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INTRODUCTION

In the last few years, the development and commer-
cialization of power systems based on proton-exchange
membrane fuel cells (PEMFCs) has been intensively
studied around the world [1, 2]. This is due to the well-
known and previously demonstrated advantages of fuel
cells over commonly used power sources. These are the
high efficiency of converting chemical fuel energy into
electric energy; noiseless operation; and modular con-
struction, which provides an opportunity to build easily
and rapidly PEMFCs with different powers within the
framework of the same technology. Hydrogen serves as
fuel for PEMFCs, whereas atmospheric oxygen is used
as an oxidizing agent. In this case, only water vapor is
emitted into the atmosphere during the operation of a
fuel cell; this is consistent with the highest environmen-
tal standards. In many countries, the improvement of
various power supply systems (from cell phones and
automobiles to apartment houses) is associated with
PEMFCs (although they remain expensive devices).

At the same time, the widespread use of PEMFCs is
restricted by a number of difficulties, mainly due to the
absence of a developed infrastructure for the hydrogen
supply of fuel cells and the unsolved problems of safe
hydrogen storage. In this context, the development of a
fuel processor—a device for the on-site generation of
hydrogen, which is required for the operation of PEM-
FCs, from hydrocarbon materials (natural gas, gaso-
line, methanol, ethanol, etc.)—is of paramount impor-
tance. The most important studies in this area are cur-
rently in progress.

The generation of hydrogen in a fuel processor is
performed in several stages. Initially, a hydrocarbon
material is converted into a hydrogen-containing mix-
ture, which usually consists of 
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and ~0.5–2 vol % CO, using steam, air, or autothermal
conversion followed by the water gas shift reaction of

carbon monoxide. However, this mixture cannot be
used for feeding PEMFCs because carbon monoxide in
concentrations higher than 0.001–0.01 vol % (10–
100 ppm) is a poison for a fuel electrode [1, 2]. There-
fore, to decrease the concentration of CO to 10 ppm, the
deep purification of the hydrogen-containing gas is per-
formed at the second stage. The use of the selective cat-
alytic reaction of carbon monoxide oxidation in the
presence of 

 

ç

 

2

 

 is most promising among the currently
available purification techniques. In the course of this
purification, the following two catalytic reactions
(CO oxidation and 
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 oxidation) occur simulta-
neously:
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The intensity of these reactions is commonly character-
ized by the degrees of conversion of CO (
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 and the selectivity (

 

S

 

), the ratio between the
amounts of oxygen consumed for the oxidation of CO
and oxygen consumed in both of the reactions.

One of the most active and selective catalysts pro-
posed for this reaction is platinum supported onto alu-
minum oxide [3–8], zeolites [8–11], or a Sibunit graph-
ite-like carbon material [12–15]. The majority of these
catalysts operate at 

 

150–200°ë

 

.
Although the reaction of catalytic CO oxidation in

the presence of hydrogen has been studied for a long
time, the ideas of its mechanism are incomplete and
often descriptive. The mechanism of this reaction was
discussed in a few publications [16–18]. Kahlich et al.
[16] studied the kinetics of CO oxidation in the pres-
ence of 
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 on a 0.5 wt % 
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 catalyst. The
experiments were performed at 
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 with the
use of model gas mixtures containing 0.02–1.5 vol %
CO, 0.01–2.25 vol % 
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(to 

 

Σ

 

100%

 

). The apparent activation energy of the reac-
tion 

 

E

 

 = 71 kJ/mol and the orders of reaction with
respect to carbon monoxide (

 

q

 

CO

 

 = –0.4) and oxygen
(  = +0.8) were determined. Kim and Lim [17]
obtained the following similar values for this reaction
occurring on 

 

Pt/

 

γ

 

-Al

 

2

 

O

 

3

 

: 

 

E

 

 = 78 kJ/mol, 

 

q

 

CO

 

 = –0.51,
and  = +0.76. Kahlich et al. [16] reasonably noted
that, on this catalyst, the apparent kinetic characteris-
tics (

