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a b s t r a c t

A simple two-step regenerative model for the kinetics of high temperature water-gas shift provided a good
fit to published experimental data for a commercial ferrochrome catalyst. The fitting process yielded an
enthalpy of localization of oxygen adatoms on the surface equal to −611 kJ mol−1, and it predicted that
virtually all adsorption sites were covered by oxygen adatoms at reaction conditions. Cluster models
were created to represent possible active sites on {1 0 0}, {1 1 0} and {1 1 1} surfaces of Fe3O4, the active
state of the catalyst. Energies of localization of oxygen adatoms on exposed cation sites were calculated
Water-gas shift
Ferrochrome
Iron oxide
A

using density functional theory. The computed energies were found to vary in proportion to the number of
oxygen anions missing from the normal octahedral coordination of the cation adsorption sites. Comparing
the results from the kinetic modeling to the computed energies of localization suggests that on average, the
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. Introduction

Two fundamentally different types of reaction mechanism can
e used to model the kinetics of high temperature water-gas
hift (HTWGS), reaction (1), over ferrochrome catalysts [1,2]. One
ype is often referred to as a regenerative or a redox mechanism.
egenerative mechanisms consist of two sub-mechanisms. In one
egenerative sub-mechanism, steam oxidizes a site on the cata-
yst surface, and in the other regenerative sub-mechanism carbon

onoxide reduces a previously oxidized site on the catalyst sur-
ace. The other type of water-gas shift mechanism is sometimes
eferred to as an associative mechanism. A distinguishing feature
f associative mechanisms is that they cannot be split into two
ub-mechanisms that involve alternative oxidation and reduction
f the catalyst surface. Associative mechanisms that have been pro-
osed for water-gas shift typically involve species such as formates
r bicarbonates as reactive surface intermediates [1,3–9].

O + H2O � CO2 + H2 (1)

Reaction kinetics alone does not permit discrimination among
he different mechanistic kinetic models for HTWGS [10]. Observed
inetics can be equally well described using either regenerative

r associative mechanistic models. Similarly, infrared spectroscopy
nd other techniques provide evidence for the existence of species
ike formates and bicarbonates [9,11], but they do not provide
efinitive evidence that such species participate in the primary
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yst is coordinated to 3.2 oxygen anions, not counting the oxygen adatom.
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echanistic pathways of water-gas shift conversion. Indeed, it
an be argued that over ferrochrome catalysts, HTWGS occurs by
ore than one pathway depending upon the prevailing condi-

ions [2]. The identity of the prevailing mechanism is even less
ertain for ferrochrome catalysts that are promoted with copper
12].

Computational chemistry might prove useful in discriminat-
ng among HTWGS mechanistic possibilities. Before computational
hemistry can be used in this way, it is necessary to decide
ow to best represent the catalytically active site. Real water-gas
hift catalysts consist of small particles of Fe3O4 (magnetite) to
hich chromia and other promoters are added. These materials are

xpected to expose a variety of different surface geometries, each of
hich might be catalytically active. Either periodic slab type rep-

esentations or truncated clusters can serve to model the active
ites, and each will have specific advantages and disadvantages. In
he work reported here, truncated cluster models were employed
here each cluster exposed a surface geometry characteristic of one

f the low-Miller-index surfaces of magnetite. Small computational
lusters are not likely to reproduce the ferrimagnetic properties
f magnetite nor the rapid electron hopping among its octahe-
ral cations. As such, it is not clear whether cluster models will
e capable of accurately modeling HTWGS active sites. The objec-
ive of this work was to explore their suitability in this regard. To
o so, a simple two-step microkinetic model has been fit to exper-
mental rate data, yielding an estimate for the heat of localization
f a surface oxygen adatom. Density functional theory (DFT) has
een used to calculate the heats of localization of a surface oxy-
en adatom using the cluster models. The resulting values are then
ompared to assess the adequacy of the cluster models and to find

http://www.sciencedirect.com/science/journal/13811169
mailto:lund@eng.buffalo.edu
dx.doi.org/10.1016/j.molcata.2008.07.015
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Nomenclature

�H‡
j

enthalpy of activation for reaction j

�H
◦
j

standard enthalpy of reaction j

�H
◦
f,i

standard enthalpy of formation of species i at
prevailing temperature (calculated from Shomate
equation)

