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Isotopic exchange measurements were used to investigate the adsorption/desorption and inter-
conversion of CO and CO, on chromia-promoted magnetite at 565 and 627 K. The interconversion
between CO and CO, was shown to take place through surface adsorbed species. Furthermore, the
rate of interconversion was limited by the rates of adsorption/desorption. indicating either that
adsorbed CO and CO, are in equilibrium on the surface or that the adsorption of CO and CO, leads
to the same surface species, e.g., a surface carbonate species. A kinetic model for the water-gas
shift over magnetite is proposed, and the results of the isotopic exchange measurements and
volumetric adsorption data are used to estimate the rate and equilibrium constants for this

model. © 1987 Academic Press, Inc.

INTRODUCTION

Despite the fact that chromia-promoted
magnetite is an effective water-gas shift cat-
alyst, the mechanism for this reaction has
not yet been unambiguously defined. Two
types of catalytic roles of magnetite have
been suggested, as reviewed elsewhere (/):
that the catalyst provides a surface for ad-
sorption and interaction of the water-gas
shift reactant species to form product spe-
cies followed by desorption, and that the
catalyst participates as an oxygen transfer
medium and is alternately oxidized and re-
duced through a ‘‘regenerative’’ mecha-
nism. Previous studies have addressed both
the adsorptive properties (2) and the oxy-
gen transfer properties (3) of chromia-pro-
moted magnetite. The objectives of the
present work are to determine whether
these adsorptive and oxygen transfer prop-
erties are related, and to compare the rela-
tive rates of adsorption/desorption with the
rates of interconversion of CO and CO; un-
der equilibrium conditions. This will be ac-
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complished through the use of isotopically
labeled species. Finally, these results will
be used to propose a mechanism and rate
expression for the water-gas shift reaction
over chromia-promoted magnetite.

It has been proposed previously that the
regenerative mechanism is the dominant
pathway for water-gas shift over chromia-
promoted magnetite (3). The regenerative
half-reactions which combine to give the
overall reaction have typically been written
as Rideal-Eley steps:

CO(g) + O* 2 COy(g) + * (1
H,O(g) + * 2 Hax(g) + O%,  (2)

where O* represents a reducible oxygen-
containing site on the surface and * an oxi-
dizable anion vacancy. Indeed, a rate ex-
pression based on this mechanism (4) has
been shown to give a good fit to water-gas
shift kinetic data (5). Recent work by Reth-
wisch and Dumesic (6) has indicated that
the high activity of magnetite for water-gas
shift relative to other oxides is linked to the
variable oxidation state of iron in the cata-
lyst, which facilitates surface oxygen trans-
fer.
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It has been suggested, however, that an
expression of a regenerative mechanism
more realistic than the Rideal-Eley scheme
might involve adsorbed intermediates (7,
8). Significant amounts of adsorbed species
are present on the surface of magnetite un-
der water-gas shift conditions. In fact,
Lund and Dumesic (9) concluded that cata-
lysts not active for adsorption of CO and
CO; are not active for water-gas shift. Ac-
cordingly, the importance of adsorption
phenomena in the regenerative mechanism
will be investigated in the present study.

It has been shown (3, 10) that the oxygen
content of chromia-promoted magnetite
varies according to the thermodynamic ox-
ygen activity of the gas phase in equilibrium
with the solid. In general, this thermody-
namic activity at a given temperature is
proportional to the CO,:CO or H,O:H,
partial pressure ratios. This behavior was
employed by Kubsh and Dumesic (3) to
study gravimetrically the rates of oxidation
and reduction of magnetite as a function of
the oxygen content of the catalyst. While
the importance of the regenerative mecha-
nism was demonstrated, the role of ad-
sorbed species in regenerative oxygen
transfer reactions could not be clearly elu-
cidated since adsorbed species and surface
oxygen could not be distinguished gravi-
metrically. The present study effects the
separation between adsorbed species and
surface oxygen through the use of *C as an
isotopic tracer in CO,/CO gas mixtures in
equilibrium with chromia-promoted mag-
netite.

Materials and Procedures

Isotopic exchange measurements were
carried out under equilibrium conditions in
CO/CO; mixtures. The catalyst was a com-
mercial chromia-promoted (7% chromia)
magnetite obtained from Haldor Topsge
A/S (SK-12). Four different samples were
studied: an unsieved, ground, 1.9-g sample;
two 1.9-g samples, 70-100 mesh (0.149-
0.210 mm) in size; and a 1.5-g sample, finer
than 200 mesh (0.074 mm). The different

sample granule sizes were used to deter-
mine whether pore diffusion was limiting
under the conditions of the experiments.

Each sample was pretreated as pre-
scribed by Lund et al. (11). First the sample
was reduced for 30 ks (8 h) or longer in a
flowing CO/CO, gas mixture (CO:CO, =
7:1) at 653 K. Following reduction, the
sample was evacuated for 3.6 ks. During
the first 2.7 ks of the evacuation, the tem-
perature was maintained at 653 K. During
the final 0.9 ks of the evacuation, the tem-
perature was lowered to the temperature
under investigation (563—630 K). The final
evacuation pressure was approximately 1 X
1073 Pa (1 x 1073 Torr).

