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Elucidation of the key molecular steps and pathways in an overall reaction is of central importance in developing a bet-
ter understanding of catalysis. Campbell’s degree of rate control (DRC) is the leading methodology currently available
for identifying the germane steps and key intermediates in a catalytic mechanism. We contrast Campbell’s DRC to our
alternate new approach involving an analysis and comparison of the “resistance” and de Donder “affinity,” that is, the
driving force, of the various steps and pathways in a mechanism, in a direct analogy to electrical networks. We show
that our approach is as just rigorous and more insightful than Campbell’s DRC. It clearly illuminates the bottleneck
steps within a pathway and allows one to readily discriminate among competing pathways. The example used for a com-
parison of these two methodologies is a DFT study of the water—gas shift reaction on Pt—Re catalyst published recently.
© 2015 American Institute of Chemical Engineers AIChE J, 61: 4332-4346, 2015
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Introduction

A detailed understanding of the molecular mechanism of an
overall reaction (OR) is of great importance in many fields
including catalysis,'™ combustion,”™’ environmental pollu-
tion,g_10 and metabolic modeling.“ However, assembling a
comprehensive molecular mechanism, complete with associ-
ated kinetic and thermochemical parameters, is a formidable
task, given the often enormous number of possible steps and
molecular intermediates. For instance, the GRI 3.0 mechanism
for methane combustion'? includes 325 reaction steps among
53 species.

Emulating such extensive gas-phase kinetic models, now in
common usage in air pollution and combustion modeling, for
example, via CHEMKIN,’ catalytic reaction mechanisms are
also becoming increasingly impressive in size, from dozens of
stepsB*]5 to over a hundred.'® This, despite the fact that accu-
rate prediction of kinetic and thermodynamic parameters on a
given catalyst based on ﬁrst-principles”_19 and/or semi-empir-
ical?>?! approaches is a significantly more daunting task than
it is for gas-phase reactions. Typically, via the microkinetic
approach,*?7>* these step kinetics are incorporated in species
mass balance differential equations for a given reactor, and
solved numerically for the unknown concentrations of the sur-
face intermediates, from which the individual rate of each step
as well as that of the OR is obtained. The numerical predic-
tions may be finally compared to experimental data, for exam-
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ple, in a parity plot under a variety of operating conditions,”
to determine if the proposed mechanistic steps and their com-
puted kinetics are valid.

This modern computational “blackbox’ approach is in stark
contrast with the classical Langmuir—Hinshelwood—Hougen—
Watson (LHHW) approach,%’27 in which, somewhat arbitra-
rily, a single rate-determining step (RDS) is assumed, the
remaining steps being at quasi-equilibriums (QE). If the result-
ing LHHW rate expression with fitted rate and equilibrium
parameters agrees with experiments, the RDS is deemed
valid.”®

There is needed a middle ground between these two
extremes that retains the rigor of modern predictive approach
but endows it with insight to make the analysis and subsequent
mechanism reduction more transparent. We describe such an
approach here.

Whether the postulated molecular and kinetic complexity of
a microkinetic network is justified in reality is, thus, an open
and important question. In other words, it is much easier to
propose a mechanistic step than to dispose-off one. Con-
versely, the parsimonious Ockham’s razor’’ would recom-
mend the simplest mechanism that can explain observations.
For instance, Lu and Law>" were able to reduce the complex
GRI 3.0'? from 325 down to a 15-step mechanism, which was
found to be accurate in its predictions over a broad range of
conditions. Such reduction, if done insightfully, is, of course,
very desirable, as kinetic systems are often computationally
challenging,31 especially when coupled with transport equa-
tions, as in microkinetics,"? or in computational fluid dynam-
ics. If key steps could be identified, the researchers could
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devote more of their energies to accurately characterizing their
kinetic/thermodynamic parameters, and focus on these in the
design of more active and/or selective catalysts.3 2

Some of the tools that are currently in use for simplifying
complex catalytic chemistry models include: (1) a pictorial
comparison of the energy landscape of different pathways for
pathway discrimination,” (2) a comparison of step reversibil-
ity, as proposed by Dumesic,* and (3) evaluation of Camp-
bell’s degree of rate control (DRC)***" for identifying
important steps and dominant surface intermediates.

The first of these, although intuitively appealing, is a quali-
tative graphical tool, while the second, involves only a ther-
modynamic criterion, not kinetic.*>*® The most rigorous tool
available so far is Campbell’s DRC, which involves evaluating
a normalized differential change in the rate of the OR, rog, for
a normalized differential change in the forward rate constant
of a given step s,, holding invariable all step equilibrium
constants andﬁall other step rate constants, that is, (Xprc,,=
Olnror/0Ink,) ki, Campbell’s DRC is powerful and
derives from the broader concept of parametric sensitivity
used widely in the analysis of kinetic and reactor sys-
tems.>”*** However, it is a “black box” numerical approach.

Here, we discuss an alternate approach based on electrical
network analogy of a reaction mechanism within the reaction
route (RR) graph analysis approach““14 developed by us,
which involves an evaluation of the reaction step “affinity,” or
driving force, and “resistance” under a variety of conditions. It
is just as rigorous and substantially more revealing than Camp-
bell’s DRC, allowing transparent pruning of complex catalytic
reaction networks. The example that we use for this study
involves the DFT study of the water—gas shift (WGS) reaction
on Pt-Re. It is shown that while Campbell’s DRC leads to
erroneous conclusions for this example, our approach allows
rigorous mechanism analysis and reduction, eventually leading
to a simplified but accurate rate law.

An expansive starting mechanism is, of course, not neces-
sarily exhaustive, and could well miss one or more critical
steps. One does not know a priori which elementary steps
really occur, and which are the real intermediates. The inter-
mediates are generally too fleeting to be detected via spectro-
scopic techniques, so that one has to depend on quantum
mechanical methods for insights. However, these are
extremely time consuming for an exhaustive search. There-
fore, one is limited by pointers in the literature and one’s own
chemical intuition to assemble a good mechanism, followed
by use of DFT to find their energetics. Clearly, however, there
is a risk that an important reaction is overlooked. The
approach presented here, of course, cannot overcome any such
deficiency of a given mechanism. It is, thus, only an ex post
method to check the consistency of the network found by
experimental and DFT procedures, and as a useful tool for
reducing/pruning the assembled network.

Theory

As Campbell’s DRC is a form of parametric sensitivity
analysis, we start below with a discussion of the latter first.

Parametric sensitivity analysis

Consider a system (e.g., a catalyst, or a catalytic reactor), as
shown schematically in Figure 1, characterized by its steady-
state “response” variable y;=y;(a) (e.g., conversion, selectiv-
ity, composition of a reactant or a product, the rate of the OR,
or the rate of generation/consumption of a species, etc.), which

AIChE Journal December 2015 Vol. 61, No. 12

Published on behalf of the AIChE

a—-—> ¢
(Input variables)  [(System parameters)

SYSTEM
Figure 1. A chemical system (e.g., a catalyst) as a
(black) box, with response (r), for example,
conversion or OR rate, determined by input
variables (e.g., species composition vector,
a) and system parameters (e.g., step activa-
tion energy vector, ¢).

(Response variable)

may be an explicit expression, a numerical solution, or simply
tabular data, where ¢ is a vector of p independent system
parameters, (e.g., step rate constants, pre-exponential factors,
or activation barriers, etc.), and a is a vector of n input, or
“imposed,” variables (e.g., species activities, temperature,
pressure, flow rate, etc).

