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Abstract Using concepts recently developed in thermal

decompositions of solids and reduction of bulk oxides by

gases and (re)analysis of experimental literature data, a

novel mechanism for the catalytic oxidation of CO by PtO2

is proposed. Instead of the conventional Mars–van Krevelen

scheme, the reactions proposed are: PtO2(s) ? 2CO  !
Pt(g) ? 2CO2 and Pt(g) ? O2  ! PtO2(g) ? PtO2(s).

The first reaction determines the kinetics of CO oxidation

and the second determines the kinetics of restoration of the

PtO2 layer. Thermochemical consideration of the kinetic

features of this model, based on Langmuir’s quasi-equilib-

rium equations for evaporation of simple substances,

allowed calculation of the reaction enthalpy and the absolute

rate of CO oxidation. These results are in good agreement

with experimental data. The proposed mechanism explains

the origin of the surface-retexturing effect, the limited loss

of Pt metal from the catalyst, the mechanism of PtO2

regeneration by oxygen, the strong effect of CO2 in reducing

the CO oxidation rate and the three-fold variation of the

Arrhenius E parameter with temperature.

Keywords Catalytic CO oxidation on Pt � Congruent

decomposition of PtO2 � Enthalpy for CO oxidation on Pt

catalyst � Limited Pt losses during CO oxidation �
Mechanism of PtO2-restoration in CO oxidation �
Thermochemistry of heterogeneous catalysis

Introduction

Ninety years after Langmuir’s first, pioneering, study of the

catalytic oxidation of carbon monoxide on platinum

(2CO ? O2 = 2CO2) [1, 2], this reaction continues to be

an important topic of active research. A main reason is that

this has been selected as a representative reaction in studies

directed toward reducing polluting emissions, including

CO, from internal combustion engines.

Within the extended literature of heterogeneous cataly-

sis, including CO oxidation on platinum group metals

(PGM), three alternative, and well-known, mechanistic

models are used to represent behavior. These are the

Langmuir–Hinshelwood mechanism (LH) [2–4], involving

interactions between adsorbed species on an active surface,

the Eley–Rideal mechanism (ER), 1940 [5, 6], where (LH-

type) adsorbed species react with gaseous molecules, and

the Mars–van Krevelen mechanism (MvK) 1954 [7] where

the desorbed products contain species derived from the

catalyst. These three mechanisms show the progressive

development of the theory from pure-adsorption (LH) to

partly adsorption (ER) models, for reactions on rigid

‘promoting’ surfaces, to involvement (MvK) by a chemi-

cally active substrate/intermediate. Nevertheless, the old-

est, and most familiar, LH mechanism maintains its pre-

eminence as the preferred approach to the interpretation of

experimental results. According to Scopus (The largest

citation database of peer-reviewed literature), references in

reports of all heterogeneous catalytic reactions for the

50 years, 1960–2010, cited the LH, ER, and MvK mech-

anisms ca. 1250, 500, and 190 times, respectively.

According to the MvK mechanism, CO oxidation on

PtO2 can be represented by the following steps:

PtO2 sð Þ þ 2CO$ Pt sð Þ þ 2CO2 ð1Þ
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Pt sð Þ þ O2 $ PtO2 sð Þ ð2Þ

First, in a high partial pressure of O2 and at elevated

temperatures, the metal is oxidized. After formation of a

surface layer of platinum oxide, gaseous CO molecules are

adsorbed and react with oxygen in the PtO2 to produce

CO2. The resulting oxide vacancies in the PtO2 layer are

refilled rapidly from the gaseous O2 present. However, the

strengths and weaknesses of these mechanisms have not

been adequately appraised. Unresolved problems include:

the significance of the Arrhenius parameter E, the retex-

turing of Pt surfaces during CO oxidation and the mecha-

nism of continuous regeneration of the PtO2 active surface

layer.

The goal of this study is to develop a mechanism of

heterogeneous catalysis that shares some features of the

MvK model but removes (partly or totally) the obstacles

identified above. Of the two states (steps), considered in the

alternation of CO oxidation on Pt and PtO2 during oscil-

lations, and interpreted [8] by the ‘switching’ between two

different mechanisms (LH and MvK), the present consid-

eration will be directed only toward the state related to the

oxidation of CO on PtO2 in high (around atmospheric)

pressures of CO and O2. This is achieved here by using

concepts of the thermochemical approach, which have

recently been developed, and successfully applied, in the

adjacent fields of heterogeneous reactions: the thermal

decompositions of solids and the reduction of bulk oxides

by gases.

Theoretical

This section introduces concepts from thermochemical

theory, which have never previously been applied in the

kinetic and mechanistic investigations of heterogeneous

catalysis (Table 1).