A schematic diagram of the glass system
used is shown in Fig. 1. After the catalyst
was evacuated, the Pyrex sample cell was
isolated, and a mixture of CO and CO, (nat-
ural isotopes) was prepared in the dosing
manifold. First, the desired amount of CO,
was admitted to the manifold. The CO, was
then frozen in an extension of the manifold
which was immersed in liquid nitrogen, and
the amount of CO required to attain the
planned total dosing pressure and composi-
tion was added to the manifold. The liquid
nitrogen was then removed from the exten-
ston, stopcock A was opened, and the sys-
tem was allowed to reach equilibrium over-
night.

After this equilibrium state was reached,
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F1G. 1. Schematic of isotopic exchange apparatus.
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the cell was isolated by closing stopcock A,
leaving in the cell a small amount of the gas
mixture. The composition of the mixture in
the manifold was determined by freezing
the CO; in the gas phase by again immers-
ing the manifold extension in liquid nitro-
gen and comparing the pressures before
and after the freezing. Thus the initial and
final pressures and compositions were mea-
sured, and the amounts of CO and CO, re-
maining in the cell both in the gas phase and
adsorbed on the catalyst surface could be
calculated (2). The total amount adsorbed
was determined volumetrically using the
ideal gas law. Equilibrium pressures were
in the 2.8 kPa (21 Torr; 1 Torr = 133.3 Pa)
range.

The next step in the experiment was to
prepare in the above manner an isotopically
labeled CO/CO; mixture in the exchange
loop with composition and pressure equal
to that in the catalyst cell. Either the CO or
the CO, in this mixture was labeled with
13C. Stopcocks A and B were opened, and
the glass circulation pump was turned on to
mix the gas in the loop. In this way, the
exchange of the labeled species in the gas
phase with species adsorbed on the surface
could be observed and measured, yielding
the equilibrium rates of adsorption and de-
sorption under the experimental condi-
tions. Additionally, the rate of interconver-
sion between CO and CO, through the
CO/CO, half of the regenerative mecha-
nism (Eq. (1)) could be measured.

A small amount of the gas in the system
was diverted through a leak valve to the
sampling system. A quadrupole mass spec-
trometer (UTI Model 100C) was used to
measure signals from 2CO, CO, 2CO,,
and "“CO,. The mass spectrometer was
controlled by a Peak Programmer Selector
(UTI Model 2054), which sampled the four
channels. The signals from the mass spec-
trometer were used to calculate the fraction
of CO labeled and the fraction of CO, la-
beled as functions of time.

The CO/CO, mixture used for the cata-
lyst pretreatment was obtained from

Matheson. Iron carbonyl in the mixture
was decomposed by passing the mixture
through a heated tube (T = 653 K) and a
glass frit prior to passing the mixture
through the catalyst cell. Natural CO (CP
grade, 99.5% pure, minimum) and CO,
(bone dry grade, 99.8% pure, minimum)
were also obtained from Matheson. The CO
was further purified by passage over hot
copper turnings (523 K) followed by pas-
sage through an activated molecular sieve
trap (Davison, 13x) at 195 K. The CO, was
purified by freezing in liquid nitrogen at 77
K and evacuating to 10=* Pa 107¢ Torr).
The purified gases were stored in 5-dm?
storage bulbs in the glass vacuum system.
Carbon-13 labeled CO and CO; were ob-
tained from Stohler-KOR isotopes in 101
kPa (1 atm), 0.1-dm? glass bulbs and they
were used without further purification.
Both the CO and CO, contained 99% 3C.

Isotopic Exchange Measurements

The possible effects of the gas mixing
time in the cell and loop and of pore diffu-
sion within the catalyst were investigated in
this study of adsorption/desorption and in-
terconversion of CO and CO,. An experi-
ment where silica replaced magnetite in the
cell was run to test the effects of mixing
time in the system on isotopic exchange
results. The mixing experiment was run un-
der conditions comparable to the isotopic
exchange experiments, under which silica
does not adsorb CO or CO; to a measurable
extent (/2). The results showed that mixing
occurs within 10 s, a time much shorter
than the characteristic times for isotopic
exchange over magnetite. It is therefore
concluded that mixing effects in the iso-
topic exchange experiment are negligible.

Estimations of the Thiele modulus for
isotopic exchange showed that the effects
of pore diffusion should not influence the
observed reaction rates (/3). This result
was verified by observing that the measured
exchange rates were independent of the
magnetite particle size for the different
ground samples. It should also be noted
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that the kinetic isotope effect between 2C
and PC is negligible for the purposes of this
study (/4).