The total differential change in the response variable y; due to
incremental changes in all system parameters ¢ s (p=12,...,p)
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where the absolute local sensitivity coefficient is defined as
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which may be an analytical expression if y; is an explicit
expression,” or a numerical, or even an experimental value,
and depends on the input variables vector a and the balance
system parameters in ¢ that remain unchanged.

As an aside, the local sensitivity coefficients may also be
used, along with an estimate of the uncertainty in each param-
eter, o, for example, those of the rate constants in their DFT
estimation,* to obtain the overall uncertainty in the response

variable, via an estimate of its Variance,9 ie., a;(a)= {;:1
Py 20'2: P_ 8% g2 where each term in the summation
a9, p p=1"y.¢,"p

is an estimate of the contribution of the uncertainty in each
parameter ¢, to the overall uncertainty in the response vari-
able y;.
It is, however, often preferable to define an alternate nor-
malized (or a relative) local sensitivity coefficient
¢p ayj(av d)p) _ 8lny/~(a, d)p) _ d)_

X,.4 (a,¢,)=-L. L.S, o (a,
}l’(b{'( ¢I’> i 3(75,; dln d)p ¥ }’/a¢;:( ¢P)
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in which the parameter ¢, as well as the response function y
are normalized, so that it has the additional virtue of being
dimensionless.

Once computed, these p sensitivity indices may be written
as a row normalized sensitivity coefficient vector

X/T (a, ¢p) =(Xy00 Xy, X)’/;d’,) )
_ [ 0lny;  Jlny; Olny; @
\0lng, 0Olng, dln¢,
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Furthermore, as above, from the definition of the total deriv-
ative for y;

2./ 9lny; S
A= (alndfl)dmd’”:zrxyf”’/"’dln¢p o
p= p=

Campbell’s DRC

The generic parametric sensitivity coefficient defined above
is of broad utility in a variety of fields.°"'' Conversely, Camp-
bell’s DRC**° is a specialized version developed for use in
pruning microkinetic models in catalysis, with the following
stipulations: (1) it is defined as the normalized sensitivity coef-
ficient of the rate of the OR (i.e., the response variable,
yj=ror) with respect to (2) the forward rate constant of step
Sy, (i.e., the system parameter, ¢p p) while (3) holding con-
stant all other step rate constants, as well as (4) all step equi-
librium constants (including that of the step s,), that is

. K or,
_ Kp OR
XDRC,/J(aa kp) = - : =
OR ok, 0k, f,

_ <8 In ”OR) _ Jln I'OR
= o e
811] kp a.K,”/?,.f,, 8(_AG;) /RT)
Here, the last equality stems from the thermodynamic
transition-state theory (TTST) relation for the rate constant,
that is, lgp:K(kBT/h)exp(—Aéj’o/RT), where Aéi’o is the
Gibbs free energy (GFE) of activation for the forward step

Furthermore, as Aéi'o =AH i’OfTALS? j’ ~F 0 TAS ) s

Q)

akK,Kozp

differential change in In Ep may be brought about by incremen-

tally changing the activation energy E o of the step s, holding

_¥.0

the entropy of activation AS? constant.*®

The key aspect, thus, that distinguishes Campbell’s DRC
from simply being the normalized sensitivity coefficient with
respect to the forward rate constant,® is that the thermodynam-
ics of the step s, are not altered in Campbell’s DRC as k,, is
varied 1ncrementally, so that k changes concomitantly such
that Ak, o/ k, p=Ak,/k,. This is so because the equilibrium con-
stant that is held constant for the elementary step and its for-
ward and reverse rate constants are interrelated via the TTST
relation

1,0 %0

AGS AG"=AG)\ K,
K,=exp TRT =exp T =— (7
k

Furthermore, the GFE of activation for the forward step in
Eq. 6is

=%, i, -
AG," = GIg+) vG, ®)

i=1

where Gf;’ is the standard (for unit activity) GFE of formation
of the transition-state complex (TSC) of step s,, Gj?‘,- is that of
the reactant species i in step s,, and v,; is the stoichiometric
coefficient of species i in step s, (by convention, v,; < 0 for
reactants and v,; > O for products).

It is assumed next that the incremental change in AG *in
Eq. 6 is brought about by incrementally perturbing the stand-

ard GFE of formation of the TSC of step s,,, that is, Gf s rather
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than that of any of the reactant species G¢; in the step s,.
Then, Campbell’s DRC, Eq. 6, may alternately be written in

the form>®
Oln I'OR
XpRrC,p= {i} &)
A=GI/RD) oo o

[ for#p

where all other standard GFE of formation of species are held
constant, as well as that for the TSCs of all other steps. The
incremental change in the standard GFE of formation of the
TSC may further be brought about by incrementally changing
the standard enthalpy of formation of the TSC of the step, H]? ’p,
holding the entropy of formation of the TSC Sjﬁ; constant.’

An alternate way to view Eq. 9 is as a reaction forming the
particular TSC from the reactants of the OR, or from terminal
species, rather than from those in the step s,, so that the Camp-
bell’s DRC may then be construed as a derivative with respect
to the equilibrium constant of reaction of formation of the
TSC of step p from the OR terminal reactants.>® This may be
accomplished by appropriately combining the elementary
steps into the so-called intermediate reactions (IR).‘“—43

There are different ways in which the Campbell’s DRC,
once hence numerically computed for all the steps in a micro-
kinetic model, may be utilized for identification of key steps
and model reduction.*® One such method is the so-called prin-
cipal component analysis,***"*® in which the eigenvalues and
eigenvectors of the matrix X’ X are computed. The dominant
eigenvalues then indicate the principal eigenvectors, and the
biggest elements of these eigenvectors provide the most signif-
icant steps in the mechanism.

A second approach is to simply compare Campbell’s DRC
of a given step as a fraction of its sum for all steps, where the
latter may be obtained from Egs. 5 and 6, which for equal rela-

tnie qvarratron_‘ of_‘ the rate constants (i.e., for dk1 / k1 =
dksfky=---dk,/k, = dk [k)
dInr,
= —Z DRC,p (10)

dlnk =1
and describes the total normalized change in the OR rate as a
result of an equal normalized differential change in the rate
constants of all steps in a microkinetic mechanism.

In fact, it has been often <:onjectured3’35’49 (based on some
numerical examples, although not proven mathematically) that
Zf,ﬂ Xpre,p=1. Therefore, Campbell***> suggests simply
comparing the absolute numerical value of the DRC for each
step for model reduction and for identification of the RDS, if
any. However, in more recent work, it has been found that the
common assertion that Z,;:r Xpre,p=11is incorrect.?

At any rate, the larger the calculated value of Xprc,, the
greater the degree of control that the step s, exerts on the over-
all rate. A positive value for Xprc,, suggests that increasing
the rate constant k would increase ror, so that the corre-
sponding step s, may be considered as a rate-limiting step
(RLS). Conversely, a negative value for Xprc, suggests an
inhibiting step. A Xprc,, — 0 indicates a QE step. Conversely,
a Xprc,, — 1 indicates a RDS. Once the key steps in a mecha-
nism are hence identified, one can, in principle, design a better
catalyst based on these insights.**~’

It is possible to generalize Campbell’s sensitivity analysis
approach to also determine the so-called degree of thermody-
namic control (DTC) of a step,3 ® defined, in analogy to Eq. 9,
as
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where the relative change in the rate of the OR is evaluated in
response to a small relative change in the standard-state GFE
change of the step s, realized by changing the GFE of forma-
tion of the intermediate k£ in that step, holding constant all
other GFE extrema (minima as well as saddle points in the
energy landscape). Furthermore, as above, the GFE of forma-
tion in Eq. 11 may be written in terms of the equilibrium con-
stant of an IR forming the desired intermediate from terminal
species, by appropriately linearly combining the elementary
steps.

