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The water gas shift reaction was carried out over noble metal ion substituted nano-
crystalline oxide catalysts with different supports. Spectroscopic studies of the catalysts
before and after the reaction showed different surface phenomena occurring over the cat-
alysts. Reaction mechanisms were proposed based upon the surface processes and inter-
mediates formed. The dual site mechanism utilizing the oxide ion vacancies for water dis-
sociation and metal ions for CO adsorption was proposed to describe the kinetics of the
reaction over the reducible oxides like CeO,. A mechanism based on the interaction of
adsorbed CO and the hydroxyl group was proposed for the reaction over ZrO,. A hybrid
mechanism based on oxide ion vacancies and surface hydroxyl groups was proposed for
the reaction over TiO,. The deactivation of the catalysts was also found to be support
dependent. Kinetic models for both activation and deactivation were proposed. © 2010
American Institute of Chemical Engineers AIChE J, 56: 2662-2676, 2010
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Introduction

The conventionally used catalysts for the water gas shift
reaction (WGS) consist of ternary solutions of Cu/ZnO/
ALO3.'® The catalysts suffer from the problems of pyro-
phoricity and require special methods for preparation and
handling.” With the requirement of high purity hydrogen for
fuel cell applications, newer and novel catalysts are required
for catalyzing WGS. The use of noble metals has been
reported for catalyzing WGS.® A good dispersion of the
noble metal is required to make effective use of the metal.
This can be achieved by the use of an inert solid as the sup-
port and dispersion of the noble metal as the active species.
For WGS and the CO oxidation reaction, Al,O; and SiO,
are used as supports.g_11 The choice of these supports is
based on the cost, inertness, and stability of the material.
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WGS involves oxidation of CO to CO, and a corresponding
reduction of H,O to H,. For such redox reactions, a catalyst
with metal-support interactions is expected to enhance the ac-
tivity by inducing redox couples, which facilitate the overall
catalysis cycle. Therefore, it is of interest to study the kinetics
of the reaction over the various supports and observe the influ-
ence of the various supports on the kinetics of the reaction. It
is important to note that not only the active species, but also
the support and their combination, play a crucial role.

A number of supports have been reported for catalyzing
WGS using different noble metals. The supports mainly
included Al,O3, CeO,, ZrO,, TiO,, and the mixed oxides
with high dispersion of Pt, Pd, and Au.'?° Various surface
reactions taking place over the catalyst are influenced by the
identity of the support. Azzam et al.>'** have reported the
influence of the support on the path followed for WGS reac-
tion over the Pt metal catalysts with various supports. The
difference in the reducibility of the support was found to be
responsible for the stabilization of the various intermediate
species and, hence, different pathways were described during
the reaction over the catalysts.
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Table 1. Precursor Requirements and Structure of Solids Synthesized by Solution Combustion

S. No Compound Precursors and Stoichiometry (molar) Crystal Structure Crystallite Size (nm) Ref.
1 CeO, CAN + ODH = 1:24 Cubic (Fluorite) 38 29
2 Ce.99Pdn.0102_5 CAN + PdCIl 4+ ODH = 0.99:0.01:2.4 Cubic (Fluorite) 49 29
3 Cep.99Pto.0102_s CAN + PtN + ODH = 0.99:0.01:2.4 Cubic (Fluorite) 49 29
4 Ce.0sPdo.0202_5 CAN + PdCIl 4+ ODH = 0.98:0.02:2.4 Cubic (Fluorite) 54 29
5 Ce.05Pt0.0202-5 CAN + PtN + ODH = 0.98:0.02:2.4 Cubic (Fluorite) 49 29
6 Ce.85Z10.1502_5 CAN + ZN + ODH = 0.85:0.15:2.4 Cubic (Fluorite) 51 23
7 Ceg g3Zr10.15Pd0.0202_5 CAN + ZN + PdCIl 4+ ODH = 0.83:0.15:0.02:2.4 Cubic (Fluorite) 25 23
8 Ce.83Z10.15Pt0.0002_5 CAN + ZN + PtN + ODH = 0.83:0.15:0.02:2.4 Cubic (Fluorite) 25 23
9 Cep.g5Tip.1502_s CAN + TiN + ODH = 0.85:0.15:2.4 Cubic (Fluorite) 36

10 Ce.83Ti0.15Pd.0205_s CAN + TiN + PdCIl + ODH = 0.83:0.15:0.02:2.4 Cubic (Fluorite) 31
11 Ceg 83Tip.15Pt0.0202_s CAN + TiN + PtN + ODH = 0.83:0.15:0.02:2.4 Cubic (Fluorite) 32
12 710, ZN + ODH = 1:1.96 Tetragonal 31 23
13 Zr.98Pd 020> ZN + PdCl + ODH = 0.98:0.02:1.96 Tetragonal 31 23
14 Zr0.08Pto.0205 ZN + PN + ODH = 0.98:0.02:1.96 Tetragonal 42 23
15 TiO, TiN + Gly = 1:1.11 Tetragonal (Anatase) 14
16 Tig.0sPdo.0205_s TiN + PdCl1 + Gly = 0.98:0.02:1.11 Tetragonal (Anatase) 15
17 Tip.99Pto.0102_5 TiN + PN + Gly = 0.99:0.01:1.11 Tetragonal (Anatase) 12

CAN, ceric ammonium nitrate ((NH,),Ce(NO3)q); PdCl, palladium chloride (PdCl,); ODH, oxalyldihydrazide (C;HgN,O4); ZN, zirconium nitrate
(Zr(NO3)4-5H,0); PtN, tetraammine platinum nitrate (NH3)4Pt(NO3),); Gly, glycine (C,HsNO,); TiN, titanyl nitrate (TiO(NO3),).

The catalysts synthesized in this study have the metals sub-
stituted in the crystal lattice in ionic state. The presence of a
metal in ionic state induces redox couples in the active species
as well as in the support. Metal-support interactions can be
observed in systems in which the support is reducible and the
metal can exhibit a variable valence state. The differential oxi-
dation and reduction of the metal and the support result in the
transfer of the electrons to the reactant species resulting in
enhanced redox reactions. Therefore, the reducibility of the
support has an influence over the rates of reaction. In our pre-
vious studies, we have found the difference in the behavior of
Zr modified CeO, and ZrO, supported ionic catalysts for
WGS.? From X-ray photoelectron spectroscopy, it was found
that in case of reducible supports like CeO,, the redox couples
established between the metal and the support maintain the
metal in ionic state. ZrO, has a very poor reducibility. There-
fore, the ionically substituted metal was found to get reduced
to zero state under the reducing conditions of the WGS. There-
fore, different pathways can be expected over the supports
with different reducibility. According to Bakhmutsky et al,?*
the highest rates for WGS can be obtained with an optimum
reducibility of the support and the thermodynamic properties
must be considered for selection of the supports. Therefore, it
becomes important to describe the kinetics of the reaction on
the basis of the support.

