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The general aspects of the synthesis and characterization results of a CuO,/CeO, catalyst were pre-
sented. In addition the principal steps for manufacturing a microchannel reactor and for the coating
of the CuO,/CeO; catalyst onto the microchannels walls, were also summarized. The catalytic activity of
this microchannel reactor during the preferential oxidation of CO (CO-PROX) was evaluated employing
a feed-stream that simulates a reformate off-gas after the WGS unit. Two activation atmospheres were
studied (H,/N; and O;/N;). The reducing pretreatment improved the resistance to deactivation by for-

f\(/l?é :\:)Ocrlf;nel reactor mation of carbonaceous species over the catalyst surface at high temperatures. The presence of H,O and
CO-PROX CO; in the feed-stream was also analyzed indicating that the adsorption of CO, inhibited the conversion
Computational fluid dynamics (CFD) of CO at lower temperatures because these compounds modified the active sites through the formation
Cu0,/Ce0, of carbonaceous species on the catalyst surface. Finally, the experimental results of the microreactor per-

Process intensification formance were compared with CFD simulations that were carried out using a kinetic for the CuO,/CeO,

powder catalyst. The experimental results were reasonably well described by the model, thus confirming

its validity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The current interest in finding alternative energy sources has
allowed the development of different researches focused on the
transformation of hydrogen for the production of electricity [1].
This is an attractive process especially from a environmental point
of view, however the real ecologic impact of H, as an energy car-
rier is in the processes involved in its production. Considering that
hydrogen is not an isolated element, it has to be extracted from
organic molecules such as hydrocarbons, alcohols or ethers through
reforming processes and consequently CO,, H,O and CO are also
produced [2,3].

The low-temperature polymer-electrolyte-membrane fuel cells
(PEMEFCs) that convert hydrogen to generate electricity require
high-purity hydrogen as fuel. Specially, the CO content in the feed
must be limited to 10 or 100 ppm, depending on the anode com-
position. For that reasons, after the reforming processes additional
purification steps are needed and the high and low-temperature
water-gas shift (WGS) processes have been widely applied. Never-
theless, the CO contents leaving the WGS units can be between ca.
0.5% and 2 vol.%, being still required CO removals to trace levels [4].
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In this regard, the preferential oxidation of CO (CO-PROX) is being
considering taking into account its effectiveness. This reaction takes
place at atmospheric pressure and low temperatures, which allows
reducing the influence of the reverse water-gas shift r-WGS reac-
tion [4]. For the CO-PROX reaction, several catalysts have been
checked [5] and one of the most studied solids is the mixed system
Cu-Ce. This system presents good CO conversion and CO oxidation
selectivity levels depending on the Ce-Cu interaction that can be
influenced by the copper content and the synthesis conditions [6].
On the other hand, this solid is attractive for industrial applications
because of its low cost compared to the noble metal-based catalysts
[7,8].

The integration of the hydrogen production and purification
processes is being routed to portable and automotive applications
where the PEMFCs can be incorporated. Conventional packed-bed
reactors have several drawbacks such as pressure drop, temper-
ature gradients, and risk of hot spot formation due to the high
exothermicity of the oxidations of CO and H;. In this sense, microre-
actors have advantages such as fast response time, easy integration
and small footprint, which are ideal for portable systems. Addition-
ally, these devices present good mass and heat transport properties
[9,10].

The study of microreactors for different reactions is currently
growing and several reports can be found in the literature. In
the case of the CO-PROX reaction, Kolb et al. [11] and O’Connell
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et al. [12] have reported on the CO-PROX reaction performed in a
microstructured reactor. The system reduced the CO levels from 1%
in the feed to 25-60 ppm at the microreactor outlet. On the other
hand, Dudfield et al. [13] operated a compact fin heat-exchanger
reactor containing 2.5% Pt-Ru catalyst for the same reaction. Divins
et al. [14] reported the functionalization with Au/TiO, of a silicon
microreactor containing ca. 40,000 regular channels of 3.3 wm in
diameter per square millimeter for the CO preferential oxidation.
They demonstrated that the performance in the CO oxidation of
the silicon microreactor was better than showed by other systems
obtained over a conventional cordierite with 400 cpsi that were
loaded with the same catalyst.

