JOURNAL OF
CHROMATOGRAPHY A

Journal of Chromatography A, 852 (1999) 507-523

Gas chromatographic kinetic study of carbon monoxide oxidation
over platinum-rhodium aloy catalysts

Dimitrios Gavril, Nicholas A. Katsanos, George Karaiskakis®
Department of Chemistry, University of Patras, GR-26500 Patras, Greece

Received 5 March 1999; received in revised form 18 May 1999; accepted 18 May 1999

Abstract

The kinetics for the oxidation of carbon monoxide in the presence of excess oxygen over Pt—Rh aloy catalysts were
studied by using the reversed-flow gas chromatography technique. Suitable mathematical analysis equations were derived by
means of which the rate constants for the oxidation reaction of carbon monoxide, as well as for the adsorption and desorption
of the reactant CO on the catalysts pure Pt, 75 atom% Pt+25 atom% Rh, 50 atom% Pt+50 atom% Rh, 25 atom% Pt+75
atom% Rh and pure Rh supported on SiO, were determined. All the catalysts show a maximum rate constant for the
production of CO,, at a characteristic temperature close to that found in the literature. The rate constants for the adsorption of
CO increase generdly with increasing temperature, while those for the desorption decrease with increasing temperature.
From the variation of the rate constants with temperature activation energies for the oxidation reaction and adsorption of CO
were determined, which are sensitive to the composition of the catalytic surface. The appearance of CO, and carbon, when
introducing pure CO into the column with the catalysts, verified a partial dissociative adsorption (e.g., disproportionation) of
CO on the catalysts used. The latter indicates a mechanism for the CO oxidation through a partial dissociative adsorption of
CO followed by the reaction of adsorbed CO molecules with adsorbed O atoms. [ 1999 Elsevier Science BV. All rights
reserved.
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1. Introduction called three-way catalysts, since the harmful carbon

monoxide, nitrogen oxides and hydrocarbons are

The catalysts for the oxidation of hydrocarbons
(C,H,) and carbon monoxide (CO) and the reduction
of nitrogen oxides (NO,) in auto exhaust are in an
advanced development stage. Most of the converters
in gasoline-fueled cars are based on bimetallic
platinum-rhodium (Pt—Rh) catalysts which are
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simultaneously converted into carbon dioxide, nitro-
gen and water [1]. Despite the widespread use of
bimetallic Pt—Rh catalysts and the extensive knowl-
edge about the performance of these catalysts [1-5],
little is known about the rate constants of the
physicochemical process of adsorption, desorption
and surface oxidation reaction of CO, which are
important in postulating the mechanism for the CO
oxidation [6,7]. Partial solutions to the problem are
afforded by static and dynamic chemisorption tech-
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niques that measure the total number of sites to
which an adsorbate bonds, but give no information
regarding rate constants and site energetics.

For the kinetic study of the CO oxidation reaction
over the Pt—Rh bimetallic catalysts supported on
SiO,, the relatively new technique of reversed-flow
gas chromatography (RF-GC) was applied. This
offers an alternative route for the measurement of
rate constants and the nature of adsorption sites [8].

The RF-GC technique is based on a perturbation
imposed on the carrier gas flow by repeatedly
reversing its direction for a short time interval. When
the carrier gas contains other gases at certain con-
centrations, recorded by the detector system, the flow
reversals create perturbations on the chromatographic
elution curve, having the form of narrow and
symmetrical extra peaks (‘‘sample peaks’). If the
concentration of a constituent in the flowing gas
depends on a rate process taking place within a
gaseous diffusion column containing a solid bed,
then, by repeatedly reversing the flow, one performs
a repeated sampling of this rate process. Using
suitable mathematical analysis, equations are derived
by means of which the rate coefficients of the slow
processes responsible for the sample peaks are
determined.

RF-GC has been used to determine gas diffusion
coefficients in binary and ternary mixtures [9,10],
adsorption equilibrium constants [11], molecular
diameters and critical volumes in gases [12], Len-
nard—Jones parameters [13], activity coefficients
[14], mass transfer coefficients on solids and liquids
[15-21], solubility and interaction parameters [22],
as well as rate constants, activation parameters and
conversions of the reactants into products for various
important surface-catalysed reactions [23—25].