The present isotopic exchange experi-
ments start with the catalyst in equilibrium
with a CO/CO, gas mixture composed of
natural isotopes. A CO/CO; mixture con-
taining either labeled CO or labeled CO; of
equal total pressure and composition is
then exposed to the catalyst, and the ex-
change of the different species under equi-
librium conditions is observed. For exam-
ple, if the experiment is initiated with
labeled *CO and natural CO, in the gas
phase, then *CO can exchange with 2CO
adsorbed on the catalyst and it can react
with oxygen on the catalyst surface, gener-
ating *CO,. Because the experiment is car-
ried out under equilibrium conditions, the
total amounts of both CO and CO; in the
gas phase, the amount of oxygen on the cat-
alyst surface, and the total amount of each
species adsorbed on the surface are con-
stant throughout the experiment. These
quantities are known, since the initial and
final pressures and volumes of the natural
CO/CO; mixture used to equilibrate the
system are known, as are the pressure, vol-
ume, and composition of the exchange mix-
ture. If the transfer of oxygen between CO,
CO;, and the catalyst surface occurs
through an adsorbed intermediate, the fol-
lowing equilibria are in effect:

CO+a%CO-a 3)
€O, + 22 CO; - B 0
CO~a%C02-B )

Here, o and B represent adsorption sites for
CO and CO,, respectively, on the catalyst
surface. A mass balance for Eq. (5) requires
that an « site is a B site containing an addi-
tional oxygen atom. The forward and re-
verse reaction rate constants for each step
are represented by k; and k;, respectively.
When brackets around a species are used to
represent concentrations, the equilibrium

rates of the above reaction steps Ry, R,,
and R; can be expressed as

R, = k[COlle] = kICO - o] (6)
R; = b[CO,)(B] = kICO: - g1 (7)
R; = k[CO - a] = K[CO; - 1.  (8)

R\, R,, and R; are measured in umol/s. To
analyze the data, the fraction of each car-
bon-containing species which is labeled is
considered. The fractions of gas phase CO
and CO, labeled with 3C are denoted by
Gco and Geo,, respectively; e.g.,

Gco = [PCON([PCO] + [2COD.  (9)

Similarly, the labeled mole fractions of [CO
- a] and [CO; - B] are denoted by Aco and
Aco,, respectively; e.g.,
Aco = [PCO - a}/([BCO - a]

+ (*CO - a]). 10)
Thus, the changes in the amounts of labeled

CO and CO; in the gas phase with respect
to time may be written:

d[*COl _ dGeo
ar - Col—
= Ri(Aco — Geo) (11)
d[PCO,] dGco,
—ar {CO,] ~ar

= RfAco, — Geop- (12)

The rate of change of the labeled adsorbed
CO is

d[l3CO ‘ a] _ dACO
dt =1CO - of =
= Ri(Gco — Aco)

+ Ri(Aco, — Aco). (13)

The analogous rate equation for labeled
CO, is not necessary because the equilib-
rium mass balances are also known. The
amount of *C in the system is constant, and
the amounts of CO and CO; in the gas
phase and adsorbed on the catalyst remain
at the amounts measured at the beginning
of the experiment. If ['*Clyor represents the
known amount of labeled carbon species in-
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troduced at the beginning of the experi-
ment, then the relationship

[*Clror = GcolCOl + Go,[CO,)
+ AcolCO - a] + Aco,[CO, - B] (14)

is valid throughout the course of the experi-
ment. The signals for Gco and Gco, are
measured by the mass spectrometer and re-
corded by the peak programmer as func-
tions of time and thus Ggo and Gco, are
known. The pressures or concentrations
[CO] and [CO,] are also known, as is the
total amount of adsorbed gas [CO : «] +
[CO, - Bl. The individual amounts of ad-
sorbed gas were estimated from the adsorp-
tion data as discussed elsewhere (2). The
goal of the data-fitting work, then, was to fit
the Geo and Go, versus time curves using
the above equations. The convergence val-
ues of R, R,, and R; are the equilibrium
rates of CO and CO, adsorption and de-
sorption and surface interconversion under
the conditions of each experiment.

To extract the rate constants from R,
R,, and Rs, it is necessary to know the
amount of adsorbed CO and CO, (i.e., [CO
- a]and {CO, - B]) and the numbers of « and
B sites available on the surface. An alter-
nate model can be derived, however, as-
suming that adsorbed CO and CO, on the
surface are indistinguishable; that is, CO
and CO, form the same species COO - s.
The reaction equations thus become

c0+a%coo-s (15)
CO, + B {—_» COO0 - s, (16)

This model requires only that the total
quantity of adsorbed species be known.
The adsorption data of Kubsh et al. (2)
were fit according to this model assuming
that the total number of adsorption sites on
the surface, 6, was a constant and that

O = la] + [B] + [COO -s].  (17)

The equilibrium constants for adsorption,

_[COO - 5]

Kt = coTar “
_ [COO - 5]

K= (cop )

were found. At 637 K, 0, = 0.229, K, =
1.17kPa’!, and K, = 0.38 kPa™".