Apart from the high activity, the life of the catalysts is also
an important parameter for rendering them suitable for practi-
cal applications. Though many WGS catalysts have also been
tested for CO oxidation and preferential oxidation reactions,
the catalysts have been reported to show significantly different
deactivation behavior for the different reactions. Dang and
Flytzani-Stephanopoulos® have found Pt/CeO, and Au/CeO,
systems to be highly resistant towards deactivation for prefer-
ential CO oxidation (PrOx) but is rapidly deactivated under
WGS conditions.?® Therefore, the nature of the catalyst as
well as the reaction conditions play an important role in deter-
mining the rate of deactivation. In one of our previous studies,
we have reported the time variation of the CO concentration
during the WGS under daily startup—shutdown conditions.?’
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The conversion of CO decreased for La-substituted catalyst
even after maintaining exactly identical conditions throughout
the course of the reaction. Spectroscopic studies revealed the
formation of surface carbonate resulting in a decrease in the
activity of the catalyst with reaction time.

The current study aimed at modeling the influence of sup-
port on the activity and deactivation of the ionic nanocrystal-
line oxide catalysts for WGS. Support-dependent models
were proposed for describing the kinetics of the WGS. Dif-
ferent surface phenomena were observed over the different
supports. The spectroscopic evidences were used in deter-
mining the possible surface processes and rate mechanisms
were proposed based on elementary pathways. The rate coef-
ficients were derived by non-linear regression.

Experimental
Catalyst synthesis and characterization

All the catalysts were synthesized by solution combustion
technique. The technique involves the combustion of a salt
of the support, a salt of a noble metal, and a fuel in appro-
priate molar ratio in solution to yield a highly porous mass
of solid. The compounds hence formed have crystallites in
nanometer range.”® Table 1 summarizes the chemical
requirements and the stoichiometry required for the synthesis
of various compounds. A detailed account of the synthesis
can be found elsewhere.?*"-*

All the compounds were characterized by powder X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). XRD were recorded on Philips X’pert diffractometer
with CuKo radiations. XPS of the compounds were recorded
on Thermo Fisher Scientific Multilab 2000 (England) instru-
ment with AlKo radiations (1486.8 eV). Further details can
be found elsewhere.”**"

Catalytic activity tests
All the reactions were carried out in 4 mm ID quartz tube
reactors with the catalysts packed in the form of granules
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between ceramic wool. The reactor was heated from outside
using an electric furnace. The temperature of the reactor was
controlled using a PID controller. The gases were supplied
through flow controllers and water was supplied continu-
ously using an HPLC pump (515 model, Waters). The
unreacted water was condensed after the reaction and the
dry gases were sent for analysis in an online gas-chromato-
graph (Nano HP-I, Mayura Analyticals, Bangalore, India) in
which separation was achieved by a combination of Haye-
sep-A and molecular sieve columns. A detailed description
of the2 g,xperimental procedures can be found in our previous
work.

Results and Discussion
Structural studies

Powder XRD pattern of all the catalysts was recorded.
CeO,-based catalysts were found to crystallize in fluorite
structure. The solid solutions of CeO,-ZrO, and CeO,-TiO,
also crystallized in fluorite structure. No peaks corresponding
to tetragonal or monoclinic phases of ZrO, were observed in
the XRD of CeO,-ZrO, solid solutions. Similarly, no lines
of rutile or anatase phases of TiO, were observed in CeO,-
TiO, solid solutions. This showed the formation of single
phase solid solutions those can be represented by the for-
mula Ce;_,_,M,N,O,_5, where M represents the noble
metal (Pd or Pt) and N represents Zr or Ti. The quantity x
represents atom % substitution of noble metal and y repre-
sents atom % substitution of Zr or Ti in the support. Typi-
cally in our studies, x = 0.02 and y = 0.15. The peak corre-
sponding to metal was absent showing substitution of the
metal in lattice. Noble metal substituted ZrO, catalysts crys-
tallized in tetragonal structure. The phase was confirmed by
FT-Raman studies. TiO, compounds were found to crystal-
lize in anatase phase. The crystallite size of all the com-
pounds was in nanometer range. Table 1 summarizes the im-
portant structural deductions obtained by XRD.

XPS of all the elements present in the catalysts were
recorded. Ce, Zr, and Ti in all the catalysts were found to be
in +4 state. In solid solutions, Zr and Ti were in +4 state.
The noble metals were found in ionic state. Pd in all the
compounds was in +2 state. Pt was in a mixed oxidation
state in all the compounds. The majority of Pt was substi-
tuted in +2 state. A very small amount was present as me-
tallic Pt, the rest being in +4 state. In substituted CeO, and
TiO, compounds, the noble metals retained their ionic state
after the reaction.”>?” In substituted ZrO, compounds, Pt
ions were observed to get reduced to metallic state after the
reaction.”> The XRD patterns and XPS spectra of all the
compounds before and after the reaction can be found in our
previous works.?>7%9

Modeling the WGS reaction over different supports

Dual Site Mechanism. From the XPS of the noble metals
before and after the reaction, it is clear that in all the CeO,-
based catalysts, the metal remains in the ionic state during
the reaction.”>?’ CeO, is a reducible oxide. Therefore, due
to its oxygen storage capacity, CeO, is liable to release oxy-
gen from the lattice at high temperatures. Substitution of a

noble metal in +2 state in Ce** sites results in the formation
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of oxide ion vacancies for electrostatic neutrality. We have
reported WGS over Pd and Pt ion substituted CeO, and
found that the kinetics of the reaction can be described by a
dual site mechanism.? The mechanism essentially considers
the adsorption of CO over the metal ion and the dissociation
of H,O over the oxide ion vacancy, giving H, and an inter-
mediate oxygen species. The surface reaction between the
adsorbed CO and the intermediate oxygen species results in
the release of CO,. To account for the reversibility of the
reaction, the reverse reaction counterparts were proposed.
Experiments were also carried out to find the rate limiting
step. The surface reaction was found to be the rate limiting
step. A competitive adsorption of CO and H, was proposed
to occur over the metal ion and competitive dissociative
adsorption of H>O and CO, was proposed to take place over
the oxide ion vacancies. Dissociative adsorption of HO and
CO, resulted in the release of H, and CO while the surface
reactions between the adsorbed species resulted in release of
CO, and H,O. Substitution of Zr and Ti is beneficial as the
bulk substitution of these elements results in an enhanced
oxygen storage capacity’>' and, hence, enhanced redox
couples are expected.
The various surface reactions can be written as:

CO + Sy < COy (1a)
H,0 4 “v” — “0” + H, (1b)
COy + “0” — COy + “V” + Sy (1c)
H, + Sy & Hy, (1d)

CO, + “v” — “0” 4+ CO (le)
Hy, + “0” — HyO + “v” + Sy (1f)

Equations 1la and 1d show the reversible adsorption of CO
and H, over the metal ion, respectively. The oxide ion
vacancies formed in the support due to the substitution and
reducibility of the support, act as sites for the adsorption of
H,0 and CO,. They appear in Egs. 1b and le as “v”. The
dissociative adsorption of H,O and CO, over the oxide ion
vacancies is shown by Eqs. 1b and le, respectively, giving
the intermediate oxygen species retained on the support. The
surface reactions given by Eqgs. lc and 1f result in the
release of the product and the relative rates of the two reac-
tions give the effective rate of reaction.

