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ABSTRACT: The molar quantity of adsorbed CO and H, present on the surface of a mixed 10
CuO,-CeO, catalyst during CO preferential oxidation in H, at 353 K was quantified using both
the reactive titration method and the steady-state isotopic-transient kinetic analysis (SSITKA). e
For the reactive titration method, either CO or H, was replaced by He during steady state
reaction while monitoring the residual transient product formation of CO, or H,O produced
from the surface adsorbed CO or H, via catalytic oxidations. For SSITKA, ?CO was replaced by
3CO during steady state reaction while monitoring the transient product formation of >CO,. <.
The amount of adsorbed reactive CO increases with increasing CO partial pressure or decreasing
H, partial pressure, while the amount of reactive H, decreases with increasing CO partial pressure
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or decreasing H, partial pressure, showing that the adsorbed CO and H, compete for active redox

sites and prohibit the other’s adsorption. Using reactive CO and H, amounts, two models of coverage were defined with trends
providing insight into the competitive redox mechanism between adsorbed CO and H,. CO oxidation is kinetically preferred over
CuO,-CeO,, and the relative CO to H, coverage is shown to be the determiner for CO, selectivity. This new depiction of selectivity
parameters provides a useful principle for the design of selective PROX catalysts.
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1. INTRODUCTION

CO preferential oxidation (PROX) is used to purify reformed
H, (often containing up to 1% CO) for use in CO-sensitive
Proton Exchange Membrane (PEM) Fuel Cells." > Catalysts
capable of high selectivity CO PROX also enable online catalytic
detection and monitoring of CO (often below 100 ppm) after the
H, purification step.® A high CO oxidation selectivity in the
reactive mixture is preferred to minimize H, consumption during
gas purification and to minimize a false sensor response from H,
oxidation in an online microsensor. Mixed copper cerium oxide
catalysts (CuO,-CeO,) are highly selective for the CO PROX
reaction across a wide range of CO pressures, in contrast to Pt or
Au based catalysts, which lose CO, selectivity at low CO
pressures;””~° CuO,-CeO, provides 100% CO, selectivity
down to 200 ppm CO at 333 K.°

The loss of CO, selectivity with decreasing CO pressure
results from the competitive mechanism between CO and H,
over the same active redox site,”'® which is generally accepted as
the interfacial sites between Cu and Ce in a mixed oxide
structure.''~'® The CO and H, competitive redox mechanism
was proposed upon the inspection of H, addition effect during
CO oxidation and vice versa,"”*° and was supported by our
previously reported kinetic model assuming Mars and van
Krevelen reaction pathways.'® On the basis of the competitive
CO and H, redox mechanism, a higher CO coverage during
reaction would lead to a higher CO, selectivity. Therefore, the
goal of this paper is to quantify the amount of redox active CO
and H, present on the surface of CuO,-CeO, during PROX
reactions of varying CO and H, pressures to provide further
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insight into the previously described competitive redox mechan-
ism, and to describe the observed decrease in CO, selectivity
with decreasing CO pressure.

Only a limited number of techniques can be used to quantify
the amount of adsorbed CO and H, under reaction
conditions.”** Steady-state isotopic-transient kinetic analysis
(SSITKA) has been used to measure reactant amounts under
reaction conditions,”® 2® and is used here to probe the amounts
of adsorbed CO and H, that are oxidized to redox products.
Because of the economical concern of the expensive isotopic gas,
a more cost-effective reactive titration method is also proposed
and used for routine measurement of catalyst coverages. Using
both methods, reactive coverages of CO and H, were quantified
and used to develop a model relating variations in CO, selectivity
to CO surface coverage under reaction conditions.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation and Characterization. A copper
cerium mixed metal oxide catalyst (CuO,-CeO,) was synthe-
sized by the urea gelation technique and characterized by
Brunauer—Emmett—Teller (BET) surface area measurements,
X-ray diffraction (XRD), atomic absorption spectroscopy (AAS),
and X-ray photoelectron spectroscopy (XPS), with methods and
results reported previously.®'® The surface area of CuO,-CeO, is
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115.8 m* g~ . The absence of any copper metal or copper oxide
phases observed by XRD indicates that either Cu is doped into
the CeO, lattice or present at the surface or the subsurface in
small dispersed domains. The bulk Cu atomic content in CuO,-
CeO, from AAS is 4.5%, and the Ce/Cu surface atomic ratio
from XPS is 7:1, indicating that some Cu is segregated to the
CuO,-CeO, surface.