�H
◦
loc,O enthalpy of localization of an oxygen adatom

kj rate coefficient for reaction j
Kj equilibrium constant for reaction j
m mass of catalyst in the reactor
ṅi molar flow rate of species i, a superscript 0 denotes

the value at the reactor inlet
Pi partial pressure of species i; total pressure if no sub-

script
rj rate of reaction j per mass of catalyst
S

◦
i

standard entropy of species i at prevailing tempera-
ture (calculated from Shomate equation)

�S‡
j

entropy of activation for reaction j

�S
◦
j

standard entropy of reaction j
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the average experimental temperature and pressure). The standard
enthalpy of formation of an oxygen adatom at a given temperature
was similarly taken to equal the standard enthalpy of formation
of a gas phase oxygen atom at that temperature (similarly calcu-

Table 1
Microkinetic model for water-gas shift

Gas phase mole balances

dṅCO

dm
= −r2;

dṅCO2

dm
= r2;

dṅH2O

dm
= −r3

dṅH2

dm
= r3;

dṅN2

dm
= 0

Surface mole balance r2 − r3 = 0
Conservation of active sites �v + �o = 1

Rate expressions
r2 = k2PCO�O

{
1 − PCO2

��

K2PCO�O

}
r3 = k3PH2O��

{
1 − PH2 �O

K3PH2O��

}
Partial pressures Pi = ṅi

ṅCO+ṅCO2
+ṅH2O+ṅH2

+ṅN2
P

Rate coefficients

k2 = exp

[
�S‡2

R

]
exp

[
−�H‡

2
RT

]

k3 = exp

[
�S‡3

R

]
exp

[
−�H‡

3
RT

]

Equilibrium constants

K2 = exp

[
�S

◦
2

R

]
exp

[
−�H

◦
2

RT

]

K3 = exp

[
�S

◦
3

R

]
exp

[
−�H

◦
3

RT

]

Entropies and enthalpies of reaction

�S
◦
2 = S

◦
CO2

+ S
◦
∗ − S

◦
CO − S

◦
O-∗

�S
◦
3 = S

◦
H 2

+ S
◦
O-∗ − S

◦
H2O − S

◦
∗

�H
◦
2 = �H

◦
f ,CO 2

+ �H
◦
f,∗ − �H

◦
f ,CO

− �H
◦
f ,O-∗
Greek letter
�i fractional coverage of surface sites by species i

hich exposed surface geometry provides the best representation
f the active sites.

. Experimental

.1. Microkinetic modeling

The simplest redox-type mechanism that could be written for
ater-gas shift is given by equations (2) and (3). It is unlikely that

eactions (2) and (3) are actually elementary steps, but for present
urposes they will be treated as if they are, and the correspond-

ng models will be referred to as microkinetic models instead of
echanistic kinetic models. This microkinetic model is attractive

or present purposes because it involves only two surface species:
acant sites (*) and sites containing an oxygen adatom (O–*). Thus
or a given cluster model, only two DFT calculations need to be
erformed, and this facilitates efficient screening of several dif-

erent cluster models. Furthermore, as will be seen presently, the
icrokinetic model can be formulated so that it yields a mean-

ngful estimate for the enthalpy of localization of a surface oxygen
datom (provided, of course, that the fit of the microkinetic model
o experimental data is sensitive to that parameter).

O + O–∗ � ∗ + CO2 (2)

2O + ∗ � O– ∗ + H2 (3)

Bohlbro has conducted an extensive study of the kinetics of
TWGS [13–17], and his data have been used in the microkinetic
odeling performed in the present study. The data set includes 189

eparate experiments wherein the feed composition, temperature,
ressure and mass of catalyst were varied. Bohlbro’s experiments
ere performed in a tubular packed bed reactor that can be mod-

led as an isothermal, isobaric, steady-state, plug flow reactor.

oing so leads to a reactor model that consists of the coupled set
f five differential equations and two algebraic equations given in
able 1. (Bohlbro included nitrogen as a diluent in the feed, hence
he additional mole balance equation.)

I
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As noted, reactions (2) and (3) can be treated as if they are ele-
entary, in which case their rate expressions will take the form

iven in Table 1. Simple transition state theory allows the two rate
oefficients appearing in the rate expressions to be written in terms
f an entropy of activation, �S‡

j
, and an enthalpy of activation, �H‡

j
,

or each reaction, j. This is also shown in Table 1. The equilibrium
onstants appearing in the rate expressions can be written in terms
f the entropies, �S

◦
j
, and enthalpies, �H

◦
j
, of the two reactions,

gain as shown in Table 1. Finally, the entropies and enthalpies
f the two reactions can be expressed in terms of the standard
ntropies, S

◦
i

and enthalpies of formation, �H
◦
f,i

, of the species, i,
articipating in the reactions (Table 1).

