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Preferential CO oxidation in the presence of H,, H,O and CO,
at short contact-times
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High selectivities and conversions in the preferential oxidation of CO in the presence of large quantities of H,, HO and CO, are
demonstrated on noble metal catalysts at millisecond contact times (~10-15 ms) for temperatures between 150 and 500 °C. With a
simulated water-gas shift product stream containing 0.5% CO and varying amounts of H,, H,O and CO,, we are able to achieve
~90% CO conversions on a Ru catalyst at temperatures of ~300 °C using a stoichiometric amount of O, (0.25%). Experiments
with and without O, and with varying H,O reveal that significant water-gas shift occurs on Pt and Pt-ceria catalysts at temperatures
between 250 and 400 °C, while significant CH,4 is formed on Ru and Rh catalysts at temperatures greater than 250 and 350 °C,
respectively. The presence of H,O blocks H, adsorption and allows preferential CO oxidation at higher temperatures where rates
are high. We propose that a multistage preferential oxidation reactor using these catalysts can be used to bring down CO content
from 5000 ppm at the reactor entrance to less than 100 ppm at very short contact-times.
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Ru; Rh.

1. Introduction

The use of PEM fuel cells requires the production of
pure H, with no more than ~10 ppm CO [1]. CO-free
H, generation on board a fuel cell-powered vehicle using
existing fuels like compressed natural gas and gasoline is
emerging as the technology of choice because it utilizes
existing infrastructure and avoids H, storage on board
the vehicle. It is now agreed that such a H, production
system will involve a combination of three different
reactions steps in series: partial oxidation (POX), water-
gas shift (WGS) and preferential oxidation (PROX) [1-
3]. Each of these conventionally requires a separate
reactor with ~1 s residence time.

A possible integrated short contact-time H, genera-
tion reactor along with the proposed temperature profile
in the reactor is sketched in figure 1(a). Panel (b) shows
the possible mole fraction profiles of different species
expected in our reactor. In the first stage, the hydro-
carbon fuel is converted to syngas (or synthesis gas, a
mixture of CO and H,) by oxidation under oxygen
deficient conditions using POX

CH, +1/2 0, — CO +2H, AH’= —-36kJ/mol
(1)

In the second stage, a large portion of the CO in the syngas

stream is converted to CO, and H, using the WGS reaction
CO + H,0 « CO, +Hy AH" = —412kJ/mol (2)
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The remaining CO in the product stream is then selec-
tively oxidized in the preferential oxidation (PROX)
reaction

CO+1/20, - CO, AH’= —281.4kJ/mol (3)

Research in our laboratory over the past decade has
focused on POX of hydrocarbons on noble metal cata-
lysts at millisecond contact-times [4-7]. It has been
demonstrated that >90% fuel conversion and >90%
syngas selectivity can be achieved for a large number of
fuels such as methane [4], decane [5,7], ethanol [6], etc.
The study of WGS on noble metals has shown that high
CO conversions (>90%) can be achieved in this stage at
very short contact-times of ~50 ms [8].

In this paper, we investigate the potential of high-
temperature, short contact-time PROX of CO on noble
metal catalysts using a simulated WGS product stream.
The long-term application of this research is an integrated
staged reactor, and we simulate this using feeds and
conditions that would be required for the application.

In figure 2(a) and (b) are shown calculated equilib-
rium mole fractions of different species as a function of
temperature, with and without CH4 in the product
stream, respectively. Three different zones are marked to
show the approximate temperature range in which POX,
WGS and PROX would occur in an integrated reactor.
The feed for figure 2(a) consists of CHy4, O,, H>,O and
N, with C/O=0.75 and a steam/carbon=4 while CH,4
and O, were replaced by CO, CO, and H, for calcula-
tions in figure 2(b). Although the equilibrium CO mole
fraction goes to zero for both the cases at low temper-
atures, little H, and significant CH4 are formed at
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Figure 1. (a) An integrated H, generation reactor combining POX, WGS and PROX along with the proposed temperature profile for integrated
reactor; (b) approximate mole fraction profiles of different species in our reactor. The mole fractions do not add to 1 since N,, which is used as a

diluent, is not shown.

equilibrium if CHy4 is included in the products, as shown
in figure 2(a).