2.2. Oxidation Reactions. All reactions were carried out in a
vertical U-shaped continuous flow quartz reactor with a diameter
of 10 mm and heated in a tube furnace. All reactions were carried
out at less than 10% CO and H, conversion to approximate
differential conditions. The reaction temperature was controlled
by a thermocouple placed in a well above the catalyst bed. All
catalyst samples were sieved to retain particles between 75 and
125 pm. Inert white quartz sand (SiO,, —50 + 70 mesh; Sigma-
Aldrich) was used to dilute the CuO,-CeO, catalyst in a 1 to 10
mass ratio (excess sand) to avoid temperature gradients across
the catalyst bed. The catalyst was pretreated in flowing O,
(Praxair, 10% O,/He, certified standard) at 773 K (20 K min~"
then 30 min soak) before cooling to the reaction temperature of
353 K. Subsequently, CO (Praxair, 1000 ppm CO/He, certified
standard), H, (Praxair, 99.9999%), O, (Praxair, 1000 ppm O,/
He, certified standard), and makeup He (Praxair, 99.9999%)
were introduced using calibrated mass flow controllers (Laminar
Technologies, Tylan 2900 series). Reactions were carried out
using 50—900 ppm CO, 25—450 ppm O,, and 10—40% H,.
Reaction rates and CO, selectivity were obtained by analyzing
the products (CO, and H,0) using an Agilent MicroGC 3000
with Plot Q and molecular sieve columns. The CO rate was
calculated by taking the ratio of the CO, production molar flow
rate (mol s ') to the catalyst weight (g). Similarly, the H, rate
was calculated by taking the ratio of the H,O production molar
flow rate (mols~ ) to the catalyst weight (g). CO, selectivity was
calculated as the CO, production rate divided by the sum of CO,
and H,O production rates.

2.3. Reactive Titration. After about 16 h of activation to reach
steady state at 353 K, reactive titration experiments were carried
out by instantaneously removing either CO or H, from the feed
stream and adding makeup He using a four-port zero dead
volume switching valve (Valco) to retain the same total flow
rate (150 sccm). All gas species were monitored by a Hiden HPR
20 Gas Analyzer at m/z of 2 (H,), 18 (H,0), 28 (CO), 32 (0,),
and 44 (CO,).

2.4. Steady-State Isotopic-Transient Kinetic Analysis
(SSITKA). SSITKA was carried out by making an instantaneous
switch from "*CO to >CO (1% *CO, 1% Ar, 98% He, Cam-
bridge Isotope Laboratories) using a four-port zero dead volume
switching valve (Valco). The total flow rate was kept constant at
150 sccm. Once the concentration of all isotopes reached a
steady-state level (about 10 min after the switch), the opposite
switch from *CO to ">CO was performed. All gas species were
monitored at m/z of 2 (H,), 18 (H,0), 28 (**C0), 29 (**C0O),
32 (0,), 40 (Ar), 44 (CO,), and 45 (*CO,).

3. RESULTS AND DISCUSSION

3.1. Effect of CO Pressure on CO Rate, H, Rate, and CO,
Selectivity. Before examining surface coverages, details of the
kinetics of CO and H, oxidation over CuO,-CeO, are presented
here at low CO pressures to describe key variations in selectivity
at these conditions. Under CO PROX conditions, CO partial
pressure in the reactant feed affects CO and H, oxidation rates as

