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a b s t r a c t

The last CO clean-up step based on the preferential oxidation (CO-PROX) can lead to a reduction of the CO
concentration in the hydrogen-rich gas derived from hydrocarbons reforming down to at least 10 ppmv
or below, so as to enable its direct feeding to standard PEM fuel cells. In this paper, a screening of powder
Pt-based catalysts for CO preferential oxidation reaction was carried out; then the more active catalyst
(1% Pt on 50% 3A zeolite and 50% �-Al2O3, i.e. 1% Pt-MIX) was deposed by precursors solution spraying
followed by in situ combustion synthesis (SCS) in a micro-channel metal plate reactor and the obtained
structured system was tested with a synthetic feed stream simulating the WGS outlet composition. The
t-based catalysts 1% Pt-MIX catalyst was laid out on metal plates previously coated with thin �-Al2O3 layer (15 �m thick-
ness) by plasma spray technique to improve the catalytic material adhesion. A study was then carried out
at � = 2O2/CO = 4 by varying the GHSV and the superficial catalyst load in a range values characterized by
a satisfactory performance for a CO-PROX prototype reactor. The following results were, in fact, obtained
with a catalyst load of 0.50 mg cm−2: with GHSV equal to 2000 h−1 and 4800 h−1 the complete CO con-
version (residual CO concentration less than 2 ppmv) with simultaneous O2 conversion equal to 1 was
obtained in the temperature range 194–214 ◦C and 215–225 ◦C, respectively.
. Introduction

Automotive exhaust is currently one of the major pollution
ource. As a pollution-free and energy-saving power supply for elec-
ric vehicles, the proton exchange membrane fuel cell (PEM-FC) is
ne of the best candidates because of its high energy conversion
fficiency (50–70%) and zero or nearly zero emissions. Hydrogen or
H2-rich gaseous stream is the ideal fuel for PEM-FCs [1,2].

PEM-FCs fed with suitably cleaned-up reformate gas (the sys-
em for processing the primary hydrocarbon fuel into a H2-rich
as is called fuel processor, FP) are regarded as the most promis-
ng candidates for small scale mobile and portable auxiliary power
nit APU systems [1–4] in the power range exceeding several hun-
reds of Watts. In case high temperature PEM-FCs (HTPEM-FCs) are
pplied, the CO concentration in the reformate needs to be reduced
o values around 1% vol. Low temperature PEM-FCs (LTPEM-FCs)
re even more sensible to poisoning by CO and require a fed CO

oncentration between 10 and several hundreds ppmv depending
n the membrane technology applied.

The CO clean-up for small scale applications is usually done by
atalytic reaction systems, because alternative technologies, such
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as pressure or temperature swing adsorption, add too much space
to the FP system. Membrane separation might offer an alterna-
tive process; however, the elevated pressure required represents
a heavy hindrance, especially for the APU applications. Since, as
mentioned above, tolerable levels of CO concentration for standard-
grade LTPEM-FCs are 10 ppmv, with peaks of 50 ppmv for a few
minutes, a further removal of CO from the gas stream has to be
performed after the normally used WGS first clean-up step, which
allows to reach residual CO concentration of 0.5–1% [5].

Preferential oxidation of CO to CO2 (CO-PROX) is a widely stud-
ied [6–11] option to achieve the above residual CO levels in the
reformate stream; it is an exothermic catalytic process which
uses molecular O2 fed on purpose. However, during the CO-PROX
process, the H2 present in the reformate stream should not be con-
sumed at all to ensure reasonable FP efficiency. Therefore, both
active and selective catalysts, taking into account the very low CO
concentration compared to the H2 one (from 1/30 to 1/60), are
required to convert CO to CO2 while minimizing the H2 oxidation
to H2O.