In the present work the oxidation of carbon
monoxide over Pt—Rh alloy catalysts is investigated
with the aid of RF-GC. The CO oxidation was
chosen because of the well known interest in this
reaction in connection with the control of automotive
emissions. Moreover it was chosen in order to study
the activity for the above reaction of some bimetallic
Pt—Rh catalysts synthesized and well characterized
by various techniques in the Leiden Laboratory [2].
Rate constants and activation parameters for the
oxidation of CO over Co,0, containing catalysts
were aso determined in a previous work [23] by

using the RF-GC technique. The reason for studying
again this reaction by RF-GC, apart from the fact
that we use new Pt—Rh bimetalic catalysts, is the
development of an advanced theoretical treatment,
which allows us to determine, not only the rate
constants for the oxidation reaction, but also the rate
constants for the adsorption and desorption of CO on
the catalysts used.

2. Experimental
2.1. Materials

The catalysts used were pure Pt and Rh supported
on SO, (3%, w/w), aswell as Pt, ,.—Rh, .5, Pt; 50—
Rh, s, and Pt,,.—Rh, .. aloys supported also on
SiO, (3%, w/w). The method of preparation and the
surface characterization of the catalysts using ther-
mal desorption spectroscopy (TDS) and X-ray
photoelectron spectrometry (XPS) have been pre-
sented previously [2,3]. Before use, the cataysts
were reduced at 628 K for 10 h in flowing hydrogen
at aflow-rate of 1.0 ml s~ *.

Carbon monoxide from Linde (99.97% pure) was
used as reactant, while the product carbon dioxide
was identified by using CO, (99.97% pure) from
Matheson Gas Products.

The carrier gas was a mixture of 93% (v/v)
helium (of purity 99.999%) and 7% (v/v) oxygen
(99.999% pure) from BOC Gases, while the hydro-
gen used for the reduction of the catalysts was
purchased from Linde (99.999% pure).

The chromatographic material was silica gel 80—
100 mesh from Supelco.

2.2. Apparatus

The experimental set-up, which has been de-
scribed in detail elsewhere [20,21] is shown in Fig.
1. A conventional gas chromatograph (Shimadzu 8A)
contained in its oven (Fig. 1, oven 1) two sections of
lengths |" and | of a stainless steel chromatographic
column [(38+38) cmx4 mm [.D.] containing no
chromatographic material. A stainless steel diffusion
column of length L (117.6 cmX4 mm 1.D.) was
connected perpendicularly at its lower end to the
middle of the column |I'+| and was empty of any
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Fig. 1. Experimental set-up for the kinetic study of carbon monoxide oxidation over Pt—Rh alloy catalysts by reversed-flow gas

chromatography.

solid or liquid material, except for a short length
(~1.0 cm) at the upper end, which contained the
catalyst (0.09-0.18 g). The one end of the sampling
column |’ +1 was connected, via a six-port valve, to
the carrier gas supply [a mixture of He (93%, v/v)
and O, (7%, v/v)], while the other end was con-
nected to the separation column of length L', which
was placed in oven 2 of another gas chromatograph
(Pye-Unicam Series 104). The end of this column
was connected to the thermal conductivity detection
(TCD) system, as shown. The length of the sepa-
ration column, which was packed with silica gel
80-100 mesh (7.6 g), was 45 cm, while its internal
diameter was 4 mm.

2.3 Procedure

Before measurements, the whole system was
conditioned by heating in situ the catalyst at 743 K
and the silica gel at 423 K both for 20 h, under
carrier gas (93%, v/v, He+7%, v/v, O,) flow. Some
preliminary injections of the reactant carbon monox-
ide were made to stabilise the catalysts, and then,
with the carrier gas flowing in direction from x=0
to x=1"+1 (cf. Fig. 1) with a flow-rate of 1.0 ml
s *, 1 ml of carbon monoxide under atmospheric

pressure was rapidly introduced with a gas-tight
syringe at the top of the diffusion column L. After
some time (usually about 10 min), a continuous
concentration—time curve decreasing slowly is estab-
lished in the recorder owing to both the reactant CO
and the product CO,. During this period, reversals of
the carrier gas flow-direction for 5 s were made, and
then the gas was again turned to its original direc-
tion, by simply switching the six-port valve from one
position to the other, and vice versa. This time period
was shorter than the gas hold-up time in column
sections |’, | and L'. When the gas flow was restored
to its origina direction, two sample peaks were
recorded (cf. Fig. 2). The first peak belonged to the
reactant CO and the second to the product CO,. The
above flow reversal procedure was repeated many
times at each temperature, giving rise to two series
of sample peaks (one for CO and one for CO,), each
pair of peaks corresponding to a different time from
the reactant injection. This means that one can easily
make many measurements of the catalytic activity at
the catalyst’s steady state.