The data for the isotopic exchange exper-
iment can also be fit using the model of Eqs.
(15) and (16). In this case, the expressions
include the fraction of total labeled species
on the surface A (A = Aco = Aco,). The
time-dependent expressions for the isotopic
exchange are thus:

d[°Cco] dGeo
de [CO] dt
= Ri(A — Gco) (20)
d['*CO;] _ dGco,
ar - [COd—4
= RyA — Gco,) (21)
d[PC.q dA
el = 100l & = RiGeo — 4)

+ Ry{Gco, — A). (22)
In this case [*C,4] and [C,4] are the
amounts of labeled adsorbed species and
total adsorbed species, respectively. If the
rates R, and R, are known, they can be
combined with the rate expressions of Egs.
(15) and (16) and the adsorption parameters
of expressions (18) and (19) to find the rate
constants for adsorption and desorption &,
ki, k>, and kj.

Equations (20)-(22) can also be used to
fit the data if surface interconversion oc-
curs as in Egs. (3)-(5) when the rate of sur-
face conversion (Eq. (5)) is rapid relative to
the adsorption/desorption rates (Egs. (3)
and (4)). Therefore, a good fit of the data to
Eqgs. (20)-(22) cannot be taken as proof that
a common surface species exists from ad-
sorption of CO and CO,.
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RESULTS AND DISCUSSION
Isotopic Exchange Measurements

When the curves were fit by a least-
squares subroutine using the model of Eqs.
(11)-(13), it was found that the apparent
rate of interconversion on the catalyst sur-
face, R;, was significantly faster than either
R, or R;, the adsorption/desorption rates of
CO or CO;. In general, the values for R;
were at least an order of magnitude larger
than R, and R,. It can, therefore, be con-
cluded that either the interconversion of ad-
sorbed CO and CO; on the catalyst surface
is fast and in equilibrium relative to the two
adsorption rates, or that adsorbed CO and
CO; are indistinguishable. For simplicity,
the model of Egs. (20)—(22) was, therefore,
used to fit the data.

Figure 2 shows a representative set of
Gco and Geo, data. All data sets are given
elsewhere (13). This particular experiment
started with labeled CO; and natural CO in
the gas phase. The initial value of Gco, is
less than 1.0 because a small amount of nat-
ural CO, was present initially in the cell in
equilibrium with the catalyst. The lag-time
before the appearance of the labeled CO in
the gas phase was reproducible and was ob-
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Fi6G. 2. Fraction of (a) CO and (b) CO, labeled as a
function of time (CO, initially labeled). Shown are cali-
brated data (—-) and best fit according to Eqs. (20)-
(22) (—). Ry = 0.155 umol/s, R, = 0.466 pmol/s.
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F1G. 3. Fraction of (a) CO and (b) CO; labeled as a
function of time (CO initially labeled). Shown are cali-
brated data (~—-) and best fit according to Eqs. (20)-
(22) (—). R, = 0.138 umol/s, R, = 0.414 umol/s.

served for every run where the initial gas
mixture consisted of 3CO, and 2CO. For
experiments where the initial gas mixture
consisted of *CO and 2CO,, a lag-time be-
fore the appearance of '*CO, in the gas
phase was also observed, as seen in Fig. 3.
That a time-lag for interconversion exists is
proof that the correct CO-CO, interconver-
sion mechanism includes an adsorbed inter-
mediate. This is demonstrated below.

The Rideal-Eley form of the regenera-
tive mechanism for CO/CO, interconver-
sion is given by the equation

ki
CO + 0* 2 CO, + * (23)
where O* represents an oxygen-containing
site on the surface and * an anion-vacancy
surface site. The rate of interconversion R,
is given by

R, = k[COI[O*] = k[COI*], (24)

where k; and k. are the forward and reverse
reaction rate constants. If Gco and Gco,
represent the labeled fractions of gas phase
CO and CO,, respectively, the differential
equations for changes in G¢o and Gco, with
respect to time are given by
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dGCO?_ _ dGC()
= —Gcok[COJIO*]

+ Geo,k[COL*]. (25)

If a Rideal-Eley regenerative mechanism
were prevailing, the decrease in the labeled
fraction of the initially labeled species
would be accompanied by a corresponding
increase in the labeled fraction of the other
gas phase species. This is not the case for
any of the experiments of the present
study.

The conclusion that adsorbed species are
either rapidly interconverting or indistin-
guishable is further supported by the fol-
lowing result. Two sets of data were
collected at essentially the same total
pressure, temperature, and composition.
For one run, 3CO was the initially labeled
gas phase species, and for the other run,
BCO, was the initially labeled gas phase
species. Interconversion between CO and
CO; can be represented as

Ry
{fast)
pramm—

CO(g) == CO(ads)
COs(ads) == COyg). (26)

Experiments done using *CO as the ini-
tially labeled gas phase species measure R,
relatively directly, since the initial decrease
in Gco is predominantly due to exchange of
labeled CO in the gas phase with natural
CO on the catalyst surface. The eventual
increase in Gco, through interconversion
and subsequent desorption of surface spe-
cies is used to calculate R,, assuming that
R; is fast or that only one surface species
exists. If R; were not rapid, the calculated
value of R, would then be lower than the
actual adsorption/desorption rate for CO,.
Likewise, if the assumption of rapid inter-
conversion or equivalent adsorbed species
is incorrect, then for experiments starting
with *CO, and natural CO, the conver-
gence values for R, would be close to the
correct value, but the indirectly calculated
value of R, would be too low.