Methodology of kinetic studies

Two principal approaches have been used in the develop-

ment of theory applicable to heterogeneous rate processes.

These derive from the work of Arrhenius (the kinetic and

mechanistic approach) and of Langmuir (the thermo-

chemical approach). The former is widely employed, being

conventionally used in studies of reactions of, and on,

solids and is based on Arrhenius’ equation:

k ¼ A exp �E=RTð Þ ð3Þ

The thermochemical approach, formulated by L’vov

et al. [9–20] 30 years ago, uses Langmuir quasi-

equilibrium equations for the evaporation of a simple

substance (such as a metal) in vacuum or in an inert gas:

J ¼ MP=ð2pMRTÞ1=2 ð4Þ
J ¼ MDP= zRTð Þ ð5Þ
J ¼ MDP= rRTð Þ ð6Þ

Here J is the absolute evaporation rate (kg m-2 s-1), M is

molar mass, D is the diffusion coefficient of the vapor in a

reactor atmosphere, z is the distance from the vaporization

surface to the sink, where the vapor concentration is zero,

and r is the radius of a spherical particle of the substance.

Eq. 4, for vacuum, was derived by Hertz, Knudsen, and

Langmuir; the diffusion Eqs. 5 and 6 were developed by

Langmuir (see details in [15]). All absolute vaporization

rates J are directly proportional to the equilibrium vapor

pressures P of the substance.

The Langmuir vaporization equations were derived by

considering the equilibrium that exists between the two

simultaneous reverse processes (vaporization and conden-

sation) during the decomposition reaction. The partial

pressures of gaseous products:

AaBb sð Þ $ aA gð Þ þ bB gð Þ ð7Þ

under steady-state conditions are related through the

equilibrium constant:

KP ¼ PAð Þa PBð Þb ð8Þ

This opens the opportunity to use thermodynamic concepts

and thermochemical data for the quantitative analysis and

interpretation of the kinetics of decompositions and reduc-

tions of solids [15]. The advantages of using the Langmuir

equations rather than the Arrhenius equation consist not

only in the introduction of the chemical-equilibrium con-

cept into heterogeneous kinetics but also in the thermody-

namic substantiation of the exponential dependence of

Table 1 Main differences between the conventional and the ther-

mochemical approaches to kinetic and mechanistic analysis of ther-

mal decompositions of solids, solid oxide reductions, and

heterogeneous catalytic reactions

Section of

theory

Conventional approach Thermochemical approach

Mechanism Incongruent

decomposition of

oxides of low-volatile

metals (solid ? solid)

Congruent decomposition

of oxides to gaseous

products with rapid

subsequent condensation

of super-saturated vapor

of low-volatile metals

(solid ? gas ? solid)

Kinetics Arrhenius kinetic

equation

Langmuir quasi-

equilibrium equations for

vaporization in vacuum

and in a foreign gas,

including the concepts of

equimolar and isobaric

reduction modes
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reaction rate on temperature. Instead of the active-molecule

hypothesis introduced by Arrhenius, this feature is inter-

preted as thermodynamic justification of the impact of

temperature on the equilibrium constant.

The mechanism of congruent dissociative vaporization

Thermal decomposition of a solid (or liquid) reactant, AB,

can be described by the alternative processes: congruent

dissociative vaporization (CDV) to gaseous products A(g)

and B(g), only:

AB s=lð Þ $ A gð Þ þ B gð Þ ð9Þ

or by incongruent dissociative vaporization to a solid

product A(s) and a gaseous product B(g) by:

AB s=lð Þ $ A sð Þ þ B gð Þ ð10Þ

The existence of these two fundamentally different schemes

of decomposition is recognized and is generally accepted

without evoking any objections or doubt. However, in

contrast to the first scheme, the second appears, on closer

examination, to be questionable for the following reasons

[15]. Equation 10 requires a recrystallization step: the

structure of the solid product, A(s), is different from that of

the solid reactant AB(s). In addition, the products undergo

retexturing whereby the residual components are trans-

formed into product conglomerates, composed of separated

nano-particles. This finely divided residue is effectively

‘transparent’ to the exhaust flow of evolved gaseous prod-

ucts. Furthermore, in more complicated reactions, two, or

more, solid products may be formed as separated particles

of different phases. An example is the decomposition of

talc, (MgO�4SiO2�H2O), which results in the simultaneous

production of enstatite (MgSiO3) and an amorphous form of

SiO2. It is difficult to imagine how a solid reactant can be

transformed into one or more solid product(s), having dif-

ferent crystal structures from that of the reactant, without an

intermediate stage involving a change (or changes) in the

state of aggregation (through melting or evaporation).