In view of Egs. 9 and 11, both the DRC and the DTC may
be viewed from a common standpoint,‘% with the standard
GFE of formation of the TSC being varied in the former, while
the standard GFE of formation of the intermediate of interest
being varied in the latter.

Stegelmann et al.*® further conjectured (although also not
proven mathematically), based on numerical examples, that
the DTC is proportional to the surface coverage of the inter-
mediate k

Xprep=—0 -0 (12)

with the proportionality constant ¢ varying typically between
1 and 2, being the number of sites involved in the RDS. Fur-
thermore, they found that the DTC is always zero or negative,
that is, rate remains unchanged or reduces when an intermedi-
ate is stabilized depending on whether or not it is a dominant
species on the surface. Increasing the coverage of an already
abundant surface intermediate can reduce OR rate by sup-
pressing those of others further.

In summary, Xpgrc, may be used to determine the kineti-
cally significant TSCs in a microkinetic mechanism, while
Xprcx may be used for identifying the key reactive intermedi-
ates, that is, those that exert a dominant control on the rate of
the OR. This then offers the potential of increasing the OR
rate by changing the appropriate step energies through catalyst
design.

As a practical matter in catalyst design, of course, it is not
possible to simply change GFE of one transition state or of
one intermediate and nothing else.’” The GFE of activation
and that of a step are, in fact, related via the commonly
observed linear-free energy relation

—¥,0
d(AG
Era @
( /} )

Other such relations that describe the commonly observed inter-

relation between kinetics and thermodynamics are the Brgnsted—
Evans—Polanyi-Semenov relation,”" d(E,)=f,,d (AH).

Electrical analogy and reaction networks

A virtue of Campbell’s DRC is that it is general tool of
microkinetic model reduction, that is, without regard to the
degree of complexity of a molecular mechanism, which may
involve multiple parallel pathways. However, a limitation is
that it is simply a numerical sensitivity analysis tool for a chem-
ical system treated as a proverbial “black box” (Figure 1).

Conversely, Horiuti provided an alternate criterion for iden-
tifying the RDS in a sequence,”’52 that is, the RDS is the only
exergic step (A,=—AG, > 0, where A, is the de Donder affin-
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ity) in a sequence, the remaining steps being at QE (4, — 0).
However, the step affinity is simply its thermodynamic driving
force, akin to voltage across an electrical element in an electri-
cal circuit, the rate (current) of a step (electrical element)
being also determined by its kinetics (resistance) as well. Fur-
thermore, of course, there can be, and often is, more than one
step with A, > 0.%

Thus, identification of significant steps simply based on per-
turbation of the rate constant or activation barriers, as via
Campbell’s DRC,* or alternately based on simply the thermo-
dynamic driving force, the de Donder afﬁnity,33’52 both pro-
vide only a partial perspective, as the net rate of a step
involves both kinetics and thermodynamics, that is

rp=r, =7 ,=F,(1=2,)=F,(1—e ) (14)

where z, = r ,/F, is the step reversibility,” and A,=A,/RT
is dimensionless de Donder affinity, while A,=—AG, is the
de Donder affinity for reaction step s,,.s 3

In other words, one needs both thermodynamic (affinity, or
reversibility) and kinetic (resistance) characteristics of a reac-
tion step to judge its significance in the overall scheme of
things. The electrical network analogy based on the RR graph
approach‘”_43 incorporates both of these aspects. It, thus, com-
prehensively incorporates and illuminates the network struc-
tural constraints embodied by the two Kirchhoff’s laws (mass
balance, and Hess’s law) described below, which further
ascribe to reaction networks a complete and quantitative corre-
spondence to electrical networks. Furthermore, the pictorial
representation of the reaction network not only provides the
corresponding electrical circuit but also makes abundantly
clear which pathways and steps are dominant and which may
be neglected. It is, thus, a comprehensive and a transparent
approach. For its application, however, one first needs the
complete, or at least its simplified version, RR graph, obtained
for a given mechanism as described below.

The RR Graph and the Electrical Analogy. The RR graph
of a mechanism for an OR comprising of p reaction steps s,
among ¢ + | intermediate species and » terminal species (OR
reactants and products), is a quantitative graph theoretical
depiction of the reaction network, in which the steps as well as
the OR, are represented individually as directed (arrows
pointed in the assumed direction) branches, or edges, intercon-
nected at nodes, or vertices, 7;, so that all RRs may be traced
on it as closed walks, or cycles, and the nodal connectivity to
branches is consistent with quasi-steady state (QSS) mass bal-
ance of one or a linear combination of species.

An example of a RR graph is shown in Figure 2, which, as
described below, is the RR graph for the WGS mechanism on
Pt-Re provided in Table 1. Once the RR graph of a mecha-
nism is obtained, the equivalent electrical network is obtained
simply by replacing the individual branches by their step resis-
tances, and the OR by an electromotive force (EMF) providing
the OR driving force of OR affinity, as shown in Figure 3 for
the WGS example.

While, graphically, an RR is a closed walk starting and end-
ing at the same node, mathematically, it is a linear combina-
tion of reaction steps, RR, : Zpagpsp=0. Here, o, is
stoichiometric number (usually, 0, £1, or *2) of step s, in the
gth RR, which provides the number and direction of a step in a
walk. Mathematically, o, is determined from the requirement
to eliminate all species, intermediate as well as terminal, in a
RR. When the reaction steps involved in a RR do not include
the OR, then the RR is called an empty route (ER). When the
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Figure 2. Complete RR graph for the WGS reaction on Pt-Re with mechanism given in Table 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

OR is included, then the RR is a full route (FR). In fact, sub-
tracting one FR from another results in an ER, because the OR
gets cancelled in the process. Furthermore, note that mathe-
matically the sequence of steps is arbitrary.

There are, however, some walks that are not closed, that is,
they start and end at different nodes. These are called interme-
diate reaction routes. In these, not all species are eliminated.
Thus, the resulting IR, typically includes both terminal species
and specified intermediate species.

As per the Horiuti-Temkin theorem, furthermore, an inde-
pendent RR set is any set of u = p — ¢ RRs, which may include
any FRs and ERs, so long as they include among them all of
the steps in the mechanism. Moreover, the number of linearly
independent ERs is given by u — 1=p — (¢ + 1). In other
words, any set of RRs (ERs and FRs) that includes all the steps
including the OR is an appropriate independent set, for exam-
ple, an appropriate set is £ — 1 ERs and one FR.

As indicated above, the RR graph is a useful, quantitative,
graph-theoretical representation of the molecular mechanism
that provides: (1) consistence of nodes with species mass bal-
ance, that is, Kirchhoff’s Flux Law (KFL), alternately, Kirchh-
off’s First Law, that is, the QSS assumption of kinetics, or the
Bodenstein approximation; (2) consistence of RRs with the

state-property of thermodynamic functions (e.g., GFE, G,
enthalpy H, and entropy S), that is, Kirchhoff’s potential law
(KPL), also called Kirchhoff’s second law, alternately known
as Hess’s law, according to which change in a thermodynamic
state property along a cycle is zero; (3) graphical enumeration
of all possible RRs as closed walks, normally done from stoi-
chiometric analysis;53 and (4) minimality, or directness,54 of
both RRs as well as nodal degree, namely, the number of
branches incident on a node.

