactors

The purpose of these simulations is to find the minimum catalyst load to attain a

fixed (known) conversion. In this study, chemical control and plug flow conditions,

as well as isothermal conditions, will be assumed. Even though these conditions

most certainly will not hold for industrial scale reactors, it is useful to have an idea

of around which temperature a non-isothermal reactor should operate at [19, 20].

Moreover, at lab scale, where the three previous conditions can be safely

guaranteed, these calculations can lead to a better design of future experiences.

The following cases are considered:

I. Single reactor with Cu catalysts

II. Single reactor with Ni catalysts

III. Single reactor with CuNi catalysts

IV. Two reactors, the first loaded with CuNi catalysts and the second with Cu

catalysts.

With the above assumptions, the differential equations and initial conditions

characterizing the mass balance for each species j are presented in Eq. 11. For cases

I to III, the expression of the outlet flow is that of Eq. 12a, whereas for case IV, the

expression is that that of Eq. 12b.

dFj

dm
¼
XNR

k

ajkrk ¼ rj ð11aÞ

Fj m ¼ 0ð Þ ¼ Fin
j ð11bÞ

Fout
j ¼ Fin

j þ r
M

0

rjdm ð12aÞ

F
out;2
j ¼ F

out;1
j þ r

M2

0

r2
j dm ¼ Fin

j þ r
M1

0

r1
j dmþ r

M2

0

r2
j dm ð12bÞ

Notice that m stands for the integration variable and M is the final value, i.e. the

catalyst load. For a single reactor (cases I to III), we have to find the mass and the

temperature such that dMjFout
CO
¼ 0, whereas for two reactors (case IV), we have to

find the temperature and the catalytic mass of both reactors such that

dM1 þ dM2ð ÞjFout
CO
¼ 0.

It is not easy to express the above condition of minimum since the dependence of

the mass upon the other conditions is not straightforward. However, we can make

use of the fact that the dependence of FCO
out upon masses and temperatures is: by

means of mass balances, we can explicitly calculate Fj
out from Fj

in, temperatures and

catalyst loads. Thus, we invoke the implicit function theorem (see Supplementary

Material for details) in order to yield the expressions sought. In this way, we finally

obtain Eq. 13a for cases I to III, and Eq. 13b for case IV.
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F,

oFout
CO

oT

����
M

Fout
CO � C

2
4

3
5 ¼ 0; Y,

T

M

� �
ð13aÞ

F,

oFout
CO

oT1

����
M1;T2;M2

oFout
CO

oM1

����
T1;T2;M2

�oFout
CO

oM2

����
T1;M1;T2

oFout
CO

oT2

����
T1;M1;M2

Fout
CO � F

sought
CO

2
6666666664

3
7777777775
¼ 0;Y,

T1

M1

T2

M2

2
664

3
775 ð13bÞ

The system is solved by means of the Newton–Raphson method. For further

details about the development of the expressions and the numerical method, the

reader is referred to the Supplementary Material.

Results and discussion

BET surface area and X-ray diffraction analysis

Samples were characterized by sorptometry, and BET values are reported in

Table 2. As it can be seen, BET surface area decreases for metal-containing samples

in comparison with the bare support. Values obtained for all catalysts were quite

similar, irrespective of the active metal (Cu or Ni), except for the sample with the

highest Ni content which is out the trend. The particle size was estimated from BET

values assuming a spherical shape according to the equation reported by Colón et al.

[21]. The decrease of the surface area in comparison with bare support indicates that

particle size is larger for catalysts.

The X-ray pattern of the CePr5 support, reported in the supplementary material,

shows typical fluorite reflections of CeO2 (PDF No 42-1002) or PrO2 (PDF

26-1349), which are very similar to each other. The same fluorite reflections were

found in the patterns of all catalysts. This may suggest the presence of a solid

solution for the support, where Pr was incorporated at fluorite lattice of ceria as it

was already observed in the literature [13, 14]. Besides, in samples with 10 or 20

wt% metal loading, tenorite (CuO PDF No 45-0937) and bunsenite (NiO PDF No

47-1049) signals were also observed. This suggests that appreciable phase

segregation occurs at these metal loadings. However, these peaks were not

observed for contents up to 5 wt% in agreement with other authors [22, 23]. Hence,

one can assume that active phases show an acceptable dispersion for both Cu and Ni

catalysts.