14.0 =
a
~ 120 ] .
T 100 |
= m
=}
E 8.0 a
& [ ]
(=}
= 60 | o
2 O
g 40 | 0 m10% H,
S 5 'm0
9T g 025 %H,
0.0 ; ; '
7.0
(b)
60 [P
TS0 | % " 10% H,
(=}
E 40 + 025% H,
230t )
L
S 20 | é
o)
10 f [ ]
0.0 . . .
1.0 "
" ©
| Jm|
0.8
Z -
2 06
3
A
%04 T
&0
O ®10%H,
02
025% H,
0.0
0 200 400 600 800
CO (ppm)

Figure 1. CO rate (a), H, rate (b), and CO, selectivity (c) as a function
of CO partial pressure during PROX over CuO,-CeO, at 353 K
(stoichiometric CO and O,, 10% or 25% H,, 150 sccm; 90% confidence
intervals on each CO and H, mean rate are calculated based on three
measurements using a t-distribution; 90% confidence intervals on the
selectivity were propagated from the rate errors).

well as the CO, selectivity (Figure 1). As shown in Figure 1a, CO
oxidation rates continuously increase with increasing CO pres-
sure from S0 to 600 ppm. At any CO pressure, the CO rate in
10% H, is higher than that in 25% H,, showing that the presence
of H, reduces CO rates. On the basis of our previous study, this
presumably results from competitive adsorption of CO and H,
on the same active sites, by which the presence of more H,
prohibits the adsorption of CO molecules, and hence reduces
CO oxidation rates.'® Similarly, an increase in CO pressure
reduces H, rates at both H, pressures (Figure 1b), and at any
CO pressure, the H, rate with 25% H, is higher than that with
10% H,. CO and H, oxidation rates are interdependent on their
relative concentrations in the gas phase, presumably as a result of
changes in relative surface concentrations, which is examined
further in this study. Since the CO rate increases and the H, rate
decreases with increasing CO pressure, the CO, selectivity also
increases with increasing CO pressure, as shown in Figure Ic.
The CO, selectivity in 10% H, is consistently higher than that in
25% H,, and at 600 ppm CO, the CO, selectivity reaches 100% in
10% H,.
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Figure 2. CO and H, oxidation orders over CuO,-CeO, for (a) CO
pressure (50—500 ppm CO, 200 ppm O,, 25% H,), (b) H, pressure
(10—40% H,, 50 ppm CO, 25 ppm O,), and (c) O, pressure (10— 250
ppm O,, 25% H,, 300 ppm CO) at 353 K, where rco = k[H,]*[CcO’-
[0,]” and 1y = K [H,]* [CO] [02] ; error is reported as a 90%
confidence interval on the slope).

3.2. CO, H,, and O, Reaction Orders at Low CO Concen-
trations. Figure 2 shows the CO and H, oxidation reaction rate
dependence on CO, H,, and O, pressures over CuO,-CeO, and
the resultant reaction orders at low CO and O, concentratlons
(50— 500 ppm). CO rates were normalized to ro = 10~7 mol
g ! 7 and H, rates were normalized to r, = 10™° mol g Tt
prior to the natural log function. All reaction orders measured are
within the bounds expected from our previously proposed kinetic
model describing a competitive adsorption mechanism between
CO and H, on identical actives redox sites on the CuO,-CeO,
surface and are consistent with the higher CO and O, concen-
tration measurements (CO: 0.5—4%; O,: 0.25—1%; H,:
5—100%) previously reported.'® The error values of the reaction
orders are calculated assuming that the random samples follow a
t-distribution, which was used to calculate 90% confidence
intervals on the slope parameter.
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Figure 3. Molar flow rates of CO, CO,, and H,O after removal of either
CO or H, reactants from the feed stream. (Steady state reaction
conditions at t < 0: S00 ppm CO, 250 ppm O,, 25% H,, balance He,
150 sccm, 353 K).