Excluding CH4 from equilibrium calculations (fig-
ure 2(b)) gives significant H», the fuel for a PEM fuel cell.
Therefore, one would like to achieve conditions such that
CH,4 formation is suppressed. Using an integrated reac-
tor combining POX, WGS and PROX at millisecond
contact-times, we can approach the mole fractions
depicted in figure 2(b). The points shown in figure 2(b)
represents experimentally measured mole fractions for
each of the species at the exit of each of the three stages.
These mole fractions are estimated using experimental
conversions in each stage individually using simulated
feed from the previous stage (Rh catalyst for POX [4], Pt-
ceria catalyst for WGS [8] and Ru catalyst for PROX).

Preferential oxidation of CO in a large excess of H,
(H,/CO =50, achieved in short contact-time WGS stage)
requires a catalyst that reacts O, with CO while inhib-
iting the very fast surface reaction with H,. This requires
blocking surface sites towards adsorption of H,, and at
low temperatures (7'=150-200 °C) this occurs by com-
petitive adsorption of CO which is more strongly bound
than H, on noble metal surfaces. In this research, we

show that the presence of H,O also blocks H, adsorp-
tion which allows reaction at higher temperatures where
reaction rates are much higher to permit complete
reaction in ~15 ms.

PROX of CO has been studied on a wide variety of
catalysts on numerous supports at a multitude of con-
ditions. These studies indicate that noble metals such as
Pt [9-25,34], Rh [14,16,23,26], Ru [14,22,23,27-31] and
Au [32,33] provide high CO conversion and high oxygen
selectivity for CO.

Pt is the most studied catalyst for PROX of CO [9—
25,34]. One of the earliest studies of CO oxidation using
noble metal catalysts was conducted by Oh and Sin-
kevitch [14] who studied the reaction on a number of
noble metals (Pt, Rh, Ru, Pd) supported Al,O; catalysts
between 50 and 400 °C and reported the following CO
oxidation activity: Ru>Rh>Pt>Pd. Manasilp and
Gulari [15] reported a significant positive order in water
vapor and negative order in CO, and proposed that the
enhancement was due to the participation of hydroxyl
groups formed by the dissociative adsorption of H,O on
Pt and the detrimental effect of CO, was attributed to
the RWGS reaction.
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Figure 2. Equilibrium mole fraction profiles for different species as a function of temperature (a) with CHy, (b) without CH4 in the products. The
feed for (a) consists of 0.72 CHy, 0.48 O,, 2.88 H,O and 0.3 N, and the feed for (b) consists of 0.48 CO, 0.24 CO,, 1.44 H,, 2.88 H, and 0.3 N, (all
in standard liters per minute). The points in (b) show the measured values of mole fractions of different species in our short contact-time reactor
estimated using experimental conversions in each stage individually using simulated feed from the previous stage.

Farrauto and coworkers [11,12] examined CO oxi-
dation on oxide-promoted Pt catalysts. They observed
low temperature (30-90 °C) CO conversion on Fe oxide-
promoted Pt catalysts and proposed that the enhance-
ment in CO conversion was due to a dual site
non-competitive mechanism in which Fe oxide provides
oxygen to adsorbed CO on Pt surfaces. Water pre-
treatment of Pt/Al,O3 catalysts has been found to
enhance CO oxidation when compared with an
untreated catalyst in the temperature range 27-200 °C
due to smaller size of the Pt particles on the pretreated
catalyst [10].

Effect of ceria on Pt catalyst for CO oxidation has
also been studied widely due to the oxygen-storage
properties of ceria [13,21,25,34]. Significant enhance-
ment in CO conversion and selectivity on the

ceria-promoted catalyst has been attributed to the abil-
ity of ceria to supply oxygen to Pt and suppress H,
oxidation [13,34].

