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Abstract

The water—gas shift (WGS) is an essential process in hydrogen production from hydrocarbon and biomass fuel processing. Recently, it was
shown that the chemistry of the WGS reaction on Pt is complex and depends critically on the oxidation of CO by adsorbed OH and H,O,
mainly via the carboxyl intermediate [A.B. Mhadeshwar, D.G. Vlachos, J. Phys. Chem. B 108 (2004) 15246]. On the other hand, previous
one-step rate expressions in the literature have described experimental data reasonably well. Here, starting from a comprehensive
microkinetic model, we derive a reduced microkinetic model consisting of elementary reaction steps using principal component analysis
and then develop a one-step rate expression for WGS on Pt using a posteriori analysis. It is shown that the rate-determining step of WGS on Pt
is the oxidation of CO by H,O, but the effective reaction rate constant and reaction orders are concentration dependent. Finally, the effect of

uncertainty in reaction rate constants on the rate-determining step is discussed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Widespread commercialization of proton exchange
membrane (PEM) fuel cells will critically depend on our
ability to convert syngas, gasoline, diesel, and biomass into
hydrogen, in an efficient, cheap, and environmentally benign
way. Hydrogen is typically produced from syngas, which
contains a large fraction of carbon monoxide. The water—gas
shift (WGS) reaction is a typical process used for reducing
the CO content to a low level, with the resulting stream being
further processed in a preferential oxidation (PROX) reactor
or by using membranes. The overall WGS reaction is
represented as:

CO + H,0 < CO; +Hy,
AH = —41.2kJ/mol at 300 K.
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The WGS reaction is reversible and exothermic, so it is
unfavorable at high temperatures. Typically, the reaction is
carried out in multiple catalytic stages to increase the CO
conversion. High temperature WGS shift (HTS) is carried
out at ~310-450 °C on Fe/Cr catalysts, close to equilibrium
conditions, where the reverse water—gas shift (RWGS)
reaction also becomes important. This reduces the CO
content in the fuel stream from ~10 to ~3% [1]. In order to
increase the CO conversion, low temperature WGS shift
(LTS) is subsequently carried out at ~160-250 °C on Cu/Zn
oxide catalysts [1]. The catalysts in the second stage must be
more active than those in the first stage, since the process is
kinetically controlled at lower temperatures.

A major disadvantage of Cu based catalysts is their
pyrophoric nature and deactivation in the presence of air and
condensed water. Hence, there has been an increasing
interest in noble metal catalysts that are non-pyrophoric and
are highly active [2—13]. In a recent paper by Wheeler et al.
[2], the performance of various noble metal catalysts and the
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effect of ceria promoter were studied at short contact time
conditions. Such catalysts were found to show high WGS
activity, stability, and performance. Furthermore, since short
contact time reactors require less amount of catalyst than
conventional reactors, the overall cost of using noble metals
is partially offset. Cost may also not be the most critical issue
for onboard reformers, used for example in portable power
generation devices.

Modeling of WGS reactors requires detailed information
of the underlying chemical kinetics. Typical sets of a WGS
reaction mechanism include the CO oxidation, the H,
oxidation, and coupling reactions between CO and H,.
Recently, we proposed such a detailed, elementary-like,
thermodynamically consistent microkinetic model for
water-promoted CO oxidation, WGS, and PROX on Pt
[14]. An important finding from that work is that the
carboxyl (COOH") intermediate and its associated forma-
tion and consumption reaction steps are key components in
the WGS reaction. The proposed mechanism (see Table 1
in Ref. [14]) consists of 10 species and 46 irreversible
reactions. Implementation of such large reaction mechan-
isms in reactor design or conduction of parametric studies
using computational fluid dynamics (CFD) is a CPU
demanding task [15]. Simpler mechanisms or rate expres-
sions are easier to implement and faster to run, provided they
are sufficiently accurate. Recent examples of application of
simple rate expressions in CFD are given in [15-17].

Rate parameters estimated for different noble metal
catalysts by Wheeler et al. [2] gave very good fits to the data
using a simple one-step rate expression. A number of simple
rate expressions and reaction orders have also been
previously proposed in the literature and some of them
are summarized in Table 1. In most cases, the assumed rate

expression is the same (e.g., a power law expression) and
irreversible, so its applicability is limited to non-equilibrium
conditions. In some cases, reversible expressions have also
been proposed. The orders of reactants and products vary
significantly in some studies. The reasonable performance of
the empirical one-step rate expressions indicates that the
underlying WGS chemistry is possibly simple. Yet, our
detailed modeling indicates that the COOH" chemistry is
crucial [14].

In order to reconcile the partial success of one-step rate
expressions given the inherent complexity of the actual
chemistry, in this paper, we analyze the WGS reaction
mechanism of [14]. We employ a systematic chemistry
reduction methodology proposed earlier by our group
[15,18] to first derive a reduced, microkinetic model and
then attempt to obtain a one-step rate expression by a
posteriori analysis of this reduced microkinetic model.
Finally, the rate-determining step (RDS) is identified and
effective reaction orders are discussed. An uncertainty
analysis regarding the RDS is also briefly discussed.