3.3. Quantitative Analysis by the Reactive Titration Meth-
od. During preferential oxidation of CO in H,, both CO and H,
adsorb on the surface of CuQ,-CeO, and are oxidized to CO,
and H,O via a Mars and van Krevelen redox mechanism.'® The
CO molecules that adsorb on the surface during the PROX
reaction and subsequently oxidize and leave the surface as CO,
are denoted as reactive CO and are quantified by tracking CO,
amounts. The CO molecules that adsorb on the surface during
PROX but simply desorb as CO are denoted as unreactive CO
and are quantified by tracking CO amounts (after some correc-
tions as described below). Similarly, H, molecules that adsorb on
the surface during PROX and oxidize to H,O are denoted as
reactive H, and are quantified by tracking H,O formation.
Figure 3 shows the molar flow rates of CO, and CO during an
oxidative reaction with CO and H, at steady state (f < 0) and after
removing CO from the reaction feed stream (at t = 0). Figure 3
also shows the molar flow rate of H,O during a separate steady
state reaction with CO and H, before (t < 0) and after removing
H, from the feed stream (at t = 0).

The molar amounts of reactive CO and H, were calculated by
integrating the area under the CO, and H, O curves, respectively.
The total amount of unreactive CO leaving the reactor during the
titration event (Ar) is obtained by integrating the molar flow rate
of CO over time. This amount includes CO adsorbed on the
catalyst surface that does not oxidize to CO, on active sites, CO
adsorbed on the inert SiO, diluent, and CO present in the gas
phase. To accurately obtain the amount of unreactive CO
adsorbed on the CuO,-CeO, catalyst surface (A,), the same
measurement was carried out at the same conditions using (1) an
empty reactor (no catalyst or SiO,) to obtain the amount of gas
phase CO (A,) exiting the reactor over the same time period and
(2) areactor with only SiO, (no catalyst) to obtain the combined
amount of gas phase CO and unreactive CO adsorbed on SiO,
(A3). Then the amount of unreactive CO adsorbed on the
catalyst was calculated as: A} = A — A, — (A3 — A,). As shown
in Table 1, the amount of unreactive CO adsorbed on SiO, is less
than 4% of the amount adsorbed on the CuO,-CeO, catalyst at
all conditions investigated. Three runs were performed for each
CO pressure, and the values reported in Table 1 represent the
sample mean.

3.4. Quantitative Analysis by the SSITKA Method. SSITKA
was used to quantify the amount of adsorbed reactive CO for

dx.doi.org/10.1021/cs200037g |ACS Catal. 2011, 1, 519-525



ACS Catalysis

RESEARCH ARTICLE

Table 1. Molar Amounts of Unreactive CO Adsorbed on the CuO,-CeO, Catalyst and the Inert SiO, Diluent during PROX at

353 K
unreactive CO on SiO, (107 mol g) unreactive CO on CuO,-CeO, (107 mol g*)
reactive titration reactive titration SSITKA
CO (ppm) 10% H, 25% H, 10% H, 25% H, 10% H, 25% H,
N 0.3 0.3 7.0 6.0
100 0.7 0.4 19.4 9.7 3.8 3.8
200 2.0 0.5 58.7 26.3 13.3
300 1.9 1.0 63.7 49.2
500 2.8 1.1 77.2 63.2
600 3.1 102.2 32.5
12 g 1 8.0 ERT(10% H,) (@
~ g ~ 7.0 [ART(25% H,) 2
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Figure 4. Molar flow rate of >CO, during an isotope switch from >CO g
to 1>CO/Ar. The inset shows the normalized molar flow rates of IZCOZ, < 30 ¢ A
3CO,, and Ar during the isotopic switch. (Steady state reaction < ;
conditions: ¢ < 0: 600 ppm *CO; 0 < t < 600 s: 600 ppm *CO; and T 20 *
t> 600 s: 600 ppm ">CO (all with 300 ppm O,, 10% H,, balance He, 150 £ "=
scem, 353 K). 5 10 |
comparison with that obtained using the reactive titration 00
method. Unlike the reactive titration method, reactant and 0 200 400 600 800
CO (ppm)

product concentrations, along with flow rates, remain undis-
turbed during the isotope switch from >CO to "*CO. Thus
analysis of the steady-state kinetic behavior of the catalyst surface
is rigorous. The one failure of the reactive titration method is that
the CO gas pressure is diminishing with time during the titration,
and as detailed previously, the CO oxidation rate over CuO,-
CeO, markedly depends on CO pressure. From this comparative
study using dual methods, we will explore influences from the gas
phase CO pressure on measured surface coverages and identify
any limitations from the reactive titration method.