Pt–Al2O3 catalysts were extensively studied and found very

active towards CO oxidation [12,13]; more recently Pt-supported
zeolite catalysts were proposed thanks to their enhanced selectivity
[14]. Previous our studies on different Pt–A zeolite catalysts [15–17]
showed that the best performance, in terms of catalyst activity and
selectivity, was obtained with a 1% Pt–3A zeolite catalyst, thanks to

http://www.sciencedirect.com/science/journal/13858947
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he specific structure of 3A zeolite support. As any CO-PROX unit
hould be normally integrated in a FP [4,18–20] after two WGS
nits to reduce the CO content, in this work 1% Pt-based cata-

yst, supported on a mixed system zeolite 3A and �-Al2O3, suitably
eveloped to obtain good adhesion on metallic surfaces (metal sup-
orts, compared to ceramic ones, offer higher mechanical strength
nd heat conductivity [21]; these characteristics are greatly appre-
iated in catalytic applications where heat fluxes are present), was
eposed on a metal plate-channels structured reactor, typical of
he micro-chemical technology (MCT) field; the so arranged reac-
or was then successfully tested for CO-PROX in H2-rich streams.

CT is a new branch of chemical engineering originated in the
arly 1990s; it can greatly improve the efficiency of reacting sys-
ems and diminish their volumes and weights, necessities [22–28],
hat are mandatory in vehicles applications. The very low resi-
ence times associated with the improved heat and mass transfer in
icro-structured reactors create, in fact, the conditions for higher

roductivities compared to traditional reacting systems.

. Experimental

1% wt Pt–3A zeolite catalyst was prepared through Incipient
etness Impregnation (IWI) method by using Pt(NH3)4Cl2 as pre-

ursor [15–17]. The catalyst as powder was tested in a fixed bed
icro-reactor (I.D.: 4 mm; fixed bed: 150 mg of catalyst parti-

les held in place by flocks of quartz wool; micro-reactor heated
p in a PID regulated oven; fed composition: 37% H2, 5% H2O,
8% CO2, 0.5–1% CO, 1–2% O2, He as balance; � = 2O2/CO = 4;

SV = 0.33 Nl min−1 g−1): a complete CO conversion to CO2 (resid-
al CO concentration less than 2 ppmv) with the simultaneous
2 complete conversion in the temperature range 152–185 ◦C

�T = 33 ◦C) was obtained [15]. Therefore, the catalyst was chosen to
e spread out on the metal surfaces of a structured plate-channels
eactor. However, a serious problem arose due the poor adhesion of
he 3A zeolite particles on metal surfaces.

Therefore, a Pt catalyst supported on �-Al2O3, characterized by
more firm adhesion to metal surfaces, was suitably developed in
ur labs and exhibited reasonable CO-PROX activity when tested in
owder in the fixed bed micro-reactor, as previously reported. This
t-�-Al2O3 catalyst was synthesized through the Solution Com-
ustion Synthesis (SCS) method [29] in order to quickly obtain
-Al2O3 with a high specific surface area: appropriate amounts of
t(NH3)4(NO3)2, Al(NO3)3 9H2O and CO(NH2)2 (all from Aldrich)
ere dissolved in the minimum possible volume of water. After a

ew minutes stirring on a heating plate, to ensure proper homo-
eneity, the so-prepared solution was transferred in a capsule,
hich was placed into an oven kept at the constant temperature

f 500 ◦C. Firstly, the aqueous solution underwent dehydration,
hen, the solid mixture frothed and swollen, until a fast and highly
xothermic reaction took place and large amounts of gases evolved.
foamy and easily crumbled material was obtained to give a fine

nd volatile powder that was then finely ground in an agate mortar.
he catalyst was not calcined as its synthesis occurred at sufficiently
igh temperatures compared to the CO-PROX working ones; it was
educed in H2 flow rate (50 Nml min−1) at 350 ◦C for 2 h.

Consequently, to overcome the difficulty of 3A zeolite adhesion
n the metal surfaces, a 1% Pt catalyst supported on a mixed carrier
0% 3A-zeolite + 50% �-Al2O3 (1% Pt-MIX) was prepared by simulta-
eous SCS, with the zeolite powder dispersed as suspension in the
recursors solution; the obtained 1% Pt-MIX (3A zeolite + �-Al2O3)

atalyst was finally reduced in H2 flow at 350 ◦C for 2 h.