The pressure drop along the whole system was
0.33 atm (1 atm=101 325 Pa). The working tem-
perature range was 553-748 K for the catalyst bed
(oven 1), while it was kept constant at 358 K for the
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Fig. 2. Reversed-flow chromatogram showing two sample peaks for the reactant CO (first pesk) and the product CO, (second peak) for the
experiments done with decreasing temperature (T=613 K) in the presence of the catalyst Pt,,s +Rh, ,s.
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chromatographic material (oven 2). The variations in
the temperature along the catalytic bed, which were
measured by a digital thermometer Fluke 2190A,
were smaller than 1 K. The volumetric carrier gas

flow-rate at ambient temperature was 1.0 ml s .

3. Theory

The height H of the extra chromatographic peaks,
obtained by repeated flow reversals, is proportional
to the concentration c(l’, t) at the point x=1" and at
time t:

HY =gcdl’, 1) 1)

where M is the response factor of the detector and g
the proportionality constant, which can be deter-
mined as described elsewhere [26].

If In H is plotted against t for each substance, a
so-called *‘diffusion band” is obtained, like that of
Fig. 3. The mathematical equation describing the
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diffusion band of the reactant in the presence of
catalyst is the following [27,28]:

HY™ = A, exp(B,t) + A, exp(B,t) + A, exp(B,t)
+ A, expB,h) 2

where the pre-exponential factors A;, A,, A; and A,
are explicit functions of various physicochemical
quantities including m (the injected amount of
reactant in mol), B;, B,, B;, B,, k_; and k,, the
analytical form of which are not needed. The ex-
ponential coefficients of time B,, B,, B; and B,
satisfy the following equations:
X=a,(1+V,) +k_; +k,

= —-(B,+B,+B;,+B,) 3

Y =[ay(1+V,) (K, +Ky) + ey, + KK,
=B,B, + B,B, + B,B, + B,B, + B,B, + B,B,
(4)

T
1500 2600 2500 3000 3500

K(s)

Fig. 3. Example of plotting the diffusion band (In H vs. t) of the reactant carbon monoxide for the experiments done with decreasing

temperature (T=613 K) in the presence of the catalyst Pt, s+ Rh, .
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Z=a,a,(K | +k)+ aVkk | +kk K,
- —(B,B,B, + B,B,B, + B,B,B, + B,B.B, (5)

W= a,Vik,k_ k, =B,B,B;B, (6)

In the previous equations a, =2D, /L%, a,=2D,/
L2, D, isthe diffusion coefficient of the reactant into
the carrier gas in the column L, (see Fig. 1), while
D, is the diffusion coefficient of the same system in
the column L, (see Fig. 1), k, is the dynamic rate
constant for the adsorption of the reactant CO on the
catalysts (s '), k_, is the rate constant for the
desorption of the reactant from the bulk solid catalyst
(s 1), k, is the rate constant (s *) of a possible
first-order or pseudo first-order surface reaction of
the adsorbed carbon monoxide molecules and oxy-
gen atoms, and the volume ratio V, is given by the
relation [28]

2

glempty)e | L,

Vi= Ve Li

(M
where V; and V are the gaseous volumes of empty
sections L, and L., respectively (see Fig. 1) and € is
the external porosity of the catalyst.