2. General methodology for mechanism reduction

A hierarchical approach for mechanism development and
optimization has previously been described in Ref. [16].
Here, we briefly discuss the overall methodology for
mechanism reduction of comprehensive microkinetic
models. A significant departure from previous work is that
our approach is based on a posteriori analysis of the full
microkinetic model results as compared to a priori
assumptions typically employed in the literature. Our
approach, depicted in Fig. 1, consists of the following steps.

Table 1

Summary of literature rate expressions and reaction orders for the WGS reaction on different catalysts

Catalyst Rate expression Reaction orders, o: CO, B: H,O, y: CO,, 8: H, Ref.
a-Fe,05 r= kp(éopflzo a=0.8, $=0.08 [28]
Fe/AlL,O3 r= kP‘éOPﬁgo a=0.58, $=0.04 [29]
Cu(l11) r:kp%opﬁzo a=05-1, =0 [30]
Pt/CeO, kikyPcoPiyo a=1, B=0 for excess H,O [27]

V= ———F5"—
kiPco+kaPH,y0
kikaPcoPr,0

Cu- and Ni-loaded CeO, F=
kiPco+kaPryo

Pd/Ce0, r=kPgoP, ﬁzop éozp i{z
Rh/CeO, r=kP%, Pﬁz o

Fe;04/Cr,03 r= kp«éopgzo

Fe304/Cr,0; r= kP‘éOPﬁzoPéOZ Py (1—p)
Cu-based

r= kP%OPfIZOPéOZP%Z [1

(i) V, Nb-based and Ca, Ni-based
(i1) Li, Mg-based

r= kP%OPI/fIZO

Noble metal/ceria supported noble metals  r = kPco — KL Pco,
eq

Pt based catalysts

_ k33K19K13CcoCr,0—k34K21 K1 K3, Ceo, Chy

a=1, =0 for excess H,O; « =0, g=1 for excess CO [31]

"~ KeqPcoP,0

(1+,/K1Ch, +K19Cco)*

a=0,8=05,y=-05,86§=—1 [5]
a=0,p8=1 [4]
a=1,6=0 [1]
a=1.1,=053,y=0,8=0 [32]
Pco, Py ] a=08, =038, y=-0.7,6=-0.8 [33]
(i) a=05,8=05 [34]
(i) =0, =05
a=1, =0 for excess H,O and H, [2]
a=-—1:1, B=0:1, y=0:1, 6 =0:1 This
work

k, r, P, and p stand for rate constant, rate, partial pressure, and reversibility factor, respectively.
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Fig. 1. Flow chart of the mechanism reduction methodology.

2.1. From complex mechanisms to reduced,
elementary-like mechanisms

The first step in mechanism reduction is to identify the
important reaction steps. Sensitivity analysis (SA) is
performed for selected model response(s) (R) with respect
to rate parameters. Typical model responses can be reactant
conversion, product selectivity, reaction rate, species mass
fractions, etc. In this work, we have chosen the pre-
exponentials (A) as parameters and the species mass fractions
at different temperatures as the model responses. A pairwise
perturbation is carried out, i.e., both the forward and the
backward pre-exponentials are simultaneously perturbed by
the same factor in order to keep the equilibrium constant fixed
that in turn maintains thermodynamic consistency. The
elements of the normalized sensitivity matrix S are defined as
Si; = M (1)

a(ln A j)

Next, principal component analysis (PCA) is carried out
using the SA information. PCA has been proposed as an
eigenvalue—eigenvector decomposition of  sensitivity
matrices that can reveal synergetic interactions among
chemical reactions [19,20]. This is an important step
especially when multiple conditions, e.g., several tempera-
tures and compositions, are simultaneously analyzed to
reduce a mechanism over a wide range of conditions. Briefly,
the matrix SS is computed (the superscript T denotes the
transpose of the sensitivity matrix S) and its eigenvalues and
eigenvectors are computed using Matlab. The dominant
eigenvalues indicate the most important eigenvectors, and

the biggest-in-magnitude elements of these important
eigenvectors indicate the most important reactions in the
mechanism for the selected model response(s). This
procedure results in a reduced reaction mechanism, while
maintaining the elementary-like nature of chemical reac-
tions.

2.2. From reduced, elementary-like mechanisms to
an analytical rate expression

Starting from a reduced reaction mechanism consisting of
elementary-like reactions, reaction path analysis (RPA) is
performed to identify the contribution of different reactions
to the species balances. Using small parameter asymptotics
(in mathematical asymptotics’ terminology, this is an order
O(1) approach), relatively small rates in species balances as
well as small coverages in site balances are omitted based on
pre-set thresholds. This step naturally identifies partial
equilibrium (PE) conditions, most abundant reaction
intermediates (MARI), and the RDS(s). An analytical rate
expression is then derived at steady state from the set of
algebraic equations consisting of simplified species and site
balances. The validity of the analytical rate expression is
then checked. If necessary, the thresholds are adjusted to
control accuracy and algebraic complexity. Next, we apply
this multistep methodology to the WGS reaction on Pt.