The pattern of behavior observed in these reactions is

much more reasonably explained on the assumption that

solid products form as a result of collisions and conden-

sations of low-volatility particles (atoms and molecules)

generated in the gaseous phase through decomposition by

the congruent dissociative vaporization mechanism, rep-

resented by:

AB s=lð Þ $ A gð Þ þ B gð Þ ! A sð Þ þ B gð Þ ð11Þ

This is conveniently abbreviated to:

AB s=lð Þ $ A gð Þ#þ B gð Þ ð12Þ

The assumptions underlying this approach, in its most

recent form, are summarized as follows [15].

(i) The primary step in decomposition is the congruent

dissociative evaporation of reactant. Where products

of low-volatility form, this is followed by their

condensation step.

(ii) The energy evolved by the condensation of low-

volatility product within a reaction interface is

distributed in approximately equal proportions

between the reactant and product solid phases. That

part of the energy directly transferred to the reactant

promotes decomposition (as part of the enthalpy

change) and manifests itself in the appearance of

induction and acceleration periods (the effect of

autocatalysis). For reactions proceeding on an open

surface, the condensation energy is released/distrib-

uted in the immediate vicinity of the surface.

These assumptions have been confirmed by reliable

experimental observations, made during the last 30 years

by direct quadrupole mass spectrometric (QMS) analyses

of the primary gaseous products evolved during thermal

decompositions of microgram masses of several metal

nitrates [11–14]. Further extensive support has been given

by thermogravimetric kinetic studies [15–20] of the

decompositions of a huge number of diverse solid reac-

tants: oxides, nitrides, azides, hydroxides, clays, hydrates,

nitrates, sulfates, carbonates, oxalates, and permanganates.

The mechanism of congruent dissociative reduction

of bulk oxides

The thermochemical approach, previously used to interpret

the kinetics and mechanisms of solid-state thermal

decompositions [15] was recently extended, for the first

time, to analyze rate data for the reduction of a metal oxide

(NiO) by hydrogen [21]. Our analysis [21] showed that the

thermochemical approach quantitatively accounts for the

kinetic characteristics of the selected reduction reaction.

Furthermore, this theoretical analysis explains kinetic fea-

tures not previously recognized. In particular, the depen-

dencies of reduction rates on hydrogen pressure, in the

absence and in the presence of H2O vapor, are explained.

Moreover, the more than two-fold decrease of the

E parameter with the extent of reaction, a, and also, at high

a, the systematic increase of E with temperature has been

quantitatively interpreted.

In contrast with the thermal decompositions of (many)

solids and the reductions of bulk metal oxides, the con-

gruent dissociative reduction of the PtO2 sub-monolayer,

participating in the catalytic oxidation of CO by Pt, forms

no reaction interface between two solid phases. This is

supported by the absence of the induction and acceleration

periods in the development of catalytic oxidation. Conse-

quently, energy transfer to PtO2 from low-volatility
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product condensation is also absent. This significantly

simplifies and improves reliability of the kinetic calcula-

tions. Besides, this accounts for the much greater thermal

stability of the PtO2 film, when compared with that of bulk

PtO2. This unexpected behavior was noted and investigated

by Shumbera et al. [22], who concluded that ‘‘the extra

stability is difficult to explain by considering only the

thermodynamics of oxide particle or thin film formation’’.

The mechanism of congruent dissociative reduction has

enabled this difference to be interpreted quantitatively [21].

Equimolar and isobaric reaction modes

It is important to point out that, in thermal decompositions

of solids and in reductions of solid reactants by gases, two

different reaction modes (regimes) exist: equimolar and

isobaric. These alternative types of kinetic behaviors are

distinguished in the following examples. We consider first

the reduction of the oxide of a volatile metal (e.g., Cd) by a

gas (e.g., CO):

MO sð Þ þ CO$ M gð Þ þ CO2 ð13Þ

The equimolar mode (e) refers to reaction in the absence

of excess of gaseous product (CO2), and the isobaric mode

(i) in its excess. These different reaction modes were

distinguished more than 25 years ago [10], but nobody,

except L’vov, has recognized this important kinetic

distinction or its consequences. When a gaseous product,

here CO2, is present in the reaction zone, the equilibrium

constant is:

KP ¼ Pint
M ðPint

CO2
þ Pext

CO2
Þ=PCO ð14Þ

where Pint
M and Pint

CO2
are equilibrium partial pressures of the

metal and CO2, determined by the reaction itself (internal),

and Pext
CO2

is an externally introduced (constant) partial

pressure of CO2. Under the condition Pint
CO2
¼ Pint

M [ Pext
CO2

,

Eq. 14, for the equimolar mode, is:

Ke
P ¼ ðPint

CO2
Þ2=PCO ð15Þ

and, for the isobaric mode, when Pint
M \Pext

CO2
, is:

K i
P ¼ Pint

CO2
� Pext

CO2
=PCO ð16Þ

From Eqs. 4–6 and 13–16 we obtain two different

relationships for the absolute rates of reduction in

equimolar and in isobaric modes:

Je / Pint
CO2
¼ ðKe

P � PCOÞ1=2 ð17Þ

Ji / Pint
CO2
¼ K i

P � PCO=Pext
CO2

ð18Þ

For reduction reactions having more complicated

stoichiometry, e.g.:

MaOb sð Þ þ bCO$ aM gð Þ þ bCO2 ð19Þ

the following important conclusions have been deduced

[15].