The 1% Pt-MIX powder catalyst was analyzed by high-resolution
ransmission electron microscopy (HRTEM, Jeol JEM 2010 appara-
us) to investigate by picture the noble metal dispersion on the

ixed support.
g Journal 154 (2009) 246–250 247

For tests on powder in the fixed bed micro-reactor, the out-
let gas stream was analyzed through a gas-chromatograph (Varian
CP-3800) equipped with a thermal conductivity detector (TCD), a
Poraplot Q column (0.53 mm diameter, 30 m length) to separate
CO2 and H2O, and a Molsieve 5A column (0.53 mm diameter, 25 m
length) to separate CO, H2 and O2. The CO detection limit was ver-
ified to be equal to 2 ppmv.

The experimental tests on the powder catalysts were carried
out in the temperature range of 100–300 ◦C, at O2 to CO feed
ratio (� = 2O2/CO) equal to 4 and with a weight space velocity
WSV = 0.33 Nl min−1 g−1. Working with � = 4 means to reach the
maximum selectivity value of 25% when both CO and O2 conver-
sions are simultaneously equal to 1. The main role of the research
in the field of Fuel Processors is to reach, in a sufficient wide temper-
ature range (suitable for the CO-PROX reactor control), the complete
conversion of CO (on the basis of the CO detection limit of the
employed gas analyzer), with at the same time the complete con-
version of O2; the latter condition is required to be sure to employ
the lowest O2 excess rate thus maintaining as low as possible the
H2 oxidation losses. As a consequence, the residual CO concentra-
tion at the WGS clean-up step has to be reduced at the lowest as
possible value (normally <1–0.5% b.v.). Anyway, the limitation of
H2 oxidation is not the mandatory issue in the CO-PROX step, if
compared with the compulsory requirement of avoiding the CO
poisoning effect on the low temperature PEM-FC electro-catalyst.

As concerns the preparation of catalyzed metal plates, to
improve the catalyst layer adhesion, before the deposition of 1% Pt-
MIX, the metal plate surface was covered with a shielding �-Al2O3
layer by using a thermal spray technique [21,30]; the employed �-
Al2O3 was on purpose prepared by SCS from Al-nitrate and urea. The
spray process allows to cover the metal sheets solid surfaces with
coatings characterized by high mechanical and thermal stability
together with a sufficient roughness. Two coatings with different
thickness were prepared: a thin and a thick layer, of 15 �m and
45 �m, respectively.

The 1% Pt-MIX was then deposed on the metal plates through
the two following different methods: (i) deposition of the catalyst
on the plate surface by repeatedly spraying the precursors solution;
(ii) immersion of the metal plates into the precursors solution. In
both cases, the catalyst was developed by in situ SCS putting the
wetted plates in oven at 500 ◦C. Excess of catalyst was removed by
spraying compressed air.

SEM investigations (SEM-EDS, LEO Supra 35) on metal plates,
deposited through the two different methods, were carried out in
order to establish the most uniform and homogeneous catalyst layer
deposition.

Four flat stainless steel metal plates (50 mm × 50 mm × 1 mm)
were stacked in the structured reactor to form three square chan-
nels, each 0.6 mm in height; the reactor was heated up with
electrical cartridges and fed with a gas stream having the same
composition used for the fixed bed micro-reactor. The outlet gas
was analyzed by means of the same system used for the powder
catalysts screening tests. The tests on the lab structured reactor
were carried out varying the catalyst superficial load and gas hourly
space velocity (GHSV), but maintaining � = 4.