Combining all the information in Table 1, it can be seen that
here are six unknown quantities that appear in the microkinetic

odel: the entropy of activation for each of reactions (2) and (3),
he enthalpies of activation for each of reactions (2) and (3), the
ntropy of formation of a surface oxygen adatom and the enthalpy
f formation of a surface oxygen adatom (the entropy and enthalpy
f formation of a vacant site may be taken to equal zero). All other
uantities are fundamental constants, experimentally measured
uantities, or tabulated thermodynamic quantities (i.e. the ther-
odynamic data for the gas phase species). Herein, the standard

ntropies and enthalpies of formation of gas phase CO, CO2, H2O, H2
nd N2 were computed as a function of temperature using the Sho-
ate equation with parameters available from the NIST Chemistry
eb Book [18].
In this work, the standard entropy of an oxygen adatom at a

iven temperature was taken to equal the standard entropy of a
as phase oxygen atom at that temperature (as calculated using
homate parameters from the NIST Chemistry Web Book) less all
hree degrees of translational entropy (treating it as an ideal gas at
�H
◦
3 = �H

◦
f ,H 2

+ �H
◦
f ,O-∗ − �H

◦
f,H2O

− �H
◦
f,∗

nitial conditions

ṅCO(m = 0) = ṅ
◦
CO; ṅ

◦
CO 2

(m = 0) = ṅ
◦
CO 2

;

ṅ
◦
H2O(m = 0) = ṅ

◦
H2O; ṅH2 (m = 0) = ṅ

◦
H 2

;

ṅN2 (m = 0) = ṅ
◦
N 2
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ated using the Shomate equation) less an unknown enthalpy of
ocalization at a surface site. This enthalpy of localization, �H

◦
loc,O

as treated as a constant and used as an adjustable parameter
hen fitting the microkinetic model to Bohlbro’s experimental
ata. Thus, by fitting the microkinetic model to Bohlbro’s experi-
ental data, using �S‡

2, �S‡
3, �H‡

2, �H‡
3 and �H

◦
loc,O as adjustable

arameters, it is possible to generate experimental estimates for
he values of those parameters.

The mathematical procedures used to solve the reactor design
quations and to fit the microkinetic model to the data are analo-
ous to those used and described previously [19]. Briefly, in order
o model any one of Bohlbro’s experimental data points, the model
quations in Table 1 were integrated numerically using the implicit
uler method. The integration step size was chosen to be suffi-
iently small that it did not affect the result. The initial conditions
ere simply the inlet molar flow rates of each of the gas phase

pecies for the experiment being modeled, as given in Table 1, and
he integration range corresponded to the mass of catalyst used
n that experiment. The fitting was also performed numerically
y minimizing the sum (over all 189 experimental data points) of
he square of the difference between the experimentally measured
O conversion and that predicted by the model. The Nelder–Mead
ownhill simplex method [20] was employed to find the parameter
alues that minimized this objective function.

.2. Cluster models for the active sites

Magnetite is an inverse spinel wherein the oxygen anions adopt
cubic closest packed arrangement, Fe(III) cations are found in

etrahedral sites and equal numbers of Fe(II) and Fe(III) cations
re found in octahedral sites. The structure is slightly distorted
ecause the Fe(III) cations are larger than the tetrahedral voids
etween the oxygen anions. Clusters to represent active sites were
reated by starting from this crystallographic structure (includ-
ng the distortion). The structure was first cleaved to generate the
esired low-Miller-index surface. A cluster then was formed by
utting additional atoms from what remained. The clusters were
lways chosen so that they would be symmetric, uncharged, and
here possible, so that they would contain an integer number of

toichiometric formula units. This was done because formally, the
ndividual bonds in magnetite involve fractional charges. As such,
ut bonds cannot be “healed” in the usual manner by adding a
ydrogen atom.