 

E

 

, 

 

q

 

CO

 

, and ) of CO oxidation were identical
both in the presence of H

 

2

 

 and without hydrogen when
the surface of Pt was almost completely covered with
CO. On this basis, the conclusion was drawn that the
surface of platinum was also almost completely cov-
ered with adsorbed CO molecules in the course of the
reaction of CO oxidation in the presence of H

 

2

 

 and the
mechanism of this reaction is not different in principle
from the Langmuir–Hinshelwood mechanism, which
occurs in the reaction of CO oxidation without H

 

2

 

. In
this context, note that Schubert et al. [18], who used
Fourier transform IR spectroscopy, demonstrated that,
indeed, the surface of platinum was completely covered
with CO in the oxidation of CO in the presence of H

 

2

 

on 

 

Pt/

 

γ

 

-Al

 

2

 

O

 

3

 

.
In this work, we studied the reaction kinetics of CO

oxidation in hydrogen-containing mixtures on platinum
catalysts supported on a Sibunit carbon material [19]
and aluminum oxide (Pt/C and Pt/Al

 

2

 

O

 

3

 

, respectively),
proposed a reaction mechanism, and found specific fea-
tures in the oxidation of CO in the presence of H

 

2

 

. In
accordance with the mechanism proposed, a mathemat-
ical model for the occurrence of the reaction in a plug-
flow reactor was formulated and analyzed. A reactor of
this type most closely corresponds to the reactor used in
this study for kinetic experiments. The results of analy-
sis are used to describe experimental kinetic data on the
reaction of CO oxidation in the presence of H

 

2

 

, which
were obtained on Pt/C and Pt/

 

γ

 

-Al

 

2

 

O

 

3

 

 catalysts in this
work.

EXPERIMENTAL

 

Preparation of Catalysts

 

A Sibunit graphite-like carbon material (spherical
granules ~1 mm in diameter; specific surface area 
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sp

 

 =
300 m

 

2

 

/g; pore volume of 0.3 cm
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/g) and 
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(spherical granules ~1 mm in diameter; specific surface
area 
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 = 150 m
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/g; pore volume of 0.5 cm

 

3

 

/g) were
used as supports for the Pt/C and 
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-Al
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O

 

3

 

 catalysts,
respectively.
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The Pt/C catalyst was prepared in accordance with a
published procedure [20]. A required amount of the
support was placed in a flask with acetone, and the con-
tents were evacuated to remove air from the pores of the
support. Then, the flask was filled with carbon monox-
ide, and a calculated amount of an acetone solution of
the platinum carbonyl cluster 

 

H

 

2

 

[Pt

 

3

 

(CO)

 

6

 

]

 

5

 

 with a con-
centration of 5.7 mg Pt/ml was added with intense stir-
ring. After stirring the suspension for 2 h, the solution
was poured out and the catalyst was dried in air at 

 

80°ë

 

for 2 h and then reduced with hydrogen at 

 

300°ë

 

 for
2 h. The platinum content of the sample was 1 wt %.

The 

 

Pt/

 

γ

 

-Al

 

2

 

O

 

3

 

 catalyst was prepared by the incipi-
ent wetness impregnation of 

 

γ

 

-Al

 

2

 

O

 

3

 

 with an aqueous
solution containing platinum nitrate (

 

Pt(Né

 

3

 

)

 

4

 

) and
nitric acid. The solution was added to the support in
several portions and evaporated to an air-dry state with
stirring. The resulting sample was dried in air for 1 h at

 

120°ë

 

; next, the sample was kept in a flow of nitrogen
at 

 

200°ë

 

 for 4 h and reduced in a flow of hydrogen at

 

300°ë

 

 for 2 h. The platinum content of the sample was
2 wt %.

 

Physicochemical Characteristics of the Catalysts

 

The catalysts prepared were characterized by a set
of physicochemical techniques (Table 1).