The conversion of CO (�CO) and O2 (�O2 ), as well as the oxygen
selectivity to CO oxidation (�, assuming neither CO formation by
reverse water gas shift – RWGS – nor CO consumption by metha-
nation) were calculated for both the reactors as follows:

�CO = 1 − [CO]out ,

[CO]in

�O2 = 1 − [O2]out

[O2]in
,
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performed feeding reformate gases with GHSV = 2000 h−1 and � = 4.
The determined CO and O2 conversion and selectivity are shown
in Fig. 6. The maximum CO conversion, with �O2 equal to 1, was
lower than 1 showing a minimum CO concentration at the reactor
ig. 1. CO and O2 conversions and CO selectivity vs. temperature of the 1% Pt–Al2O3

owder catalyst prepared with SCS method.

= 1
2

· [CO]in − [CO]out

[O2]in − [O2]out
.

. Results and discussion

.1. Catalytic activity on powder: micro-reactor tests

The catalytic activity tests to determine the CO and O2 conver-
ions and the CO selectivity vs. temperature were carried out on the
% Pt-�-Al2O3 prepared by SCS method; the obtained catalytic per-
ormance is shown in Fig. 1. The complete CO conversion (residual
O concentration less than 2 ppmv) with �O2 = 1 was reached in a

imited temperature range 158–163 ◦C (�T = 5 ◦C).
In order to develop a suitable catalyst with good adhesion on the

etallic surface of a CO-PROX plate-channels prototype reactor, a
ixed Pt on zeolite and �-Al2O3 catalyst was synthesized, as the

ossible solution to maintain also the total CO conversion in a wide
emperature range, perhaps achievable owing to the presence of
eolite in the support.

Catalyst with 1% Pt on 50% �-Al2O3 + 50% zeolite as mixed
upport was prepared and characterized by HRTEM analysis. The
icrograph in Fig. 2 shows the satisfactory homogeneity of Pt distri-

ution and Pt clusters of about few nanometres (average Pt particle
ize: 2 nm; range: 1–3 nm).

The catalytic performance, in terms of CO and O2 conversion,
nd CO selectivity, is shown in Fig. 3. With the mixed-support, com-
lete CO conversion (residual CO concentration less than 2 ppmv)
as reached with, at the same time, �O2 = 1 at a quite low tempera-

ure and retained in the temperature range 112–136 ◦C (�T = 24 ◦C).
herefore, as expected, the zeolite addition to the alumina carrier
nabled to widen the temperature range of the complete CO con-
ersion, as compared to that of the catalyst based on the �-Al2O3
lone; however, it resulted lower than that obtained when only the
A zeolite was employed as carrier.

.2. Catalytic activity on the structured plate-channels rector

Once the best catalyst in powder, able to reduce the CO concen-
ration below 10 ppmv in the synthetic reformate gas to be fed the
C, was established, the next step was allocated to its deposition on
etal plates to be used in the prototype structured reactor.
Firstly the plates were covered with a �-Al2O3 layer of two dif-
erent thickness: a thin and a thick layer, of 15 �m and 45 �m,
espectively. SEM images of the two different coating layers are
hown in Fig. 4A and B; both coatings presented a quite variable
hickness.
Fig. 2. HRTEM micrograph of 1% Pt–(50% �-Al2O3 + 50% 3A-zeolite) powder catalyst.

The 1% Pt-MIX catalyst was synthesized on the thermal spray
�-Al2O3 layer by in situ SCS at 500 ◦C in oven through two dif-
ferent deposition methods of the precursors solution-suspension
on the plates surface: (i) by repeatedly spraying; (ii) immersion of
metal plates into precursors solution, both followed by SCS. Excess
of catalyst was removed by spraying compressed air and the plates
resulted to be covered with a quite homogeneous layer.

The SEM comparison in Fig. 5 of the catalyst morphology on
metal plates covered through the two different methods shows that
by using the spraying technique (Fig. 5A) the catalyst surface layer
appeared more uniform and without the localized big scales typi-
cally produced with the immersion method (Fig 5B). The repeated
spray procedure was then chosen for the next tests.