Analyzing the crystal size of fluorite, estimated by the Scherrer equation and

presented in Table 2, it was observed that the value was similar for catalysts and the

bare support, indicating that no major changes were introduced in the crystalline

structure during impregnation and calcination processes. However, the surface area
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of catalysts decreased. This feature can be explained comparing the volumes of

particle and crystal by using their sizes (DBET by BET results, DXRD estimated by

the Scherrer formula), i.e. (DBET/DXRD)3 reported in Table 2. The results show that

crystal agglomeration is responsible for the lower surface area found for the

catalysts in comparison with bare support.

CuO and NiO reflections in XRD patterns were also studied, and the results

presented in Table 2. The CuO crystal size was always higher than that of NiO,

suggesting that the former is more sensitive to sintering during the calcination step,

than the latter. This observation can be explained by the Tamman–Huetig criterion,

which states that the sintering temperature of a material is proportional to its melting

point, and CuO has a lower melting temperature than NiO, 1326 and 1950 �C,

respectively [24]. As for the CuNi bimetallic sample, according to previous

analyses, a similar behavior of those monometallic with 10 wt% is observed, where

no surface segregation was found, suggesting that the active phase is highly

dispersed over sample surface.

Temperature programmed reduction

Catalysts were submitted to a reducibility analysis and their reduction profiles at

100–400 �C range are shown in Figs. 1 and 2 for Cu and Ni solids, respectively, and

complete profiles are shown at supplementary material. The bare support shows two

reduction regions, marked as a (low temperature region close to 470 �C) and b
(high temperature region, peak ca. 830 �C) [18]. The former is related to the

reduction of superficial ions, and the latter to bulk reduction of Ce4? and Pr4?. The

a region is absent in all Cu and Ni samples, but b regions are still present, although

a slight displacement was observed when metals were added to CePr5.

Cu catalysts show profiles completely different from those of the bare support,

with several peaks at 100–250 �C, a temperature range lower than the a region

(Fig. 1). When compared to bulk CuO, events also take place at a lower reduction

temperature (approximately 260 �C). Therefore, it is concluded that CePr5

Table 2 BET and XRD results for bare support and catalysts

Sample SBET (m2/g) DBET

(nm)a
DXRD (nm)a (DBET/DXRD)3 CuO or NiO size (nm)

CePr5 100.2 8.3 8.0 1.1 –

5%Cu/CePr5 58.1 14.3 9.7 3.2 –

10%Cu/CePr5 58.0 14.4 9.9 3.1 23.7

20%Cu/CePr5 59.5 14.0 8.1 5.2 26.0

10%Cu–Ni/CePr5 57.3 14.5 9.8 3.2 –

5%Ni/CePr5 58.2 14.3 9.4 3.5 –

10%Ni/CePr5 57.8 14.4 9.8 3.2 18.0

20%Ni/CePr5 68.9 12.1 8.1 3.3 17.8

a Values corresponding to fluorite phase
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significantly promotes copper reducibility for all metal loadings analyzed in this

work. Table 3 displays H2 consumption for all samples showing that these values

are higher than the stoichiometric consumption required to reduce all Cu2? ions to

Cu0. This indicates that some Ce4? and Pr4? ions were reduced together with copper

ions during low temperature events. It can be concluded that CePr5 and Cu exhibit a

Fig. 1 Deconvolution of TPR profiles of copper samples, 60 mg of mass, 50 ml/min of Ar (2% of H2),
and temperature ramp 10 �C/min

Fig. 2 Deconvolution of TPR profiles of nickel samples, 60 mg of mass, 50 ml/min of Ar (2% of H2),
and temperature ramp 10 �C/min
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synergic reduction effect for all metal loadings examined in this work, in agreement

with observations reported in the literature for copper over ceria catalysts [11, 25].