3. The water—gas shift reaction on Pt

3.1. Full reaction mechanism and comparison to
experimental data

Recently, we proposed an elementary-like comprehen-
sive surface reaction mechanism (10 species and 46
reactions) for water promoted CO oxidation, WGS, and
PROX on Pt [14]. The subsets of WGS chemistry, viz. the
CO oxidation [21] and the H, oxidation [14] were first
optimized. The two mechanisms share only O as a
common oxidizer. However, in mixtures of CO and H,,
OH" becomes a crucial common intermediate formed by
H,O dissociation and H,O is also present, therefore,
additional coupling reactions need to be accounted for. It
was found that the predicted catalyst activity is drastically
reduced when these additional CO-H, coupling steps are
not taken into account. Specifically, the following paths of
CO oxidation to CO,

CO* + OH" + CO; + H* (direct path to COy, Rys—R2s)
CO*+OH" <« COOH" + * (indirect path, R3p—Ry9)
CO*+H,0" < COOH"+H" (indirect path, R33—R34)
COOH" + * < CO; + H*(R31 —Rx)

play a crucial role in providing the correct speed of the WGS
chemistry, i.e., the approach to equilibrium with reasonable
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Fig. 2. Comparison of model predictions using the PCA-based 18-step
reduced reaction mechanism and the full 46-step reaction mechanism with
the experimental data of [22]. The inlet composition is 15% CO, 20% H,O,
5% CO,, 5% H,, and 55% N,. The equilibrium CO conversion is computed
using the GASEQ software [23]. The reduced mechanism matches the
performance of the full mechanism over the entire temperature range.

catalyst surface areas and correct order of magnitude con-
version in the kinetically controlled regime [14]. The reac-
tion numbers R; throughout this paper are those of [14].

The fixed bed reactor experiments of Xue et al. [22] of
CO conversion on Pt/ZrO, as a function of temperature were
simulated using an initial value model (see Fig. 8 in [14])
and the predictions are shown in Fig. 2. The equilibrium CO
conversion, computed using the GASEQ software [23], is
also shown (solid line). At lower temperatures, the process
is kinetically controlled, whereas at higher temperatures, it
is equilibrium-limited. The full mechanism captures the
WGS data well as shown in Fig. 2. The agreement at low
temperatures is not spectacular, but an optimization of the
pre-exponentials was not carried out in [14] due to possible
uncertainties in the experimental data and the choice of
the reactor model. Instead, we maintain flexibility in
the mechanism parameters while capturing a multitude of
experimental data, e.g., CO oxidation, H, oxidation, low-
temperature water-promoted CO oxidation, WGS, and
PROX.

3.2. Rate-determining step and reduced microkinetic
model

SA is carried out on the exit mass fractions of CO, H,O,
CO,, and H, at three temperatures of 500, 550, and 600 K.
The pre-exponentials of each reaction pair were decreased
by a factor of 2 in carrying out the SA. Fig. 3 shows the most
important reaction pairs that control the CO mass fraction
(similar sensitivities hold for the other species as well). The
magnitude of the sensitivity coefficients varies considerably.
It is evident that the CO mass fraction is highly sensitive to
the carboxyl formation step (R33—R34), implying that R33 is
the RDS of the WGS reaction on Pt. The other paths of CO

CO+H_ O0<>COOH
- +H

=
=

29 730 | Pairwise SA COOH<> CO+OH

74 600K
R R W 550K
W 500 K

CO,+H <>CO+OH

Reaction pair number

R7_R Response=

L. H O<>H+OH
CO mass fraction 2

Il
-1 -0.5 0 0.5 1

Normalized sensitivity coefficient, S;

Fig. 3. Sensitivity of CO mass fraction with respect to pre-exponentials at
three temperatures indicated. Only the most important reaction pairs of the full
reaction mechanism are shown. The reaction CO” + H,0" < COOH" + H" is
the most important one.

oxidation by OH’, viz. R>5—Ry6 and Ry9—R;5 are also slightly
important, whereas the direct CO oxidation step (CO* +
O* «+ CO} + *) is unimportant. The water decomposition
reaction

H,O* 4+ x <« OH" +H* (R7 7R3)

provides OH" for the coupling reactions and as a result, it
also appears in the SA.

PCA is carried out using the sensitivity information on the
exit mass fractions of all four species at three temperatures
(500, 550, and 600 K), where moderate to high conversions
are observed. The dimensions of the matrix S are then
12 x 23. Since there are 23 reversible reactions, there are 23
eigenvalues of the matrix SS. It is found that there is a large
disparity in the magnitude of the eigenvalues, as shown in
Table 2. In particular, only one eigenvalue is really dominant,
with the next two playing a secondary role, and the rest being
negligible. Therefore, the absolute values of the elements of
the eigenvectors corresponding to the three dominant
eigenvalues are considered in selecting the most important
reactions, and these are also shown in Table 2.

Using a threshold of 0.2 for the absolute values, only four
reaction pairs (R33—R34, R25—R26, RZQ—R30, and R7—R8)
entailing part of the carboxyl chemistry and the formation of
OH" are considered as important. The carboxyl formation
reaction (R33—R34) clearly dominates all other reactions, as
shown from the first eigenvector. Nonetheless, the adsorp-
tion—desorption steps of reactants (CO and H,O) and
products (CO, and H,) are also essential for simulations
while using an elementary-like surface reaction mechanism
in an initial value problem. Therefore, the threshold is
reduced to 107>, so that adsorption—desorption steps are
incorporated in the reduced mechanism.