It, actually, turns out that the second and third property
above, that is, consistence with KPL and enumeration of RRs,
are mathematically equivalent. In other words, a RR graph
that is consistent with KPL is automatically amenable to a
graph-theoretic enumeration of all RRs, and vice versa. As a
result, we are concerned only with the two requirements of
consistence with the two Kirchhoff’s laws, along with their
directness, that is, the number of steps involved in the KPL
and KFL relations are minimal.

Drawing the RR Graph or Electrical Network. The first
step in the use of the RR graph approach is, of course, to con-
struct the RR graph or electrical network from a given mecha-
nism. It turns out that this is often not a trivial matter, because
of the fact that the three basic requirements, namely, KFL,

Table 1. The Considered Microkinetic Model for WGS on Pt-Re>®

=

E, A, Elementary Reactions E, A, P o,
521 0 1.00 X 10" H,0 + S = H,0-S 0 1.00 X 10" kapi,o k>
53 0 1.00 x 10" CO+S = CO-S 0 3.30 X 10'? k3pco k3
541 44.16 1.00 x 10" H,O0-S+S = OH'S + H'S 44.16 7.89 X 10" ks ka
55t 44.24 1.00 < 10" OH-S+S = O-S+HS 42.24 9.88 x 10" ks ks
s6: 0 9.24 X 10" 20H'S & H,0-S + O-S 0 7.53 x 10" ke ke
57 113.28 1.00 x 10" CO-S+0-S = COyS+S 113.28 2.94 x 10" ks k
sg° 0 1.00 X 10" CO,:S = CO,+ S 0 1.00 x 10" ks kspco,
So: 9.89 1.00 X 10" 2H-S = H, +2-S 0 4.00 X 10" ko kopn,
s10: 2.88 1.00 % 10" CO-S + OH:S = COOH'S + S 2.88 3.23 x 10" ko ko
sie 118.08 1.99 X 10" COOH:-S +S = CO,-S +H-S 66.24 9.89 x 10" ki ki
siat 95.04 3.74 x 10" COOH:S + 0-S = CO,S + OH-S 95.04 4.97 x 10" k2 ki
s13: 31.68 1.00 < 10" COOH'S + OH'S = CO»'S + H,0'S 31.68 1.08 x 10" ki ki3
s14: 90.24 1.00 % 10" CO,-S + H-S & HCOO'S-S 90.24 1.00 x 10" kia ks
Sis: 175.68 1.00 x 10" HCOO-S:S + 0-S = CO,-S + OH-S + S 175.68 1.00 x 10" kis kis
S16: 128.64 1.65 x 10" HCOO-S'S + OH'S = CO,S + H,0:S + S 128.64 1.00 x 10" ki kis

The letter “S” is a surface site. Activation energies in kJ/mol; the units of the pre-exponential factors are atm ™

s for adsorption and desorption reactions and

s~ ! for surface reactions. , is the reaction step weight in terms of rate constant, kK and partial pressure of terminal species. The forward and reverse rate con-

stants (I;,, and k p» Tespectively) are calculated by: l:,,ZK,,exp(— %) and k ,,27\ ,,exp(— 1%)
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Figure 3. An electrical analogy for the WGS reaction on Pt-Re with mechanism given in Table 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

KPL, and minimality impose strict limitations on the topology
of the resulting RR graph, so that often only a unique solution
is admissible. We have so far found no more than two RR
graphs for any reaction system. The preferred method to draw
the RR graph for a given mechanism is to start with a set of
independent cycles (KPL relations) that are drawn and com-
bined in a way to ensure compatibility with KFL relations.

Thus, the recipe for drawing the RR graph is as follows*':
(1) start with a set of independent RR matrix ¢ in which there
is a single OR (or an independent number of ORs), and the
remaining are ERs (ERs may be obtained by subtracting one
FR from another other); (2) obtain a set of KFL relations by
starting with the QSS relations for the individual species and
linearly combining them to obtain a set with minimality
(< p—gq+1); (3) draw the ERs as cycles, as well as the FR,
with steps drawn as branches, interconnected at nodes; (4)
combine ERs, one at a time, by merging common branches as
far as one can go. The resulting sub-graph containing the ERs
is called the cycle graph; (5) if a step is repeated in a RR, that
is, if g,,=+2, then duplicate the cycle graph, flipping it on an
axis; (6) fuse minimal number of nodes to merge the cycle
graphs, ensuring that the fused nodes are also direct or mini-
mal; (7) merge with the FR that includes the OR, to obtain the
complete RR graph; and finally, (8) check to make sure that
connectivity at all the nodes is consistent with appropriate
KFL relations.

Finally, it should be remarked that the QSS analysis is used
in our approach to obtain the KFL relations that provide the
nodal connectivity of the RR graph. However, once deter-
mined, the RR graph can be used for the analysis of non-
steady-state cases as well.

Kirchhoff's Laws and The Electrical Network Analogy.
Since consistence with the two Kirchhoff’s laws is central to
the RR graph architecture, these are defined next, and impose
important constraints on the kinetics and thermodynamics of
reaction networks.

Thus, KFL implies that the branch rate, r, (likened to
branch current) of all branches incident at a node j sum up to
zero, that is, @; : > pm,,jr,,=0, where the incidence coefficient
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mp;=+1, if a branch leaves a node, and m,;=—1, if a branch
18 coming 1nto 1t.

KPL implies that a thermodynamic potential change across
a branch AY,, (e.g., AH,, AG,, or AS,,, likened to branch volt-
age drop) of all branches in a cycle or RR, sum up to zero, that
is, > pog,,AY,,=O, where the stoichiometric number ¢,,=+1,
if a branch is directed in the direction of the walk, and
04p=—1, if a branch is directed in the opposite direction.

The requirement of consistence with the two Kirchhoff’s
laws confers on the RR graphs a one-to-one correspondence
with electrical circuits, which is a useful analogy because of
the vast and well-grounded literature on circuit analysis.”
Thus, the electrical analog of the RR graph is obtained by sim-
ply replacing the branches by resistors and the OR by an EMF,
as shown in Figure 3.

Even though, the electrical analogy is complete without the
following, for convenience, we may write the rate of a reaction
step in the form of Ohm’s Jlaw*!

Ty (15)

Ay
R,
where A4, is the dimensionless step affinity akin to voltage in
an electrical circuit. It is in turn related to the ratio of the rate
in the forward direction 7, to that in the reverse direction, ?,,,
via the de Donder relation®**2

Ap,=In (i—p) =In (l)
p Zp

which stems from the thermodynamic consistence of elemen-
tary step kinetics, so that the step resistance, by combining the
last two equations, is given by
In(7 /7,
Rp — E 14 / — /7)
L=,

(16)

a7

Clearly, unlike electrical resistance which is substantially
constant, this definition of kinetic resistance of a step, strongly
depends on reaction conditions, especially, temperature.
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Now that the RR graph follows KFL, KPL, as well as Ohm’s
law, it is completely consistent with a resistive network.”> Con-
sequently, we can write the overall rate as the ratio of the affin-
ity of the OR and the overall resistance of the reaction network

Aor

18
Rog (18)

ForR =

where the OR resistance of the network is obtained in terms of
the individual step resistances, in a manner similar to the elec-
trical circuit.”