The Pt content of supported catalysts was deter-
mined by gravimetry. The specific surface areas (

 

S

 

sp

 

)
and pore volumes (

 

V

 

pore

 

) of supports and catalysts were
determined from the total isotherms of low-temperature
nitrogen adsorption at 77 K, which were measured on
an ASAP-2400 instrument (Micrometrics, United
States).

The dispersity, surface area, and average particle
size of metals in the supported Pt catalysts were deter-
mined using the adsorption of CO in accordance with a
published procedure [21]. The dispersity of metals was
calculated based on the assumption that one CO mole-
cule is adsorbed at one Pt atom. Table 1 summarizes the
physicochemical characteristics of the test catalysts:
total specific surface area (

 

S

 

sp

 

), pore volume (

 

V

 

pore

 

), dis-
persity (

 

D

 

M

 

), specific surface area of the supported
metal (

 

S

 

M

 

), and particle size (

 

d

 

M

 

). They were equal to
one another for catalyst samples characterized before
and after experiments; this suggested the stability of
catalysts under reaction conditions. The values of 

 

Ssp
and Vpore for all of the catalysts were equal to the values
of Ssp and Vpore for the supports.

The catalysts were studied by transmission electron
microscopy on a JEM-2010 electron microscope from

Table 1.  Physicochemical characteristics of catalysts

Catalyst Ssp, m2/(g Cat) Vpore, cm3/(g Cat) Active component precursor DM SM, m2/(g Cat) dM, nm

1 wt % Pt/C 300 0.3 H2[Pt3(CO)6]5 0.8 2 1.4

2 wt % Pt/γ-Al2O3 150 0.5 Pt(NO3)4 0.55 2.8 2.0
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JEOL (Japan) at an accelerating voltage of 200 kV. Fig-
ure 1 shows a typical micrograph of the Pt/C catalyst. It
can be seen that small platinum particles of size ~1–
4 nm were present in the catalyst; this is consistent with
the average particle size of Pt (1.4 nm) calculated from
the dispersity (see Table 1).

The composition and surface state of catalysts were
studied by XPS. The XPS spectra were measured on a
VG ESCALAB electron spectrometer from VG Scien-
tific (United Kingdom) (AlKα radiation; average free
path of electrons, 20–30 Å, depending on the test line)
under conditions of a retarding potential with a constant
energy of electron transmission through a hemispheri-
cal analyzer. The XPS spectra were calibrated using the
C 1s line (Eb = 284.4 eV). The concentration ratio
between catalyst components was determined from
corresponding line intensities in the spectrum with con-
sideration for tabulated atomic sensitivity factors of the
elements [22, 23]. The XPS spectra obtained before and
after kinetic experiments were identical. The analysis
of the electronic state of platinum in the 1 wt % Pt/C
catalyst was performed using the Pt 4f line. The spec-
trum exhibited a doublet with Eb(Pt4f7/2) = 71.4 eV.
According to reference data [22, 23], this value corre-
sponds to platinum metal. For the 2 wt % Pt/γ-Al2O3
catalyst, the analysis of the state of platinum was per-
formed using the Pt 4d line because the Pt 4f line inter-
feres with the intense Al 2p line from the support. The
Pt 4d line is characterized by Eb(Pt 4d5/2) = 314.2 eV.
According to reference data [22, 23], this value of Eb
corresponds to platinum in a metal state.

Kinetic Experiments and Data Processing

The reaction of CO oxidation in hydrogen-contain-
ing gases was studied in a quartz flow reactor at atmo-
spheric pressure. The reactor was a U-shaped tube
40 cm in length with an inner diameter of 8 mm and a
wall thickness of ~1 mm. A thermocouple well with an
outer diameter of 3 mm was arranged at the center
along the reactor axis. A catalyst (pellet diameter of
≤1 mm), which was premixed with quartz powder (par-
ticle size of ~1 mm), was placed in the reactor. The cat-
alyst bed thickness was 12 cm. A filter was placed at the
reactor inlet and outlet in order to exclude the entry of
small catalyst particles with a gas flow into the capillary
system of gas inlet and outlet lines. The temperature
was measured with a Chromel–Alumel thermocouple
placed in the well at the center of the catalyst bed. In the
course of experiments, temperature changes across the
catalyst bed were usually no greater than 2 K. The cat-
alysts were not pretreated before the experiments.