(i) The value of the molar enthalpy, DrH
�
T=a, for decom-

position in the isobaric mode is independent of the

partial pressure of the excess gaseous product in the

system, i.e., for any Pext
CO2

magnitude with Pext
CO2

[ Pint
CO2

:

DrH
�
T=a ¼ const ð20Þ

(ii) The decomposition rate in the isobaric mode, Ji
CO2

,

other factors being equal, is inversely related to the

magnitude Pext
CO2

� �b=a

, i.e.,

Ji
CO2
/ Pext

CO2

� ��b=a

ð21Þ

(iii) The ratio of the molar enthalpies (and molar

entropies) for the isobaric and the equimolar

decomposition modes, irrespective of the actual

decomposition conditions (vacuum or foreign gas

environment), is equal to (a ? b)/a. E.g., for the

reduction of PtO2 by CO it is predicted that this ratio

is 3.

Chemical model for the catalytic oxidation of CO

by platinum

The chemical model proposed here for the catalytic oxi-

dation of CO by platinum is based on the important con-

cepts developed from the studies described and cited

above. The mechanistic feature includes the congruent

reduction of PtO2 catalyst with the release of gaseous Pt

and CO2. This means that instead of the conventional MvK

scheme, the two reactions now proposed are seriously

modified forms of Schemes 1 and 2:

PtO2 sð Þ þ 2CO$ Pt gð Þ þ 2CO2 ð22Þ
Pt gð Þ þ O2 $ PtO2 gð Þ ! PtO2 sð Þ ð23Þ

The first reaction determines the kinetics of CO oxidation,

and the second reaction determines the kinetics of regen-

eration of the PtO2 layer (Fig. 1). In developing this

scheme, we took into account that PtO2 decomposes to

Pt(g) and 2O [23].

It is necessary to assume, that the reactions represented

by (22) and (23) take place in the immediate vicinity of the

catalyst surface and that the losses of volatilized Pt from

the reaction zone are very limited or, as is commonly

believed, absent. This statement (assumption) is considered

further below (‘Physical model’ section).

The rate of direct oxidation of solid Pt(s) by O2 to solid

PtO2(s) is slow. Ackermann’s [24] thorough experiments
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confirmed conclusively that the rate of this reaction (Pt

metal oxidation) is about 2–3 orders of magnitude slower

than the maximum rate of CO oxidation on PtO2.

Reaction enthalpy, DrH
�
T , and the equilibrium constant:

KP ¼ PPt � P2
CO2

=P2
CO ð24Þ

for the main reaction (22) are easily calculated at selected

temperatures (400, 500, and 600 K) using known values of the

thermodynamic functions [25, 26] (the enthalpies of forma-

tion, DfH
�
T , and entropies, S

�
T ) for all the components of

reaction (22). The results of these calculations are presented in

Tables 2 and 3. The enthalpy of this reaction between 500 and

600 K is close to 128 kJ mol-1 and KP increases from

2.3 9 10-6 bar at 500 K to 4.2 9 10-4 bar at 600 K. The

reaction enthalpy agrees with the value of Arrhenius param-

eter, within experimental error. It is shown below that the

average magnitude of E is 116 ± 12 kJ mol-1. Note that the

reliability of the tabulated value of DfH
�

298 for PtO2(s), used in

our calculations, is very low (–134 ± 42 kJ mol-1 [25]). This

is attributable to the few (only two) publications concerned

with determination of the enthalpy of PtO2 formation.

Another important conclusion follows from the calcu-

lated equilibrium constant, KP, for the first step in reaction

(23):

KP ¼ PPtO2
= PPt � PO2
ð Þ ð25Þ

The ratio of gaseous PtO2 molecules to free Pt atoms is

given by:

PPtO2
=PPt ¼ KP � PO2

ð26Þ

From values of the thermodynamic functions in Tables 2

and 3, we calculate PPtO2
=PPt ratios at PO2

¼ 1bar and

T = 500 K and 600 K as 1034 and 1027. It follows that

virtually all the platinum in the gaseous phase under these

quasi-equilibrium conditions is in the form of PtO2

molecules.