Use of the Electrical Analogy for Microkinetic Analysis
and Pruning. To obtain the rates for the elementary steps as
well as for the OR, one needs to first solve for the unknown
intermediates concentrations 0; (k=0, 1, 2, ..., ¢), for which
the number of relations needed are (¢ + 1). One of these is
always the mass balance of intermediates, for example, site bal-
ance, that is, site fractions add up to unity, 1= ZZ:O 0i. The
remaining are the ¢ independent KFL relations applied to the
nodes in the RR graph, which are essentially linear combinations
of the ¢ QSS relations, that is, the Bodenstein approximation
that assumes that the concentrations of the intermediate species
are invariant with time. In these are substituted step kinetics. We
club together in the mass-action kinetics, the product of the
known rate parameters and activities of terminal species into
reaction weights, w,, leaving behind the rates explicitly in terms
of the unknown intermediates concentrations and known m,.

The ¢ KFL equations incorporating step kinetics and com-
bined with site balance are solved for the unknown intermediate
activities, or site fractions, 0. For linear systems, this would
result in explicit expressions in terms of w,,, while for nonlinear
systems, in general, only numerical results for a given set of
conditions (activities of terminal species and temperature) are
possible. Once the unknown intermediates surface converages
0y are hence evaluated, all the step rates as well as the OR rate
can be determined. Additionally, it becomes apparent that all
the step rates are simply linear combinations of only u inde-
pendent step rates or RR fluxes. It may be noted that this proce-
dure is different from conventional microkinetic analysis, in
which 0 are obtained from a solution of mass balance (partial
or ordinary differential) equations of all species in a given reac-
tion system and for a given set of reaction conditions. In fact,
for nonlinear kinetic systems, numerical solution of this set of
differential equations can be computationally easier than root
finding for a set of nonlinear algebraic relations resulting from
the corresponding QSS equations.

These hence calculated step rates when written on the RR
graph electrical network can quickly reveal which pathways
provide the bulk of the flux. Thus, one way to prune the mech-
anism is to use the RR graph and dropping branches that con-
tribute negligibly to the OR rate, that is r,/ror — 0, which
can often result in clear and drastic pruning. Of course, this
needs to be done over a range of conditions of interest to
ensure the robustness of the pruned network.

Additionally, once the step rates in the forward direction 7,
and in the reverse direction, ?p are determined as above for a
given set of conditions, one can readily compute step affinities
(Eq. 16) as well as step resistance (Eq. 17), which may also be
provided on the RR graph. Steps whose resistance R, is a signif-
icant fraction of Rogr are kinetically significant and are termed
as the RLS, the others are not. In fact, step resistances can be
plotted over a broad range of conditions, especially temperature
to determine whether the significant steps change. In case there
is a step with R, — Rog, it may be denoted as the RDS.
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Finally, a comparison of step affinities .4, (or step reversi-
bity, z,, Eq. 16) to those for the OR Aor (or OR reversibility,
zor), that is, A,/ Aog, also sheds light on which steps are at
QE and which are not. Steps with .4, — 0, or with reversibil-
ity z, — 1 (Eq. 17), are at QE, while those steps whose A4, is
a significant fraction of that of the OR Apg are the RLSs. Fur-
thermore, it is noteworthy that if there are parallel pathways
that contribute significantly to the OR flux, then as per KPL,
the affinity drop over all parallel pathways is the same,that is,
there are RLSs in all parallel pathways.

An additional possibility is to compare ratio of the power dis-
sipation in each step,41 namely, r,4,, to that in the OR,

rorAor
> (—”’A” )=1 (19)

2= \rorAor

which stems from the conservation of energy,41 that is,
Zf):l rpAp :rORAOR.

In summary, a comparison of the dissipation as above, along
with three different RR graphs labeled with step rates, step
affinities, and step resistances can completely illuminate the
reaction network, laying bare the important pathways, RLSs, as
well as the QE steps. Additionally, plots of step resistances in
comparison with that of the OR resistance over a range of tem-
peratures can provide unequivocal evidence of the identity of
the crucial steps and pathways in a microkinetic mechanism.

Deriving an Explicit Rate Expression for a Pruned Micro-
kinetic Mechanism. Once the mechanism has been suitably
pruned as described above, and the corresponding reduced RR
Graph obtained, we have shown’®’” that an accurate, albeit
approximate, explicit rate law may be obtained in the spirit of
the LHHW methodology, but following the so-called Rdot
approach, even for nonlinear systems, and those with more than
one RLSs, for which it is not ordinarily possible to obtain explicit
rate expressions. Such explicit rate expressions are, of course, of
immense value in the design and analysis of industrial reactors.

The expression for the OR rate takes the form

FOR= M _ 1 (1 _ a}’f) (20)

RE)R RE)R Kor i=1

where the overall resistance of the reduced network is com-
puted from its equivalent electrical network in terms of the
step Rdots. These in turn are computed from

@D

where the resistance R; (Rdot) is equal to the inverse of the
rate of the forward step (l/r_;) (Eq. 21), under conditions that
it is the RDS, that is, when the entire driving force (affinity)
for the OR occurs across it, the other steps being at QE. In
other words, step r_';) is obtained following the LHHW
approach, with which there is broad familiarity and ease.

In short, the step resistances R, can be obtained a priori via
the LHHW methodology, by treating each of the steps as RDS,
in turn, and using the QE approximation for the remaining to
determine any unknown activities of the intermediate species in
r_;. The basic idea is that for a given RDS, the ¢ linearly inde-
pendent unknown intermediate site fractions are determined by
identifying the appropriate IRs, or pathways for the formation
of intermediates that may be considered to be at QE, that is, all
involved steps have .4; — 0. An IR results from an appropriate
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Table 2. Stoichiomteric Numbers for an Example of a Linearly Independent Set of RRs for the WGS Mechanism in Table 1

Cycle $2 53 S4 S5 S6 S7 S8 S9 S10 S11 S12 513 S14 Sis S16 OR;
FR; +1 +1 +1 0 0 0 +1 + +1 +1 0 0 0 0 0 -1
ER, 0 0 +1 0 0 0 0 0 0 0 0 0 +1 0 +1 0
ER, 0 0 0 +1 0 0 0 0 0 0 0 0 +1 -1 0 0
ER; 0 0 0 0 +1 0 0 0 0 0 0 0 0 -1 -1 0
ER, 0 0 0 0 0 +1 0 0 -1 0 -1 0 0 0 0 0
ERjs 0 0 0 0 0 0 0 0 0 +1 -1 0 +1 -1 0 0
ERg 0 0 0 0 0 0 0 0 0 0 -1 +1 0 -1 -1 0

linear combination of steps s; that eliminates all of the interme-
diate species except that of interest, /;, formed from terminal
species along with the vacant site S. It is important to pick QE
steps s; that do not violate a KPL relation. For instance, if the
RDS s, (A, = Aor) under consideration is a part of an ER,
clearly all the steps in the parallel branch of the ER cannot be at
QE (A; — 0), since that would violate the KPL for the cycle.
This is, of course, not true when the cycle contains the OR, for
which the affinity drop is equal to Aog.

Finally, the resulting rate law can be further simplified if the
surface coverages of some of the intermediates are negligible, as
is often the case. In fact, sometimes only a single intermediate is
the most abundant reactive intermediate (MARI) on the surface.?’

Results and Discussion

We will follow the example of the WGS reaction, which we
have analyzed before via the RR graph approach,* but using a
recent DFT microkinetic model for the Pt—Re(111) catalyst.58
This system with a single OR is not only of great practical signif-
icance in a variety of processes but also is one in which the
microkinetic models developed are of significant, although not
overwhelming, complexity, so that our RR graph-based paring
approach can be illustrated meaningfully and without excessive
complexity. We will then compare the RR approach to Camp-
bell’s DRC for the same mechanism to directly compare the
deductions and insights provided by the two alternate
approaches.