The results of two experiments run under
similar conditions, with different initially
labeled species, are given in Table 1. The
20 confidence limits of R; and R, values for
the two runs are within =10%. It is thus
concluded that the treatment of Ry as a
rapid step relative to R, and R; is appropri-
ate. The fits for the two sets of data are
shown in Figs. 2 and 3.

Table 2 summarizes calculated values of
R, and R, under different experimental con-
ditions on different catalyst samples. The
BET monolayer capacities (umol N, ad-
sorbed at 77 K) of the four samples are dif-
ferent. Also, the gas phase compositions,
temperatures, pressures, and total uptakes
of CO and CO, by the catalyst vary. How-
ever, thermodynamic calculations can be
used to show that these results are self-con-
sistent.

Since the system is at equilibrium, the
adsorption equilibrium constants for CO
and CO, from Egs. (3) and (4) can be writ-
ten:

1CO - o]

K1 = [cotel @
€O, - ]

K =Tcoap (28)
TABLE 1

Comparison between PCO and '*CO; as Initially
Labeled Species

Initially labeled species: CO CO,
Conditions of experiment
Nco (umol) 18.65 20.37
Nco, (umol) 67.62 62.54
Geo 0.893 0
Geo, 0 0.900
N.as (umol) 78.81 81.81
T (K) 627 630
P (kPa) 2.55 3.01
P (Torr) 19.1 22.6
Results

Ry (umol/s) 0.138 0.155
R; (umol/s) 0.414 0.466
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TABLE 2

Results of Exchange Experiments

T{(K) P(kPa) P(Tormr) Yco Sample? BET Nuas Ry R> Ry Ry RoIRy Laitially
monolayer  (zmol) (1074 umol/ labeled
(umol No, pmol/s pmol BET s) species
77 K)
627 2.55 19.4 0.23 A 798 78.81 0.138 0.414 1L.73 5.19 3.00 Co
627 2.21 16.6 0.17 B 740 102.96 0.345 0.833 4.66 11.24 2.41 CO
593 2.51 18.8 0.29 D 615 90.03 0.245 0.560 3.98 9.11 2.29 COo
568 2.13 16.0 0.25 B 740 142.77 0.165 2.951 223 3985 17.8% CO
568 2.46 8.5 0.17 B 732 135.98 0.114 1.984 i.56 27.10 17.40 Co
630 3.01 2.6 0.21 A 798 81.81 0.155 0.466 1.94 5.84 3.01 COs
627 2.35 17.6 0.08 C 541 62.42 0.358 0.845 6.62 15.62 2.36 CO,
627 3.22 24.2 0.14 C 541 57.58 0.19%0 0.6%6 3.51 12.87 3.66 CO»
627 2599 224 0.28 C 541 62.51 0.237 (.486 4.38 8.98 2.05 CO,
563 2.4 18.3 0.07 B 732 137.17 0.0926 1.527 1.25 20.61 16.49 CO»

2 A__1.9g, unsieved; BET monolayer = 798 umol Ny. B—1.9 g, 70-100 mesh; BET monolayer = 740 umol. C—1.6 g, finer than 200 mesh; BET
monolayer = 541 umol. D—1.9 g, 70~100 mesh; BET monolayer = 615 umol.

The equilibrium constant for surface inter-
conversion of the adsorbed species is

[CO; - B]

K; = m.
We can then define the rate ratio R»/R, by

combining Eqs. (27)—(29) to obtain
Ry _KICO,- Bl KKy .

Ry K[CO - a] ki

Therefore, at a given temperature, the rate
ratio R,/R; should be constant, independent
of gas phase composition. A plot of R»/R, at
different gas compositions is given in Fig.
4. It is clear that the rate ratio depends nei-
ther on the gas composition nor on whether
the initially labeled species was CO or
CO,. If adsorbed CO and CO, form an in-
distinguishable surface species, as in Egs.

(15) and (16), it can be shown that
Ry Kk @D
and the constant rate ratio is still expected.
Figure 4 shows that at 627 K, the equilib-
rium rate of CO, adsorption/desorption is
2.4 times as fast as the rate for CO. At 568
K., however, there is a much larger differ-
ence in the relative rates, and the adsorp-
tion/desorption rate of CO, is 17 times as

fast as that for CO.