Overall, the reduced, elementary-like mechanism con-
sists of seven species and nine reversible reactions, giving a
factor of 2.6 reduction in reaction steps compared to the full
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Table 2
Principal component analysis (PCA) results using the full reaction mechanism of [14]

Eigenvalues First eigenvector ~ Second eigenvector  Third eigenvector ~ Reaction pair numbers  Reaction pair

2.1 x 10° —2.6 x 107 27 x 1072 7.4 x 1072 R,-R, H, +2* < 2H"

39x 1074 —1.5x 1077 —6.2 % 10°° 44 %1076 Rs—R4 0, +2% 20"

3.1%x107° 63 x 1078 23x107° —1.6 x 107° Rs—Rs OH +*—H +0"

1.7 x 1071° —1.6 x 1072 54x107" —83x 107" R—Rg H,0" +* < H" +OH"

12x 1071 7.0 x 1078 28 x10°° —25%x107° Ro—R) H,0" +0" — 20H"

48 x1071° 32 x 1078 13x107° —13x107° Ri1-R» OH+ * «— OH"

Very small eigenvalues —3.2 x 107> 1.8x107* 28 x107* Ri3Ry4 H,0 + * < H,0"
32 x107° 1.5 %1077 —46x 1077 Ris—Ri6 H+*—H
6.1 x1078 22x107° —1.5x107° RiRs O+*— 0"
—52 %1078 -1.6x107* —4.7 x107° Rio—R3 CO+*— CO"
—1.6x107° —38x107° 12 x107° Ry1—Ry; CO; + %+ CO;
5.6 x 107" 2.5x107° —2.1x107° Rys—Ros COj 4 > CO* 4 O*
—4.7 x 1072 —6.4 x 107! —4.8 x 107! R>s—R» CO; + H#* « CO* + OH*
—1.8 x 1077 —7.1 x 107° 54x107° Ry7—Rog COOH + * < COOH"
—-35x%x1072 —55x%x 107" —2.6x 107" R>o—R3 COOH™ + * «» CO" +OH"
—22x107* —37x107° 9.6 x 107* R31-R3; COOH* + % +» CO} + H*
—1.0 x 10° 4.0 x 1072 45 x 1072 R33-R34 CO" +H,0" « COOH" +H"
43 x 1078 1.7 x 107° —1.6x107° R35—R36 CO; + OH* <> COOH* + O*
-1.8x 1077 ~7.0x 107° 54x107° R37-Rag CO; + H,O" <> COOH* + OH*
27 %1078 24 %1077 25 %1077 Rio—Ra HCOO + 2* < HCOO™
—15x%x 1077 -58x107° 4.0 x 107° Ry—Ry CO; + H* <> COOH*
52x1078 20x 107 —1.8x107° Rys—Raus CO; + OH* + % «» HCOO** + O*
12x1078 —2.0x 1077 42 %1077 Rus—Ras CO; + HyO0" + * «» HCOO™ + OH*

The dominant eigenvalues are shown in the first column. The eigenvectors corresponding to the three largest eigenvalues of the matrix STS are shown in columns
2-4, respectively. The corresponding reaction pair numbers and the reactions are shown in the last two columns. Elements indicated in bold meet the cutoff
threshold of 1075,

reaction mechanism. The reduced reaction mechanism along
with the rate parameters are listed in Table 3 and is,
hereafter, denoted as PCA-based reduced mechanism.
Model predictions using the PCA-based reduced mechan-
ism, shown in Fig. 2, indicate that the reduced microkinetic

model closely follows the full mechanism. It is important to
note that the PCA-based reduced mechanism is thermo-
dynamic consistent over the entire temperature range,
and therefore, it captures the equilibrium-limited regime
fairly well.

Table 3
PCA-based, reduced, elementary-like reaction mechanism for the WGS reaction on Pt

No. Reaction s (unitless) or A (s™1) B E (kcal/mol)

R, H, +2% — 2H" 129 x 107! 0858 0

R, 2H" — H, + 2% 7.95 x 10" —0.001 22.24 — 2.56(TIT,) — 60y

R; H,O +* - H" + OH" 9.36 x 10'? —0.118 17.31 + 0.38(T/T,) + 12.0300 + 1.156y + 12.4900y — 10.330,0

Rg H +OH" — H0" + * 9.99 x 10'? —1.049 13.98 — 0.92(T/T,) — 20.9760 — 1.8504 — 12.4900n + 17.150k,0

Ris H,0 + * — H,0" 1.08 x 107" 1162 0

R4 H,0" — H,O + * 2.03 x 10'? 1.372 10 — 2.5R(T — T,,) — 2.564,0 + 2560u

Rio CO +* — CO" 1.00 x 10° 0.000 0

Ro CO" — CO + * 5.66 x 10'° —0.500 40 — 2R(T — T,) — 156c0

R CO;, +*—CO; 1.95 x 107! 0250 0

Ry CO} — COy + * 3.63 x 10" —0.250 Max (3.6 — 2R(T — T,),0)

Ro>s COj + H* — CO* + OH* 8.03 x 108 —0.531 5.95 — 0.28(T/T,) + 14.400 — 1.56y — 10.8%p,0 + 4.330co

Ry  CO*+OH* —CO} + H* 1.25 x 10° 0.531 18.85 — 0.38(T/T,) — 18.600 + 1.56y + 14.116p,0 — 10.670co

Ry COOH" + * — CO" + OH" 8.43 x 108 0.024  5.38+47.82 x 1073(T/T,) + 14.400 — 10.890y,0 + 4.330co