The concentrations of reactants and reaction prod-
ucts at the reactor inlet and outlet were analyzed with
the use of two Tsvet 530 chromatographs equipped
with a column with NaX molecular sieves and a column
with Porapak Q. The sensitivity of analysis allowed us
to measure the concentrations of CO, ëç4, and ëé2 to
a level of ~10–4 vol % or é2 to ~10–3 vol %. The con-

versions of CO and é2 and selectivity were calculated
from the equations

;

where [ëé]0 and [é2]0 are the concentrations of CO
and é2, respectively, at the reactor inlet and [CO],
[ëé2], and [é2] are the concentrations of CO, ëé2,
and é2, respectively, at the reactor outlet.

To avoid errors in the determination of concentra-
tions in the course of kinetic experiments, we checked
the balance on carbon

[CO]0 = [CO] + [CO2].

In all of the experiments, the deviation from a bal-
ance on carbon was no higher than ±5 rel %.

Kinetic Experiments with the Use
of In Situ IR Spectroscopy

Kinetic experiments with the use of in situ Fourier
transform IR spectroscopy were performed for a
detailed study of the mechanism of catalytic oxidation
of CO in hydrogen-containing gas mixtures. For this
purpose, a heated flow cell (reactor) with an optical
path length of 1 mm was made in order to decrease the
contribution of gas-phase CO molecules to the total
spectrum. Windows of CaF2 glued with a high-temper-
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Fig. 1. Electron micrograph of the 1 wt % Pt/C catalyst.
Dark spots: metal particles.
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ature hermetic were used in the cell. A catalyst as a
pressed pellet (1 × 2 cm) ~0.1 mm in thickness was
placed in the cell. The reaction gas mixture was sup-
plied and removed through capillaries inserted into the
cell. A heating coil and a Chromel–Alumel thermocou-
ple for temperature measurements were attached to the
outside of the cell. The cell was placed in a Shimadzu
FTIR-8300 spectrometer. The spectra were recorded
with a resolution of 4 cm–1 at 50 scans per spectrum.
The time taken to record a spectrum was ~1 min. The
concentrations of reactants and reaction products at the
reactor inlet and outlet were determined by chromatog-
raphy. The state of adsorbed CO molecules on catalyst
surfaces was monitored by measuring absorption bands
in the region 1800–2300 cm–1, which corresponds to
the vibrations of CO in its complexes with metals [24].
The surface coverage with adsorbed CO molecules
(θëé) was determined from absorption band intensities:
θëé = I/I0, where I and I0 are the absorption band inten-
sities corresponding to adsorbed CO molecules in the
course of a kinetic experiment and in a monolayer cov-
erage of the catalyst surface, respectively.

RESULTS AND DISCUSSION

Oxidation of CO on Pt/C in the Presence of H2

The experiments were performed with a gas mixture
containing 1 vol % CO, 1.5 vol % O2, and 97.5 vol %
H2. The formation of methane in the course of the
experiment was not observed.

According to the results shown in Fig. 2, the outlet
concentration of CO decreased with temperature and
reached values lower than 10 ppm in the range 150–
185°C. A further increase in the temperature resulted in
a gradual increase in the concentration of CO at the
reactor outlet. The conversion of O2 increased with
temperature and reached 100% at 150°C; thereafter, it
remained constant. As the temperature was increased,
the selectivity monotonically decreased from 75 to
33%. Thus, there is a temperature range over which the
required level of purification is not achieved.