(29)

Since a model where CO and CO, are
indistinguishable once adsorbed on the sur-
face is consistent with the experimental
data of this study, it will be assumed below
that this adsorbed species might be a biden-
tate carbonate. First, it is not reasonable to
assume that CO will interact quickly with
the surface to form a bidentate carbonate.
The bidentate carbonate is believed to be an
activated form of adsorbed CO which is
evolved from weakly adsorbed carbonyl
species (15-18). Thus, a reasonable se-
quence for interconversion of CO and CO,
would be

a
172 °
1 Data at 583 - 568K °
R
Ry
Data at 627K
241 s ¢ ° a °

yco;/yco

F1G. 4. Plot of R,)/R, vs composition. (O) CO; ini-
tially labeled, (A) CO initially labeled.
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!
fast C slow
C0O+0 O0=0 | 0=
ANV
M M
]
C 0
// \\ slow \
O = M + CO,. (32)
\M/

The first interaction of the CO is with a sur-
face cation (/8). This weak interaction can
be fast and still be in agreement with the
present results if there is only a small
amount of this species on the surface rela-
tive to the number of bidentate carbonate
species. Thus, R, could correspond to the
equilibrium rate of conversion between the
carbonyl and bidentate carbonate forms of
adsorbed CO.

If adsorbed CO and CO, form a common
adsorbed species, COO - s, as in Egs. (15)
and (16), the mass balance requires that an
« site (for CO adsorption) be a g site (for
CO, adsorption) with an additional oxygen
available. Therefore, the ratio of sites con-
taining an oxygen vacancy to sites from
which an oxygen can be removed is given
by [al/[B]. If CO and CO, adsorb to form a
common adsorbed species, from Eqs. (18)
and (19) it follows that:

o] ~ K)CO,]
(A1~ KiCOl" 33)
Indeed, Kubsh (/, 3) showed experimen-
tally that the ratio of oxygen-containing to
anion-vacancy sites on the surface depends
on the [CO,}/[CO] ratio in the gas phase.
The rates measured by isotopic exchange
in the present study can be combined with
the adsorption data of Kubsh et al. (2) to
estimate rate constants for the adsorption
and desorption of CO and CO,. The adsorp-
tion models most consistent with the data
are the model given by Egs. (3)-(5), which
involves a rapid interconversion of CO and

CO,, and the model given by Egs. (15) and
(16), where CO and CO, adsorb on different
sites as a common species. Since equilib-
rium constants for adsorption can be calcu-
lated unambiguously only for the latter
model, it will be used to calculate rate con-
stants from the data of this study.

For the model of Eqs. (15) and (16), the
measured exchange rates of R, and R, can
be related to the rate constants by

R, = k[COJla] = K[COO -s]  (34)
R, = k[CO,)[B] = k[COO - s]. (35)

The total uptake [COO - s] for each experi-
mental run is known. Values of k; and k; for
experiments carried out at 627 K calculated
from the above relationships are tabulated
in Table 3.

Values for &, and &, were calculated from
the expressions

K, = I (36)
k
=2 3

using the mean values of k; and k; from
Table 3 and K} = 1.17 kPa~! and K, = 0.38
kPa~!. The rate constants kX, and k; are
therefore 3.9 X 1073 kPa~! s~! and 3.3 x
1073 s}, respectively, and &, and k; are de-
termined to be 3.3 x 103 kPa~! s~! and 8.7
X 1073 57!, respectively.

TABLE 3

Rate Constants Calculated from Isotopic Exchange
Data at 627 K

Py Pt yco  [COO -] Ry R> ki k2
(kPa)  (Torr) (umol)
umol/s x1073 571
2.21 16.6 0.17 102.96 0.345 03833 3.35 8.01
2.55 19.1 0.23 78.81 0138 0.4)4 1.75 5.25
3.22 242 0.14 57.58 .19  0.69% 3.30 12.09
2.99 22.4 0.28 62.51 0.237 048 3.79 1.77
2.35¢ 17.6 0.08 62.42 0.358 0845 5.74 13.54
3.01% 22.6 0.21 81.81 0.155  0.466 1.89 5.70

? Not included in averaging because of strong dependence on the yco
measurement, which includes greater error at high CO;: CO ratios.
b Actual temperature = 630 K.
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Implications for Kinetics of Water-Gas
Shift

The results of the above isotopic ex-
change experiments show that the intercon-
version of CO and CO, through interaction
with the catalyst surface occurs through an
adsorbed intermediate. The results also
show either that the interconversion on the
surface is rapid and in equilibrium relative
to the CO and CO, adsorption, or that a
single species predominates on the surface
which results from adsorption of either CO
or CO,. Based on the latter case, rate con-
stants for adsorption and desorption of CO
and CO; were calculated from the isotopic
exchange data. These rate constants will
now be used in a mechanistically based ki-
netic model of water-gas shift. In uvsing
these rate constants, it will be assumed that
the rate constants and mechanism of CO-
CO, interconversion are not affected by the
presence of adsorbed H, and H,;O. In the
present case, only competition for adsorp-
tion sites will be considered.

The scheme of interconversion between
CO and CO, through a bidentate carbonate
given by Eq. (32) is proposed to represent
the catalytic interconversion of CO and
CO, during water-gas shift. A possible
route for H,~H,O interconversion is given
by

HoH
H,0 + 0= 0 0=
ANV \M/

H

| | slow
0 00
N/ AN

O+ H
7
M

(38)

where M is a surface cation and O repre-
sents surface oxygen. The desorption of H,
has been chosen to be the slow step of this
process in view of the findings by Oki and
co-workers (19-25). If « is now used to rep-
resent a M—O pair-site and an adjacent
surface oxygen, and 3 is used to represent a

M—O pair-site with an adjacent vacant
site, the above schemes can be rewritten as

(i) slow CO+a=2C0O0-s

(i) slow CO0O-s=2C0, + 8

(iii) fast H0+B8=2H,0-8 (39)
(iv) fast H,0:B + a=2Ha

(v) slow 2Ha 2 H; + 2a.