Ryy  CO"+OH" — COOH" + * 1.19 x 10° —0.024  19.41 — 0.67(T/T,) — 18.660 + 14.116p,0 — 10.676c0

R, COOH* + x — COj + H* 1.06 x 10" 0549  1.22 3.6 x 107X(T/T,) + 1.56y4

Ry,  COi+H* —COOH* + % 9.45 x 10'° —0.549  2.34 — 0.62(T/T,) — 1.56,

Ry  CO"+H,0"—COOH +H"  1.10x 10" 0492 23.59 4 1.36 x 1073(T/T) + 1.176k + 12.4900 — 1.240y1,0 — 7.56c0
Ry  COOH' +H'— CO"+H, 0"  9.07 x 10" —0492  6.25—0.62(T/T,) — 1.830y — 124900y + 1.2404,0 + 7.50co

The modified Arrhenius expression, k = Ziy (£ ﬂe’E/RT or k=31\/iilm ﬂe’E/RT is used for computing the rate constant k. Here, A is the pre-

exponential, s the sticking coefficient, o the site density, n the reaction order, B the temperature exponent, E activation energy, R the ideal gas constant, and 7'is
the absolute temperature. 7, is taken as 300 K. The last column shows fits of activation energies for ease of use (see text). If any activation energy is negative, it is
set to zero, and its reverse activation energy is set to be the heat of reaction. Under our conditions 6 is practically zero.



A.B. Mhadeshwar, D.G. Vlachos/Catalysis Today 105 (2005) 162-172 167

3.3. Development of a one-step, analytical rate
expression

Here we attempt to further reduce the PCA-based reduced
mechanism into an analytical one-step rate expression.
Using the steps in Table 3, the following steady state
balances are obtained for the surface species:

do
d_tH:2r1 —2r+r;—rg—rs+ et —rantrs
— 1y =0, (2)
deé
d(zH:r7—r8+r25—r26+’”29_r30:0’ 3)
do
cl;tzo:—r7+r8-|-r13—r14—r33+r34:0a @)
dé
dcto =719 =120+ 125 — 16+ 129 =130 — 133+ 134 =0,
5)
deé
dctoz:r21—r22—725+726+r31_r32207 ©)
do
%:—@4430_@+r32+r33—r34:0, )

where r stands for the reaction rate and 6 for the surface
species coverage (fraction of occupied surface sites). The
overall site conservation equation is

6u + Bon + Ou,0 + Oco + co, + Ocoon + 6+ =1, (8

where ‘*’ denotes vacancies.

In order to simplify the above expressions, terms in
species and site balances are compared to each other. At
high temperatures (equilibrium-limited regime), all reac-
tion pairs are in equilibrium. The reversibility of various
steps at lower temperatures is assessed by defining the PE
ratio ¢ as

i

Y= 9

- b
re+rp

where r; and 7, indicate the forward and backward reaction
rates. A value of ¢ = 0.5 indicates that a reaction is in PE,
whereas when ¢ deviates from 0.5, a reaction is not in PE.
Values of ¢ at three temperatures are shown in Fig. 4a. It is
evident that the adsorption—desorption steps of H>O, CO, and
CO, are in PE. At higher temperatures, the H, adsorption—
desorption step R;—R,, the water decomposition step R—Rg,
and the carboxyl decomposition step R3;—Rj3, approach PE,
but they slightly deviate from PE at lower temperatures. Other
surface reactions, viz. the CO oxidation paths (Rys—R56, Roo—
R0, and R33—R34) are not in PE at higher temperatures of the
kinetically controlled regime, indicating that the RDS is
possibly one or a combination of these reactions. Comparison
of the rates of these CO oxidation paths shows that the net rate
of carboxyl formation by H,0" (R33-R34) is much higher (by
approximately one to two orders of magnitude) than that of the

R,
R“l - CO+ll7O*COOll+II
COO[l*CO’H[
R29 COOH=CO+OH § 473K
W sk

; Y sosk
CO, ads-des

g CO ads-des

Reaction number
=

& 11 0 ads-des

R
' _H,0-OH+H
R
7
R, (2)
0.0 0.5 1.0
¢

0.6

Coverage

04

Reactor length [cm]

Fig. 4. (a) Partial equilibrium (PE) ratio at three sample temperatures
indicated. The adsorption—desorption steps of CO, H,O, and CO, are in
PE. (b) dominant coverages at two temperatures as a function of reactor
length. CO™ is the most abundant reactive intermediate, followed by H".

parallel paths by OH" (Ra5—Ryg 01 Ryg—R5), indicating that the
WGS on Pt occurs mainly via Rs3, corroborating with the
aforementioned SA and PCA results about R33 being the RDS.
This is mainly due to relative abundance of H,O participating
in R33 compared to OH" involved in the other oxidation steps
(both of these species are in relatively low fractions on the
surface and their ratio is strongly temperature dependent) as
well as due to a larger pre-exponential of R35 than those of Ryg
and R30.