In addition to the issues involved in the presented scenario, the
modeling and simulation of microreactors should be also consid-
ered. The principal aim of the modeling is to obtain information
for the understanding of the system and consequently to be able
to predict its behavior. The formulation of the models requires the
consideration of transport phenomena, thermodynamic and kinetic
aspects involved in the chemical and physical process during the
reaction. In this regard, the simulation and modeling based on com-
putational fluid dynamics (CFD) have attracted increasing interest
and have been successfully applied to the analysis and design of
micro-flow devices [15] and catalytic microreactors [16-18].

In the present work the synthesis of a CuOx/CeO, catalyst, the
manufacturing of a microchannel reactor and the coating of the
microchannels walls with the powder catalyst are summarized. In
addition the catalytic performance of the microreactor during the
CO-PROX reaction is presented, analyzing the effect of the catalyst
activation prior to the reaction and the influence of the presence of
H,0 and CO; in the feed-stream. Finally the experimental results
of the CO conversion and CO oxidation selectivity are compared
with the simulations using the model previously formulated for
the microchannel reactor containing the CuOx/CeO, as the coated
catalyst.

2. Materials and methods

2.1. Synthesis and characterization of the CuOx/CeO, powder
catalysts

The synthesis of the CuOx/CeO, catalyst by coprecipitation
method was reported in a recent work [19]. Two aqueous solutions
(0.5M) of Cu(NO3), and Ce(NOs3 )3 were mixed under vigorous stir-
ring, to get 9:1 Ce(OH)3:Cu(OH), weight ratio, then a NaOH solution
(2M) was added dropwise until a stable pH of 9 was reached. A
precipitate with the mixture of Cu and Ce hydroxides was gener-
ated. This solid was filtered and washed with distilled water; dried
overnight at 60 °C and finally, calcined at 300 °C for 2 h.

The obtained material was characterized by means of X-ray
fluorescence (XRF), N, adsorption (BET specific surface area),
X-ray diffraction (XRD), Raman spectroscopy and temperature pro-
grammed reduction (TPR). The results were presented in our recent
reports [19,20]. As the most relevant features of this catalyst it
can be mentioned that it presented a copper content of 15wt.%
(expressed as Cu(OH), ). The BET specific surface area was 76 m2/g
and the XRD analysis showed the characteristic pattern of the c-
CeO,, fluorite structure [5,21,22]. The presence of copper species
did not modify the diffraction lines of CeO,. Additional reflections
associated with the presence of copper oxides were not detected
and this result was correlated with the high dispersion of the copper
species over the CeO, surface [19].

As for the Raman spectroscopy, the most important feature was
thatthe oxygen vacancies signal (at 612 cm~1!)increased upon heat-
ing due to the dehydroxylation of the catalyst surface. This was
important because the formation of oxygen vacancies promoted
the oxygen mobility in the CeO, structure [19].

The TPR profile showed two main reduction processes at high
and low-temperature. Two peaks centered at 727 °Cand 854 °Crep-
resented the high-temperature reduction of the Ce** cations in the
bulk of the material [23]. The peak centered at 184 °C was due to the
low-temperature reduction of some surface Ce** cations and the
reduction of all the Cu?* cations, thus demonstrating the synergy
between the two elements [19,24,25].

2.2. Microblock manufacturing and coating with the CuOy/CeO,
catalyst

The details about the manufacturing process were recently
published by Cruz et al. [19]. This device was manufactured
using Al-alloyed ferritic stainless steel (Fecralloy®) [19,26-28].
Microchannels were fabricated by micro-milling 1 mm thick ferritic
stainless steel plates that were joined together using the transient
liquid phase (TLP) bonding process using a nickel-based interlayer
with a composition of Ni-14B-7Si (wt.%, Goodfellow). A bonding
temperature of 850°C with an applied force of 2.8 kN (~7 MPa)
was selected [29]. The TLP bonded samples were finally treated
at 1200°C for 5h.