The initial weak interaction of CO with the
surface has not been included because, as
was discussed previously, it is assumed not
to be kinetically significant, A rate expres-
sion derived from this model, even assum-
ing that steps (iii) and (iv) are in equilib-
rium, would be very complex because of
the second-order terms in steps (iv) and (v).
This particular mechanism, however, is
consistent with the available data.

For purposes of simplification, the disso-
ciative adsorption of hydrogen will be dis-
regarded. This simplification is justified on
the basis of the small extent of hydrogen
which is likely to be adsorbed under reac-
tion conditions (26). Furthermore, because
of their small size, surface hydrogen atoms
(or protons) are not expected to block ad-
sorption sites for CO, CO,, and H,0.

Accordingly, the above model is simpli-
fied as follows:

@ slow  CO+a :<—_> COO - s

() slow  COO-s :z CO, + B

Gii) fast  H,0 + 8 —'ki_z o s @0
(iv) slow H,0 - s % H, + «

where k, and k, are the rate constants for
adsorption and desorption of each species,
a and 8 represent M—O pair-sites with and
without surface oxygen, respectively, and
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K, are the equilibrium constants for each
adsorption process. Because step (iii) is as-
sumed to be in equilibrium,

[Hy0 - s] = K3[H;0](8]. (41)
Bracketed gas phase species again repre-
sent concentrations and bracketed surface
species the numbers of adsorbed surface
species. The rate of reaction for the above
scheme is given by the rate of step (i):

(k.kél(;k4

Py [COI[H0] —

R =

ki + K

d[CO]
dt

= k[COlla] — K[COO - s].

R=-

42)

Using steady-state assumptions for ad-
sorbed species and a balance of sites on the
surface, expressions for [a} and [COO - s]
can be developed in terms of concentra-
tions of gas phase species, adsorption rate
contants, and equilibrium constants. It then
follows that

I
I

2% (COH) e

[(1 4 k[CO,]

kik
+ Kj[H
T 20])(k{ +k

where ng, is the number of surface sites per
unit area that are active for adsorption pro-
cesses and water-gas shift (3). This equa-
tion is a Langmuir-Hinshelwood-Hougen-
Watson model for reaction occurring on
two sites. The expression

ky
ki +

represents competltive adsorption on B
sites. Carbon monoxide also competes for
these sites but it is not present in the equa-
tion because its initial adsorption was as-
sumed to be weak. The term

1+

[COz] + K3(H,0]

kikd
+
T (€Ol + k(H

represents the generation of 8 sites from
reaction of CO and H, with « sites. The
term

(kl ks Ky kg

R = ki + ks

;wm+hmﬁ+0+

s (43)

ky + Kk

|[CO])(

T i [COy + K‘I\.,[H,O])]

ki ky
ki + ks
is similarly the rate of formation of a sites
from the reaction of CO, and H,O with 8

sites, and adsorption on « sites results in
the term

[CO] + K3k4[H,0]

ky
ky + k

A further simplification can be made
based on the known small extent of hydro-
gen adsorption (26). Therefore, it will be
assumed that k4[H,] is small relative to the
other terms in the denominator of the rate
expression. This assumption is consistent
with the result of Bohlbro (27) and others
(28) that the forward rate of water-gas shift
is independent of hydrogen concentration.
Dropping the term for the reverse reaction
and assuming that the H, adsorption term is
negligible, Eq. (43) reduces to

1+ [COl.

[CONH.Oln.,

[(1 + k[CO,)

kK
8 4 KO (e
- dz]&+h

The values of k,, ki, k;, and k; were cal-
culated from the results of the isotopic ex-
change experiment. The value of the ad-

)+

: (44)
+ f{'—[(j—(g)(k;kfzk; [CO:l + KiKiIHO)) |

sorption equilibrium constant for water, K3,
can be determined from H,/H,O adsorption
isotherms (26). The desorption rate con-
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stant for H,, ks, cannot be determined di-
rectly, but it was estimated as described be-

low.

Oki and Mezaki (19) estimated the rates
of CO and H, adsorption and desorption on
Fe,0; at 673 K. The rate of desorption of H,
was calculated to be approximately 2.5
times the rate of desorption of CO for equal
pressures of CO, CO,, H;, and H;0O. Ac-
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cording to Eq. (40), it follows that

ky[H,0 - s] = 2.5k[COO - s].

45)

Near equilibrium it can also be written that

[COO - s] = K,[COlla]
[H20 - s] = K;3[H,0llal.