The molar amount of reactive ">CO, measured by the isotope
switch experiment, is calculated by integrating the area under the
2CO, curve after a "*CO to "*CO/Ar switch (Figure 4). The
inset in Figure 4 shows the normalized molar flow rates of 2Co,,
13C0,, and Ar at steady-state (¢ < 0), after the isotope switch
from ">CO to *CO/Ar (0 < t < 600 s), and after the reverse
isotope switch from "*CO/Ar to >CO (¢ > 600 s). Upon both
switches, >CO, and '>CO, curves show a mirror-image of each
other and cross at 0.5 of the normalized transient response, as
desired.

3.5. Effect of CO Pressure on Molar Amounts of Reactive
CO, Unreactive CO, and Reactive H,. The molar amounts of

Figure 5. Molar amounts of reactive CO (a) and reactive H, (b) during
PROX on CuO,-CeO, as a function of CO partial pressure. Reactive CO
is measured using both reactive titration (RT) and SSTIKA methods,
and reactive H, is measured using the RT method. (stoichiometric CO
and O,, 10% and 25% H,, 150 sccm, 353 K; error bars represent 90%
confidence intervals on the mean based on three experiments).

CO that adsorbs and oxidizes to CO, (reactive CO) and of H,
that adsorbs and oxidizes to H,O (reactive H,), measured using
the reactive titration method and SSITKA, are shown in
Figures 5a and Sb, respectively, as a function of the CO pressure
in the reactant feed during PROX at 353 K. The molar amount of
reactive CO increases sharply with increasing CO pressure
(Figure Sa) in both 10% H, and 25% H, but is in all cases lower
at the larger H, concentration. The amount of unreactive CO on
the surface increases only slightly with increasing CO pressure
and is also reduced by the presence of 25% H, relative to 10% H,,
as previously shown in Table 1. Because of the small amount of
unreactive H, adsorbed on CuO,-CeQO, compared with the gas
phase H,, the unreactive H, amount is not reported here. The

dx.doi.org/10.1021/cs200037g |ACS Catal. 2011, 1, 519-525



ACS Catalysis

RESEARCH ARTICLE

amount of reactive CO is higher than that of unreactive CO at
every CO pressure, with the disparity increasing at higher CO
pressures, indicating that the majority of CO is adsorbed on
active redox sites capable of oxidizing CO at 353 K. The amount
of reactive H, on the surface during PROX decreases with
increasing CO pressure and is larger at 25% H, relative to 10%
H, as shown in Figure Sb. An increase in the amount of H,
adsorbed on the catalyst surface and oxidized to H,O is observed
with an increase of H, pressure or a decrease of CO pressure in
the gas phase. CO adsorption clearly inhibits H, adsorption and
reaction, and thus CO coverage is a vital determiner for CO
oxidation selectivity. At CO concentrations below 400 ppm,
many reactive sites remain vacant (not yet saturated by CO) and
either H, or CO can adsorb. However, as the CO concentration
increases in this range, the coverage of reactive and unreactive
CO increases markedly (as shown in Table 1 and Figure Sa). The
increasing presence of adsorbed CO decreases the probability of
H, adsorbing on the surface. At higher CO pressures, CO
saturation leads to 100% CO, selectivity while preventing
reactive adsorption of H,. The final influence of this competitive
adsorption is that the H, oxidation rate (per g of catalyst)
decreases with increasing CO pressure (Figure 1) because of
the change in coverage at these conditions.