Preliminary catalytic activity test on structured reactor was car-
ried out on plates with thin alumina layer, where 1% Pt-MIX catalyst
was laid out with a superficial load equal to 0.42 mg cm−2. Test was
Fig. 3. CO and O2 conversions and CO selectivity vs. temperature of the 1% Pt–(50%
�-Al2O3 + 50% 3A-zeolite) powder catalyst.
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Fig. 4. SEM images of metal plates coated with thin (A) and thick (B) �-Al2O3 layer.

Fig. 5. SEM images of metal plates after catalyst deposition with spray (A) or immer-
sion (B) method.
Fig. 6. CO and O2 conversions and CO selectivity vs. temperature of the structured
reactor with metal plates covered with thin �-Al2O3 layer: GHSV = 2000 h−1; catalyst
load = 0.42 mg cm−2.

outlet of about 100 ppmv, probably because of the low catalyst load;
then, for the next tests the catalyst superficial load was increased
of about 20% till to 0.50 mg cm−2.

For comparison, a test at GHSV = 2000 h−1 and at � = 4 was
carried out on plates with both thin and thick �-Al2O3 layer
(Fig. 7). Complete CO conversion (residual CO concentration less
than 2 ppmv) was reached with the two different type of plates,
but in different temperature range: 194–214 ◦C (�T = 20 ◦C) for the
thin �-Al2O3 layer and 188–211 ◦C (�T = 23 ◦C) for the thick one.
Moreover, for the thin �-Al2O3 layer plates, CO conversion was kept
higher by increasing temperature; on the contrary, in the field of
lower temperatures, the thick plates showed a slightly higher CO
conversion compared to thin plates.

As no substantial differences were determined in the perfor-
mance of thin and thick �-Al2O3 layer plates, the next tests were
carried out on plates covered with thin �-Al2O3 layer, in order to
save in coating material.

Since the space velocity (GHSV = 2000 h−1) used in the previous
catalytic activity tests was low compared to real conditions in FPs,
the flow rate fed to the structured reactor was increased till a GHSV
equal to 4800 h−1. GHSV values between 3000 and 5000 h−1 are
typical for CO-PROX applications in micro-structured reactors [19].

The comparison between the two tested GHSV values (catalyst
superficial load = 0.5 mg cm−2; � = 4) is shown in Fig. 8. Increasing

GHSV the temperature range of complete CO conversion (resid-
ual CO concentration less than 2 ppmv) shifted to higher values
(215–225 ◦C) and its width was reduced from 20 ◦C to 10 ◦C, main-
taining, anyway, a sufficient value for the reactor control.

Fig. 7. CO conversion vs. temperature in the structured reactor: comparison between
metal plates covered with thin and thick �-Al2O3 layer. GHSV = 2000 h−1; catalyst
load = 0.5 mg cm−2.
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. Conclusion

This work focused on the development of a CO-PROX catalyst to
e deposed on a metal plates structured reactor in order to reduce
he CO concentration in the H2-stream produced by reforming in a
P, thus rendering it suitable to be fed to PEM-FCs.

A preliminary screening on Pt-based catalysts in powder sup-
orted on different carriers, allowed to determine a good catalytic
aterial, active for the complete CO conversion (�CO = 1, residual CO

oncentration less than 2 ppmv): 1% Pt on a mixed support system
f 50% 3A-zeolite with 50% �-Al2O3.

The 1% Pt-MIX catalyst was deposed (by precursors solution
praying followed by in situ SCS) on metal plates previously coated
ith �-Al2O3 by plasma spray with two different layer thickness.
s an equivalent performance was reached with both thin and

hick plates, a deeper study varying the gas hourly space velocity
nd the superficial catalyst load was carried out with thin �-Al2O3
ayer (15 �m) in a range of operating conditions satisfactory for the
erformance of a CO-PROX prototype reactor, obtaining the follow-

ng results: with a catalyst load of 0.50 mg cm−2, GHSV equal to
000 h−1 and 4800 h−1 allowed complete CO conversion (residual
O concentration less than 2 ppmv) with simultaneous O2 conver-
ion equal to 1 in the temperature range 194–214 ◦C and 215–225 ◦C,
espectively.
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