Echigo et al. [27-29] reported that the performance of
Ru/Al,O;5 catalyst was improved when the catalyst was
activated in a H,/N, atmosphere at 250 °C for 2 h, but
this also led to more methanation at temperatures above
140 °C. A negative reaction order of —0.48 for CO and
0.85 for O, was reported for the Ru catalyst by Han
et al. and found to be consistent with the low-rate
Langmuir—Hinshelwood reaction mechanism where CO
and H, oxidation were limited by a CO adalayer [23,31].
The negative order for CO is supported by the power
law expression proposed for Pt catalyst [9]. Han et al.
[23] compared Rh/MgO with Ru//y-Al,O3 and Pt//y-
Al,O5 for CO oxidation using a 1% CO, 65% H,, 10%
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H,0 and balance CO, feed at temperatures between 50
and 350 °C and reported that Rh/MgO could be oper-
ated at ~250 °C without methanation or RWGS.

Most of these previous studies employed long resi-
dence times to achieve high conversions, and/or had a
feed that did not contain CO, and/or H,O, and the
catalysts required elaborate preparation procedures
before use. Excess H, and absence of H,O in some
studies precludes the possibility of CO conversion
through WGS while absence of CO, rules out metha-
nation reaction between H, and COs.

It is the intent of this paper to examine the prefer-
ential oxidation of CO at very short contact times (~10—
15 ms) in a temperature range 150-500 °C using a sim-
ulated feed which represents the WGS product stream
containing air as the source of oxygen. These experi-
ments therefore incorporate the roles of forward and
reverse WGS and methanation reactions at these con-
ditions.

2. Experimental

For all experiments, low-surface area (nominal BET
surface area ~5 m?/g, pore volume ~0.18 cc Hg/gm),
1.3 mm diameter alumina spheres were used. The
spheres were coated with metal using an aqueous solu-
tion of metal salts (H,PtCls,, Rh(NOj3);, Pd(NOj3),,
RuCl;). The metal salt solution was dripped on to the
spheres repeatedly, allowing the water to evaporate
between applications. The coated spheres were then
calcined at 400 °C for 5 h in a closed furnace. In each
case, a calculated amount of metal salt was used to
ensure 5 wt.% metal loading based on the mass of the
spheres. For Pt-ceria catalyst, ceria was added to the
spheres before Pt using an aqueous solution of
Ce(NO3); followed by heating at 400 °C for Sh in a
closed furnace.

The experiments were carried out in a tube furnace to
avoid condensation of steam in the reactor. The reactor
was an 18 mm diameter quartz tube in which a sphere
bed of catalyst 3.5 cm long (~7.9 cm® of catalyst) was
contained using alumina foam monoliths at both ends.
The monoliths and the sphere bed were sealed into the
reactor using alumina cloth.

The feed to the reactor was a simulated WGS product
stream to which air was added to provide O, needed for
the reaction. For all experiments, the total reactant flow
was 5 SLPM with 17% N,, 0.5% CO, with or without
0.25% 0O, (0.5% CO with 0.25% O, corresponds to CO/
0, =2/1 which is the stoichiometric amount of O, needed
to oxidize CO). In one set of experiments 50% steam was
used in the feed with 23% H, and 9.25% CO, (H,/
CO,=2.5). For a feed with 25% steam, the corre-
sponding H, and CO, were 40.90% and 16.35%,
respectively (H,/CO,=2.5). Steam was generated in a
heater at approximately 600 °C and the rate of steam

generation was controlled using syringe pump. The flow
of gases was controlled using mass flow controllers and
all the gases and steam were delivered through a tube
wrapped in heating tape prior to being fed to the reactor.
The experimental procedure consisted of heating the
furnace to ~500 °C and reducing the temperature in
steps until negligible CO conversion was observed. The
reactor temperature was always kept above 150 °C to
prevent the condensation of steam on the catalyst. For
all experiments, the temperatures were measured at the
outlet of the catalyst bed. Gas samples were taken
though a septum at the exit of the reactor using a gas
tight syringe and analyzed in a gas chromatograph
equipped with a thermal conductivity detector. Mass
balances in carbon typically closed within +5%. All
catalysts were used for at least 20 h at different tem-
peratures with no hysteresis or deactivation detected.