Physical model for the catalytic oxidation of CO

by platinum

The physical model is based on simplified consideration of

diffusion fluxes of the products (CO2, Pt, and PtO2, after Pt

oxidation by O2) of CO oxidation on a catalyst surface of

length L in a laminar reactant (CO and O2) flow, U, parallel

to the catalyst plane [27]. The most important innovation in

this proposed model is consideration of the role of the

gaseous PtO2, produced by reaction of free Pt atoms with

the gaseous oxygen present. PtO2 molecules are formed

close to the catalyst surface, within the mean free path

(k & 10-7–10-5 m), and their subsequent fate is deter-

mined by simultaneous diffusions in opposite directions:

toward the, PtO2 coated, catalyst surface and outwards

across the boundary layer (thickness, d). In the former case,

they condense, replenishing the PtO2 layer depleted

through its consumption in the process of CO oxidation.

Consequently, platinum undergoes a reaction cycle, in

which a major proportion (as shown below) of the gaseous

PtO2 molecules condense and regenerate the PtO2 layer on

the catalyst surface. However, a very small amount of

volatilized Pt is lost by diffusion of PtO2 beyond the

boundary layer. To estimate this outward diffusive loss of

PtO2 across the boundary layer, we need to know the

thickness of the boundary layer [27]. Precise evaluation of

d is practically impossible due to lack of quantitative

information about the magnitudes of U and L in the rele-

vant catalytic studies. Therefore, we have estimated its

value from the experimental magnitude of z in Eq. 5, using

this equation as applied to absolute rates of CO oxidation

and believing that d = z.

After changing the molar mass by the Avogadro con-

stant, NA, in Eq. 5 we have:

z ¼ NADP= JRTð Þ ð27Þ

The temperature dependence of D, the diffusion

coefficient, was evaluated from:

D ¼ D0 T=273ð Þn ð28Þ

The value of P was calculated from Eq. 24, taking into

account that at P ¼ PCO2
¼ PPt

P ¼ ðKP � P2
COÞ

1=3 ð29Þ

It is shown below (see ‘‘Absolute rates of CO oxidation on

Pt’’ section) that the experimentally measured values of J at

500–600 K are in the range 2 9 1020–7 9 1021 mole-

cules m-2 s-1, so that the z parameter, calculated from

Eq. 27, varies from 53 to 11 mm. Under low pressure

conditions (24 Torr), these values are reasonable.

Now we can estimate the distribution of PtO2 diffusion

flows, inwards, toward the catalyst surface and outwards to

 PtO2

PtO2(s) PtO2 (s)

CO

PtO2

CO

 CO2

O

O

Reactants CDV products Final products 

 CO2

Fig. 1 The chemical model for the catalytic oxidation of CO over

PtO2. Reaction PtO2(s) ? 2CO $ Pt(g) ? 2CO2 determines the

kinetics of CO oxidation. Reaction Pt(g) ? O2 $ PtO2(g) ? PtO2(s)

determines the kinetics of PtO2 restoration
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the boundary layer edge (JPtO2
). Comparison of the values

of k and z, show that the concentration gradient toward the

catalyst surface is 3–4 orders of magnitude greater than in

the opposite direction. Taking into account the additional

difference between CO2 and PtO2 molecules in stoichi-

ometry and diffusion coefficients, the rate of outward loss

of PtO2 from the boundary layer should be about 4–5

orders of magnitude smaller than that of CO2. We

emphasize that the above estimations are only tentative and

require further investigation.

Data for CO2 and PtO2 evolution from the boundary

layer (JCO2
and JPtO2

) are presented in Table 4. The last

column shows that below 600 K, under conditions that

realistically apply in laboratory experiments, the rate of Pt

(metal) removal (JPt) does not exceed about 1 lg cm-2

min-1. Such small losses have not been noticed in such

experiments and therefore not investigated. This explains

the widespread belief that this catalytic reaction is not

accompanied by metal loss through volatilization.

Results and discussion

The Arrhenius parameter E

The Arrhenius parameter E (Eq. 3) might reasonably be

regarded as the ‘most popular’ parameter in kinetic studies of

catalytic reactions. However, in contrast with rate mea-

surements in other fields, including homogeneous reactions

and thermo-analytical studies of heterogeneous reactions,

this parameter is rarely used as evidence for interpretation of

the mechanisms of these chemical processes. More usually,

E values are used to confirm the correlation of reported

results with other studies or to demonstrate inexplicable

(unpredicted) impacts of experimental conditions (e.g.,

temperature range, size of catalyst particle, type of substrate,

etc.) on kinetic behavior. Table 5 summarizes reported val-

ues of the E parameter determined for CO oxidation on

various forms of Pt catalysts (48–172 kJ mol-1) measured

over three decades, 1978–2010 [28–47]. Also included is the

Table 2 Enthalpy change for reaction (22): PtO2(s) ? 2CO(g) = Pt(g) ? 2CO2(g)