In the above reaction scheme, Eqs. 1d and 1f can be writ-
ten as separate steps as follows:

H, + Sm — Hom (1g)
Hyy — H+H (1h)
H+H+ “0" — Hy0 428 + “v” (1i)

The dissociation of H, over the metal takes place. This
may result in the spillover of H to the adjacent vacant site.
However, it has been shown, for ionic Pt in CeO,_ that more
than one H atom can be stabilized over a single Pt jon.>
Therefore, step (1h) in the above equation takes place over a
single site and, hence, the above set of equations can be
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lumped into a single equation (Eq. 1f) without affecting the
kinetics of the reaction.

In the above mechanism, the formation of oxide
ion vacancies is possible only if the substituted metal is
present in +2 state. Although pure CeO, also has some oxide
ion vacancies, the activity of this catalyst is negligible without
substitution. The adsorption of the gases increase on substitu-
tion of a metal ion as the metal ions act as centers for adsorp-
tion. Further, impregnation of metal does not result in creation
of oxide ion vacancies. Therefore, the above mechanism is
applicable only when the metal is substituted in ionic form in
Ce*" sites with an oxidation state other than +4.

The reaction over unsubstituted CeO, can be written as:

Ce*™03™ + 6CO — CelfCelt, ;05 5 + CO,  (2a)
CelfCelt ;0375 + 0H,0 — Ce*" 03~ + dH,  (2b)
2Ce* 0} + oH, — Ce3fCel,;037, + dH,0  (2c)
Ceif Celt);057; + 0CO, — Ce**03™ + 6CO  (2d)

where ¢ denotes the oxygen storage capacity of the compound.
In the as-synthesized catalyst, Ce is present in +4 state. A
partial reduction of Ce*" in CeO, takes place in the reducing
atmosphere of CO and H, and a part of Ce*" goes to Ce®™,
shown by Eqgs. 2a and 2c. The abstraction of oxygen from the
lattice results in the oxidation of CO to CO, and the oxygen
occupancy of the support decreases by J. All these processes
result in the formation of the reduced catalyst. The catalyst
gets oxidized in the oxidizing environment provided by H,O
and CO,, as shown in Eqs. 2b and 2d. However, in the absence
of a strong adsorbent of CO and H,, the rate of reaction is
extremely slow. The substitution of a metal ion results in the
formation of sites for adsorption. Moreover, the aliovalent
substitution results in the creation of oxide ion vacancies,
where the dissociation of the reactants takes place fastening
the redox processes given by Eqs. 2a-2d. The pathway for the
reaction over noble metal substituted compounds can be given
as:

Cel" M2T07" + xCO — Cef" M'037, + xCO, (3a)
Cel™ M2T03~ +xCO — Ce3' Cejty M2T037, +xCO, (3b)
Cett M°03~, + xH,0 — Cel"” M?*T03~, + xH, (3¢c)
Cei Cel™; M2T03-, +xH,0—Cel" M2T03~ +xH, (3d)
Cetm M?T03~ + xH, — Ce]" M057,, + xH,0  (3e)
Cett M>T03~ +xH, — Ce3/Celt, M>T03, +xH, (3f)
Cett MY°03~, +xCO,—Ce]" M>T037, +xCO,  (3g)

CeiCel"; M2T03~, +xCO,—Cett M*T037, +xCO,
(3h)

{K1k3[COJ(1 + K4[Ha]) — Kake[H2](1 + K1 [CO]) } (k2[H20] + k5[CO,])

where M represents the substituted noble metal (Pd or Pt) and
x represents the atom % substitution. These metal—ion
interactions have also been shown experimentally with the
help of cyclic voltametry and XPS.*

For bulk substitution of metals in the support, the above
equations get modified as:

Cel*, MI'NJTO3~, +xCO — Ce}"  MIN; 7037, +xCO,
(4a)
Cef*, \MINJ037, +xHy0 — Cef”, MI*NJTO3~, +xH,
(4b)
Cef’, \MI'NJTO3-, +xH, — Cef’,  MINJTO3-,, + xH,0
(4¢)
Ceft,  MINI*O37, +xCO, — Cel’, MI*NJT0;7, +xCO,

(4d)

where N represents the metal substituted in bulk (Zr or Ti) and
y represents the atom % substitution. Clearly, from all of the
above equations, in the presence of reducing agents like CO
and H,, reduction of the metal occurs. Oxidation of metal by
corresponding reduction of the support is shown by Eq. 3c.
These metal-support interactions have been observed using
XPS studies®® and we have also observed the same in our case.
Partial reduction of the support was observed in the XPS after
the reaction. Therefore, equilibrium occurs between the
oxidized and reduced states of the metal and the support and
the following equations can be written for the metal-support
interaction.

Ce‘l‘ier(\)O%:Z,\ A Cegjce?j3xM,%+O§:2,v (5)

The above set of interactions show the changes in the oxi-
dation state of the metal and ionic metal gets reduced to me-
tallic state during the reaction cycle. However, due to high
ionic dispersion and reaction temperatures, the cluster forma-
tion does not take place and the dispersion of the metal is
maintained. Pierre et al.** have shown that for ceria-based Pt
catalysts, Pt>" state can be observed and the catalyst showed
high activity due to ionic nature. The dispersion was main-
tained and the metal retained ionic state due to the thermal
processes. Apart from the Pt°/Pt>" cycle, Pt*"/Pt*" cycle can
also exist resulting in the creation of more oxide ion vacan-
cies. However, this cycle can be present in presence of a
strong oxidizing agent like oxygen, which can fully oxidize
Pt. In WGS, where H,O acts as an oxidizing agent, this
cycle is assumed not to occur.