The coverages of dominant species over the reactor
length are shown in Fig. 4b. CO" is the MARI at all
temperatures. The H coverage is small (up to ~0.1), but is
significantly higher than those of the remaining species.
Therefore, Eq. (8) can be significantly simplified. Fig. 5a and
b show the RPA at a sample temperature of 548 K for CO
and H,O consumption paths, respectively. The contribution
of adsorption—desorption steps is neglected in calculating
the relative importance of reactions consuming the surface
species. It is evident that R33 dominates over the rest of the
CO" consumption pathways.
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CO(g) COx(g)
A
PE (R OH', R, 3.8% R PE
N
Cco’ OH', Ry, 2.7% COOH" R3; co,"
PE
() HO", Rs3, 93.5%
H>O(g) Ha(g)

CO", R33, 77.6%

PE R/_; /

(b)

" Ry, 22.4%

Fig. 5. Panels (a) and (b) show the reaction path analysis for CO and H,O
consumption pathways, respectively, at 548 K. The contribution of fast
adsorption—desorption steps is not taken into account to highlight the
relative importance of slow reaction pathways. The reaction CO" + H,O"
— COOH" + H" (shown with bold arrows) dominates.

In deciding the importance of rate and coverage terms in
Egs. (2)—(8), a threshold of 1% is used. It should be noted
that in comparison to the large adsorption—desorption rates,
33 18 just over the threshold limit only at low temperatures
and therefore, it is omitted from computing the species
coverages (see below for details). The simplified balances
are

do
d—;{:2r1 —2n+4rn—rn+r3 =0, @)
do
dct)H =r;—rg — 1y — 13 =0, )
do
;tzo =ri3—riu =0, LT3 = T4, )
de
dCO =ryg— 1y =0, . T = o, (5"
t
do
(;:Oz =ry —rp =0, I =T, (6
t
de
% =-r+rptr=0, Jr—m=rys, (1)
and 6y + Oco + 0, = 1. )

Eqgs. (4')—(6') are consistent with the PE analysis shown
in Fig. 4a. From the reduced species balances (Egs. (4')-
(6")), the coverages of H,O, CO, and CO, are derived as
follows:

0,0 = K13Cn,00+, (10)
Oco = Ki9Ccobx, (11)
and 9C02 = KZI CCOz 9*7 (12)

where K is the equilibrium constant and C is the concentra-
tion of the gas phase species in mol/cm’. Substituting
Eq. (7') into Eq. (2), one gets

2r1—2r2+2r33:0 or rl—r2+r33:O. (2”)
Using Egs. (2"), (10), and (11), the coverage of H is derived

as

P _\/kch2 + k33K19CcoK13Ch,0
e
ky

Oy (13)

where k denotes rate constant. For all practical purposes, the
magnitude of r33 is small compared to r; (the maximum
value of r33/r; is ~0.03 over the entire temperature range).
Therefore, Eq. (13) could further be simplified as

6 = /K1 Cu,0.. (13"

Using Egs. (3), (10), (11), and (13"), the coverage of OH is
determined as

k7K 13Ch,0 p
ks /K1 Cx, + (ke + k30)K19Cco

fon = (14)

Using Egs. (7)), (10)—(12), and (13"), the coverage of COOH
can be derived as

k32+/K1Cu,K21Cco, + k33K19CcoK13Ch,0
k3

fcoon = 0.

15)

Again, for all practical purposes, the magnitude of r33 is
small compared to 73, (a maximum value of r33/r3; is ~0.09
over the entire temperature range). Therefore, Eq. (15) could
be simplified as

v/ K1Cy, K> C
1CH, K21 COze*' (15

Ocoon =
K3

Using Eq. (8'), the coverage of vacancies is finally deter-
mined as

1
0, = . (16)
1 + +/KiCq, + Ki19Cco
Since the adsorption—desorption steps of CO, H,O, and
CO, are in PE, the net rate of di-hydrogen, oy, , is used to
determine the rate of the overall reaction. Using Eq. (2”), we
get

o, =11 — ry = —r33 = —k336cobn,0. 17

The net rates of other species can be represented in terms of
the net H, rate using the stoichiometry of the overall WGS

reaction (CO + H,0 « CO, + H,) as
UH20 = —O'H27 oco = —O'H2 and Uco2 = on- (18)

The rate expression for the forward WGS reaction is then
given as

o _ k33K19K13CcoChyo
WGS = )
(14 /K Cx, + K19Cco)?

(19)
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Fig. 6. Comparison of the irreversible one-step rate expression (Eq. (19)),
the reversible one-step rate expression (Eq. (21)), a reversible one-step
rate expression with constant activation energies E, the reduced micro-
kinetic model (Table 3), and the experimental data. The irreversible rate
expression captures the kinetically controlled regime, but fails to capture
the equilibrium-limited regime. The reversible expressions behave fairly
well.

The activation energies of the rate constants in these
expressions are calculated using the semi-empirical
unity bond index-quadratic exponential potential (UBI-
QEP) theory [24,25] using the heats of chemisorption of
species as an input. Furthermore, statistical mechanics
is employed to account for the temperature dependence
of the heats of chemisorption. The coverage and
temperature dependence of the heats of chemisorption
translates into coverage and temperature dependent
activation energies as discussed in detail in [26]. For

50
------- Full mech. (46 steps)

40 L Reduced [-step (reversible)
g
£ 30 o
@ Equilibrium ;
S .
=]
8 20f
3
Q

10 |

0 L I

450 550 650 750

Temperature [K]

Fig. 7. Comparison of the reversible one-step rate expression (Eq. (21))
with the full reaction mechanism for the RWGS reaction. The
inlet composition is 20% CO,, 25% H,, and 55% N,. The reversible
expression retains the features of the full mechanism reasonably
well.

simplicity, here the activation energies are fitted as a linear
function of temperature and coverages, and the fits are
shown in Table 3. For ease of use, these fits are used in
computing effective reaction rate constants whenever a
one-step rate expression (Eq. (19) or its reversible form
Eq. (21) (see next)), is used.