The molar amount of reactive CO measured by SSITKA
(Figure Sa) is marginally higher than that measured by reactive
titration method at each CO pressure investigated, with a larger
disparity observed at 600 ppm CO. Furthermore, the amounts of
unreactive CO adsorbed on the CuO,-CeO, catalyst measured
by the SSITKA method are slightly lower than those measured by
reactive titration at identical CO feed pressures (Table 1).
Although more expensive to perform, isotope switch results
should be more accurate because of the constant CO feed
pressure, which will retain all surface species during titration
and capture the true steady-state reaction conditions. Molar
surface amounts measured using the SSITKA method are thus
slightly larger because, with the higher gas phase CO pressure,
more CO adsorbs and reacts over the time period of the titration
event. This is also consistent with smaller molar amounts of
unreactive CO measured using the SSITKA method; an increase
in CO pressure in the gas phase promotes CO oxidation rather
than desorption.

3.6. Effect of O, Pressure on Molar Amounts of Reactive
CO and on Oxidation Rates. Polster et al. previously reported
that neither CO nor H, rates are dependent on O, pressure at
relatively high partial pressures (0.25%—19%).'° Figure 6a and 6b
show that the CO rate, H, rate, and CO, selectivity also are not
dependent on O, concentration at low O, pressures (50—250
ppm). It is often proposed that CO and H, oxidation over copper
ceria follows the Mars and van Krevelen pathway through the
facile synergistic redox czcles between the active copper and the
support (Ce*t-0*"-Cu™" < Ce’*-O0-Cu™).**" " As long as
the oxygen supply is prevalent to reoxidize the surface in a
kinetically irrelevant step, rates are independent of O,
pressure; "> however, as the oxygen pressure approaches zero,
both CO and H, rates become dependent on O, pressure if
reoxidation is rate limiting.

Figure 6¢ shows that the amount of reactive CO on the surface,
measured by reactive titration, is constant with O, concentration
from 100 to 250 ppm O,. Apart from the independence of CO
rate on O, partial pressure, this shows that excess gas phase
oxygen does not compete with CO adsorption in any way that
may affect CO adsorption and oxidation on active redox sites.
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Figure 6. CO and H, rates (a), CO, selectivity (b), and reactive CO
amounts (c) on CuO,-CeO, as a function of O, partial pressure during
PROX (300 ppm CO, 100—250 ppm O,, 25% H,, 150 sccm, 353 K;
error bars represent 90% confidence intervals on the mean based on
three experiments).

3.7.CO, Selectivity versus CO Coverage. To better describe
the competitive reaction mechanism between CO and H, over
CuO,-Ce0,, and its impact on CO, selectivity, two coverage
models were investigated for the purpose of correlating CO,
selectivity with CO coverage using the previously described
molar amounts of reactive CO and H,. In model 1, the reactive
CO coverage is defined as the ratio of the reactive CO amount at
a given CO pressure to the reactive CO amount at 600 ppm CO
(eq 1). With 600 ppm CO in the feed, the CO, selectivity reaches
100%; thus, the reactive CO amount at this condition is used as
an estimate of the total number of active redox sites for either CO
or H, in this model. In other words, the assumption is that at 600
ppm, the 100% CO oxidation selectivity is attained because only
CO adsorbs on redox sites; thus active sites are presumed to
become saturated with CO at this pressure in preference over H,.
Similarly, the reactive H, coverage is defined as the ratio of the
reactive H, amount at a given CO pressure to the reactive CO
amount at 600 ppm CO (eq 2). If CO and H, follow a true
competitive adsorption and reaction mechanism on the same
active sites, these sites should be equally accessible to both CO
and H,, and equally capable of oxidizing CO and H, at all CO
pressures after adsorption (dissociative adsorption for H,). For

dx.doi.org/10.1021/cs200037g |ACS Catal. 2011, 1, 519-525
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H,, 150 sccm, 353 K), and (b) reactive CO coverage using coverage
Model 2 relative to the reactive CO and H, adsorbed at the same CO
pressure by reactive titration (RT) and SSITKA (stoichiometric CO and
0,, 10% and 25% H,, 150 sccm, 353 K).

this model to be sufficiently descriptive, the reactive CO coverage
and the reactive H, coverage should sum to 1, since CO oxidation
selectivity loss is due to the adsorption and oxidation of H, over
the same active sites at lower CO pressures where CO does not
saturate all redox sites.