The metal oxidation-reduction cycle is possible only if
the support is reducible. Therefore, the mechanism following
the elementary steps given by Eqs. la—1f was used to
describe the kinetics of the reaction over CeO,-based cata-
lysts. We obtained the following rate expression by solving
the elementary reaction rate expressions for Eqs. la—If.

(1 + K [CO])(I +K4[H2])(k2[H20} + k5[C02D -+ (1 +K4[H2DK1/€3[CO} + (1 + K, [CODK4/{(,[H2]
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The details of the derivation and the underlying assump-
tions are given in Appendix A.

Surface Hydroxyl Mechanism. We propose this mecha-
nism to describe the kinetics of the reaction over ZrO,-based
catalysts. Zr*" in ZrO, is a highly acidic site. Moreover, the
reducibility of ZrO, is very less. Therefore, under the WGS
conditions, the metal which was initially substituted in ionic
form, gets reduced to the metallic state according to the fol-
lowing equations:

Zrft M*T05~ + xCO — Zri" M°037, + xCO, (7a)

X

7yt M2TO3" + xHy — ZrT M2037, + xH,O  (7b)

—X X

Equations 7a and 7b are analogous to Egs. 3a and 3e in
which the reduction of the metal ion to metallic state takes
place. Because of the reducible nature of CeO,, Egs. 3b and
3f follow. But due to the non-reducibility of ZrO,, the reac-
tions are limited to those given by Eqgs. 7a and 7b and the
interactions given by Eq. 5 are absent. As a result, further
oxidation of the metal to ionic state does not take place.
Over a period of time, all of the ionic metal reduces to zero
state. This has been observed in the spectra of the Pt4f in
Z10.05Pto 000,.2> Therefore, the phenomena over ZrO,-based
catalyst is essentially those involving adsorption of CO and
H, over noble metals and surface reactions.

The acidic Zr*" sites act as adsorption sites for H,O. This
results in the formation of surface hydroxyl groups. The sur-
face hydroxyl groups on ZrO, are well reported and their
presence has been confirmed by infrared spectroscopy.®> ™’
We have also found an increase in Ols peak intensity after
the reaction around 532 eV corresponding to the oxygen in
hydroxyl group.23 This showed the formation of surface
hydroxyl group during the reaction. Therefore, the dissocia-

(k31 K29[CO] — k34K33[Ha]) (k3o[H20] + k33[CO,))

tion of H,O over ZrO, support to give hydroxyl intermediate
can be expected. The mechanism can be given as follows:

CO + Sy & COpy (8a)
H,O + ZrO, — H,ZrOs (8b)
HQZI’Og + COM — C02 + Hz + ZI'02 + SM (SC)

H, + Sy < Hy, (8d)
CO, + Zr0, — 7103 + CO (8e)
Hy, + ZrO3~ — H,ZrO; + Sy (8f)

H,Zr0; — H,0 + ZrO, (82)

The XPS of Zr before and after the reaction shows Zr in
+4 state. The above mechanism is consistent with this obser-
vation. In all the above steps, +4 state of Zr was maintained.
The surface processes taking place following the above
mechanism can be represented by the following equations:

CO + Sy & COy (%a)

H,O + Sz — Sz-O + Hy (9b)
COMm + Sz -O — CO; + Sz + Sm (9c)
H; + Sm & Hy, (9d)

CO; + Sz — Sz - O + CO (9e)

Sz - O + Hy,, — HyO + Sz + Sy (91)

The rate of reaction for the above sequence is given as:

A more elementary set of surface processes can be written
as follows:

L 10
k31K29[CO] — k34K3[Ha] + (1 + Kx[CO] + K3;[Ha])(k3p[H20] + k33[CO3]) (10)

Hy,, + Oz — HyOz + Sy (11D)

H,0z. < H,O + Sy, (11m)

CO + Sy & COy (11a)
H,O + Sz & H,0z, (11b)
Sz: + H,Oyz. — OHy, + Hy, (11c)
OHy; + Szt — Oz + Hye (114d)
Oz + COp — COy,, + Sm (11e)
CO,, & CO, + Sy (11f)
Hyz, + Hz, — Hy +2Sy, (11g)
H, + Sy & Ha, (11h)

CO; + Sz & COy, (11i)
CO,,, + Sz — COgz + Oy (113
COz — CO 4+ Sy, (11k)
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According to the above set of equations, the adsorption
of CO takes place over the metal, given by Eq. 11a. Simi-
larly, H,O can be adsorbed over the acidic Zr*" sites rever-
sibly. This is shown by Eq. 11b. Sy; and Sz, represent the
vacant metal and Zr site for adsorption, respectively. The
interaction of the adsorbed H,O with the adjacent vacant Zr
site can result in the splitting of H,O and spillover of H to
the adjacent site to give intermediate OH and H species on
Zr. Similarly, the interaction of OH with another vacant Zr
site can give intermediate O and H species. These steps are
shown by Eqs. llc and 11d. The intermediate O species
can react with the adsorbed CO to give CO, adsorbed over
the Zr site by spillover and the metal site becomes free.
The desorption of CO, from Zr site releases CO,. The H
species formed in the steps 1lc and 11d can interact to
release hydrogen and make the Zr sites free. The formation
of Hy, species over ZrO, supports has been reported and it
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is proposed that reverse spillover of H takes place during
the decomposition of the intermediates.®

To account for the reverse reaction, the adsorption of H,
over the metal and CO, over Zr sites is proposed. The disso-
ciation of CO, over Zr results in the release of CO and cre-
ates an intermediate O species, given by Eq. 11j. Interaction
of this O species with the adsorbed H, yields H,O. In this
manner, Egs. 11a—11m account for all the surface phenom-
ena occurring over ZrO,-based catalysts.

The reaction scheme presented by the above set of equations dif-
fers from that proposed for CeO,-based solutions in the utilization
of lattice oxygen. In CeO,-based solid solutions, lattice oxygen uti-
lization occurs resulting in reduced ceria, which in turn gets oxi-
dized by the utilization of oxygen from the reactants. However, in
ZrO,-based catalysts, reduction and lattice oxygen utilization does
not take place. Rather, dissociation of water over Zr sites takes
place, which results in the formation of an adsorbed oxygen spe-
cies. The difference between the adsorbed O species and “0” in
case of CeO, catalysts is that the latter is adsorbed on oxide ion
vacancies, which can be found in low index planes while the
adsorption sites for O species over ZrO, are low coordination
sites.” Therefore, this mechanism can also be considered as a type
of redox mechanism. Depending upon the surface structure and the
reducibility of the catalyst, a particular intermediate is formed.
Graf et al.** have observed the difference in the function of mono
and multi-coordinated monoclinic Pt/ZrO, for WGS. Mono-coor-
dinated sites were found to be responsible for intermediate forma-
tion whereas multi-coordinated sites were found to be responsible
for intermediate decomposition. A similar approach is followed in
the proposed reaction scheme, where the dissociation of intermedi-
ates is due to the interaction with the adjacent sites.