(46)
(47)

Thus, for the equal pressures of HyO and

CO used by Oki and Mezaki (19),

1 7 K
ki = 2.5k 7(‘
3

(48)

and k; is estimated to be 3.2 x 1072 s\,

TABLE 4

Rate Constants and Equilibrium Constants Used to Predict the Rate of
Water-Gas Shift over Chromia-Promoted Magnetite at 627 K Using Eq. (44)

Symbol

Value

Definition

Source

ky

ki

K

ks

ks

K

K;

ks

3.9 x 1073 kPa~! 7!

33 x103s7!

1.17 kPa™!

3.3 x 103 kPa~!s!

8.7 x 1073 s7!

0.38 kPa™!

0.3 kPa!

3.2 x 1072 57!

1.25 X 108 m?

CO adsorption
rate constant

CO desorption
rate constant

CO adsorption
equilibrium
constant

CO, adsorption
rate constant

CO, desorption
rate constant

CO, adsorption
equilibrium
constant

H;0 adsorption
equilibrium
constant

H, desorption
rate constant

Number of
sites per
surface area

Combined ads.
data (2) with
isotopic exchange
data

Combined ads.
data (2) with
isotopic exchange
data

Adsorption
data (2)

Combined ads.
data (2) with
isotopic exchange
data

Combined ads.
data (2) with
isotopic exchange
data

Adsorption
data (2)

Adsorption
data (26)

Estimated by
combining data
of Oki and
Mezaki (19),
adsorption data
2, 26), and
isotopic exchange
data

Adsorption
data (2, 26)
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This estimate assumes that the temperature
effects between 673 and 627 K for CO and
H, desorption are equal.

The values of the equilibrium and rate
constants used in the model of Eq. (44), as
well as their sources, are listed in Table 4.

Water-gas shift rates calculated using the
rate contants of Table 4 and Eq. (44) are
plotted in Fig. 5. The rates predicted from
the present model are compared to rates
calculated from the power law as fit by
Bohlbro (27) which at 627 K has the form

R =3.6 X 105 PRPIDPLEY, (49)

where R has the units m™? s~! and P; have
units of kPa. The P; are set equal to 10 kPa
(75 Torr) as a basis for comparison, since
the adsorption data as well as the data of
Bohlbro were collected in this pressure
range. The isotopic exchange data of the
present study and the data of Oki and Me-
zaki (19) were collected at pressures ap-
proximately an order of magnitude lower. If
the pressure of each species is set equal to
10 kPa, Eq. (44) predicts a forward reaction
rate of 6.0 X 10 m~2 s~! while the expres-
sion of Bohlbro predicts a rate of 11.38 X
10 m~2 s~!. This agreement is good.

Cco

o]
AP, kPa

FiG. 5. The forward rate of water-gas shift at 627 K
as predicted by Eq. (44) (——), and compared to the
rate calculated from Bohlbro’s rate expression (—).
The effect of individually increasing the partial pres-
sure of each component from 10 to 30 kPa is given by
AP (AP = 0 corresponds to alt P, = 10 kPa}.

One of the assumptions which might af-
fect the predicted reaction rate is the as-
sumption that CO, and H,O are competing
for sites. If formate or bicarbonate species
are present on the surface, the adsorption
sites are actually shared to some extent.
The present model, for the sake of simplic-
ity, assumes that there are only two species
present on the surface: one resulting from
the interaction of CO or CO; and one from
the interaction of H, or H,O. Furthermore,
the adsorption characteristics of CO and
CO; might be different in the presence of H,
and H,O. The rate constants calculated
from the isotopic exchange and the adsorp-
tion data do not predict the result of Oki
and co-workers (/9-25) that the adsorp-
tion/desorption of CO; is fast compared to
the adsorption/desorption of H, and CO. It
might be possible that the activation energy
of adsorption of CO, is lower in the pres-
ence of H, and H,O and the adsorption/
desorption rates are higher than those cal-
culated from the isotopic exchange data.

CONCLUSIONS

The results of the isotopic exchange ex-
periments indicate that interconversion of
CO and CO, is rapid relative to the adsorp-
tion and desorption of either species or that
a common adsorbed species results from
the adsorption of CO and CO,. Assuming
the existence of a single adsorbed species,
the results of the isotopic exchange experi-
ments were combined with CO/CO, ad-
sorption data of Kubsh ez al. (2) to obtain
rate constants for adsorption and desorp-
tion.

A mechanism for the water-gas shift re-
action was proposed that is consistent with
the results of the isotopic exchange experi-
ments. The mechanism was used to derive
a kinetic rate expression. The rate con-
stants calculated from the isotopic ex-
change results and equilibrium constants
from adsorption isotherm data were used in
the kinetic rate expression to predict the
water-gas shift reaction rate. Although the
mechanistic model predicted a weaker de-
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pendence of the rate on the pressures of the
individual species than observed experi-
mentally, the trends are in qualitative
agreement. It is proposed that the mecha-
nism of Eq. (32) is a reasonable representa-
tion of the CO-CO, interconversion
through surface oxygen exchange with the
catalyst under water-gas shift conditions.
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