It should be noted that the mechanism presented cannot be
guaranteed to be exhaustive in including all possible steps and
intermediates that occur within this system. Our approach evi-
dently does not widen the scope of a mechanism that is pro-
posed through experimentation and DFT calculations, and
thus will not be able to suggest what additional steps or inter-
mediates should be included in the mechanism. The major
benefits are confirming the consistency of the DFT calcula-
tions and the connectivity of the steps, as well as pruning the
mechanism down to the steps and kinetics that are most impor-
tant to driving the reaction in the desired direction.

Constructing the RR graph

The mechanism for the WGS on Pt—Re is shown in Table 1
with p = 15 elementary reaction steps s,, and 1 OR. There are
a total of 13 unique species which can be divided into n =4
terminal species, that is, the reactants (H,O and CO) and prod-
ucts (CO, and H,) and, /=9 surface intermediates (H,O-S,
CO-S, H-S, CO,-S, OH-S, O-S, COOH-S, HCOO-S, and S)
where S stands for a free active site on the catalyst surface.
Due to the site conservation, however, only ¢ = 8 out of / =9
intermediates are independent. The RR graph can be con-
structed based on a complete list of stoichiometrically enumer-
ated RRs and nodes.’®>’ However, this rigorous mathematical
enumeration of the complete list of pathways is tedious and
unnecessary, as only a handful of RRs are independent.
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According to Horiuti-Temkin theorem, only u=p — g¢=15
— 8 =7 RRs are linearly independent from the complete set of
enumerated FRs and ERs for this system. Any appropriate set
may be chosen. Additionally, only g — 1 =7 — 1 = 6 of the ERs
are linearly independent. Thus, a set of seven linearly independ-
ent RRs may be readily determined by finding six independent
ERs and one FR for the mechanism. These can, in fact, be
determined simply from an inspection of the mechanism, thus
avoiding the step of systematic stoichiometric algorithm as
described in our earlier publications.*' %7 Such an inde-
pendent set for this mechanism is provided in Table 2. In fact,
the complete set of FRs and ERs can subsequently be deter-
mined topologically as walks, once the RR Graph is con-
structed. A direct FR for this system, as mentioned earlier,
involves no more than ¢ + 1 = 8 + 1 = 9 elementary steps, and
contains no ERs. These FRs and ERs can be enumerated via
manual counting or automated graph theoretical tools. This par-
ticular system contains 52 unique FRs and 33 unique ERs.

To construct the RR Graph, we begin by drawing the cycle
graph by assembling the ERs together such that no reaction
step is repeated in the graph by identifying common edges and
nodes and fusing these “subgraphs” to produce a cycle graph
that includes each ER. For example, in Figure 4a, ER; and
ER, have in common a pair of nodes that have an 54 edge
between them, so those cycle are fused along that edge.

We continue this process until we have a cycle graph that
consists of the six linearly independent ERs. As suggested ear-
lier for this example, each step, including the OR step, should
appear twice, and also the graph should be symmetric, which
leads to the flipping and doubling of this fused graph (Figure
4b). We can clearly see that the two graphs have two edges (s¢
and s7) in common that we can fuse to make it symmetrical.
We then check each node to make sure that the KFL is satisfied,
which are linear combinations of the species QSS relations pro-
vided in Table 3. We find the nodes highlighted in Figure 4c to
be considered as unbalanced, as they do not satisfy any KFL
relation. These nodes can be balanced by adding two s3 edges
to one and two sg edges to the other. This creates two new
unbalanced nodes to which we can add two s, edges and two sy
edges. The steps s», s3, 53, and s9 represent the adsorption and
desorption steps that may be placed in any sequential order in
the graph without affecting analysis or calculations, but the
shown order makes the most sense in terms of how the mecha-
nism proceeds. Finally, the OR is added twice to balance the
terminal nodes, resulting in the complete RR graph shown in
Figure 2 and its electrical analogy in Figure 3.

Although in this example, we are simply concerned with
chemical steps, even surface or pore diffusion steps can be added
within the RR graph approach, as illustrated by Deveau et al.”

Network Analysis and Pruning. The experimental WGS
studies in Ref. 46 were performed on a Pt-Re catalyst primar-
ily at a temperature T = 548 K, and pressure p = 1 atm, at vari-
ous feed compositions. For our analysis, we chose parameters
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Figure 4. (a) Process of forming the RR graph for the WGS reaction on Pt-Re. ERs are added in succession to
form a cycle graph. (b) Original and flipped cycle graphs with unfilled circles representing unbalanced
nodes. (c) The two cycle graphs having been merged along sg and s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

similar to those chosen by Carasquillo-Flores et al.,>® with a
feed composition of H,O (25%), CO (15%), and N, (balance),
and a conversion, X = 0.25. A numerical solution of the KFL
equations (QSS relations) for the intermediates concentrations
under these conditions was then performed as described in
Electrical Analogy and Reaction Networks section. A microki-
netic approach based on differential equations was also used to
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estimate initial values for solving the KFL equations. The step
weights w, for this were determined from terminal species par-
tial pressures and the rate constants determined from the activa-
tion energies and pre-exponential factors for the Pt—Re catalyst
as tabulated in Table 1.°® The determination of the intermediates
concentrations hence allowed calculation of step rates along with
reversibility, affinities, and resistances for the elementary
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Table 3. QSS Relations for Each of the Intermediate Species

QHZO-S: (+Dry + (—Dry + (+Drg + (+Driz + (+Drig= 0
Ocos: (+Dr3 +(=Dr; + (=Drip= 0
(+Drg +(=Drs +(=2)rg + (= Drio +

OHs*

(+Driz + (=Driz + (+Dris =0
Ons: (+Drg +(+Drs + (—2)rg + (+ Dryp + (—Dria =0
Oos: (+Drs + (+Dre + (=Dr7 + (=Drip + (=1) 115= 0
Oco, s (+Dr7 + (=Drg + (+Driyp + (+Drip +

(+Driz + (=Drig + (+Dris + (+ Drig= 0
Ocoons: (+Drio+(=Driy + (=Driz +(=Dri3 =0
OQucooss: (+Drig + (= Dris + (=Dris =0

reaction steps, which are summarized in Table 4. Finally, the
rate of the OR can be obtained from the TNs (Figure 2), for
example, ror =1, =r9.

It is immediately clear from Figure 2 and Table 4 that there
is only one pathway where there is an appreciable flux, while
for all other steps and pathways, the flux is negligible. This
pathway consists of the adsorption/desorption steps (s2, s3, S3,
and s9)_dissociation of water (s4), formation of carboxyl species
(s10), and the subsequent direct dehydrogenation of adsorbed
carboxyl (s11). This leads to a reduced RR graph with a single
FR (Figure 5), obtained by dropping those with negligible rates.

A look at the calculated resistance of each step for these
conditions confirms this conclusion. It further indicates that s4
and 510 have a much higher resistance than the other steps in
the remaining FR. Thus, we can approximate the OR rate in
terms of the overall resistance being equal to the sum of the
resistances of the two steps in sequence, and using Eq. 20

(1 _ZOR) 1 1 1 v
"OR = = 1-— ! 22
or Ror Ry tRY Kor i=1 “ .

The electrical analogy for this is provided in Figure 6.

In short, we can surmise based on this flux analysis and con-
firmed by the resistance comparisons of the steps, that the FR
of (s, +s3+ 54+ 53+ 859+ 510+ 511) is the only dominant
pathway for the WGS on Pt-Re under these conditions and
that steps s4 and s;9 can be considered as the two RLSs. This
is confirmed for a range of temperatures as shown in Figure 7,
which shows an evaluation of the resistances for the steps: sy,
s10, and s11, all others being much smaller.