Bimetallic catalysts show reduction events in the same temperature region as Cu-

based solids, indicating similar reducibility. However, an additional peak centered

at 246 �C appears and H2 consumption is quite similar to the theoretical value

required to reduce all cations (Cu2? and Ni2?) in the active phase. This suggests that

Cu2? and Ni2? species are interacting and, consequently, a deconvolution analysis

of the profiles was performed. Luo et al. prepared ceria samples with Cu contents

between 0.5 and 15 wt% and found a bimodal reduction profile in the range

120–200 �C [26]. For the second peak, these authors observed a shift towards higher

temperatures with metal content and concluded that this peak corresponded to

agglomerated particles. Other authors also found at least two peaks in the range

120–250 �C for copper over ceria solids, arguing that events at low temperature are

related to the reduction of copper species interacting with ceria support, and high

temperature events to bulk CuO reduction [27]. Besides, Caputo et al. reported

several reduction peaks for their copper-ceria system, which were assigned to highly

dispersed copper at 130 �C, copper incorporated to ceria lattice at 150 �C, and

segregated Cu2? at 200 �C [15]. The discussion on this topic was previously

reported for samples of copper over pure ceria, and not for Cu over Pr-promoted

ceria supports. However, considering that events for Cu over ceria occurred in the

same reduction temperature range as those observed for Cu over CePr5 support, the

same peak assignment might be suggested for the catalysts presented in this work.

Since 5%Cu/CePr5 has the most reducible species (see Fig. 1), this implies that

events correspond to highly dispersed Cu2? particles more interacting with support

ions, due to the fact that the H2 uptake is almost twice the theoretical value (see

Table 3). The increase of copper loading to 10 wt.% modifies the reduction profile

shifting events towards high temperatures, but a further addition up to 20 wt% did

not show significant changes; in fact, not only are peak positions similar, but also

peak widths, meaning that same species are present in both samples. This suggests

that reducibility is not enhanced by higher copper loadings. Moreover, for samples

with 10 and 20 wt%, CuO phase reflections were found in XRD patterns, indicating

that crystal agglomeration occurred, and high temperature events correspond to the

Table 3 H2 uptake during TPR

experiments and theoretical

consumption needed to reduce

Ce4?? Ce3?, Cu2?? Cu0 and

Ni2?? Ni0

a Uptake needed to reduce Ce4?

a Ce3?

Samples H2 uptake

(mmol H2/gcat)

Theoretical H2 uptake

(mmol H2/gcat)

CePr5 0.4 2.9a

5%Cu/CePr5 1.7 0.6

10%Cu/CePr5 1.5 1.2

20%Cu/CePr5 2.8 2.4

10%CuNi/CePr5 1.1 1.3

5%Ni/CePr5 0.8 0.7

10%Ni/CePr5 0.9 1.3

20%Ni/CePr5 2.2 2.6
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reduction of segregated Cu2? species, with low interaction with Ce4? and Pr4? ions.

It is worth mentioning that the H2 uptake is similar to the theoretical value, bearing

out a weaker interaction of the active phase with the support. The bimetallic sample

shows a similar profile compared to high copper-content monometallic samples in

130–180 �C range. A small peak close to 250 �C was found, which could be related

to reduction of Ni particles. According to the H2 consumption, some support ions

are reduced, which implies that Cu2? and Ni2? particles are interacting with Ce4?

and Pr4? in all reduction events.

TPR experiments were also carried out for nickel containing catalysts (Fig. 2).

More complex profiles were found in comparison with previous reports, with peaks

centered at higher temperatures in comparison to copper, indicating the lower

reducibility of Ni samples. A small peak close to 200 �C in 5% Ni/CePr5 shifts

towards higher temperatures in samples with 10 and 20 wt% of Ni, and its intensity

decreases. The region that initiates at 230 �C also shifts to higher temperatures and

its area markedly increases with Ni addition. In all cases, peaks were found at

temperatures lower than those of NiO (350–550 �C) and CePr5 (a and b region).

This feature suggests that the support favors metal dispersion and, therefore, sample

reducibility. A qualitative analysis of profiles of nickel over Pr-doped ceria was not

found in literature. However, some authors reported a peak assignment for Ni/CeO2.