The magnetite structure can be cut perpendicular to each of the
1 0 0], [1 1 0] and [1 1 1] directions so that different surfaces are
evealed. Here, in each case, the cut was made so that the surface
etained octahedral cations that were not fully coordinated to oxy-
en anions. This was done because the octahedral cations are the
ore likely catalytic sites, containing both Fe(II) and Fe(III) cations

etween which rapid electron hopping occurs. In other words,
etrahedral cations have not been considered as potential active
ites in this study. The resulting clusters exposing a {1 1 0} and a
1 1 1} surface each had only a single oxygen adsorption site, but the
luster exposing a {1 0 0} surface had two oxygen adsorption sites.
t will be seen later that the microkinetic modeling predicts a very
igh coverage of the surface by adsorbed oxygen adatoms. There-

ore, the clusters were initially created to include an oxygen atom
ccupying each surface site, and the redox cycle was presumed to
nvolve removal of one adsorbed oxygen atom.

The resulting clusters presenting a {1 0 0}, {1 1 0} or {1 1 1} sur-

ace with all oxygen atom adsorption sites occupied are shown in
ig. 1a through 1c, respectively. The cluster representing the {1 0 0}
urface, Fig. 1a, contains 35 atoms, that is, five Fe3O4 units. Calcula-
ions were also performed on a smaller cluster, not shown, that
onsisted of only two Fe3O4 units. The cluster representing the

Fig. 1. Clusters used to model the oxygen-covered active site for water-gas shift on
magnetite exposing (a) a {1 0 0} surface, (b) a {1 1 0} surface and (c) a {1 1 1} surface.
The smaller spheres represent iron cations and the larger spheres represent oxygen
anions.
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Table 2
Microkinetic model parameters

Parameter Value

�H
◦
loc,O

−611 kJ mol−1

�S‡2 −142 J mol−1 K−1

� ‡ −1 −1
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S3 −145 J mol K

H‡
2 80.3 kJ mol−1

H‡
3 19.9 kJ mol−1

1 1 0} surface, Fig. 1b, includes four Fe3O4 units. In the case of the
luster representing the {1 1 1} surface, it was not possible to cre-
te a cluster that was both symmetric and that contained an integer
umber of Fe3O4 units. Thus, the final, symmetric cluster, Fig. 1c,
ontains six Fe3O4 units plus an additional octahedral Fe atom
charge +2) and an additional O atom (charge −2). Calculations were
lso performed on a smaller cluster, not shown, that consisted of
hree Fe3O4 units plus one Fe atom and one O atom. The corre-
ponding clusters representing the same surfaces as Fig. 1, but with
single oxygen adatom removed are shown in Fig. 2a through 2c.

.3. Computational chemistry

The structure and energy of possible catalytic intermediate
pecies were calculated using Jaguar, version 7.0. Density func-
ional theory (DFT) was employed using B3LYP hybrid exchange
nd correlation functionals and TZV** basis sets. Fine DFT grids
ere employed, and ultrafine geometry convergence was specified.

ymmetry constraints were not imposed upon any of the species
nvestigated. Zero-point energies were not calculated, and correc-
ions were not made for any possible basis set superposition errors.
ron oxides are high spin compounds, and consequently the iron has
een assumed to exist in the high spin state.

Jaguar includes a facility for generating starting wavefunctions
herein the formal charge and spin state of each ion can be speci-
ed. For the results reported here, it was assumed that the formal
harges on the iron ions in a cluster with one oxygen adatom
emoved from the surface site(s) (that is, the clusters in Fig. 2)
orrespond to the formal charge state of Fe3O4, and that when
n oxygen atom is adsorbed (as in Fig. 1), two Fe(II) cations are
ormally oxidized to Fe(III) cations with the adatom becoming an
xygen anion. The formal spin states used in setting up the initial
uesses were consistent with the known ferromagnetic coupling in
agnetite. The spatial coordinates of all atoms other than the oxy-

en adatoms were held fixed at their crystallographic positions as
lready noted, but when adatoms were present, their location was
etermined by geometry optimization before any other properties
ere calculated.