Micromachining and joining of the steel plates resulted in a
microblock that was housed in Al-alloyed ferritic steels cases
(Fig. 1) after the coating process of the catalyst onto the walls
of the microchannels. Previously, the surface of the microchan-
nel block was modified generating a surface oxide layer that
enhanced the adhesion of the catalyst upon heating in air at ele-
vated temperatures [26-28]. Upon heating at 900 °C for 22 h in air
the microchannel block, an homogeneous surface layer of Al,03
was formed, presenting the needle-like structure of the formed
whiskers [19].

The washcoating process was selected for coating the
microchannels with the CuOx/CeO, catalyst using a slurry with the
following composition: 76 wt.% powder CuOx/CeO, catalyst, 7 wt.%
polyvinyl alcohol (PVOH) and 17 wt.% colloidal alumina. The pH of
the suspension was adjusted to 4 with diluted HNO3 [19,30,31]. The
use of HNOs3 gave rise to the leaching of copper species resulting in
a decreasing of about 50% of the original CuO loading. The leaching
of copper species presumably generated a higher BET surface area
of the dried slurry (92 m2/g) compared with that of the CuOx/CeO,
catalyst (76 m2/g) [19].

Once the microchannels were immersed in the slurry, the elim-
ination of excess was done by air blowing (2 L/min). After each
coating process, the microchannel block was dried at 120°C for
30min and finally the microblock was calcined at 300°C for 3h
(1°C/min). This method resulted in a microchannel block loading
of 5.46 mg/cm? after eight washcoating processes, with a total load
of 300 mg of catalyst [19].

2.3. Catalytic activity measurements

The CO-PROX reactions were carried out at atmospheric pres-
sure in a PID Eng&Tech Microactivity set-up that allowed the setting
up of the assembled microchannel reactor. This equipment allows
the programming and monitoring of the process variables such as
temperature, flow of the gases and the analysis time. Different tem-
peratures were evaluated and these were monitored by 4 K-type
thermocouples, two at the inlet and the outlet of the microblock
and the other two were placed in lateral walls of the microblock.
The temperature of reaction was taken as the average between the
inlet and the outlet temperatures.

Prior to the reactions, the catalyst was activated under reduc-
ing or oxidizing conditions (depending on the experiment) with
30 mL/min of 21% H, or O, respectively, in N, for 3h at 300°C.
For the experimental runs, a stream with 300 mL/min (STP) of total
flow-rate was used. The feed stream composition was set at: 1 vol.%
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Fig. 1. Assembling of the microchannel reactor for the CO-PROX reaction.

CO, 2vol.% 05, 10vol.% CO,, 10 vol.% H, 0, 70 vol.% H, and N, as bal-
ance to simulate a reformate off-gas after the WGS unit [20]. For
studying the influence of the presence of CO, and H,O in the flow
during the PROX reaction, a series of catalytic runs with different
stream compositions (Table 1) were tested.

Product and reactants were analyzed by online gas chromatog-
raphy (Agilent® 7890 equipped with a Porapak® Q, two Molecular
Sieve 5A, and two Hayesep® Q columns) and then quantified using
a TCD detector. The CO conversion and the CO oxidation selectivity
were calculated according to [5].

(COjp, — COout) x 100
COipn

(COip, — COout) x 100
2(02in - Ozout)

CO conversion (%) =

(1)

CO oxidation selectivity (%)= 2)

2.4. Microrreactor models and simulations conditions

A detailed description of the mathematical model used for
analyzing the experimental results was presented recently by Arza-
mendi et al. [20]. Three-dimensional simulations have been carried
out using ANSYS CFX software which is based on the finite-volume
method for spatial discretization of the Navier-Stokes equations.

Table 1
Feed stream compositions of the catalytic tests for the study of the influence of CO,
and H,0.