These authors observed three events in the 200–400 �C temperature range:

aggregated NiO species, highly dispersed NiO with strong interaction with CeO2,

and Ni incorporated in ceria lattice [28]. Chary et al. prepared Ni Ceria catalysts by

impregnation and co-precipitation [29]. These authors reported similar profiles for

both samples, but reduction events shift to higher temperatures for the co-

precipitated one, suggesting that a strong interaction between Ni and Ce is

responsible for this shift. Nevertheless, other authors disagree with the assignment

of the high temperature event, claiming that it is related to the reduction of NiO

clusters over the ceria surface [30]. For the samples studied in the present work, the

reduction profiles present at least three events, in a similar temperature range as in

the aforementioned Ni over unpromoted-ceria (Fig. 2). The 5%Ni/CePr5 sample

show peaks at lower temperatures compared to the remaining samples: the first

peak, which is probably associated to free Ni2? species, changes its position from

198 �C in the 5 Ni wt% catalyst to temperatures close to 220 �C in the other two Ni

catalysts. According to XRD patterns, high metal content samples show bunsenite

reflections, indicating the presence of segregated bulk NiO particles, which are less

reducible and might be related to reduction events at temperatures higher than

240 �C in TPR profiles. It should be noted that a simultaneous change in the

oxidation state of Ni2? and support ions, Ce4? and Pr4? could not be discarded.

Water gas shift activity

Fig. 3 shows the CO conversion attained at the outlet of the experimental fixed-bed

reactor using Cu catalysts at reaction conditions previously reported in ‘‘Experi-

mental characterization and activity measurements’’ section. CO conversion

increases with reaction temperature and copper loading of the samples (reaching

50% at 450 �C for 20% Cu/CePr5 sample). The catalytic performance significantly

Reac Kinet Mech Cat

123



increases for 10 wt% metal loading, in comparison with the 5 wt% sample.

However, a small difference in CO conversion was found with a further increase,

from 10 to 20 wt%. Qi and Flitzany-Stephanopoulos, reported this same trend for

their copper-ceria-lanthana co-precipitated catalysts. The Cu content was modified

in a wide concentration range among 5 and 15 wt%, and conversion values were

quite similar for 5, 10 and 15 wt% loadings [16].

On the other hand, the catalytic performance of nickel-containing samples is

presented in Fig. 5, and it can be seen that CO conversions area higher than copper

samples. In fact, CO conversion values are close to 100% in the temperature range

375–450 �C. The monometallic sample with 5 wt% of metal content shows the

lowest activity, while no appreciable differences are found for solids with 10 or 20

Ni wt% of Ni.

For these samples, CH4 was detected at the reactor outlet stream, suggesting that

sites not only are active to the WGS reaction, but also to methanation. It was widely

reported that nickel over ceria is an effective catalyst for methanation reactions

[31–33]. In fact, in a previous work, we studied the effect of Pr as a promoter to

enhance WGS selectivity by minimizing the extent of the methanation reaction. We

concluded that the optimum Pr content, in the mixed Ce–Pr oxides used as support

of nickel catalysts, was close to 5 wt% [18]. Since the catalysts studied in the

present work show activity for CH4 production, it is necessary to quantify the

undesired methanation occurrence making use of WGS selectivity defined in Eq. 2.

The corresponding selectivity values are reported in Fig. 5. As can be seen, the

tendency to form CH4 increases with the reaction temperature and with Ni loading

in samples, although selectivity values are almost constant for 10 and 20 samples

above 350 �C. In summary, Figs. 5 and 6 suggest that the catalytic behavior of

Fig. 3 CO conversion vs. temperature for Cu-containing catalysts, mass: 120 mg, 150 ml/min of total
flow (8% CO, 24% H2O, 45 H2, N2 as balance)
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monometallic Ni catalysts becomes independent of active me wt%tal loading for

contents higher than 10 wt%.

Recently other authors studied bimetallic CuNi catalysts over redox supports for

the WGS reaction. Lin et al. reported a large selectivity ([95%) for their CuNi high

metal content samples supported over ceria-lanthana tested in the 150–500 �C
temperature range with a feed containing 10% of CO, 20% H2O and He as balance

[34]. Shinde and Madras impregnated Cu and Ni over ceria and tested these

catalysts in a feed stream of 2 vol.% of CO, 55 vol.% of H2O and N2 as balance at

100–450 �C [35]. None of these authors found considerable amounts of CH4 or

other hydrocarbons at the reactor outlet, but it should be remarked that these works

have used synthetic feed streams that only contained CO and H2O, in contrast with

this work, where H2 is also added at the reactor inlet. Metal content screening shows

that 10 wt% samples have an acceptable activity-selectivity ratio. With this

information, a bimetallic sample was prepared with the same total content (5 wt%

Cu and 5 wt% Ni), and tested.