In order that diffusion coefficients in calculating
a, and «, are not obtained from other sources, one
can use a steady state approximation for the adsorbed
reactant concentration [27,28], leading to the follow-
ing sum of three exponential functions of time for H,
instead of four as in Eq. (2):

H™ = Ag exp (Bgt) + Aq exp (Byt) + A, exp (B,1)
(8)

where Ag, Ag and A,, as A,, A,, A; and A, of Eq.
(2), are given by expressions independent of time,
while the exponential functions B, B, and B, satisfy
the following relations:

X;=ay(1+V))= —(Bs +Bs +B;) 9
k,k_k,

Y, =aa,+ Ktk B.Bs + B:B, + BB, (10)
-1 2

a,V, Kk k
Z,= ijll_|_ k12 f= - (BsBsB-) (11)
Using a suitable personal computer programme
[28], one can calculate the exponential coefficients of

time B,, B,, B; and B, of Eq. (2), as well as the
coefficients Bg, By and B, of Eqg. (8), from the
experimental points of H (the height of the sample
peaks in arbitrary units) and t (the respective times
when the flow reversals were made).

From the known values of B,, B,, B;, B,, Bs, By
and B, one can calculate the auxiliary parameters X,
Y, Z, W, X;, Y, and Z,, by using Egs. (3)—(6) and
(9)-(11). From the ratio W/Z, or the difference
X—X, the sum k_, +k, is obtained, while the value
of a,(1+V,) is calculated by subtraction of k_, +k,
from X. The value of a,V, is computed from a,(1+
V,), since V, is known from the geometric charac-
teristics of the cell. Combination of Egs. (4)—(6)
gives the following relation from which the product
k,k_, can be calculated.

Z
kik_ ;= {Y_ [ay(1+V) (ko +ky) — k ,+k,

w / 1 aV,
- aVy(k_; +ky) B ko, +k,

(12)

Dividing W by a,V, the factor k;k_,k, can be
caculated, from which the k, value can be com-
puted, since the product k,k_, has been already
determined from Eq. (12). The value of k_, results
from the difference (k_;+k,)—k, and that of k;
from the ratio k,k_, /k_;.

4. Results and discussion

Rate constants for the adsorption (k,) and desorp-
tion (k_,), as well as for the oxidation reaction of
carbon monoxide (k,) on all catalysts used and at
various temperatures were calculated using the pro-
cedure described in the theoretical section. The
variation of the rate constants with temperature,
which is shown in Figs. 4 and 5, indicates that the
rate constants for the adsorption increase generaly
with increasing temperature, while those for the
desorption decrease with increasing temperature. On
the other hand the rate constants for the oxidation
reaction show a maximum at a characteristic tem-
perature T, depending on the surface composition of
the catalyst. The T, values, which were calculated
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Fig. 4. Variation of the rate constants for the adsorption (k,), desorption (k_,) and oxidation reaction of CO (k,) with temperature, for
experiments done with increasing temperature over the supported on SiO, catalysts shown in the scheme.
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the scheme for experiments done with decreasing temperature.

Table 1

Characteristic temperatures for maximum rate constants for the
oxidation reaction of CO, over Pt—Rh aloy catalysts, for increas-
ing (T,,) and decreasing (T,,) temperature vs. the catalyst Pt
content (at % Pt)

At % Pt T.. (K) T, (K)
0 670 -
25 659 653
50 623 -
75 618 613
100 665 693

by a computer programme, for increasing and de-
creasing temperature are compiled in Table 1. The
experimental data are consistent with previous results
[2,3], in which a temperature of maximum carbon
dioxide production over the Pt—Rh bimetallic
catalysts was also observed. The T, values found in
the present work (618 K and 613 K for increasing
and decreasing temperature, respectively, for the
catalyst Pt,..—Rh,,s and 659 K and 653 K for
increasing and decreasing temperature, respectively,
for the catalyst Pt, ,s—Rh, 5) are in good agreement
with the corresponding temperature values of 615 K
and 665 K for the maximum CO, production pre-
sented previoudly [2,3]. Apparently the surface com-
position has a significant influence on T,,. This can
be explained either on the basis of the metal—oxygen
bond strength, which is weaker for Pt than for Rh or
on the Pt—Rh synergism [4,29] in the bimetallic
catalysts, which has a different effect on the catalysts
depending on the surface composition.