Reactive CO amount (X ppmCO)

0 -mode; =
COmodel 1 ™ Reactive CO amount (600 ppmCO) (1)

Reactive H, amount (X ppmCO)
Reactive CO amount (600 ppmCO)

(2)

eszmodel 1 =

0CO-model 2
B Reactive CO amount (X ppmCO)
Reactive CO amount (X ppmCO) + Reactive Hyamount (x ppmCO)

(3)

Figure 7a shows reactive CO and H, coverage values based on
Model 1 and using surface amounts measured from the reactive
titration method as a function of CO pressure, along with their
summation. Both the reactive CO coverage and the summation
strongly increase with increasing CO pressure, with the summa-
tion only approaching 1 as the coverage approaches 1. Therefore,
it is not accurate to assume that the active redox sites can equally
oxidize CO and H, upon adsorption. As shown in Figure 7a, 86%
CO, selectivity is achieved with a reactive CO coverage of only
28% and a reactive H, coverage of 11%. On the basis of this first

competitive adsorption model and these coverage values, we
expect the CO, selectivity to be 72% (calculated as 0.28/(0.28 +
0.11) X 100%). However, selectivity is substantially larger than
this and reflects the higher rate of CO oxidation relative to H,
oxidation (Figure 1). Moreover, since the reactive H, coverage is
observed to remain low (relative to CO) at all CO pressures, it is
clear that the oxidized active sites (Cu—O*-Ce) are not as
proficient at either dissociating or oxidizing H, at 353 K. This
infers that CO oxidation is kinetically preferred over CuO,-CeO,
under the reaction condition presented.

Much of the inacuracy in Model 1 arises from neglecting the
effect of CO pressure on the amount of reactive CO adsorbed as
detailed in Figure Sa. Thus, in Model 2, CO coverage is defined as
the ratio of the reactive CO amount at a given CO pressure to the
sum of the reactive CO and H, amounts under at the same CO
pressure (eq 3). For this model, coverages are reported using
reactive CO amounts quantified by both the reactive titration
method and the SSITKA method. Using this model, the reactive
CO coverage dependence on PROX selectivity is shown in
Figure 7b. If the reactive CO coverage is the only parameter
controlling CO, selectivity, then CO, selectivity should show a
one to one linear dependence on reactive CO coverage
(indicated by the dotted line in Figure 7b). As observed, the
CO coverage values, quantified by SSITKA, nearly match the
corresponding CO, selectivity. Thus, this model confirms that
the very high selectivity achievable over CuO,-CeO, arises from
a competitive redox mechanism of CO and H, over the same
active sites, with the relative coverages of CO and H, controlling
the CO, selectivity. Coverages calculated using reactive CO and
H, amounts measured by reactive titration also validate this
model. These values are slightly lower than the corresponding
values measured using the expensive SSITKA method; however,
general trends and coverage models can still be assessed using
this inexpensive quantification method in certain cases. Valida-
tion using isotopes, however, is recommended for accuracy.

4. CONCLUSIONS

Through a combined study using both the reactive titration
method and the steady-state isotopic-transient kinetic analysis,
quantities of reactive CO and H, on the surface of CuO,-CeO,
during steady state CO PROX in excess H, were measured. The
reactive titration method was introduced as an inexpensive protocol
for measuring molar amounts of reactive CO, unreactive CO, and
reactive H,. It is shown that CO adsorption inhibits H, adsorption
and reaction and vice versa. By defining reactive CO coverage as the
ratio of the reactive CO amount at a given CO pressure to the sum
of the reactive CO and H, amounts at the same CO pressure, the
one-to-one linear dependence of CO, selectivity on reactive CO
coverage indicates that relative CO and H, coverage is the
determiner of CO, selectivity. Therefore, the high CO, selectivity
achievable over CuO,-CeQO, arises from a competitive redox
mechanism over the same active sites. The coverage model and
general trends of adsorbed molar amounts can be assessed using
the inexpensive reactive titration method in certain cases. Valida-
tion using SSITKA, however, is recommended for accurracy.
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