The performance of the one-step rate expression
(Eq. (19)) against the PCA-based reduced mechanism is
depicted in Fig. 6 (thick, dashed line). It is observed that the
analytical expression shows similar predictions with those of
the reduced microkinetic model in the low temperature,
kinetically controlled regime. However, since the one-step
rate expression does not account for backward reactions (the
RWGS reaction) at high temperatures, it is thermodynami-
cally inconsistent and fails to capture the equilibrium-
limited regime. These deviations are magnified as tempera-
ture increases.

In order to develop a one-step rate expression that is
reversible, a similar analysis is performed for the RWGS
reaction. An inlet composition of 20% CO,, 25% H,, and
55% N, is considered. Fig. 7 shows the predictions using
the full reaction mechanism along with the equilibrium
CO, conversion computed using the GASEQ software
[23]. The full mechanism predictions converge to the
equilibrium conversion in the equilibrium-limited regime
at high temperatures. Pairwise SA (not shown) in the
kinetically controlled regime (at 500, 550, and 600 K)
indicates that the CO, conversion is sensitive to the
reaction R33—R34 (CO" + H,O < COOH”™ + H"), in ana-
logy to the WGS reaction. Using RPA, it is found that
R34 is not in PE for the RWGS reaction. Analytical
expressions for different surface coverages are then
derived (not shown) as done above, and the rate of RWGS
is given as

_ k3sK21K K3, Ceo, Ch,
ORWGS = 2"
(1+ /K Cy, + Ki9Cco)

Subtracting Eq. (20) from Eq. (19), the net rate of the WGS
reaction is given as

(20)

o k33K19K13CcoChyo — k3sKa1 K1 K3,' Cco, Ch,
net — R
(1+ +/KiCu, + Ki9Cco)’

The performance of the reversible one-step rate expression
(Eq. (21)) is also depicted in Figs. 6 and 7 (thin, solid line).
The reversible one-step rate expression is thermodynami-
cally consistent and retains the features of the microkinetic
models fairly well.

While employing this one-step rate expression, one
needs to solve for surface coverages using, for example, a
Newton’s algorithm. Due to omission of low order of
magnitude terms from the site conservation equation (see
Egs. (8) and (8')), convergence can become an issue.
Note that this is a well-known problem in chemistry
reduction carried out in flame modeling. In such cases,
one can employ a more detailed rate expression,

2L
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0 and 1. Our expression predicts 8 = 1, except under excess

considering all surface species in the site conservation,
H,O conditions, where  ~ 0. Reaction orders with respect

given by
k33K19K13CcoChyo — k34Ka1 K1 K3, Ceo, C
Gt — 33K19K13CcoCh,0 — k34K21 K1 K51 Ceo, Ch, . 22)
k7 KisC _
(1 + VKiCh, + kS\/KICHZ-,"'(l;ZGl:l"ZI(:}O)KIQCCO + K13Cu,0 + K19Cco + K21 Cco, + \/KICH2K21K3|]CC02>

It is useful to introduce the effective forward reaction rate
constant

kr = k33K 19K 13
(1 + /K Cx, + K19Cco)*

In passing we should note that Eq. (21) could also had been
postulated by subtracting orwgs from owgs so that at
equilibrium, the net rate o, is equal to zero. This would
have led to the following postulate

(23)

Onet = keitCcoCr,0 — %CCOZCHp (24)
eq

which is in fact equivalent to Eq. (21). Comparison of

Eqgs. (24) and (21) indicates that the equilibrium constant

of the WGS reaction is indeed related to elementary-like

reaction steps appearing in Eq. (21) as

Keq = K33K31K19K 13Ky, K (25)

This can easily be shown by considering the linear combi-
nation of the corresponding elementary reactions.

Eq. (21) was developed at a particular inlet composition.
To exploit the validity of this expression, simulations were
performed for inlet CO:H,O ratios ranging from 1:6 to 6:1.
The analytical expression gives fair agreement with the full
mechanism as shown in Fig. 8a. Fig. 8b shows similar
behavior for different inlet flow rates. Furthermore, the
effect of catalyst area per unit reactor volume over the range
of 5-50,000 cm ™! and the effect of inlet CO, over the range
of 0-30% (by compensating the inlet N, in the range of
60-30%) are also reasonably well captured (not shown).
Overall, the one-step analytical expression is able to
maintain reasonable accuracy.