We conducted some experiments to investigate
how the extent of the synergistic effect depends on
the composition of the bimetallic catalyst. Fig. 6
shows the characteristic temperature T,, for maxi-
mum rate constant for the oxidation reaction of CO
as a function of the atomic percentage of Pt for
increasing and decreasing temperature (with the total
number of noble metal atoms in the catalyst sample
held constant). Fig. 6 shows that the characteristic
temperature for the maximum rate constant of CO
oxidation goes through a minimum as the Pt content
in the catalyst increases, indicating the presence of
beneficial Pt—Rh synergism over the wide catalyst
composition range considered.

For reference purposes the data for the Pt-only and
Rh-only catalysts are also included in Fig. 6. Fig. 6
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Fig. 6. Variation of the characteristic temperature T, for maximum rate constant for the oxidation reaction of CO over Pt—Rh bimetallic
catalysts with the atomic percentage of Pt for increasing and decreasing temperature.

is in absolute agreement with Fig. 4 of Ref. [4], in
which the temperature for 50% CO conversion was
presented as a function of catalyst composition.
From Fig. 6 the following conclusions for the
oxidation reaction of CO over the Rt—Rh catalysts
can be extracted:

(i) The characteristic temperature of the maximum
rate constant for the experiments done with increas-
ing temperature, which is a measure of the catalytic
activity, follows the order: T, (Pt,;5—Rhg,5)<
Ton(Plo.so=Rhg 50) < T (Plg o5 —RNg 75) < T (pure PY)-
<T,,(pure Rh).

The corresponding T,,, values for the experiments
done with decreasing temperature follow the order:
Tn(Plo.75—Rhg 55) <T,(Ptg 25 —RNg 75) < T, (pure PY).

(ii) The maximum T, temperature for the experi-
ments conducted with increasing temperature on the
pure Rh can be attributed to the well known forma-
tion of the inactive oxide Rh,O,, which suppresses
CO chemisorption significantly [30,31]. So, the Rh-
only catalyst exhibits relatively low CO oxidation
activity under the net-oxidizing conditions used in
the present work.

(iii) The T, temperature for the Pt-only catalyst

with increasing temperature is also higher than those
for the bimetallic catalysts, because the Pt surface is
predominantly covered with CO, leaving very little
active sites for oxygen adsorption.

(iv) The Pt—Rh synergism in the bimetalic
catalysts increases gradually with increasing Pt con-
tent, as the T, temperature decreases with increasing
Pt content. Thus, a synergistic enhancement of CO
oxidation activity is observed over the Pt—Rh
bimetallic catalysts. This can be attributed to the fact
that Pt (CO source) and Rh (oxygen source) are
randomly distributed on the surface increasing the
probability of finding surface CO and oxygen in the
vicinity of each other. The increased catalytic activi-
ty with increasing Pt suggests that the Pt in the
bimetallic catalyst directly participates in the oxida-
tion reaction.

(v) The temperatures for the maximum rate con-
stant of the CO oxidation over the bimetallic
catalysts used are lower for the experiments done
with decreasing temperature compared to those
obtained under the same experimental conditions but
with increasing temperature. The latter, which is in
accord with previous results [2], indicates that the
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surface composition and hence the catalytic activity
is dependent on the initial equilibration temperature.
On the other hand for the pure Pt catalyst the
characteristic temperature for maximum rate constant
of the CO oxidation is higher in the case when the
temperature decreases. This can be attributed to the
inhibited action of CO, which at high temperatures is
selectively adsorbed on the pure Pt.

From the variation of the rate constants k, and k,
with temperature, the activation energies for the
adsorption, E,;, and oxidation reaction, E_,, of CO
were determined for increasing and decreasing tem-
perature (cf. the Arrhenius plots in Figs. 7-10).
Since the rate constant k, is kinetically controlled at
temperatures lower than the characteristic tempera-
ture T.,, while at higher temperatures the product
composition is controlled by an equilibrium between
CO and CO,, the Arrhenius equation for k, was
applied at temperatures lower than T,. From the
activation energies presented in Tables 2 and 3 and
their variation with the catalyst Pt content shown in
Figs. 11 and 12 the following conclusions can be
drawn:

(i) The activation energies for the adsorption of

CO on the catalysts used range between 57 and 172
kJ mol ~*, indicating a process of chemisorption.