Explicit Rate Expression through Alternate Form of
Ohm’s Law. We use the Rdot approach described in Deriving
an Explicit Rate Expression for a Pruned Micro-kinetic Mecha-
nism section to obtain an explicit rate expression via Eq. 22 for
the WGS reaction on the Pt-Re catalyst. For each step, thus, we
calculate R}, by considering each step in turn to be the RDS, the
remaining steps being at QE, and then following the conven-
tional LHHW?*?’ approach. This allows determination of the ¢

ate IRs for the formation of the ¢ =8 independent surface
intermediates, (H,O-S, CO-S, H-S, CO,-S, OH-S, O-S,
COOH-S, and HCOO-S) are

IRy,os : (+1)s2
Rcos : (+1)s
IRogs : (—1)s3+ (=1)ss+ (=1)s7+ (=1)sg+ (—1/2)s9
IRys: (—1/2)s9
IRos: (—1)s3+ (=1)s7+ (—1)sg
IRco,s @ (—1)sg
IRcooms : (—1)sg+ (—1/2)so+ (—1)sy
IRucoos : (—1)ss+ (=1)ss+ (=1/2)s0+ (—1)s15
(24)

For these steps at QE, the corresponding site fractions, thus,
following the LHHW methodology, are

. SN+
01,054 _ (%)
004 (03}

0; B\ !
COOH-S4 <%)
0o w3

. N
Oucoosa _ (&) (@
00,4 Ws g

and using site balance to determine the unoccupied site frac-
tion, we finally get

©)"E)

CT)() a)11

') e
w9 w1s

(25)

Table 4. Step Resistances, Rates, Reversibilities, and Affin-
ities for Each Step in the WGS Reaction

intermediate site fractions by identifying the appropriate QE IRs, Reaction Step Rate o -
or pathways, for the formation of intermediates. These IRs are Step Resistance (s=1)  Reversibility  Affinity
found by a linear combination of the QE steps s; that eliminates 2 LISE—10  0.0917 1.000 1LOSE—11
all the intermediate species except that of interest, /;, formed 3 1.26 E—08 0.0917 1.000 L1SE—09
f inal . \ ith f . di 4 9.91 0.0917 0.403 9.09 E — 01
rom terminal species along with some reference intermediate, 5 179E—07 1.0E—06 1.000 179 — 13
for example, the vacant site S in case of catalytic reactions. 6 238E—11 10E-07 1.000 238 E—18
We start by first considering s4 as the RDS, the remaining 7 43.1 1E—-20 1.000 431E-19
steps being at QE. Thus 8 I5SE—13  0.0917 1000 142E—14
9 792E—13 0.0917 1.000 726 E— 14
R = 1 _ 1 _ 1 23 10 353 E—-01 0.0917 0.968 324 E—-02
TE T Bl T (o 2 & 11 156 E-06  0.0917 1.000 143 E— 07
4 H,0-54704 w4( 0 ) ) 12 S39E-03 10E—-06 1000  539E-09
. ! 13 489 E—11 1E—15 1.000 489 E —26
where the superscript dot refers to the Rdot methodology, and 14 108E—10 1E-14 1.000 1.18 E—24
the subscript 4 serves as a reminder that this is for the case 15 358E-10 1E-16 1.000 3.58 E—26
when s4 as the RDS. With all other steps then at QE, appropri- 16 287E—12 TE-14 1.000 287E— 26
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Figure 5. Reduced RR graph for the WGS reaction on Pt-Re catalyst.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Performing a similar analysis for R}, that is, with step s;9
as the RDS

R W2(0304 9y
10 — = S5 S5 = =
W23y | W9

@y D3
1+7+T+ = = =
602(()4 w3w7wg

U)_ 0)9(011 605608 w9wls
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By examining each site fraction individually, that is

©2 04 5)9 w3 7 (g @7

’*F
gt it

0H105 O 1 13
Tis =0.000131,  + =0.000685, ZT =0.194,
0“’2 S 20000150, —0.0000445,  and e

0 00000315, which reveals that 04, 5,0c00m.5:90m.5-0c0, 5 @nd
Ohcoos are relatively insignificant in comparison to
0co.s:011,050 and Of 5 in both R} and R}, so that the smaller
site fractions can be neglected when summing the site frac-
tions to find 9'0‘[,. Thus, the above expressions simplify to

is possible to simplify these further.?” Thus,

s =0.644,

OCOOH S

2
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2
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so that the simplified expression for the overall rate from Eqgs.
22,28, and 29

EOR
[
Il

R4 Rw
Figure 6. Simplified electrical analogy diagram for the
WGS reaction on Pt-Re catalyst.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Finally, substituting the rate constants and concentration of

terminal species for reaction step weights ), (Table 1), we
have the OR rate expression in the conventional form

~

ForR ~

I'orR ~
kak 0K, K3 VKo pr,opco

2
(k 10K3v/Kopco +k4\/[7H2) (1 +K>pn,0+Kspco, + KQI,H2>
(1 _ L Pco,PH, )
Kor pn,opco

where, K‘,:/Zp / Ep is the equilibrium constant for step s,, and
the DFT parameters for the rate constants are provided in
Table 1.

This equation is in good agreement with the results of the
numerically calculated QSS calculation as shown in a parity
plot (Figure 8), proving that the Rdot method and subsequent
simplifications are valid for the kinetic data (Table 1)
employed for the WGS reaction on Pt—Re catalyst.

(€29}

Analysis via Campbell’s DRC

Campbell’s DRC analysis for the WGS reaction on Pt-Re
catalyst was conducted from the rates for each step calculated
via numerical QSS analysis for the same conditions used in
the previous section, that is, a temperature of 548 K, and pres-
sure p =1 atm with a feed composition of H,O (25%), CO
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Figure 7. Comparison of step resistances R; for the
nonadsorption/desorption steps vs. tempera-
ture for the dominant pathway of the WGS
reaction on Pt-Re.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Comparison of overall QSS rate obtained
from implementation of Ohm’s law Eq. 32
and that calculated numerically for the WGS
reaction on Pt-Re, where each point is a dif-
ferent temperature for which the QSS rate is
calculated.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

(15%), and N, (balance), and a conversion, X = 0.25. To esti-
mate Xprc,,(Eq. 6 or 9), the change in the overall rate when a
rate constant changes incrementally was calculated as follows.
The forward rate constant of a chosen step was _thus increased
by a small amount (i.e., 1%), and as K,=k,/k, needs to be
constant, the reverse rate constant was increased by 1% as
well. The new ror was calculated using the increased &, and
k, values, with all other rate constants remaining unchanged.
Thus, the Campbell’s DRC was calculated using the finite dif-
ference form of Eq. 6

k, [Ar
Xpre,y & - | =R (32)
' TOR Ak, ake

This process was completed for each step of the mechanism
in turn and compared to the analogous calculations for this
system reported by Carrasquillo-Flores et al.”® (Table 5). The
results are similar, showing that s, the formation of the car-
boxyl species step, has the largest DRC and is hence the RDS,
the DRC of all other steps being insignificant or zero.