3. Results and discussion

Many different reactions become important at the
temperatures and feed compositions in our system and,
consequently, there are different ways in which CO is
consumed in our system. Apart from WGS and PROX
reactions, CO can be consumed in our system in the
methanation reaction 1 (MR1)

CO + 3H, — CHy + H,O AH’ = —205.8kJ/mol (4)

We designed the experiments so that we could estimate
CO conversion exclusively due to PROX and thus dis-
tinguish it from CO conversion obtained as a result of
WGS and MRI reactions. When our feed contains O,
WGS, PROX and MRI1 reactions occur on the catalyst.
When there is no O, in the feed, on the other hand,
PROX cannot occur and CO conversion in the system is
due to WGS and MR1 reactions. It should be noted that
WGS is reversible at our reaction conditions and,
therefore, we can have CO production (reverse WGS) in
our system. Negative CO conversions shown in the
results are due to this reaction. Another reaction which
does not consume CO but which is possible at these
conditions is the CHy4 synthesis reaction from CO, and
H»

CO, + 4H, — CHy +2H,0  AH = —164.6kJ/mol
(5)

Though this reaction is a combination of two reactions
(it can be obtained by adding the reverse of WGS to
MR1), we will consider it as a single reaction for the
results we present and refer it to as methanation reaction
2 (MR2).

While we are primarily concerned with CO removal
in our system, we also consider methanation reactions
since they lead to the loss of H, in our system. Our goal
is to find suitable catalysts and conditions at which we
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get high selectivity for CO oxidation and low selectivity
for CH,4 formation.

Figure 3(a) shows CO conversions obtained on dif-
ferent catalysts as a function of temperature for a feed
containing 25% steam (17% N, 0.5% CO, 0.25% O,,
40.9% H, and 16.35% CO,). Equilibrium CO conver-
sion at these conditions is also shown for comparison.
Except equilibrium, all the curves show a maximum in
CO conversion. To the right of the maxima, CO con-
version decreases due to H, oxidation and RWGS while
to the left, the decrease is due to very low CO oxidation
rates at the low temperatures. Ru and Rh give CO

(a) 100

conversions of greater than 80% at temperatures of
300 °C; Pt and Pt-ceria give highest CO conversions of
50% at temperatures of 250 °C, while Pd gives CO
conversions of less than 20% at all temperatures.
Though not shown here, O, conversion was ~100% at
all feed and reactor conditions for Rh, Ru and Pd cat-
alysts while it varied between 40% and 100% for Pt and
Pt-ceria catalysts. Therefore, O, selectivity of CO for
Rh, Ru and Pd catalysts is the same as CO conversion.

As noted above, WGS, MR1 and MR2 reactions can
occur at these conditions. To estimate the extent of these
reactions, we repeated the above set of experiments on
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Figure 3. Measured CO conversion on different catalysts (with 25% H,O in the feed) as a function of temperature for a feed containing 0.5%
CO, 17% N», 40.9% H; and 16.35% CO, (a) in the presence of stoichiometric amount of O, (0.25%), (b) in the absence of O, and (c) percent

carbon converted to CHy in the presence of O,.
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the same catalysts with the same feed except that O, was
now removed from the feed. The results are shown in
figure 3(b). It is clear from these results that Pt and Pd
do not show significant extent of WGS and MRI1. In
fact, we can see negative CO conversions for Pd
implying that RWGS occurs at these conditions. For
Ru, Rh and Pt-ceria, high CO conversions imply that
WGS and MRI reactions occur to a significant extent.
To distinguish between these two reactions, we plot the
percent of carbon that is converted to CHy in figure 3(c).
It should be noted that figure 3(c) presents the results
for a feed that contained O, since the percent of carbon

A. Jhalani and L.D. Schmidt| Preferential CO oxidation in the presence of H,, H>O and CO,

converted to CH, was always higher for the feed that
contained O, as compared to the feed not containing O».
Since Pt-ceria catalyst forms no CHy, therefore, CO
conversion shown in figure 3(a) is due to the WGS. Ru
and Rh, on the other hand, produce a significant
amount of CHy4 at temperatures greater than 250 and
350 °C, respectively. The only sources of carbon in our
feed are CO and CO, and the relative amount of carbon
from CO is 2.9% (amount of carbon from CO/(amount
of carbon from CO + CO,)). Since we observe more
than 20% carbon conversion to CH4 on Rh and Ru,
most of the CH, forms via MR2.
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Figure 4. Measured CO conversion on different catalysts (with 50% H,O in the feed) as a function of temperature for a feed containing 0.5%
CO, 17% N», 23% H, and 9.25% CO, (a) in the presence of stoichiometric amount of O, (0.25%), (b) in the absence of O, and (c) percent carbon

converted to CHy in the presence of O,.
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From the results of figure 3(a)—(c), it is clear that Ru
is a good PROX catalyst at temperatures less than
250 °C while Rh gives high CO conversions at temper-
atures between 250 and 400 °C.