(ii) The activation energies for the adsorption of
CO on the Pt—Rh bimetallic catalysts for both series
of experiments done with increasing and decreasing
temperature, decrease with increasing the catalyst Pt
content.

(iii) The activation energies for the oxidation
reaction of CO over the Pt—Rh alloy catalysts
decrease with increasing the Pt content. The latter
which can be attributed to synergetic effects is in
agreement with the variation of the characteristic
temperature for the maximum rate constant k, with
the Pt content presented in Fig. 6.

(iv) The lower activation energies for the oxida
tion reaction of CO, which were found for the
experiments done with decreasing temperature com-
pared to those with increasing temperature, can be
attributed to the catalyst pretreatment, which, as it
was pointed out previously, influences strongly the
catalytic activity. Such unexpected low values of
activation energies for the oxidation reaction of CO
over bimetallic catalysts have been also presented
previously [31].
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(3) Ptozs+Rhg .

Table 2
Activation energies for the adsorption of CO on various Pt—Rh
ec.

dloy catalysts for increasing (E&*) and decreasing (E&*) tem-
perature

At % Pt E"* (kJ mol %) ES* (kI mol )
0 108+26° -
25 172+37 127+24
50 76+18 -
75 69+18 102+24
100 57+19 73+27

®The + values are standard errors.

Table 3
Activation energies for the oxidation reaction of CO over Pt—Rh
aloy cataysts as a function of the catayst Pt content for

inc. dec.

increasing (E,,”) and decreasing (E_, ) temperature

At % Pt E" (kdmol ) E% (kImol %)
0 65+30° -
25 133425 29+1
50 88+28 -
75 53+34 23+3
100 39+9 20+2

®The + values are standard errors.

The only physicochemical assumptions concerning
the gas/solid interactions are that all parameters
measured directly or calculated indirectly refer to
elementary steps at equilibrium. Based on that, the
ratio k,/k_, with the real experimental isotherm
used in the derivation of the relevant equations
[27,28] represent equilibrium constants K, according
to the principle of microscopic reversibility. It was
not an easy thing before to measure simultaneously
rate constants of adsorption (k,) and desorption (k_,)
at a dynamic equilibrium state like that justified
experimentally in our experiments. The variation of
the adsorption constants K=k, /k_, with tempera-
ture, shown in Figs. 13 and 14, gives the apparent
standard molar internal energy change AU 2pp_, which
may be the standard molar internal energy change
AU?, in the adsorption process of the reactant CO or
the difference AUY, —AUS, where AU? is the
standard molar change in internal energy when an
inhibitor is adsorbed, covering a much bigger frac-
tion of the active surface compared to that covered
by the reactant CO. Since AU? is negative the total
equilibrium energy of adsorption AU 2, —AU? in the
second case may be positive. Taking into considera-
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Fig. 12. Plot of the activation energy E,, for the oxidation reaction of CO over the Pt—Rh aloy catalysts vs. the Pt content for increasing
and decreasing temperature.
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Apparent, AU, (kImol "")=AUg, —AU_ and true, AU, (kJmol "), standard molar internal energy changes for the adsorption of CO on
various Pt—Rh aloy catalysts, as well as standard molar changes in internal energy for the adsorption of the inhibitor carbon, AUiJ (kJ
mol %), on the same catalysts for increasing and decreasing temperature

At % Pt Increasing temperature Decreasing temperature
0 0] 0 0 0 0
AU, AU, AU AU, AU, AU,
0 205 —158 —363 - - -
25 305 —142 —447 286 —172 —458
50 109 —146 —255 - — -
75 98 —131 —229 204 —144 —348
100 89 —155 —244 161 —137 —298

tion that the found values of AU gpp_ are positive (cf.
Table 4) and the carbon, which, as it will be pointed
out later, results from the CO dissociative adsorption,
acts as an inhibitor, we can determine the standard
molar change in interna energy for the adsorption of
carbon as follows:

By using the statistical mechanics relation [32]:

_ hPexp(— AU, /RT)
- (27rm)3/2(KT)5/2

(13)

the differential energy of carbon monoxide adsorp-
tion, AU ¢, , can be calculated. Subtracting AU 7, =
AU —AU? from the mean vaue of AUY, in the
temperature range used to calculate AU2, —AU?,
one can find the value of AU ?. From the values of
standard molar changes in internal energy compiled
in Table 4 and the variation of AU with the catalyst
Pt content shown in Fig. 15, the following conclu-
sions can be drawn:

(i) The values of AUG,
reason mentioned earlier.