T/K DfH
�

T /kJ/mol DrH
�

T /kJ/mol

Pt(s) Pt(g) CO2 CO PtO2(s) PtO2(g) O2

400 2.7 567.4 –389.5 –107.6 –127.0 175.8 3.0 130.5

500 5.3 570.1 –385.2 –104.6 –120.0 181.1 6.1 128.8

600 8.1 572.8 –380.6 –101.6 –112.8 186.5 9.2 127.5

Primary DfH
�

T data from [25, 26]

Table 3 Entropy change DS
�
T and equilibrium constant KP for reaction (22): PtO2(s) ? 2CO(g) = Pt(g) ? 2CO2(g)

T/K S
�

T /J/mol K DS
�

T /J/mol K lnKP KP/bar

Pt(s) Pt(g) CO2 CO PtO2(s) PtO2(g) O2

400 49.2 200.1 225.2 206.1 84.3 274.0 213.8 153.9 –20.7 1.0 9 10-9

500 55.2 205.5 234.8 212.7 99.8 285.8 220.6 149.8 –13.0 2.3 9 10-6

600 60.2 211.0 243.2 218.2 112.9 295.8 226.3 148.0 –7.8 4.2 9 10-4

Primary S
�

T data from [25, 26]

Table 4 Oxidation rates of CO on Pt (JCO2
) and diffusional losses of PtO2 (JPtO2

) and Pt (JPt) at selected temperatures

T/K KP/bara PCO2
/barb DCO2

/m2/sc DPtO2
/m2/sd JCO2

/molecules

m-2/s

z/mm k/mme JPtO2
/molecules

m-2/s

JPt/lg cm-2/

min

500 2.3 9 10-6 6.3 9 10-4 1.4 9 10-3 6.2 9 10-4 2.4 9 1020 53.2 3.5 9 10-3 3.5 9 1015 0.007

600 4.2 9 10-4 3.6 9 10-3 1.9 9 10-3 8.4 9 10-4 7.2 9 1021 11.5 4.2 9 10-3 5.8 9 1017 1.2

a KP values from Table 3
b Under conditions: PCO = 0.01 bar and PO2

= 0.02 bar
c For CO2 in air [15] under experimental conditions

d For PtO2 in air taking into account the ratio DCO2
=DPtO2

¼ MPtO2
=MCO2

ð Þ1=2¼ 2:27
e k & 2.2 9 10-10T/P where P in bar [15]
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classical work by Langmuir in 1922 [1]. Taking together all

22 measurements (the sets of 9 and 13 points on the Arrhe-

nius plot in [1]), the calculated magnitude of E is diminished

from 133 to 124 kJ mol-1 [1].

Several conclusions can be deduced by comparative

analyses of the data in Table 5. (i) Of the 31 values of E

reported in 21 publications, 17 (more than half) are

between 100 and 138 kJ mol-1, giving the average mag-

nitude: E = 116 ± 12 kJ mol-1. (ii) The (four) low values

of E, between 48 and 54 kJ mol-1, were obtained at

temperatures below 400 K [33, 35, 37, 41]. A probable

explanation for the increase of E values for reactions above

400 K is that CO2 is desorbed from the reactor walls at

these temperatures and, consequently, the reduction mode

is transformed from equimolar (Pint
CO2

[ Pext
CO2

) at low tem-

peratures to the isobaric regime (Pext
CO2

[ Pint
CO2

) (see above).

The strong desorption of CO2 from zeolites above 400 K

has been confirmed experimentally [48]. Thus, it follows

from the theory that the molar enthalpy of reaction,

equivalent to the E parameter in the Arrhenius approach,

should gradually increase by a factor of three. Thorough

experiments by Berlowitz et al. [33] provide very satis-

factory confirmation of this explanation.

Discussions of reported E values, having magnitudes

between 100 and 138 kJ mol-1, often identify this with the

energy of CO desorption from Pt or with the formation of an

activation complex for the reaction of CO with O, i.e., with

an assumed transition state for the oxidation CO ? �
O2 ? CO2. No attempt to interpret the E value through

thermochemical reasoning could be found in the literature,

leaving the evaluation of the reaction enthalpy based on the

novel mechanism described above, as the only application

of this approach. It is of considerable interest, therefore, that

agreement between the calculated value of molar enthalpy

in the isobaric mode (DrH
�
T=1 ¼ 128 kJ mol-1) and the

experimental magnitude of E, 116 kJ mol-1, is very good.

The discrepancy is within the limits of experimental and

theoretical errors. Similarly, agreement between the calcu-

lated value of the molar enthalpy in the equimolar mode

(DrH
�
T=3 ¼ 43 kJ mol-1) and the experimentally measured

E value, 52 kJ mol-1, is also highly satisfactory.