. Results and discussion

.1. Two-step microkinetic model

Despite its simplicity, the fit of the two-step microkinetic model
o Bohlbro’s data set was very good. Fig. 3 presents a parity plot
omparing the measured CO conversion to the value predicted by
he model for all 189 data. The correlation coefficient for the fit, r2,
as equal to 0.91. The resulting parameter values are presented in

able 2. The magnitudes of the entropies of activation are quite rea-

onable for reactions involving a gas phase reactant and an activated
omplex that is localized on the catalyst surface. Specifically, they
re close in magnitude to the entropy change that is computed if
he gas phase species loses all its translational entropy in forming
he activated complex. Similarly, the enthalpies of activation and

t
m

m
r

ig. 2. Clusters used to model the reduced form of the active site for water-gas shift
n magnetite exposing (a) a {1 0 0} surface, (b) a {1 1 0} surface and (c) a {1 1 1}
urface. The smaller spheres represent iron cations and the larger spheres represent
xygen anions.

he enthalpy of localization of an oxygen atom are of reasonable

agnitudes.
When Bohlbro analyzed his data set, he used power-law kinetic

odels. He used smaller sub-sets of the data to determine apparent
eaction orders and activation energy. More importantly, Bohlbro
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ig. 3. Parity plot showing the agreement between the measured CO conversion
nd that predicted by the model.

oted that his catalyst aged under reaction conditions. As a conse-
uence, he performed separate experiments for the purpose of esti-
ating the apparent activation energy of the reaction. The residuals

lot presented in Fig. 4 shows the difference between the CO con-
ersion predicted by the present microkinetic model and Bohlbro’s
easured conversion as a function of temperature. The full data

et is plotted, with the experiments Bohlbro used in estimating the
ctivation energy additionally circled. It can be seen that the circled
ata points do deviate systematically, almost all give negative resid-
als. However, the magnitudes of the residuals for these selected
ata points fall within the range of the other data. That is, the size of
he selected residuals is not significantly larger than the other data
n the set. Hence, the aging that Bohlbro noted is not expected to
ave caused large errors in the microkinetic model parameters pre-
ented in Table 2, but their uncertainties may be somewhat greater

han indicated by the correlation coefficient of 0.91.

In generating the microkinetic model, reactions (2) and (3) were
reated as if they are elementary steps, but this is not necessarily
rue. It is quite possible that reactions (2) and (3) are not elemen-

ig. 4. Residuals (difference between CO conversion from experiment and model)
s a function of experimental temperature. The circled data were used by Bohlbro
o estimate the activation energy.

Fig. 5. Sensitivity of the sum of the squares of the errors between the model and
experiment to variation in each model parameter, holding all other parameters con-
stant at their optimum value. The scale in (a) is much larger than in (b) because the fit
i
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t
e
e
t
t
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o

s much more sensitive to the value of the enthalpy of localization of oxygen (circles)
han to the entropies of activation of reactions (2) and (3) (diamonds and squares,
espectively) or to the enthalpies of activations of reactions (2) and (3) (crosses and
riangles, respectively).

ary, but instead represent the net effect of two or more molecular
vents. As a consequence it would not be correct to relate the
ntropies and enthalpies of activation (�S‡

2, �S‡
3, �H‡

2 and �H‡
3)

o molecular properties that could be computed using DFT with a
ransition state search. In contrast, the enthalpy of localization of
surface oxygen adatom, �H

◦
loc,O, is a thermodynamic quantity

ssociated with an actual surface species. As such, it can be related
o molecular properties that can be computed using DFT (given a

olecular model for the active site).
Fig. 5 shows that the fit of the microkinetic model to the exper-

mental data is highly sensitive to the value of �H
◦
loc,O. Specifically
he plot shows how the sum of the squares of the residuals changes
hen each fitting parameter is varied from its optimum value. It

s very clear that the fit is much, much more sensitive to the value
f �H

◦
loc,O than to any other parameter. This means that the value

f �H
◦
loc,O derived by fitting the model to the data should have
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Table 3
Calculated energies of localization of an oxygen adatom

Fe3O4 surface Energy of localization
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1 1 1} −668 kJ mol−1

1 1 0} −378 kJ mol−1

1 0 0} −112 kJ mol−1

he least uncertainty among the parameters derived from fitting.
urther, it suggests that it should be possible to make meaningful
omparisons between this value and one that is computed using
FT. The catalyst aging noted by Bohlbro, makes it difficult to assign
n uncertainty to the estimated value of �H

◦
loc,O. On the basis of

dditional mechanistic modeling not presented here, the uncer-
ainty in the value of �H

◦
loc,O is believed to be of the order of

5 kJ mol−1.
The microkinetic model was used to predict the fractional sur-

ace coverage of oxygen adatoms under reaction conditions. In all
ases considered, the model predicted that more than 99% of the
ites would have an oxygen atom adsorbed upon them at reaction
onditions. This included simulations at the outlet conditions for
very experimental data point as well as additional simulations as
function of CO conversion at 700 K.