As it can be seen in Fig. 4, by the comparison at the same total metal content, the

CuNi catalyst shows an activity higher than the monometallic Cu sample (see

Fig. 3), but lower than that of Ni. On the other hand, the selectivity of the bimetallic

solid was superior to those of all Ni catalysts in the whole temperature range

(Fig. 5). Moreover, the CH4 concentration at the reactor outlet for the CuNi catalyst

was negligible. Similar features were already observed in our previous work for

bimetallic samples with different CuNi ratios [15]. Evidence was found in the

literature to support the formation of a CuNi alloy under reducing atmospheres, as it

is the case of WGS conditions, which might also be responsible of the high

Fig. 4 CO conversion vs. temperature for Ni-containing catalysts, mass: 120 mg, 150 ml/min of total
flow (8% CO, 24% H2O, 45 H2, N2 as balance)
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selectivity values [34]. However, this alloy was not be detected in our high metal-

dispersed bimetallic sample in the XRD patterns.

In summary, the monometallic samples with 10 wt% have shown an accept-

able catalytic performance, with Cu, CuNi and Ni active metals. Hence, these three

samples were chosen to perform a kinetic study in order to simulate the single or

two-stage WGS reactors.

Kinetic fitting

The feed conditions, pressure and catalyst mass used for numerical fitting are listed

in Table 1, ‘‘Experimental characterization and activity measurements’’ section. The

specific rate constants for reactions 1 and 2, WGS and CO methanation were fitted

for several temperatures, as it was mentioned in ‘‘Kinetic parameter fitting’’

section. For further information about the goodness of the fit, see the supplementary

material.

By using an Arrhenius-type temperature dependence, activation energies Eact and

pre-exponential factors ko were obtained and reported in Table 4 along with R2

correlation factors.

The Eact found for Cu catalysts is lower than those for both Ni-containing solids,

suggesting that the former are more active at low temperature. This trend is in

agreement with the literature for similar catalyst systems, where Cu/CeO2 catalysts

presented lower activation energy than Ni/CeO2 [16].

For Cu-containing solids, the activation energy obtained for the WGS reaction is

similar to those reported by other authors, i.e. in the range 40–55 kJ/mol for Cu over

ceria samples with similar metal loading and tested in temperatures ranging

250–400 �C [36–38]. Conversely, the comparison for Ni samples is more difficult

Fig. 5 WGS selectivity of Ni-containing catalysts measured during activity conditions
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since data in literature is scarce. The value obtained in the present work was close to

70 kJ/mol, similar to 85 kJ/mol reported by Wheeler et al. for their Ni/CeO2 sample

[17]. As it was mentioned in the previous section, only recently have bimetallic

samples for WGS gained attention, and thus no Eact for WGS were found in

literature.

Reactor simulation

In this section, we show the performance of the system when the minimum catalyst

load required to attain a given conversion is sought. It is worth noting that we are

looking for optima restricted to the temperature range 250 �C B T B 450 �C. Thus,

in some cases, we shall find unbounded minima (like in Cu-catalysts), and in others,

we shall find that the minimum is at the boundary in the temperature range. For the

sake of comparison, a dimensionless contact time defined as the ratio between

simulation and experiments, hsim/hexp (which is numerically equal to the ratio of the

mass obtained by simulation and that used in experiments, since flows are the same)

is hereafter used to report results.

Simulation of a single reactor

When performing the unrestricted optimization, it was observed that for the case of

CuNi and Ni catalysts, the temperatures obtained for the whole range of conversions

analyzed were beyond the calcination temperature (450 �C). The same happened for

the Cu catalyst for low conversions. Thus, it was decided to set the temperature to

the maximum allowed, i.e. 450 �C, whenever the optimization yielded a higher

value. See supplementary material for further details. Fig. 6 summarizes the results

given the temperature restriction.

From the point of view of minimizing the mass, it is apparent that a Ni-based

catalyst should be used to attain any final conversion within the range surveyed.

However, Fig. 7 shows that H2 production, as defined in Eq. 3, is negative for this

case. An intermediate behavior is found for CuNi-based catalysts, in which for

x\ 83% the net H2 production is positive. Finally, Cu catalysts are the best choice

for H2 yield, but the worst in terms of mass required.