Reaction orders

From Eq. 24, it is expected that the rate of CO oxidation, J,

is directly proportional to the partial pressure of Pt vapor,

PPt, and, therefore:

J / KP � P2
CO=P2

CO2
ð30Þ

What can be deduced from this relationship? First, the CO

oxidation rate is independent of oxygen partial pressure.

Second, at constant CO partial pressure, the reaction rate J

decreases with increase of CO2 pressure. Third, when

PCO2
� PCO, J is expected to be independent of changes in

PCO. From these relationships, it follows that at constant

PCO2
the oxidation rate dependence is described by the

power function (J / P2
CO). Thus, the exponent n in the

power function J / Pn
CO gradually changes from zero at

PCO2
¼ PCO to 2 with increasing PCO2

up to PCO2
� PCO.

When PCO2
� 2:5PCO, J / PCO.

Recent experimental studies by the Frenken group,

applying the MvK mechanism [8, 49], confirm the first

Table 5 Literature values of the activation energies, E, reported for

oxidation of CO on Pt catalysts

E/kJ/

mol

T/K Catalyst Year References

124 506–725 Pt wire 1922 [1]

56 [453 Pt/SiO2 1978 [28]

104 300–700 Monolith 1982 [29]

100 400–450 Pt/SiO2 1983 [30]

&109 400–800 Pt/c-Al2O3 1984 [31]

121 540–753 Monolith; 0.1 wt%Pt 1985 [32]

138 500–725 Pt(100) single crystal 1988 [33]

54 \440 Pt(100) single crystal

101a \473 Pt/c-Al2O3 1991 [34]

83b \473 Pt/c-Al2O3

&53 323–430 Pt(111) single crystal 1993 [35]

125 560–770 Pt/a-Al2O3 (14 nm)c 1993 [36]

172 602–770 Pt/a-Al2O3 (1.7 nm)c

94 443d 2%Pt/Al2O3 1993 [37]

48 373d 2%Pt-14.7%CeO2/Al2O3

112 463–503 Pt/Al2O3 1997 [38]

71 423–523 Pt/c-Al2O3 1997 [39]

78 423–623 Pt/Al2O3 2002 [40]

&52 280–295 Pt(111) single crystal 2004 [41]

110 506d Pt/c-Al2O3 2004 [42]

132 513d Pt-CeO2/c-Al2O3

&70 &416d Pt-CeO2

109 370–510 Pt nanoparticles stabilized

by SiO2 nanoparticles

2005 [43]

75 370–470 Pt/ZrO2 (powdered) 2006 [44]

&135 520–640 Pt/ZrO2/SiO2

96 443–493 Pt/c-Al2O3 (36 nm)c 2006 [45]

107 443–493 Pt/c-Al2O3 (7 nm)c

115 443–493 Pt/c-Al2O3 (5 nm)c

120 443–493 Pt/c-Al2O3 (2 nm)c

93 423–463 Pt–Rh/c-Al2O3 2009 [46]

116 403–488 Pt/Al2O3 2010 [47]

a Without H2

b With 1 vol% H2

c Particle size
d The temperature at which 50% conversion is achieved
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conclusion (J is independent of oxygen pressure for CO

oxidation over PtO2). The effect of CO2 in reducing the

oxidation rate has also been confirmed experimentally. The

article by Gülyüz et al. [50] is especially important here, by

reporting that a two-fold increase of PCO2
at constant val-

ues of PCO = 0.05 bar and PO2
¼ 0:025 bar reduces the

oxidation rate by a factor of 3.5 (instead of the theoretical

4.0). This agreement is more than satisfactory.

Absolute rates of CO oxidation on Pt

Absolute rates of heterogeneous reactions, such as CO oxi-

dation on Pt, are conventionally expressed either in mole-

cules m-2 s-1 or as turnover frequencies (TOF) in

molecules site-1 s-1. Platinum oxide has the trigonal crys-

tallographic structure (IIIa): a = b = 1.113 Å, c =

4.342 Å, a = 60� giving the surface-area of a PtO2 rhombus

site as 8.39 Å2 or approximately 1.2 9 1019 sites m-2.

Probably, the first experimental measurements of the

kinetics of CO oxidation on Pt wire were performed by

Langmuir [1], who reported oxidation rates of ca. 1 9 1017

and 2 9 1019 molecules m-2 s-1 at 500 and 600 K,

respectively. Sixty years later, Galwey et al. [51] undertook a

similar study, using a constant flow reactant gas mixture (O2/

CO = 55/5), between 460 and 520 K and reported activation

energy, E, values 150–210 kJ mol-1 and calculated pre-

exponential factors, A, 1036–1043 molecules m-2 s-1. These

give exponential factors at 490 K of 1.02 9 10-16 and

4.1 9 10-23 for E = 150 and 210 kJ mol-1, from which J is

found to be 1.0 9 1020 and 4.1 9 1020, averaging

2 9 1020 molecules m-2 s-1 (within a factor of two). Scott

et al. [52], working with a mixture of 20 mbar CO and

200 mbar O2 in N2 (300 cm3 min-1) determined the oxida-

tion rate as J = 4 9 1022 molecules m-2 s-1 at 600 K.