The complete reaction sequence given by Egs. 11a—11m can
be reduced to those given by Egs. 9a-9f by lumping some of
the steps. In CO and CO, rich environment, the hydroxyl groups
immediately interact to give surface formate species, which
decomposes to give an intermediate oxygen species over Zr*"
ions. These steps have been shown by lumping of all the inter-
mediate steps into Egs. 9b and 9e. Baiker and coworkers*'
have studied in detail the hydrogenation of CO, over the vari-
ous metal-ZrO, catalysts. One of the steps in such reactions is
the reverse WGS. Formate decomposition to give CO has
been reported using vibrational spectroscopy over Au/ZrO,
Catallysts.43 The release of H, by decomposition of surface
hydroxyl yielding CO3~ has been shown by FTIR studies.*”
Further decomposition of CO3~ to give CO, and intermediate
oxygen species is accounted in the above reaction mechanism
by surface interactions of adsorbed CO and CO, over the sup-
port given by Egs. 9c and 9e. Monte Carlo studies have also
shown the presence of intermediate oxygen species.45 Surface
oxygen removal was found to be energetically difficult and,
hence, kinetically slow and rate controlling process. Therefore,
reactions 9a through 9f represent a complete set of the surface
processes taking place over ZrO, supported noble metals.

Hybrid Mechanism. This mechanism is proposed for
describing the WGS activity of noble metal substituted TiO,. The
reducibility of TiO, is lesser than that of CeOz.46 However, the
exchange of lattice oxygen is indeed possible. This has been proved
for WGS using oxygen isotope exchange technique.*’” Therefore,
the dual site mechanism proposed for CeO,-based compounds can
be applied in this case also. Kondarides and coworkers'”*"~* have
investigated WGS over noble metal impregnated TiO,. Their stud-
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ies using SSITKA-DRIFTS and isotopic exchange strongly favor
the redox mechanism involving the utilization of lattice oxygen.
Several other investigators have explained WGS activity using the
redox mechanism in which the lattice oxygen is utilized for the oxi-
dation of CO to CO,. The splitting of H,O over the oxide ion va-
cancy reoxidizes the support. The scanning tunneling microscopy
and density functional theory calculations have shown the dissocia-
tion centers for H,O in rutile TiO, to be the oxide ion vacancies.™®
Similar results were obtained by Brookes et al. for TiO, (110) sur-
face.”" Combustion synthesized TiO, crystallizes in anatase phase.
Under the WGS conditions, formation of small quantities of rutile
phase takes place.”” Therefore, the redox mechanism can be
expected to occur over TiO, supported compounds. However, an
equally well reported mechanism over TiO; catalysts is the associa-
tive route in which the reaction proceeds via the utilization of sur-
face hydroxyl groups.”'™ Azzam et al.*'** have carried out pulse
experiments on TiO,-based catalysts and have found the require-
ment of surface hydroxyl groups for the reaction to proceed. TGA
studies on combustion synthesized TiO, have shown large concen-
tration of surface hydroxyl groups.™

Therefore, to describe WGS over combustion synthesized
TiO,, it becomes important to consider the presence of the
surface hydroxyl groups. There have been arguments of the
presence of both redox as well as associative mechanisms
for WGS over TiOz.21 Therefore, to describe the activity of
TiO,-based compounds, we propose a hybrid mechanism uti-
lizing oxide ion vacancies as well as hydroxyl groups. The
surface processes during WGS over TiO, supported com-
pounds can be written as:

CO + Sy« COy (12a)
H,O + “v” — H, 4+ “0” (12b)
H,O + Sty — HyOrpy (12¢)
H,Ori + Sty — OH7i + Hry (12d)
OHr; + S1i — Omi + Hpy (12e)
COym + “07 — COy + Sy + “V7 (12f)
COwm + Ori — COy; + Sm (12¢g)
CO,, & CO, + St (12h)
Hri + Hpy — Hy + 257y (121)
H, + Sm < Ha,, (12j)

CO; + “v” — CO + “0” (12k)
CO, + Sy — €O, (121)
COs, + St — CO, + O (12m)
CO,, — CO + S, (12n)

H,,, + “0” — H,O + Sy (120)
Ha,, + Ot — HaOri + Sm (12p)
H,Or1; < HyO + Sty (12q)

The mechanism given by Eqgs. 12a—12q can account for si-
multaneous utilization of oxide ion vacancies as well as the
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surface hydroxyl groups. Several investigators including
Lefferts and coworkers®'**>° have reported the possibil-
ity of utilization of oxide ion vacancies and the hydroxyl
groups. The hydroxyl group formation and subsequent con-
version to surface oxygen species was proposed. The
mechanism proposed in this study makes a clear distinction
between the surface sites and the related surface phenom-
ena. The formation and utilization of oxide ion vacancies
is given by the steps 12b, 12f, 12k, and 120. Similarly, the
consumption of the oxygen species formed over Ti in
the support from the surface hydroxyl groups is given by
Eqgs. 12g and 12p.

In the aforementioned mechanism, there can be a possibil-
ity of interaction of adsorbed oxygen species on the oxide
ion vacancy, “o”’, with the surface hydroxyl species, OHr;,
by spill over. In such a case, the only possible step to carry
the reaction further can be:

“0” 4+ OHrj — Hri + Oy + “v” (13)

Since no oxygen was observed during the experiments,
the possibility of the above interactions was discarded. The
evolved O, can react immediately with CO to give CO,. But
in that case, the H, evolution gets suppressed. Since this was
not observed during the experiments, the possibility of the
process given by Eq. 13 was discarded. Similarly, the inter-
action of H,O directly with “0” can lead to the following
sequences:

H,Or; + “0” — OHr; + “O”H (14a)

2(K154k154[CO] — Kyspkisi[Ha]) (kisp [H20] + ky54[CO2])

OHrj + Sti — Ori +Hry (14b)

“O”H + Sr; — “0” + Hr, (14¢)

The species produced by the above set of reactions are
essentially those produced by the given mechanism. There-
fore, Eqgs. 12a—12q completely represent the surface phenom-
ena occurring over TiO,-based catalysts. Reducing the above
set of equations to the working set by lumping of the several
steps, we get the following:

CO + Sy < COwm (152)

H,O + “v” — H, 4+ “0” (15b)
H>O + Sty — Hy + o7y (15¢)
COpm + “07 — COy + Sy + “Vv7 (15d)
COw + ori — COz + Sm + Sti (15¢)
H, + Sy & Hy, (151)

CO, + “v” = CO + “0” (15¢)
CO; + Sti — CO + oy (15h)
Hy, + “0” — HyO + Sy + “v” (15i)
H,, + o1y — H2O + Sum + St (155

Solving for the above set of elementary reaction sequen-
ces, we get the rate expression as:

r

The oxygen species in the catalyst formed as result of ox-
ide ion vacancy and surface hydroxyl group are lumped to-
gether in the above analysis. Following the above modeling
strategy, it may not be possible to determine the relative
rates of consumption of hydroxyl groups and lattice oxygen
utilization. The analysis can give the overall reaction kinetics
but further spectroscopic studies might be required to deter-
mine the relative contribution of the different paths.