Note that the amount of oxygen at the reactor inlet
was three times higher than that stoichiometrically
required for the oxidation of CO. However, this value
[O2]0 is a minimum value required for decreasing the
CO concentration from 1 vol % to 10 ppm. Therefore,
the é2/ëé inlet concentration ratio necessary for
decreasing the carbon monoxide concentration to the
required level is a key parameter of the selective CO
oxidation reaction. Figure 3 shows the dependence of
this parameter on the inlet concentration of CO. In the
experiments with gas mixtures containing 0.6–1.0 vol
% CO, 0.6–1.5 vol % O2, and 97.5–98.8 vol % H2 at
140–160°ë, the conversion of oxygen was equal to
100%.

The é2/ëé ratio increased almost linearly with the
inlet concentration of CO, and it was higher than the
minimum value (equal to 0.5) stoichiometrically
required for the reaction of CO oxidation to ëé2 by a
factor of 2–3.
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Thus, platinum supported on Sibunit is a sufficiently
active catalyst for the reaction of CO oxidation in the
presence of hydrogen; it decreases the concentration of
CO in hydrogen-containing mixtures to the required
level of 10 ppm.

Reaction Mechanism and Kinetic Model

It is well known that the oxidation of hydrogen and
carbon monoxide on various metal catalysts, including
platinum, belongs to the catalytic reactions studied in
most detail. Their mechanisms are considered well sub-
stantiated [25–30]; at temperatures of ≤400°ë, they
consist of the following steps:

The subscripts (g) and (a) refer to the gas phase and the
adsorbed state of substances, respectively.

Previously [25–30], the constants of all of the steps
were determined (Table 2). It was demonstrated that
kinetic data obtained over a wide range of the steady-
state and non-steady-state reaction conditions of the
separate oxidation of H2 and CO on Pt-containing cata-
lysts can be satisfactorily interpreted in terms of these
mechanisms. In this context, it seemed reasonable to
describe the kinetic data on the oxidation of CO in the
presence of H2 on Pt-containing catalysts in terms of
the above concepts of the reaction mechanisms of the
separate oxidation of H2 and CO.

Combining the steps of the separate oxidation of H2
and CO, we can represent the reaction mechanism of
CO oxidation in the presence of hydrogen in the follow-
ing form:
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Steps (I), (III), and (IV) belong to the reaction of CO
oxidation; steps (II), (III), (V), and (VI) belong to the
reaction of H  

2
  oxidation.

Note that the steps of CO

 

2

 

 and H

 

2

 

O formation in the
proposed mechanism are irreversible. This fact did not
allow us to take into account possible effects of water
and carbon dioxide on the course of the reaction.

A mathematical model for this reaction mechanism
under steady-state conditions in a plug-flow reactor
corresponds to the following set of equations:
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dnCO2
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u
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Table 2.  Published reaction rate constants of the separate oxidation of H2 and CO [25–30]*

ki k0, s–1 atm–1 k0 × 10–13, s–1 E0, kcal/mol E, kcal/mol x

k1 1.6 × 108 – – – –

k2 1.5 × 108 – – – –

k3 6.9 × 105 – – – –

k–1 – 1 34.9 19.9 2

k–2 – 1 19 7 1

k4 – 100 24.1 12 1

k5 – 1 5 0 –

k6 – 1 0 0 –

* The rate constants of the steps of CO, H2, and O2 adsorption (k1, k2, and k3, respectively) are independent of temperature. The rate con-
stants of the steps of CO and H2 desorption (k–1 and k–2, respectively) and surface reactions (k4–k6) are represented in an Arrhenius form
with consideration for the dependence of the activation energy on the surface coverage with reactants (θ): ki = ki0exp[–(E0 – Eθx)/RT],
where x is an empirical parameter.
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; (6)

; (7)

(8)

;(9)

; (10)

; (11)

where θi is the surface coverage with the ith substance;
ki are the rate constants of steps; T is the catalyst bed
temperature; u is the linear velocity of a gas flow; Ssp is
the surface area of an active component per unit weight
of the catalyst; N0 = 1.5 × 1019 m–2 is the monolayer
capacity; P is the reaction pressure; Vreact is the volume
of the catalyst bed; kB is the Boltzmann constant; L0 is
the length of the catalyst bed; L is the distance from the
start of the catalyst bed; ni is the mole fraction of CO,
ç2, é2, ëé2, or H2O in a gas; m is the weight of a cat-
alyst sample; and ξ = L/L0.