3.4. Reaction orders

The effective forward reaction rate constant in Eq. (22)
and the net reaction rate given by Eq. (21) indicate that the
effective reaction orders can vary significantly with
operating conditions. Let «, B, y, and & be the reaction
orders with respect to CO, H,O, CO,, and H,, respectively,
according to the notation of Table 1. Overall the predicted
reaction orders can explain the experimentally observed
reaction orders despite experiments being conducted on
various catalysts with different conditions. For example, the
reaction order with respect to H,O in Table 1 varies between

to H, and CO are more interesting. Due to the stronger
adsorption of CO on Pt compared to H,, at low temperatures
corresponding to low conversions, the term K;9Cco
dominates in the denominator of k. and o =—1 and
y ~ 0. However, this occurs only under practically non-
measurable conversions (<~1%). At higher temperatures
where measurable conversions are seen, inhibitory kinetics
is still important but the resistance is not as large, so the
effective reaction order for CO is expected to be much larger
than —1 (possibly positive order kinetics).

In comparison with limited published work on WGS
reaction on Pt, under CO saturation conditions, negative
order kinetics for CO was hypothesized as a possibility by
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Fig. 8. Validity of the reversible one-step rate expression (symbols) given
by Eq. (21) for changes of inlet composition and flow rate against the full
reaction mechanism predictions (dashed lines). The one-step expression is
fairly accurate over a wide range.



A.B. Mhadeshwar, D.G. Vlachos/Catalysis Today 105 (2005) 162-172 171

Wheeler et al. [2]. Jacobs et al. [27] carried out experiments
on Pt/CeO, under high H,O/CO conditions. Using DRIFTS,
they concluded that at high temperatures, the surface
coverage of CO is low and the effective CO reaction order is
one. Our simulations under such conditions also indicate that
the coverage of CO™ decreases as a function of increasing
temperature. However, further experiments at different
conditions are needed to delineate the effective reaction
orders and test our theoretical predictions.

3.5. Coverage independent activation energies

Since the activation energies are coverage dependent, one
needs to solve for the surface coverages at each reactor
location using, for example, Newton’s method. We have also
explored the possibility of setting constant, averaged
coverages with representative values of 6y =0.08, 6o =
0.84 and 6 = 0.08, which result in coverage independent
activation energies (see Table 3). The performance of the
one-step rate expression (Eq. (21)) with such constant
activation energies is shown in Fig. 6 (thick, solid line). The
predictions are in reasonable agreement without fine-tuning
the values of coverages. It should be noted that the improved
performance of the reduced mechanism stems from
cancellation of errors resulting from the elimination of
reactions based on a certain threshold.

3.6. The effect of uncertainty in reaction rate constants
on inferring the rate-determining step

Based on our analysis, reaction Rsj (CO*+H20* —
COOH™ +H") is the RDS in the WGS process. A rate
expression discussed by Wheeler et al. [2] based on
Langmuir-Hinshelwood kinetics postulated the lumped
reaction CO* 4+ H,0" — CO; 4+ H; as the RDS. This is
indeed consistent with our a posteriori analysis of our full
microkinetic model where actual numbers have instead been
used for all steps.

A comparison of activation energies of different CO"
consumption pathways (R,¢, R30, and R33) on Pt shows that
the activation energies of R, and R3y vary between 8 and
10 kcal/mol whereas that of R3; between 16 and 18 kcal/mol
as the temperature increases from 200 to 350 °C (see
Table 3). On the other hand, the pre-exponential of R33 is
larger than of those of Ry and R3(, compensating in part for
the larger activation energy and resulting in reaction rate
constants that differ by one to two orders of magnitude.
Since the typical uncertainty in activation energy estimates
using the UBI-QEP method is of the order of 5 kcal/mol, it is
worth investigating the effect of such uncertainty on the
RDS predictions, especially given the relatively low
temperatures encountered in WGS chemistry. We conducted
numerical simulations, where the reaction pair R33—R34 was
removed from the full reaction mechanism and we found
that the predicted catalyst activity decreases significantly.
However, by decreasing the activation energies of Rps—Ryg

and R,9—R30 by 2-3 kcal/mol, the catalyst activity can be
recovered and the experimental data can be captured well.
SA in this case indicates that the water decomposition
reaction R; is the most important reaction, followed by the
co” consumption pathways R,s and Rso. Therefore,
uncertainties in rate parameters can affect, at least on Pt,
the relative importance of reactions and hence, the RDS
of the WGS process on Pt cannot unambiguously be
determined. Further work is needed to fully delineate this
mechanistic issue.

4. Conclusions

In this paper, a recently developed elementary-like,
comprehensive reaction mechanism for the WGS reaction
on Pt is analyzed. A reduced microkinetic model is first
derived using sensitivity and principal component
analyses. Based on reaction path analysis and small
parameter asymptotics, a simple one-step analytical rate
expression is developed for the WGS and the RWGS
reactions. The reversible, one-step rate expression captures
the kinetically controlled and equilibrium-limited regimes
fairly well over a wide range of conditions (inlet
compositions, flow rates, and catalyst area). Our results
indicate that the WGS chemistry on Pt is complex but can
indeed be represented with a simple one-step reaction with
the coupling reaction describing the formation of carboxyl
(CO" +H,0" — COOH" + H") being the rate-determining
step. Our analysis highlights that the effective reaction rate
constant is concentration dependent, and as a result, the
effective reaction orders in each reactant can be more
complex than first-order, depending on the operating
conditions. Finally, competing paths for CO" oxidation
on Pt by OH" instead of H,O" cannot completely be ruled
out as being important (with the H,O" decomposition being
the rate-determining step), due to the relatively small
differences in activation energies of these parallel oxidation
paths.
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