Ackermann et al. [49], working with a mixture of 80 mbar

CO and 500 mbar O2 at 625 K, determined the TOF number

as 3 9 103 or J = 3.6 9 1022 molecules m-2 s-1. Gao

et al. [53] reported J values for low-vacuum experiments

with PCO = 8 mbar and PO2
¼ 16 mbar at 500 and 600 K, as

J = 2.4 9 1020 and 7.2 9 1021 molecules m-2 s-1. It can

be concluded from the above data that the averaged values of

J (excepting Langmuir’s results), correspond to about 1020–

1022 molecules m-2 s-1 in the range 500–600 K. However,

the results reported recently by the Goodman group [53] are

more reliable. These values have been used to estimate the

boundary layer thickness, d (see ‘‘Physical model’’ section

above).

The retexturing effect

The changes of surface topography that accompany CO

oxidation on Pt are well established. As early as 1922,

Langmuir [2] noted: ‘‘Closer examination shows that the

values for k (oxidation rate) tended to increase steadily,

indicating that the filament was undergoing a progressive

change in the direction of becoming a better catalyst…
There is good evidence that the effect is caused by changes

in the structure of the surface itself brought about by the

reaction. After the wire has been used, the surface becomes

very rough’’.

Systematic investigations of this effect were continued

only in the mid-1970s. Galwey et al. [51, 52] described

microscopic and kinetic observations of CO oxidation on

Pt wires below 600 K and at atmospheric pressure. The

heights of facets on platinum surface, developed during CO

oxidation at ca. 500 K and measured from scanning elec-

tron micrographs, were in the range 0.1–1 lm. In contrast,

Ackerman et al. [49] observed much smaller domain sizes,

7–20 nm.

We identify catalyst retexturing as resulting from the

sequence of reactions involving (volatile) Pt species

expressed by Eqs. 22 and 23:

PtO2 sð Þ ! Pt gð Þ ! PtO2 gð Þ ! PtO2 sð Þ ð31Þ

The most important steps that can impact on surface re-

texturing are those related to initial PtO2(s) reduction and

subsequent PtO2(g) condensation. These steps are poten-

tially capable of explaining the movement of metal at the

surface resulting in catalyst retexturing. However, more

detailed research on this process is required to understand

precisely how ‘‘oxide movements’’ result in retexturing of

the metal surface.

Conclusions

Application of concepts and theory recently applied suc-

cessfully in the adjacent fields of heterogeneous reactions

(thermal decompositions of solids and reduction of bulk

oxides by gases) to the mechanistic analysis of experi-

mental kinetic data reported in the literature, has resulted in

the development of a new mechanism for the catalytic

oxidation of CO on platinum through the PtO2 intermedi-

ate. In place of the conventional MvK scheme, the two

new reactions proposed are: PtO2 sð Þ þ 2CO$ Pt gð Þþ
2CO2and Pt gð Þ þ O2 $ PtO2 gð Þ ! PtO2 sð Þ. The first

reaction determines the kinetics of CO oxidation and the

second determines the kinetics of restoration of the PtO2

layer. This oxidation mechanism confirms and develops the

novel and challenging concept in heterogeneous catalysis

that the solid is a chemically active participant in the

reaction.

Thermochemical consideration of the kinetic features of

the reaction, using the Langmuir quasi-equilibrium equa-

tions for the evaporation of simple substances has enabled
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calculation of the reaction enthalpy, DrH
�
T , the equilibrium

constant, KP, and the absolute rate, J, of CO oxidation on

platinum catalysts. Satisfactory agreement between these

values, calculated theoretically and experimentally mea-

sured, confirms the validity of the new reaction model.

(Calculations of these parameters are not possible using the

Arrhenius model.) Furthermore, the thermochemical

approach provides a quantitative interpretation of the

strong effect of CO2 in reducing the oxidation rate and the

three-fold changes of the E parameter with temperature.

The authors believe that these new, and evidently more

powerful, theoretical concepts used in the development of

this novel mechanism of CO oxidation by PtO2 are

potentially applicable to a much wider range of heteroge-

neous catalytic reactions, in particular, kinetic and mech-

anistic interpretations of oxidation processes occurring

with other reactants (H2, CH4, SO2, etc.) and/or on other

PGM catalysts (PdO, RuO2, etc.).
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