COvol% 03vol% Hpvol% CO;vol% H;O0vol% N vol.%

Composition1 1 2 70 0 0 27
Composition2 1 2 70 0 10 17
Composition3 1 2 70 10 0 17
Composition4 1 2 70 10 10 7

Simulations were performed on a Dell Precision PWS690 worksta-
tion running MS Windows XP® x 64 with an available RAM of 16.0
GB.

The model consisting of square parallel microchannels of 20 mm
of length and 0.70 mm of side was previously developed and it has
been successfully applied to study the steam reforming of methane
and methanol [16,17]. This model has three main physical domains,
two of them are fluidic and the other corresponds to the solid block
(stainless steel). These domains were meshed using prismatic and
hexahedral elements resulting in dense computational unstruc-
tured grids [16,17,20].

CFD simulations have been conducted at steady state condi-
tions and isothermal conditions. It has been assumed that a thin
layer of the catalyst was uniformly deposited onto the walls of
the microchannels with a loading of 5.46 mg/cm?. The feed-stream
composition was set as the real data recorded by the chromato-
graphic analysis for all gases.

Catalytic reactions were modeled considering the microchan-
nels walls as sources of products and sinks of reactants [16,17,20].
A reaction scheme including the oxidation of CO to CO,, the oxida-
tion of H, to H,0 and the r-WGS reaction has been considered. The
kinetic equations implemented in the code for the CFD simulations
were taken from a kinetic study carried out over the CuOx/CeO,
powder catalyst [20].

3. Results and discussion
3.1. Catalytic activity of the microchannel reactor
3.1.1. Influence of the activation treatments
As indicated above, the CO-PROX reaction was carried out after

two different activation treatments. The first one was achieved
under reducing conditions (with Hy ) and the second one employing
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Fig. 2. CO conversion (effect of the activation treatment prior to the CO-PROX reac-
tion and comparison with the isothermal CFD simulation).

0,.The results of the CO conversion and the CO oxidation selectivity
are presented in Figs. 2 and 3 respectively.

After the two pretreatments, the experimental results show that
the CO conversion increases with the temperature reaching a max-
imum (close to 100%) between 180°C and 220°C. No significant
differences can be inferred from the two activation processes and
the catalytic activity is almost the same in both cases.

The catalytic activity of the reduced catalystisin agreement with
that in our reports where the catalytic activity of the CuO,/CeO,
catalyst during the CO-PROX reaction was closely related to the
presence of metallic copper [19,20]. The similar results of the oxi-
dized catalyst at lower temperature are suggesting that probably
the Cu* or Cu?* species have a considerable catalytic activity as
was proposed previously in different works [32,33]. The Cu* and
Cu?* cations can act as preferential positions for the adsorption of
CO molecules, being especially active those copper ions that are in
close contact with the CeO, matrix. Martinez-Arias and coworkers
proposed that CO reduces the catalyst surface upon adsorption over
the Cu?* species and promotes the formation of oxygen vacancies
in the CeO, matrix [34].

However, the TPR profile of the CuO,/CeO, solid that is coated
onto the microchannels showed that the low-temperature reduc-
tion started at temperatures that are very similar to the lowest
temperatures that are studied during the PROX reaction. If it is con-
sidered and that the feed-stream of the CO-PROX reaction has a
higher reducing character owing to its high H, content (70 vol.%),
it can be expected that even for the previously oxidized catalyst,
the copper species are reduced rapidly during the beginning of the
reaction.

At the highest temperature considered in this work, the reduced
catalyst presents a higher catalytic activity than the oxidized one.
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Fig. 3. CO oxidation selectivity (effect of the activation treatment prior to the CO-
PROX reaction and comparison with the isothermal CFD simulation).

100 A

& 80

c

S

2 60

z —=—H,0: 0% 0%

Q

S 404 —e—H,0:10% CO,: 0%

o ——H,0: 0% CO,: 10%
20- —+—H,0: 10% CO,: 10%
0

T T T T T T T T
120 140 160 180 200 220 240 260
Temperature (°C)

Fig.4. CO conversion (influence of the presence of H,0 and CO; in the feed-stream).