Equations (1)–(5) reflect the dependence of the con-
centrations of initial substances and reaction products
along the catalyst bed; Eqs. (7)–(10) reflect steady-state
conditions for adsorbed intermediate species. Evi-
dently, the dependence of ni and θi on the length of the
catalyst bed can be found by solving the set of Eqs. (1)–
(11). Then, Xëé, , and the selectivity S can be cal-
culated from the known values of ni at the reactor inlet

g SspmN0

kBT
V reactP
---------------=

dθCO

dt
------------ 0 k1PnCO 1 θ–( ) k 1– θCO– k4θCOθO–= =

dθH

dt
--------- 0 2k2PnH2

1 θ–( )2= =

– 2k 2– θH
2 k5θHθO– k6θHθOH;–

dθO

dt
--------- 0 2k3PnO2

1 θ–( )2 k4θCOθO– k5θHθO–= =

dθOH

dt
------------ 0 k5θHθO k6θHθOH–= =

θ θCO θO θH θOH+ + +=

XO2

and calculated values of ni at the reactor outlet and
compared with experimental values.

Initially, the set of Eqs. (1)–(11) was solved by a
numerical method using the rate constants of steps
given in Table 2. The dependence of Xëé, , and S
upon reaction temperature on the 1 wt % Pt/C catalysts
was calculated; it was found that these relationships
qualitatively describe the experimental results. For
quantitatively describing the experimental results, we
varied the parameters (activation energies and preexpo-
nential factors) of the rate constants of steps. Table 3
summarizes the final values of the rate constants of
steps, which were used in all of the subsequent calcula-
tions.

From a comparison between data given in Tables 2
and 3, it follows that they differ from each other only
slightly. The calculated and experimental kinetic data
and the occurrence of the reaction of CO oxidation in
the presence of H2 on Pt-containing catalysts (1 wt %
Pt/C and 2 wt % Pt/γ-Al2O3) are considered and dis-
cussed below with the use of particular examples.

Interpretation of Kinetic Data Obtained
on the 1 wt % Pt/C Catalyst

According to Fig. 2, the theoretical relationships are
quantitatively consistent with the experimental data; in
particular, the temperature range in which the concen-
tration of CO in a hydrogen-containing gas can be
decreased to 10 ppm is the same. This suggests that the
model proposed adequately interprets the real course of
the reaction.

To examine the occurrence of CO oxidation in the
presence of H2 on the 1 wt % Pt/C catalyst, let us con-
sider the calculated dependence of the surface coverage
with adsorbed species (ëé(‡), ç(‡), éç(‡), and O(a)) and
the outlet concentrations of CO and O2 on the length of
the catalyst bed. As an example, Fig. 4 shows these

XO2

Table 3.  Reaction rate constants of the steps of CO oxidation in the presence of 

ki k0, s–1 atm–1 k0 × 10–13, s–1 E0, kcal/mol E, kcal/mol x

k1 1.6 × 108 – – – –

k2 1.5 × 108 – – – –

k3 9.2 × 104 – – – –

k–1 – 0.8 34.9 18 2

k–2 – 1 19 9 1

k4 – 70 24.1 9 1

k5 – 2 10 0 –

k6 – 1 0 0 –

* The rate constants of the steps of CO, H2, and O2 reactant adsorption (k1, k2, and k3, respectively) are independent of temperature. The rate
constants of the steps of CO and H2 desorption (k–1 and k–2, respectively) and surface reactions (k4–k6) are represented in an Arrhenius form
with consideration for the dependence of the activation energy on the surface coverage with reactants (θ): ki = ki0exp[–(E0 – Eθx)/RT],
where x is an empirical parameter.