(ii) The values of AUS are negative and large,
indicating a spontaneous process of strong carbon
chemisorption on the catalysts used.

(iii) Comparison of Figs. 12 and 15 shows that for
both experiments done with increasing and decreas-
ing temperature, the activation energy for the oxida-
tion reaction of CO, E,,, increasses as the internal
energy for the adsorption of the inhibitor carbon
decreases. This is reasonable as the deposited on the
catalysts carbon inhibits the CO oxidation reaction.
The minimum AU? value, which shows a strong
chemisorption of the inhibitor on the catalytic sur-
face, corresponds to the maximum E,, value, as most
of the catalytic active sites are occupied by carbon,

p. are positive due to the

which acts as an inhibitor in the CO oxidation
reaction.

As far as the CO oxidation mechanism is
concerned, it is well established in the literature [2,4]
that the primary reaction pathway for the oxidation
of CO on noble metals is a surface reaction between
adsorbed CO and adsorbed atomic oxygen. Depend-
ing on the metal and the temperature, carbon monox-
ide is either molecularly or dissociatively adsorbed.
Dissociative adsorption can lead to the deposition of
carbon on the metal surface. Doering et a. [33],
Ichikawa et al. [34], as well as Macigewski and
Baiker [35] evidenced the decomposition of CO on
small Pd particles deposited on various surfaces,
while loannides et al. [5] verified the CO dissocia-
tion over Rh dispersed on various metal oxides. In
the present work we have investigated whether the
interaction of CO with the Pt—Rh aloy catalysts
leads to its disproportionation by performing a series
of experiments under the same experimental con-
ditions as those for the oxidation reaction, but
without oxygen in the carrier gas helium. Two
chromatographic pesks corresponding to CO and
CO,, as those in the case of CO oxidation in the
presence of oxygen, were also obtained, indicating a
dissociative adsorption of CO on dl the cataysts
used. X-Ray diffraction analysis of the catalysts at
the end of the kinetic experiments have shown the
deposition of carbon on the catalytic surface and
verified the disproportionation of CO. Therefore, the
most likely mechanism of the carbon monoxide
oxidation reaction over the Pt—Rh aloy cataysts
used is CO dissociation followed by reaction of
adsorbed CO molecules and O(ads) atoms, as fol-
lows:

3CO(g) + 3* - 3CO(ads)
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Fig. 15. Variation of the standard molar internal energy change in the adsorption process of carbon, which results from the disssociative
adsorption of CO and acts as an inhibitor in the oxidation reaction of CO over the Pt—Rh alloy catalysts, with the atomic percentage of Pt,

for increasing and decreasing temperature.

CO(ads) + * — C(ads) + O(ads)
0,(g) + 2* - 20(ads)

3CO(ads) + 30(ads) — 3CO,(g) + 6*

where [*] denotes the number of vacant active sites.

The characteristic temperatures for the maximum
rate constants of the CO oxidation found in the
present work by the RF-GC technique, considering
an apparent first-order reaction order with respect to
CO, are in excellent agreement with the temperatures
for the maximum rates of CO,, production presented
previously [2,3]. The latter indicates that the hypoth-
esis for afirst order reaction with respect to CO is a
good approximation under the experimental con-
ditions used (excess of oxygen).

The fact that the derived experimental results
which are based on the assumption of a pseudo
first-order reaction with respect to carbon monoxide,
are consistent with data presented previously [2,3],
provides only a necessary, but not a sufficient,

condition that the reaction order of the CO oxidation
can be approximately considered equal to unity
under the experimental conditions used. Obviously,
more work is needed under various concentrations of
CO in order to investigate the reaction order of the
CO oxidation by the reversed-flow gas chromatog-
raphy technique.

The final conclusion of this study is that the
detailed kinetics of carbon monoxide oxidation over
Pt—Rh bimetallic catalysts, which is very important
for the control of automotive emissions, can be
studied with simplicity and accuracy using the
relatively new RF-GC technique.
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