Although the difference is small, this behavior could be suggesting
a higher stability of the carbonaceous species adsorbed onto the
surface for the oxidized catalyst. It seems likely that the formation
of the carbonaceous species is promoted as temperature increases;
however, it should be pointed out that in the case of the reduced
catalyst the adsorption of carbonaceous species is less stable. As a
result, a lower tendency to deactivation is shown for the reduced
catalyst.

The CO oxidation selectivity (Fig. 3) decreases as the tempera-
ture increases and no differences can be established regarding the
two pretreatments. The general trend in both cases indicates that
as the temperature increases the H, consumption is promoted. This
is in agreement with our kinetic study over the CuOx/CeO, powder
catalyst during the CO-PROX reaction [20]. The activation energy
of the H, oxidation (110k]J/mol) is considerably higher than that of
CO oxidation (36.9k]/mol) and this is the reason for the good CO
oxidation selectivity at low temperatures.

3.1.2. Effect of the presence of H,0 and CO, in the feed-stream

Considering that the activation under H,/N, flow generated
a slightly better catalytic performance at higher temperatures
(Fig. 2), this pre-treatment was selected for the evaluation of the
effect of the presence of H,O and CO, in the feed-stream. A series
of catalytic runs were carried out after the reducing treatment with
four different compositions of the feed-stream (Table 1) and the CO
conversion results are presented in Fig. 4.

The feed-stream without H,O and CO; gives similar results than
the reaction carried out with the addition of 10 vol.% H,O0. In both
cases the CO conversion is higher than in the two reactions with CO,
in the feed-stream. The CO, makes difficult the CO oxidation at low
temperatures (between 120°C and 180°C) whereas H,0 does not
generate a considerable effect. This suggests that over this catalyst
the CO conversion is not strongly influenced by side reactions as
the WGS or r-WGS at low temperatures.

As concerns the catalytic runs in which CO, was present in the
feed-stream, these compound may be adsorbed onto active sites
that in the case of the reduced catalyst have to be associated with
surface metallic copper. At temperatures above 180 °C this adsorp-
tionis less favored, thus enhancing the probability of the interaction
between the CO molecules and the active sites and consequently
promoting their oxidation. For these experiments, the main dif-
ferences can be observed between 140°C and 150°C and this can
be associated with the presence of H,0. The experiment with H,O
shows higher CO conversion near to 150°C. Probably there is an
interaction between H,0 and the adsorbed carbonaceous species
onto the catalyst surface modifying their symmetry and probably
making them more labile. This is allowing the desorption of the
carbonaceous species at lower temperatures [35] than in the case
of the catalytic run where H,O is not present in the feed-stream.



O.H. Laguna et al. / Catalysis Today 180 (2012) 105-110 109

< 100 —=—H,0: 0% CO,; 0%
< —e—H,0:10% CO,: 0%
s 807 —a—H,0: 0% CO, 10%
E —+—H,0:10% CO,: 10%
T 601
2}
c
S 40
= 40
e
B

2 B
S
o

120 140 160 180 200 220 240 260
Temperature (°C)

Fig. 5. CO oxidation selectivity (influence of the presence of H,O and CO; in the
feed-stream).

The CO oxidation selectivity (Fig. 5) does not present differences
among the four experiments. The decrease of the CO oxidation
selectivity as the temperature increases is confirmed for all cases.
When CO, is present in the feed-stream, although the number of
CO molecules converted is lower at temperatures below 180°C,
this does not mean that the H, oxidation has been promoted. This
is confirming that the relatively low activation of the CO oxidation
favors this reaction even with the presence of CO, molecules that
can be blocking the active sites at the surface of the catalyst. This
could be complemented with the fact that there is little influence
of H,0 on the side reactions as WGS or r-WGS in this case.