H2
*
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relationships at the following three characteristic tem-
peratures:

130°C, the temperature at which the conversions of
CO and O2 did not exceed 30%;

160°C, the temperature at which the outlet concen-
tration of CO reached a minimum and the conversion of
O2 was equal to 100%;

190°C, the temperature at which the conversion of
O2 remained equal to 100% and the concentration of
CO increased.

Note that the calculated surface coverages with
éç(‡) and é(‡) species were extremely low (<10–7 of a
monolayer) in all cases, and they are not shown in
Fig. 4.

As can be seen in Fig. 4, at 130°ë, the catalyst sur-
face was almost completely covered with CO mole-
cules at all of the values of L/L0, whereas  was
small. In this case, the concentrations of CO and é2 in
the gas phase insignificantly smoothly decreased along
the catalyst bed (Figs. 4c, 4d). The reaction was limited
by the adsorption of é2 on the surface of Pt, which was
almost completely covered with CO molecules. An
increase in the temperature to 150°ë had only a slight

θH2

effect on θëé and  to L/L0 ≤ 0.4; only in the range
L/L0 ~ 0.4–0.8 did it result in a decrease of θëé from ~1
to 0.4 and in an increase of  from ~0.02 to 0.4
(Figs. 4a, 4b). As a result of this, the concentrations of
CO and é2 in the gas rapidly decreased (to several ppm
and ~0, respectively). This dramatic increase in the
reaction rates of CO and H2 oxidation can be explained
by an increase in the fraction of the free surface
required for the adsorption of é2. It is interesting to
note that, at this temperature, the surface coverage of
the operating catalyst with CO molecules was also
insignificant; for example, it was 0.4 of a monolayer
even at a CO concentration of several ppm. A further
increase in the temperature to 190°ë resulted in a con-
siderable decrease in θëé from ~0.95 to 0.7 and an
increase in  from ~0.02 to 0.15 even at the start of
the catalyst bed at L/L0 < 0.2. Under these conditions,
the rates of H2 and CO oxidation increased and the
selectivity of the reaction decreased; that is, the amount
of oxygen that reacted with hydrogen increased, as
compared with the fraction of oxygen that reacted with
carbon monoxide. Therefore, the concentrations of é2

θH2
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Fig. 4. Dependence of (a) θëé, (b) , and (c, d) reactant concentrations on the value of L/L0 in the course of the reaction of CO

oxidation in the presence of H2 on the 1 wt % Pt/C catalyst. T = (1) 130, (2) 150, or (3) 190°C. Experimental conditions are specified
in Fig. 2. Points and lines refer to experimental and calculated data, respectively.

θH2
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and CO dramatically decreased (to ~0 and 40 ppm,
respectively). Finally, at L/L0 > 0.2, oxygen was com-
pletely consumed when the reaction mixture moved
along the catalyst bed, whereas the concentration of CO
and the values of θëé and  remained unchanged. In
the course of the reaction, the value of θëé was ~0.7 of
a monolayer. Thus, in the oxidation of CO in the pres-
ence of H2, the surface coverage of the Pt-containing
catalyst with CO molecules was significant. This cir-
cumstance is of importance for the predominant oxida-
tion of CO in mixtures containing hydrogen with a con-
centration higher than that of CO by 2–6 orders of mag-

θH2

nitude. This conclusion is consistent with published
concepts of the course of the reaction and supported by
the results considered below, which were obtained
using in situ IR spectroscopy.

Interpretation of Experimental Data Obtained
on the 2 wt % Pt/γ-Al2O3 Catalyst

Using In Situ IR Spectroscopy

The Pt/C catalyst was found nontransparent to IR
radiation; therefore, the 2 wt % Pt/γ-Al2O3 catalyst was
prepared and characterized in order to perform kinetic
experiments. Data obtained in an XPS study of the Pt/C
and Pt/γ-Al2O3 catalysts demonstrated that platinum
occurred in a metal state in both of the catalysts. Insig-
nificant differences in the sizes of supported platinum
particles and corresponding specific surface areas were
taken into account in the calculations performed by the
mathematical model proposed. Moreover, these cata-
lysts exhibited similar activities in the reaction of CO
oxidation in the presence of H2.