Table 4 Results of kinetic fitting for WGS and CO methanation

Sample WGS reaction CO methanation

ln (ko)a Eact (kJ/mol) R2 ln (ko)b Eact (kJ/mol) R2

10%Cu/CePr5 1.23 42.0 0.99 – – –

10%Ni/CePr5 6.98 70.0 0.96 15.66 104.5 0.98

10%CuNi/CePr5 9.16 82.6 0.99 17.13 142.5 0.99

a Ko constant for WGS in mol/(g s atm2)
b Ko constant for CO methanation in mol/(g s atm4)
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As for the catalyst load, for the case of CuNi, notice that there is a strong change

of the slope in the curve for x & 78% (Fig. 6), which must be related to a sudden

decrease of the reaction rate. In order to explain this behavior, we show the extent of

both reactions considered in Fig. 8, plotted as a dimensionless value related to the

CO inlet reactor molar flow. By analyzing the slope of these curves, which are

proportional to the reaction rates, it can be seen that at low catalyst loads, reaction

rate 1 (WGS) is dominant over reaction 2 (methanation). However, it can be seen

that from a dimensionless contact time equal to 1.33, the WGS reaction becomes

zero (derivative equal to 0), and then this derivative turns negative, which means

that it reverses its sense. On the other hand, the methanation reaction is always

positive and increases with contact time.

The fact that reaction 1 markedly slows (and even reverses) whereas reaction 2

does not can be explained in terms of the vicinity of each reaction to their

corresponding states of equilibrium. It is worth mentioning that the WGS reaction is

allowed to surpass its equilibrium condition and change its sense because there is

another reaction occurring [39–41]. The supplementary material provides more

information about this issue. After the maximum in the extent of the WGS reaction,

the slopes (i.e. the reaction rates) are of similar magnitude, but with opposite signs.

This means in turn that the net rate of CO reaction is now the difference (and not the

sum) of the contributions of both reactions and as a consequence, more room is

needed for the net CO consumption to proceed. Therefore, from this point, mass

grows faster for higher conversions (Fig. 6). It is for the same reason that H2 yield

markedly decreases from this value on (Fig. 7).

Fig. 6 Dimensionless contact time versus conversion sought for single-reactor simulation obtained for
10 wt% catalysts with temperature restriction at 450 �C CuNi and Ni samples
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It is for this reason that we acknowledge a limit in the relationship conversion/

selectivity/catalyst load for a single reactor regardless of the catalyst employed.

With the aim of obtaining high conversions with minimum catalyst load and

maintaining a positive H2 yield (i.e. high selectivity), the use of more than one

Fig. 7 H2 yield versus conversion sought for single-reactor simulation obtained for 10 wt% catalysts
with temperature restriction at 450 �C CuNi and Ni samples

Fig. 8 Reaction extent relative to CO molar feed for reactions 1 (WGS) and 2 (methanation) versus
dimensionless contact time, for CuNi sample at 450 �C and CO conversion equal to 78%
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reactor arises as an alternative, which enables to exploit the advantages of Cu

catalysts for H2 yield and those of CuNi or Ni catalysts in lower mass required.

Simulation of two reactors

Results for a two-reactor scheme are shown only for the case of CuNi ? Cu array

since for Ni ? Cu, the mass required was always lower for a Ni single reactor. It

should be remembered that the study was based on optimizing the total mass

irrespective of selectivity values obtained: the latter is a consequence of the mass

minimization, recall Fig. 7.

For the case of CuNi ? Cu array, the optimization showed that it is convenient to

operate both reactors at a higher temperature compared to their single-reactor

counterparts. However, this is not possible since, for the CuNi reactor, we would be

operating at T[ 450 �C. Thus, it was decided to set the CuNi reactor at the highest

possible temperature, as it was already done for the single-reactor case, i.e.

T = 450 �C.

Simulation results with temperature restriction are reported in Figs. 9 and 10.

From the point of view of minimizing the total mass, it can be seen that until a

conversion of ca. 78%, a single CuNi reactor operated at 450 �C is the best choice.