3.1.3. Comparison between the experimental results and the
isothermal CFD simulations

A first comparison between the model and the experimental
results is presented in Fig. 2. The CO conversion trends after the
two types of activation processes, that presented a very similar
behavior, are well described by the applied model. This is rele-
vantresult because it validates the mathematical model previously
developed for the microchannel reactor that includes the kinetic
model obtained with the CuOx/CeO, powder catalyst. Accordingly,
diffusional effects in the catalyst layer can be neglected. As regards
the kinetic model this is confirming that not only the CO and H,
oxidation must be considered but also the r-WGS, which is a side
reaction that influences the CO-PROX kinetics [20,36]. In addition,
this is pointing out that after the washcoating process the catalytic
properties of CuOx/CeO, remain virtually unaltered.

At the highest evaluated temperature, the CO conversion is bet-
ter reproduced by the model in the case of the reduced catalyst than
for the oxidized one (Fig. 2). This could be demonstrating that the
reduction of the catalyst prior to the reaction makes difficult the
stabilization of the carbonaceous species at higher temperatures
as discussed above. The kinetic model does not includes the deac-
tivation of the catalyst by the formation of carbonaceous species,
and for that reason there is a better fit of the CO conversion results
of the reduced catalyst.

The comparison between the experiment results of the CO
oxidation selectivity and the CFD simulations shows some dis-
agreement at temperatures below 200 °C (see Fig. 3). It has to be
considered that the CO oxidation selectivity is calculated using the
CO and O, consumption according to Eq. (2) where CO;, and Oy,
are the flow-rates of CO and O, in the feed-stream and COqyt and
0y, are those at the reactor outlet.

The O, consumption included in the denominator of Eq. (2) adds
an additional error to the calculation of the CO oxidation selectivity
and it might be contributing to the discrepancy between the exper-
imental data and the CFD simulation results. It should be noted
that the experimental errors in evaluating the CO and O, consump-
tion are higher at low conversions, which could explain the lack of
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Fig. 6. CO concentration at the microchannel outlet (comparison between the
experimental results and the isothermal CFD simulation).

fit with the simulated results at low reaction temperatures. There
are other issues that can be also contributing to this result. In this
regard, it seems that whereas the kinetic scheme is well established,
the kinetic parameters could require some improvement for which
a more in depth kinetic study is required.

In view that the CO contents in the feed of the PEMFCs have
to be limited to 10-100 ppm, depending on the anode composi-
tion, it is interesting to consider the CO content at the outlet of
the microchannel reactor, in order to establish if the H, has been
successfully purified for feeding a fuel cell. The experimental CO
concentration at the microchannel outlet is presented in Fig. 6 and
it is compared with those obtained by CFD simulations. There is a
good correlation between the results that present a minimum CO
content between 180 °C and 220°C. This is indicating that there is
an optimal temperature to achieve the maximum CO conversion or
the minimum CO emission after the CO-PROX reaction. Moreover,
this minimum is close to 10 ppm of CO thus assuring the suitabil-
ity of the produced H, for feeding a PEMFC. On the other hand,
the experimental results present a slight shift to higher tempera-
tures with respect to the simulation results. It is expected that the
agreement will improve when a refined kinetic model is available.

4. Conclusions

An active CuOx/CeO, coated microreactor was successfully
tested on the CO-PROX reaction under a simulated reformate off-
gas feed. Prior to the reactions, the catalysts were activated under
0, or H, with no significant differences in activity, obtaining a max-
imum CO conversion at around 200 °C. As regards the CO oxidation
selectivity, the results allowed confirming that the CO conversion
is thermodynamically favored against H, oxidation at low temper-
atures. On the other hand, it is found that the presence of CO, in
the feed inhibits the CO conversion at low temperatures, probably
by the formation of carbonaceous species at the catalyst surface.

Finally, a CFD model developed for a microreactor was success-
fully validated for the first time with experimental catalytic results.
The kinetic scheme previously formulated for the CuOx/CeO,
powder catalyst was also corroborated. However, complementary
studies can be carried out to refine the kinetic parameters included
in the model in order to improve the fitting between the experi-
mental and the simulated results.
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