.2. Cluster models for the active site

It can be seen that the cluster models do not contain chromium
toms whereas the experimental studies employed commercial fer-
ochrome catalysts. It is well established [2,21–25] that chromia
s a textural promoter which serves to stabilize the active surface
rea of catalysts in which it is used. In particular, the addition of
hromia does not change the specific rate of reaction, the reac-
ion orders or the apparent activation energy. The presence of the
hromium cations in the iron oxide lattice is believed to lower the
ate of diffusion of iron cations and thereby to reduce the rate of
intering of the catalyst [2]. As such, the absence of chromium
toms in the cluster models is not expected to affect the present
esults.

DFT was used to compute the self-consistent field (SCF) energy
or each cluster considered (after geometry optimization, where
ppropriate), and also for a gas phase oxygen atom. The results
ere used to calculate the energy of localization corresponding to

ormation of an oxygen adatom on each of the cluster surfaces. The
esults for the cluster models shown in Figs. 1 and 2 are presented in
able 3. As already noted, these small cluster models are expected
o have deficiencies with respect to predicting bulk magnetic prop-
rties and electron hopping phenomena. It is not known whether
hese inaccuracies will also include calculated surface binding ener-
ies. Normally an uncertainty in the energy of localization of the
rder of 14–17 kJ mol−1 might be expected, but in the present case
he uncertainty may be greater.

The size of the cluster had a substantial effect upon the calcu-
ated energy of localization of an O adatom. Initially a 3 formula
nit cluster exposing a {1 1 1} surface and a 2 formula unit cluster
xposing a {1 0 0} surface were examined. The energy of localiza-
ion of an O adatom on a {1 1 1} surface was −934 kJ mol−1 when the
formula unit cluster was used compared to −668 kJ mol−1 when

he 6 formula unit cluster was used. Similarly, for the {1 0 0} sur-
ace, the energy of localization of an O adatom calculated using a 2
ormula unit cluster was −174 kJ mol−1 compared to −112 kJ mol−1
hen using a 5 formula unit cluster. It was not computationally
ractical to use clusters larger than those reported in Table 3, even
hough these results suggest that the energies of localization of an
adatom presented there may not be converged with respect to the

ffect of cluster size. At the least, they reinforce the earlier state-

t
i
w
w
t
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ent that uncertainty in the energies of localization are greater
han would normally be expected.

As noted previously, the microkinetic model predicts that effec-
ively every site on the working catalyst has an oxygen adatom
dsorbed upon it. This raises the question of what formal charges
o assign to the iron cations in the cluster models. One possibil-
ty would be to take the oxygen covered cluster models (Fig. 1) to
orrespond to formal charges for Fe3O4. For the {1 0 0} cluster, as
n example, this gives five tetrahedral Fe3+ cations, five octahe-
ral Fe3+ cations and five octahedral Fe2+ cations. Then, when the
dsorbed oxygen adatom was removed (Fig. 2), there would be five
etrahedral Fe3+ cations, three octahedral Fe3+ cations and seven
ctahedral Fe2+ cations. In this case, the most oxidized species in
he redox cycle of Eqs. (2) and (3) would correspond to Fe3O4. The
lternative possibility would be to assume that Fe3O4 is the least
xidized species in the redox cycle. In that case, the cluster in Fig. 1a
oxygen covered {1 0 0} surface) would contain five tetrahedral Fe3+

ations, seven octahedral Fe3+ cations and three octahedral Fe2+

ations while the cluster in Fig. 2a (one oxygen removed from the
1 0 0} surface) would contain five tetrahedral Fe3+ cations, five
ctahedral Fe3+ cations and five octahedral Fe2+ cations. Calcula-
ions were performed for both of these possibilities. For the cluster
xposing the {1 1 1} surface the first alternative (Fe3O4 correspond-
ng to the most oxidized state) the energy of oxygen localization
as found to equal −679 kJ mol−1, and for the second alternative

Fe3O4 being the least oxidized state) the energy of oxygen local-
zation was found to equal −668 kJ mol−1. The difference is quite
mall, and the latter alternative was used in generating the results
n Table 3.