Figure 5 compares the experimental and theoretical
temperature dependence of the values of θëé, the outlet
concentration of CO, the conversion of O2, and the
selectivity for the reaction of CO oxidation in the pres-
ence of H2 on the 2 wt % Pt/γ-Al2O3 catalyst. Qualita-
tively, the experimental data obtained on the 2 wt %
Pt/γ-Al2O3 sample differ only slightly from the results
for the 1 wt % Pt/C catalyst (see Fig. 2). The values of
θëé for the surface of the 2 wt % Pt/γ-Al2O3 catalyst in
the course of the reaction were determined from IR
spectra in accordance with the above procedure. As an
example, Fig. 6 shows these spectra measured in the
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Fig. 5. Dependence of (a) θëé, (b) the outlet concentration
of CO, and (c) the conversion of O2 or selectivity on tem-
perature in the oxidation of CO in the presence of H2 on the
2 vol % Pt/Al2O3 catalyst. The composition of the mixture
at the reactor inlet, vol %: CO, 0.50; O2, 0.55; H2, 75; He,

23.95. Space velocity: 12000 h–1. Points and lines refer to
experimental and calculated data, respectively.
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Fig. 6. Fourier transform IR spectra measured in situ in the
course of CO oxidation in the presence of H2 on the 2 vol %
Pt/Al2O3 catalyst. The composition of the mixture at the
reactor inlet, vol %: CO, 0.50; O2, 0.55; H2, 75; He, 23.95.

Space velocity: 12000 h–1.
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course of the reaction at various temperatures. It can be
seen that the spectra exhibited one peak with a maxi-
mum at 2050 cm–1. According to Gordon and Ford [24],
this peak corresponds to the vibrations of CO mole-
cules adsorbed on Pt metal. Note that θëé, which was
determined from the IR spectra, belonged to the entire
catalyst bed; thus, it is an averaged value.

As the reaction temperature was increased from 60
to 190°C, θëé changed from ~1 to 0.7. Data obtained
for the 2 wt % Pt/γ-Al2O3 catalyst were interpreted in
terms of the kinetic model considered in this section
with the set of the rate constants of steps given in Table 3,
as well as in the case of the 1 wt % Pt/C catalyst. Note
that the averaged surface coverage with CO molecules
was calculated from the equation

where θëé(ξ) is the calculated dependence of θëé on
the catalyst bed length ξ = L/L0.

As can be seen in Fig. 5, the theoretical relationships
satisfactorily reproduce experimental data on a quanti-
tative level.

In general, the calculated results allowed us to
believe that the mechanism proposed for the oxidation
of CO in the presence of H2 adequately reflects the
experimental kinetic data obtained on Pt-containing
catalysts. In particular, the model adequately repro-
duces a narrow temperature region in which the deep
purification of hydrogen from carbon monoxide is
achieved. The data obtained allowed us to consider that
the oxidation of CO and the oxidation of H2 occur
simultaneously and independently. Both of the reac-
tions are limited by the dissociative adsorption of oxy-
gen, whereas the selectivity primarily depends on the
surface coverage with carbon monoxide and hydrogen
molecules.

CONCLUSIONS

As a result of this study, we found that the Pt/C cat-
alyst is highly active and selective in the reaction of CO
oxidation in the presence of hydrogen. This catalyst can
decrease the concentration of carbon monoxide in a
hydrogen-containing gas from 0.6–1.0 to 10–4 vol %
(10 ppm) over a wide range of conditions.

Based on the well-known published data on the sep-
arate oxidation of CO and H2 on platinum, we proposed
a reaction mechanism for the oxidation of carbon mon-
oxide in the presence of hydrogen. We found that the
experimental data on the oxidation of carbon monoxide
in the presence of hydrogen on platinum catalysts can
be quantitatively described in terms of this mechanism.

θCO θCO ξ( )dξ,

ξ 0=

ξ 1=

∫=
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