The details of the derivation and the underlying assump-
tions are discussed in detail in Appendix A.

Model validation and parameter estimation

The parameters appearing in the rate Eqs. 6, 10, and 16
were estimated using a non-linear regression algorithm based
on Levenberg-Marquardt technique. Figure 1 shows the vari-
ation of CO concentration with temperature over different
supported catalysts. The dotted line shows the equilibrium
conversion at different temperatures. The symbols in the fig-
ure show the experimental data and the solid lines show the
model predictions. Table 2 gives the various parameters
obtained by regression. The parameters shown are those
describing the forward WGS. In the temperature range of
operation, where the reaction is far from equilibrium, the
forward reaction dominates and the kinetic parameters for
the forward reaction are sufficient to describe the variation
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16)

of CO conversion with temperature. At higher temperatures,
with an increase in the rate of reverse reaction, further ki-
netic analysis is required and the rate parameters have to be
estimated on the basis of the complete rate equation over a
larger range of temperatures.

The estimation of parameters for forward and backward
reaction simultaneously increases the number of parameter
and, hence, the reliability of the expression for describing
the kinetics of the reaction decreases. Therefore, only the
forward reaction parameters were estimated as a limiting
case. A sensitivity analysis for the various parameters was
carried out and parameters reported in Table 2 are the opti-
mized values for the activation energies and the pre-expo-
nential factors. The expressions for the equilibrium adsorp-
tion of CO and H, over the metal ions were taken directly
from the literature to decrease the number of unknown pa-
rameters. The reversible adsorption used here are those over
Pd or Pt metal. In the synthesized catalysts, Pd and Pt were
substituted ionically. However, experimental evidences have
been provided by Bera et al.’’ showing that the adsorption
of CO over metal ions is same as that over the metals.
Therefore, the following expressions for adsorption over
metals were used.

Over Pd metal®®: K,qs = 10" exp(14,950/T)

Over Pt metal®®: K,qs = 4.3 x 10* exp (16,165/T)
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Figure 1. Variation of CO conversion with time over the different catalysts.

(@) Ceg.83Zr0.15Pdo,0202 s,

(b) Ceqg3Zro.15Pto.0202 s,

Zr0.98Pt0.0202, (g) Tio.08Pd0.0202 5, (h) Tig.09Pt0.0102 5.
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Table 2. Optimized Rate Expressions for WGS Over Various Compounds

S. No Compound Parameter Expression
1 Ce.83Zr0.15Pd 02025 kv (1.25 £ 0.04) exp{(=725 £ 16)}/T
kie (1.1 £ 0.3) exp{(—4975 £ 107)}/T
2 Ce.83210.15Pt0.0202 5 kv (10.5 £ 0.9) exp{(—=2165 £ 17}/T
kie (1.2 £ 0.08) exp{(—3830 £ 64)}/T
3 Ce.83Tip.15Pd0.0202_5 kv (1.35 £ 0.42) exp{(—1110 £ 26)}/T
kic (0.95 £ 0.12) exp{(=5010 £ 93)}/T
4 Ce.83Tip.15Pt0.0202-s kv (2.5 £ 0.37) exp{(—1786 £ 16)}/T
kic (1.15 £ 0.09) exp{(=3165 & 22)}/T
5 71 9sPdg 0202 kop (0.1 £ 0.01) exp{(=900 £ 32)}/T
ko (1.4 £ 0.13) exp{(—5325 + 43)}/T
6 Zr0.08Pt).020> kop (0.15 £ 0.02) exp{(—3800 £ 29)}/T
ko (0.07 £ 0.01) exp{(—3054 &= 16)}/T
7 Tip.0gPd0.0202_s kisp (0.41 £ 0.05) exp{(—1008 £ 68)}/T
8 Tio_ggpto,mozf& k15b (1.15 + 0.8) exp{(—l 109 + 23)}/T
kisq (0.19 £ 0.03) exp{(—4750 £ 2)}/T

From Figures la-h, it is clear that the activity of the Pt
ion substituted material is superior to the Pd ion substituted
material. Equilibrium conversions could be attained over all
Pt ion substituted supports. The conversions with Pd-substi-
tuted supports did not exceed 40-50% for all the supports
and required high weights of the catalyst. Equilibrium con-
versions were attained at a temperature of 240°C over Pt-
substituted ZrO, and TiO,. Different mechanisms including
Langmuir-Hinshelwood and Eley-Rideal mechanism were
tested for describing the variation of CO conversion with
temperature. It was found that the mechanism proposed for a
particular class of compounds only could describe the con-
versions. For other models, the optimization procedure
resulted in negative activation energies and negative rate
constants, similar to that observed in our previous study29
indicating that these mechanisms did not occur over these
catalysts.

We have previously tested different mechanisms for WGS
over CeO,-based Pd and Pt-substituted compounds. It was
found that the classically described Langmuir-Hinshelwood
and Eley-Rideal mechanisms are not able to describe the
kinetics of the combustion synthesized compounds.zg In this
study, we have extended the idea to a series of compounds,
belonging to different categories and have found that the
proposed elementary processes indeed describe the reaction
over the compounds.

The variation of CO conversion with the ratio of the
weight of the catalysts and the molar flow rate is given in
Figure 2. The slope of the plots in a small conversion range
of 10-15% was used to estimate the rate of reaction assum-
ing backmix conditions for small conversions. It can be seen
that all the plots were linear at lower conversions. At higher
conversions but lower temperatures, the plots remained lin-
ear. However, at higher temperatures and higher conversions,
considerable deviation from linearity was observed. This was
very prominent especially in case of Pt-substituted com-
pounds.