Table 3 shows that the energy of oxygen localization becomes
ore negative upon moving from the {1 0 0} to the {1 1 0} to the

1 1 1} surfaces. This is not surprising. The exposed octahedral
ation on the vacant {1 0 0} surface, Fig. 2a, is already coordinated
o five other anions. The exposed octahedral cation on the vacant
1 1 0} surface, Fig. 2b, is coordinated to four anions while that on
he {1 1 1} surface is coordinated to only three anions. Indeed, anal-
sis of these data shows that the computed energy of localization
f an oxygen adatom onto an octahedral cation site is directly pro-
ortional to the number of other anions coordinated to that cation.
s the existing coordination of the vacant octahedral site cation

ncreases, the energy of localization of an additional oxygen adatom
ecomes more positive.

.3. Comparison of experimental and computational results

Fitting the microkinetic model to experimental data gave a
alue of −611 kJ mol−1 for the enthalpy of localization of oxy-
en on the ferrochrome surface. The closest computed value is
668 kJ mol−1 for the energy of localization of oxygen on the clus-

er model exposing a {1 1 1} surface. The difference, 57 kJ mol−1

s significant, even after accounting for the uncertainties in the
alues. There are many possible reasons for the poor agreement,
nd a few can be offered here. First, it is likely that the real cat-
lyst exposes a variety of different surfaces. As such, the value
btained from the fit represents some sort of weighted aver-
ge of the values for the surfaces actually exposed by the real
ommercial catalyst. If this interpretation is accepted, the propor-
ionality with the energy of localization suggests that on average
ach vacant octahedral cation site is coordinated to 3.2 oxy-
en anions. An alternative possibility, already discussed, is that

he computational clusters are still too small, and that increas-
ng the size of the clusters would eventually lead to a situation

here the computed localization energy of one of the clusters
ould equal the experimental value to within their uncertain-

ies. A third possibility is that the regenerative microkinetic
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odel is not an accurate representation of the mechanistic path-
ay, but this seems unlikely since the model fits the data so
ell and other independent measurements are consistent with it

26,27].
As just discussed, the results suggest that the catalyst surface

ost nearly resembles a {1 1 1} surface. The experimental oxygen
datom localization enthalpy falls between the energy computed
or the {1 1 1} and {1 1 0} surfaces, but closer to the former. It has
een mentioned that this might suggest that the real catalyst pre-
ominantly exposes features characteristic of these two surfaces.
his is not unreasonable in that natural octahedral crystals of Fe3O4
ypically expose {1 1 1} surfaces, and less common natural dodeca-
edral crystals expose {1 1 0} surfaces [28]. Atomistic calculations
uggest that the {1 1 1} surface of Fe3O4 is thermodynamically sta-
le [29]. This surface has been imaged many times using scanning
unneling microscopy and has been found to be stable follow-
ng high temperature annealing and during thermal desorption of
ater [30,31]. Thus, it is reasonable that the majority of the active

ites for water-gas shift on Fe3O4 catalysts should resemble sites
ound on the {1 1 1} surface.

. Conclusions

A simple two-step microkinetic model based upon reactions (2)
nd (3) provides a very good description of the kinetics of high tem-
erature water-gas shift over a commercial ferrochrome catalyst.
he model can be formulated so that the enthalpy of localization of
n oxygen adatom appears as one of the unknown model param-
ters. The fit of the microkinetic model to the experimental data
s most sensitive to this particular parameter, and consequently a
ood estimate for its value can be obtained. Using Bohlbro’s pub-
ished data set to do so resulted in a value of −611 kJ mol−1 for the
nthalpy of localization of a surface oxygen adatom.

Density functional theory was used to calculate corresponding
nergies of oxygen adatom localization on octahedral cation sites
ypical of the {1 0 0}, {1 1 0} and {1 1 1} surfaces of Fe3O4. These
alculations used cluster models to represent the catalyst sites,
nd while clusters containing as many as 6 formula units of Fe3O4
ere used, it is possible that the cluster size influenced the results.

onetheless, the computed energies of localization were found to
ary linearly in proportion to the number of oxygen anions missing
rom the normal octahedral coordination of the cation adsorption
ites. The experimental enthalpy of localization was between the
nergies computed for the {1 1 1} and {1 1 0} surfaces, but much

[
[
[

[
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loser to that of the {1 1 1} surface. This suggests that the active
ites on the real catalyst are similar to those found on the {1 1 1}
urfaces of magnetite.
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