For higher conversions, a scheme of two reactors is better than the single CuNi

reactor at 450 �C. The need of a second reactor occurs at the conversion at which

the WGS get very close to equilibrium, i.e. close to 78% (see supplementary

material for more details). The second reactor operating at a lower temperature than

the first drives the system out of equilibrium. In addition, the two-reactor

scheme proposed enhances the H2 yield when compared to the single one with CuNi

solid and extends the range of positive H2 production from x = 83% to x = 91%.

Fig. 9 Dimensionless contact time versus conversion sought for single- and two-reactor schemes (with
450 �C for the reactor operating with CuNi sample)

Reac Kinet Mech Cat

123



Conclusions

Several Cu and/or Ni catalysts supported on Pr-doped ceria were characterized and

tested in WGS reaction during the present work. XRD patterns of the samples

showed appreciable phase segregation (CuO or NiO) for 10 and 20 wt% samples.

The reducibility of the samples significantly changed when metal content was

increased from 5 to 10 wt%, but no major differences in reduction profiles were

observed among 10 and 20 wt% samples, irrespectively of the metal, Cu or Ni. A

similar behavior was found in the catalytic performance of the samples. The CO

conversion significantly increased for samples with a middle content (10 wt%) in

comparison with the lowest metal loading (5 wt%). However, CO conversion did

not increase for a higher loading (20 wt%), suggesting that phase segregation,

reducibility and activity are related. A bimetallic CuNi catalyst (total metal content

10 wt%) was also prepared and evaluated, and it showed better activity than the

monometallic 10% Cu/CePr5 sample, and higher selectivity than the 10% Ni/CePr5.

The analysis of the reduction profile revealed that metallic copper enhanced

reducibility of Ni2? species. According to the XRD patterns, NiO phase segregation

was not observed in the bimetallic catalyst, in contrast to the segregation found for

the corresponding monometallic Ni sample, which could explain the higher

selectivity of the former.

Kinetic studies and reactor modelling were performed for three catalysts with 10

wt% metal loading (Cu, Ni and bimetallic CuNi). By fitting the experimentally

observed CO conversion, activation energies were obtained simultaneously for

WGS and CO methanation reactions following an approach not reported in the

literature despite the widely known occurrence of CO methanation over Ni

Fig. 10 H2 yield vs. dimensionless contact time for single- and two-reactor schemes (with 450 �C
restriction for the reactor operating with CuNi sample)
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catalysts. Cu catalysts showed lower activation energy for the WGS reaction than

the Ni sample, in agreement with the trend reported in the literature. By modelling a

single reactor, it was observed that the catalytic mass required to attain the

conversion sought depends on the sample considered, following the trend

Cu[CuNi[Ni. However, appreciable H2 loss was also found in the case of a

reactor operating with Ni sample. An analysis performed for the CuNi sample

demonstrated that WGS rate becomes very small for conversions higher than 78%,

value from which CO methanation is the only reaction that virtually takes place.

This result implies that appreciable methanation will inevitably occur when high

conversions are required. Therefore, a two-reactor scheme was proposed as an

alternative to achieve high CO conversions and retain acceptable selectivity to

WGS. The most promissory combination of catalysts found was the bimetallic CuNi

sample for the first reactor and the monometallic Cu catalyst for the second, the

former operating temperatures higher than the latter. Compared to the CuNi-based

catalyst single-reactor, the two-reactor scheme was better in terms of both mass and

H2 yield. Taking DFH2
¼ 0, i.e. no net H2 production, as a limiting value, the former

should be used up to a conversion of ca. 83%, whereas for the latter, the use can be

extended up to a conversion of ca. 91%. Compared to the Cu-based catalyst single-

reactor case, the two-reactor scheme employs less mass for the same service, but

produces less H2 because of the presence of Ni (i.e. the occurrence of methanation).

Overall, it is concluded that the most promissory combination of catalysts found the

two-reactor scheme, the first operating at high temperature with the bimetallic CuNi

catalyst, and the second at lower temperatures with the monometallic Cu catalyst.

The fact that the WGS reaction attains equilibrium while the methanation does

not suggest that either new formulations of catalysts should be found that minimize

the methanation reaction or reactors should operate at different temperatures in

order to avoid this equilibrium approach.

Funding This work was supported by University of Buenos Aires (UBA), CONICET and MINCyT.
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