Modeling the catalyst deactivation

The study of time variation of the catalyst activity
becomes important to have an idea about the batch or regen-
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eration time of the catalyst. Several phenomena have been
proposed to describe the deactivation of the catalysts with
time including poisoning, sintering, and fouling,®® sintering
being the most commonly observed in case of noble metal
compounds.61 In case of the ionic substitution of the metals
in the support, the deactivation due to sintering is not possi-
ble. However, we have found support-dependent deactivation
of the catalysts and the deactivation was found to be due to
the formation of non-catalytic surface carbonate sites.”’ The
formation of surface carbonates resulting in the loss of activ-
ity has been well repor‘[ed.(’z_68 In the reducible oxides, the
formation of carbonates limits the rate at which ceria gets
reoxidized.”> This becomes especially relevant following
Egs. 1 through 6, where the reaction over the reducible
CeO, compounds are influenced heavily by the reducibility
of the support. Further, carbonates have high thermal stabil-
ity and suppress the oxygen transfer,®> and have been
reported to be bound more strongly than oxygen.®” The
FTIR and XPS studies in our previous report®’ showed the
presence of the carbonate group.

The carbonate formation and the subsequent deactivation
was found to be the phenomena taking place entirely in the
support. The direct interaction of CO with the support
depends upon the acidic nature of the support. In any MO,
system, when M is in +4 state, the M** ions are acidic in
nature and the adsorbed CO or CO, can react with M*" to
give carbonate species. As a result, the catalytic activity of
the compound decreases with time. Therefore, the decrease
in the activity depends upon the acidic nature of the support.

For pure CeO, and La,Os, respective carbonates are
formed. But, under the oxidizing conditions during WGS,
the rate of formation of Ce(CO3), is negligible as compared
to LA,(CO3)s. La’>" is more basic as compared to Cet.
Therefore, substitution of La in CeO, results in the deteriora-
tion of the catalytic activity of the compound with time. Car-
bonates are not formed over Ti supports and, thus, Ti-substi-
tuted CeO, compounds show higher stability than that of
unsubstituted or La-substituted compounds.*”

To describe the deactivation of the catalyst, the concept of
catalyst activity was used. Catalyst activity a(f) is defined as
the ratio of rate of reaction at any time ¢ to the rate of reac-
tion at time ¢ = 0. Initially, a(f) = 1. The activity of the
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Figure 2. Variation of CO conversion with W/F ratio for the different catalyst.
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Figure 3. Variation of the catalyst activity with time.

catalyst decreases with time if the catalyst undergoes deacti-
vation. Different expressions have been suggested for cata-
lyst deactivation for different mechanisms. For deactivation
by poisoning, a first order decay has been suggested to
describe the deactivation kinetics.” Following equations
show the variation of catalyst activity with time.

d
Ea(t) = —kqa(r) 17)
a(t) = a(0) exp(—kat) = exp(—kat) (18)

where kg4 is the deactivation constant. The magnitude of kqy
gives an idea of the rate of deactivation of the catalyst. When
the value of kg is higher, the catalyst gets deactivated faster.
The values of k4 were estimated by fitting the above
equations to the experimental data. Figure 3 shows the
variation of the catalyst activity with time. The solid lines
show the model predictions. It can be seen that only La-
substituted compound shows a large decrease in the activity.
The decrease in the activity is nearly 45% within 20 h of
operation. Other compounds show very less reduction in the
activity. Table 3 gives the decay constant kq for the various
catalysts. The value of k4 for La-substituted compound is one
order of magnitude higher than that of the others. Although a
large scatter can be observed in the data given in Figure 3,
the model has correctly captured the deactivation trends.
From the XPS studies, it was found that the carbonate
formation followed the order C60.83Lao.15Pt0_0202,5 >
Ceo.08Pt0.0202_5 > Ceg.33Tig.15Ptg. 02025 >
TigooPty.01O0s_s. The same trend has been obtained from
the deactivation kinetic model.

Table 3. First Order Decay Constants for the
Catalyst Deactivation

S. No Compound K4 (x10%)
1 Cegg3Lag 15Ptg 0205 _s 28 +4
2 Ce0.98P10.0202 5 3.6 £04
3 Ceg 53Tig.15Pt9.0204_s 2.7+ 0.1
4 Ti.09Pt0.0102-6 1.2 + 0.04
2672 DOI 10.1002/aic Published on behalf of the AIChE

Conclusions

Pd and Pt ion substituted compounds were found to be
active for catalyzing WGS. WGS over CeO,-based solid sol-
utions was described using the dual site mechanism. Redox
Ce’"-Ce*" transitions with changes in Pt oxidation states
were observed. WGS over ZrO,-based compounds was
described using surface hydroxyl mechanism. Pt was found
to get reduced to metallic state and hydroxyl groups were
proposed to play a key role for the high activity of the com-
pound. A hybrid mechanism incorporating both dual site
mechanism and surface hydroxyl mechanism was found to
describe WGS activity of TiO, supported compounds. The
activity of Pt-substituted compounds was higher than that of
Pd-substituted compounds and equilibrium conversions were
achieved by Pt substitution.
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Appendix A: Derivation of the Various Rate
Expressions for the WGS Over the
Different Supports

A: Rate expression for dual site mechanism (CeQ,-based
catalysts)

Equations la and 1d represent the reversible adsorption of
CO and H, over the metal ion, respectively. If k;, and k_, rep-
resent the forward and reverse rate constants for step la, respec-
tively, and the equilibrium adsorption constant K, is defined as:

Kla - kla/kfla (Al)
then at equilibrium,

ria = k1a[COJ0y —k_140c0, =0 (A2)

000\/ =

Similarly,
ria = kia[Ha)0y — k_140u,, =0 (A3)
From Eqs. A2 and A3
Ocoy, = K1a[COJ0, (A4)
On,,, = Kia[H2]0, (A5)
The site balance over the metal,
0, + Ocoy + O, = 1 (A6)

Solving Egs. A4, AS, and A6 simultaneously,

K1,[CO]
0 = ASa
O 14+ Kla[CO} + K]d[Hz] ( )
K14[Hs)
Oy, = A6
Bt = 1+ K1a[CO] + K q[Ho)] (Aba)
The effective surface reaction rate is
r= klc()COM Ooov — klf()HzM Ooov (AT)
r= (klkl()COM - k]fOHzM )Oo(w (AS)

where 0,,, gives the fraction of sites on support occupied
by the oxide ion vacancies. If 0,,, represents the fraction
of sites on support unoccupied then the site balance on
support,

eoov + Hvov =1 (A9)

Applying quasi-steady state approximation,

klb[HZO]HVOV + kle[COZ]HVOV = leGCOM eoov + klfGHzM 000v

where 0, represents the fraction of the metal sites unoccu- (A10)
pied, Oco,,, the fraction of the metal sites occupied by CO
and [CO], the concentration of CO. Solving for 0,,, using Eqs. A9 and A10,
(1 + K14[CO]) (1 + K14[Ho]) (k1p[H2O] + ki [COs) (A10a)
(1 + K1a[CO])(1 4+ K14[Ha2]) (k1p[H2O] + k1[CO3]) + (1 + K14[Hz2])K1ak1[CO] + (1 + K1,[CO])Kak1¢[Ha]
Substituting the values of Oco,, O, and Oy, from Egs. ASa, A6a, and Al0a the rate expression is
{Klaklc[CO](l +K1d[H2D — Kldklf[HzKl =+ Kla[CO])}(klb[Hzo} + kle[COZ]) (All)