We also performed experiments with a feed contain-
ing 50% steam (17% N», 0.5% CO, 0.25% O,, 23% H,
and 9.25% CO,) to examine the effect of high water
content on PROX of CO. Figure 4(a)—(c) presents the
results for these experiments. A comparison of fig-
ures 3(a) and 4(a) show that Pt and Pt-ceria give 30%
additional conversion with feed containing higher steam
content (CO conversion on Pt increases from 50% to
80% at 250 °C when the steam content of the feed is
increased from 25% to 50%). For Rh, Ru and Pd, there
is a very small increase in CO conversion. Results from
figure 4(b), which presents the results for feed with no
0,, can be compared with those from figure 4(a) to
estimate the extent to which PROX is responsible for
CO conversion at these conditions. With higher steam
content in the feed, WGS occurs to a higher extent and
at higher temperatures on all catalysts. Pt and Pd show
the maximum increase in WGS activity. While Pd gave
negative CO conversions at all temperatures with 25%
steam, it gives 20% CO conversion at 450 °C with 50%
steam (figure 4(b)). Similarly Pt, which gave less than
10% CO conversion with 25% steam and no O,, gives
40% CO conversion in a wide temperature range with
50% steam in feed. Higher steam content also sup-
presses CH,4 formation as can be seen from a compari-
son of figures 3(c) and 4(c) which plot the percent of
carbon converted to CHy4 for different catalysts. The
maximum CH,4 formation on Ru drops from a value of
40% to less than 30% as the steam content of the feed
stream is increased from 25% to 50%.

The above results indicate the following order for CO
oxidation on different catalysts between 200 and 400 °C:
Ru>Rh>Pt>Pd. Oh and Sinkevitch [14] reported the
same order with a different feed (it did not contain CO,
and H,O) while Han et al. [23,31] reported similar CO
conversions on Rh and Ru catalysts at lower tempera-
tures with a feed containing CO, and H,O. We see no
enhancement in CO conversion due to the presence of
ceria as reported by other researchers [13,34]. In fact, Pt-
ceria gives lower conversion than Pt catalyst (figure 3(a))
indicating that ceria suppresses CO oxidation. Further,
higher CO conversion on Pt-ceria as compared to Pt for
feed without O, (figures 3(b) and 4(b)) indicates that
ceria promotes WGS as reported in an earlier study [8].

From the above results, we also see a strong effect of
water in terms of increased WGS activity and suppres-
sion of methanation activity as well as suppression of H,
oxidation. Similar but less pronounced observations
have been reported by other researchers [15,16,28]. It is
hypothesized that hydroxyl group formed on the cata-
lyst due to adsorption of water is a better oxidant than
oxygen and increases the oxidation rate of CO and H,
[15]. Choi et al. [16] reported positive effect of water for

temperatures up to 220 °C, while above 220 °C, only
large amounts of water (>15%) had positive effect while
smaller amounts of water were detrimental.

4. Summary

These results show that high CO conversions (~90%)
can be achieved on Rh and Ru catalysts at ~15 ms
contact times at temperatures less than 300 °C for a feed
containing 0.5% CO using stoichiometric amounts of O,
(0.25%). The effect of varying H,O, H, and CO, in the
feed stream show that a higher steam content (50%) in
the feed leads to significant WGS on Pt and Pt-ceria,
and suppresses CH,4 formation on Ru, Rh and Pd. The
results also show that Ru and Rh give significant
methanation at temperatures greater than 250 and
350 °C, respectively. From these results we conclude
that PROX occurs on Ru (giving CO conversions
between 60% and 85%) at temperatures less than
250 °C without any other side reactions like water-gas
shift and methanation. On Rh, PROX can be carried
out with 80% CO conversion at temperatures between
275 and 350 °C. A multistage reactor incorporating
these catalysts can be used to bring down CO concen-
tration from 5000 ppm (0.5%) to less than 100 ppm.
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