(1 + Kla[CO])(l + Kld[Hz])(klb[HQO] + kle[COQ]) + (1 +K1d[H2])K1aklc[CO] + (1 + K]a[CO])Kldklf[Hz]

Equation All gives the required rate expression. The limiting
rate expression for forward water gas shift reaction is given as:
. K1ak1pk1.[CO][H2O]
K1.k1[CO] + kip[Ho0](1 + K1,4[CO])

(A12)
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B: Rate expression for surface hydroxyl mechanism
(ZrO;-based catalysts)

The equilibrium adsorption of CO and H, over the metal
is given by:
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Ko, [CO]
0 = Al3
COm 1+ Ko, [CO} + Koq [Hz] ( )

Koa[Hy]
Oy, = Al4
o T 1 4 Koa [CO + Koa[Ha) (A1)

Site balance over Zr,

HZrV + HZrO =1 (A15)

where 0, is the fraction of Zr sites that are vacant and 07,0
is the fraction of Zr sites occupied by the intermediate spe-
cies formed due to surface hydroxyl decomposition.

Pseudo steady state approximation on 0,5 gives,

koo [H20] 02, + kocOcoy 0z:0 + koe[CO2]0zs,
— k9f9H2M 0z0 = 0 (A16)

Solving Eqs. A15 and A16,

(koo K9, [CO] — koKoa[H:]) (kop[H20] + koo [CO1])

kgb[HQO] + koe [COz]
Oz = 0 (A17)
“o ( kocOcoy + korOu,, :
kocOcoy + kog0
Oz = ocUcoy orUm,,, (AI8)
kocOcoy + kotOm,, + koo[H2O] + koe[CO,]
The rate of reaction is given by,
r = kocOcoy0z0 + korbu,, 0z:0 (A19)

Substituting the expression for 0, in Eq. A19,

(k9c9coM - k9f9H2M)(k9b [H20] + koe[CO,])
= (A20)
kocOcoy + kotOu,, + kop[HaO] + koe[CO,]

Using the expressions for the adsorption equilibrium from
Egs. A13 and Al4,

Equation A21 gives the required rate expression. The lim-
iting rate expression for the forward water gas shift reaction
is given as:

"7 Koukoe [CO] + kop[H20](1 + Koa|CO])

C: Rate expression for hybrid mechanism
(TiO,-based catalysts)

r = A2l
KouKoa[CO] — KorKoalHa] + (1 + Koa[CO] + KoalFa]) (koo [HoO] + Koe[CO]) (a21)
Similarly, the balance over oy gives
kis5¢[H20] 4 k5, [CO,]
90 i = 9\/ i A2
K9ak9bk9c [CO] [HQO] (A22) T ( leeGCOM + k15j9H2M T ( 9)
The balance on oxide ion vacancies gives
0vov + 000v =1 (A30)

The expressions for reversible adsorption of CO and H,
over the noble metal ion is given as:

K 5,[CO]
Oco — (A23)
0 T 1+ K15[CO] + K5 [Hy)]
Ks¢[Ha]
Oy, = (A24)
I Ki5,[CO] + K5¢[H>]
The rate of reaction is given as:
I =T15d + I'ise — I'isi — 15 (A25)

1 = kisaOcoy Ooov + kiseOcoy Ooti — ki5i0n,, Ooov — K150, Oori
(A26)

The balance over oxygen species over the support “o” is
given as:

k15b [H20]0vov — k15a0c0y Ooov + k15g[CO2] — kisiln,  Oooy = 0
(A27)

kisp[H>0] + ki54[COs]
Ooov - g evov A28)
( kisaOcoy + kisilu,,, (
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Using Eqgs. A28 and A30 we get the expression for 0.,

kisaOcoy + kisilu,,

Ovoy = A31)
" kisafcoy + kisifu,, + kiso[H20] + k15 [CO] (
Similarly,
kiseOco,, + ki5i0m,
Ours — 15e0coy + kisjOm,,, (A312)

kiseOcoy + kisiOn,,, + kisc[H2O] + ki5n[CO,]
From the above expressions and the adsorption equilib-

rium relations (Eqs. A23 and A24), we obtain the following
expression:

kisaOcoy, (kisb [H20] + k54 [CO,])

ry = (A32)
* 7 kisafcoy + kis5i0n,,, + ki55[H20] + k154[COs]
kise 0 ki5¢.[H20] + ky5,|CO
rs = 15¢0coy, (ki5c[H20] 4 kis,[CO,]) (A33)
kiseOcoy + kisi0n,,, + kisc[H2O] + ki5n[CO,]
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kisi0n,,, (kisp[H20] + ki5g[CO2])

rog =
? " kisabco,, + kis5i0n,,, + ki55[H20] + k154[COs]

(A34)

k1siOm,,, (kise[H2OJ + k15n[CO2))

r =
7 kiseOcoy + kisiOn,,, + kisc[H20] + ki5n[CO,]

(A35)

Substituting Eqs. A32—-A35 in Eq. A30 we get

. kisa0coy (kisb[HaO] + k154[CO2))
kisaOcoy + ki5i0n,, + kis5[H20] + k154[COs]
kiseOcoy (kisc[H20] + ki5n[CO2])
kiseOcoy + kis5j0n,,, + kisc[H2O] + ki5n[CO,]
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2(K154k154[CO] — Kisekisi[Ha]) (kisp[H2OJ + ki56[CO2])

kisiOn,,, (k15 [H20] + ki5g[CO2])

~ kisaOcoy + kisiOn,,, + kiso[H20] + kis5¢[CO,]
kisjOn,,, (kise[H2O] + ki5n[CO2))

a kiseOcoy + kis5i0m,,, + kisc[H2O] + ki5n[CO,]

(A36)

Setting kysp = ki5¢, K154 = kise, Ki5g = kisn, and kys; = ks

L 2(k1sa0coy — kisiOn,,, ) (k156 [H2O] + k15¢[CO])
kisaOcoy + ki5i0n,, + kiso[HaOJ + k15, [CO]

(A37)

Substituting Eqs. A23 and A24 in Eq. A37, we get the
required rate expression as:

r =
K 52k154[CO] + Kiskisi[Ha] + (1 + K15.[CO] + Ks¢[Ho)]) (k155[H20] 4 k154[CO5])

(A38)
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