A similar approach was used to estimate Campbell’s DTC,
as given in Eq. 11, to determine the significance of the stability
of an intermediate species on OR rate. For numerical estima-
tion, we used the finite difference form of Eq. 11. As changing
the GFE of formation directly changes the binding energy, to
calculate Campbell’s DTC for an intermediate k, the binding
energy of that intermediate was reduced by 1% while all other
binding energies were kept constant. The rate constants for
each forward or reverse reaction step that includes that inter-
mediate was thus changed due to the activation energy barrier
being raised due to the lower energy state of the intermediate.
The above described QSS numerical calculation was then per-
formed using these new rate constants to find the change in the
overall rate. This was repeated for each of the eight intermedi-
ates and the results are shown in Table 6.
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Table 5. Values for Campbell’s Degree of Rate Control for
Pt-Re Catalyst for [1] This Work and [2] Carrasquillo-
Flores et al.*®

Reaction Step X][;I]QCJ)[,RQ X.[zz]c_p.fke
1 0 0

2 0 0

3

4 -1 x107* -3 x 107"
5 0 0

6 0 0

7 0 0

8 0 0

9 0 0

10 0.95 0.95
11 8§ x 1073 9% 1077
12 0 0

13 0 0

14 0 0

15 0 0

16 0 0

Carasquillo-Flores et al. reported coverage of CO to be
approximately 2/3 ML and coverage of H atoms to range
between 0.15 and 0.2 ML under similar conditions for their
model.>® This agrees with the results for both Campell’s DRC
and the RR graph approach. As seen in Table 6,
Xprce,co = —0.65 and Xprcn = —0.058, which suggests that
CO is the MARI for these conditions with some H atoms also
occupying the surface. The site fraction comparison for the
Rdot method also suggest that CO is the MARI for this reac-
tion with H coverage having additional, although lesser,
importance.

Comparison of Campbell’s DRC and RR graph
approach

For the example of WGS reaction on the Pt-Re catalyst,
Campbell’s DRC determines that the formation of the car-
boxyl species step (sio) is the RDS of the mechanism, as its
Xpre,10=0.96, that for the remaining steps being much smaller
or zero. Conversely, the RR approach concludes that the disso-
ciation of water step (s4) is the largest contributor to limiting
the overall rate, with s;¢ also limiting the rate somewhat,
although not to the same extent as s4;. Carrasquillo-Flores
et al.,>® in fact, also eventually concluded that s, was the RDS
despite 519 being indicated as the RDS from Campbell’s DRC,
stating: “Putting all the observations together we infer that
H,O activation, s4, is the underlying rate-controlling step.”

Carrasquillo-Flores et al.”® further noted that based on their
model and experiments, they concluded that the pathway
including s4, $19, and s1; was the only pathway with a signifi-
cant amount of flux. Not only does the RR approach agree

Table 6. Values for Campbell’s Degree of Thermodynamic
Control for Each Reaction Intermediate

Reaction Intermediate XprcpeRe
O-S 0
OH-S 0
CO-S —0.650
C0,S ~0.018
COOH-S 0
H,0-S 0
H-S —0.058
HCOO-S 0
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with this conclusion arrived at circuitously by the authors but
also it provides a quantitative estimation of how much each
step contributes to the overall rate. Clearly, Campbell’s DRC
arrives at the wrong conclusion in this case.

Furthermore, according to Campbell’s theory, the sum of
the DRC of all the steps should add to unity. For the WGS
reaction on Pt-Re catalyst, it is found to be 0.96, which is
close to, but not precisely unity. However, there are examples
that show that it is significantly different from unity. Thus,
according to the results found in Ref. 25 for the WGS reaction
on Cu catalyst, it only adds up to approximately 0.83, well
below unity. Conversely, this does not seem to affect the con-
clusions one can make about a mechanism, as long as for one
of the steps Xprc,, is much higher than that of any other step.

For the WGS reaction example under consideration, thus,
there is more than one RLS and this conclusion does not much
change with temperature (see Figure 7) or other conditions. In
fact, the RR approach provides quantitative estimates of the
resistance of each step and clearly identifies those that limit
the rate and the pathways that contribute significantly, along
with a robust rate law.

Conclusions

We have shown via a detailed example of how the analysis
and reduction of a reaction mechanism can be accomplished
using the electrical network analogy within our RR graph
method. Although Campbell’s DRC is the most common tech-
nique available, currently, we show here that our RR graph
approach is superior and more insightful. The example of the
WGS reaction on Pt—Re considered here, in fact, shows that
Campbell’s DRC can lead to erroneous conclusions that are
inconsistent with experimental results.”® Further, the conten-
tion that Z’;Zl Xpre,p=1 is not true in general. The RR graph
method is not limited to single RDS or single pathway mecha-
nisms in its usefulness. Furtherz, the electrical analogy com-
bined with the well-familiar LHHW methodology provides
accurate rate expressions even for nonlinear cases such as the
WGS reaction example considered here, not otherwise possi-
ble. It may thus be concluded that the electrical analogy and
the RR graph approach is a much more effective and revealing
Ockham’s razor for pruning microkinetic catalytic mecha-
nisms than is Cambell’s DRC.

A current limitation of our approach is that manually draw-
ing the RR graph for a system with a very large number of
steps is challenging, especially for nonlinear systems such as
the WGS reaction. However, this does not limit the efficacy of
the electrical analogy approach in pruning a large mechanism
via a comparison of the computed reaction step resistance and
affinity following a numerical QSS analysis. This is just similar
to performing a numerical circuit analysis without the benefit of
a wiring diagram. Of course, we envision a tool that will even-
tually automate the graph drawing process.

Notation
Symbols

a; = activity of terminal species i
A, = affinity of elementary reaction p
A, = a dimensionless reaction affinity of elementary reaction p

Aor = a dimensionless affinity of the overall reaction
A = a dimensionless affinity of intermediate reaction
BE,, = binding energy of intermediate species, /i

E, = activation energy of the forward reaction

E, = activation energy of the reverse reaction
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AG, = Gibbs free energy change of the elementary reaction p
G';‘;"‘ = Gibbs-free energy of activation

G? = standard enthalpy of formation in the gas phase
= standard enthalpy of formation in the adsorbed intermediate

AH*° = enthalpy of activation
h = Planck’s constant

I, = intermediate species k
K, = equilibrium constant of the elementary reaction p
Kog = equilibrium constant of the overall reaction

k, = forward rate constant of the elementary reaction p

k, = backward rate constant of the elementary reaction p
kg = Boltzman’s constant
n = number of terminal species
N4, = Avogadro’s number

= number of elementary reactions
pi = partial pressure of species i

¢ = number of linearly independent intermediate species
R = gas constant
R, = resistance of elementary reaction p
R}, = resistance of elementary reaction s, when s, is the RDS
Ror = total resistance of the overall reaction network
1, = net rate of the elementary reaction p
ror = net rate of the overall reaction
7, = forward rate of elementary reaction p
7, = reverse rate of elementary reaction p
ZZ = maximum forward rate of the elementary reaction p
r, = maximum reverse rate of the elementary reaction p
S = unoccupied surface site
AS, = entropy change the elementary reaction p
Ho Lo
AS , = entropy of activation
s, = elementary reaction p
T = temperature
T; = terminal species i

Xpre,p = degree of rate control of step s,

Xprc,p = degree of thermodynamic control of step s,
z, = reversibility of reaction s,
zor = reversibility of overall reaction
zjr = reversibility of an intermediate reaction

Greek symbols
B, = symmetry factor
p = elementary reaction
a, = stoichiometric number for the elementary reaction p in a RR
A, = pre-exponential factor
0, = surface coverage of intermediate species k
= surface coverage of intermediate species k when step p is the
RDS
1= number of linearly independent reaction routes
w, = step weight for reaction p
@, = forward step weight for reaction p
@, = reverse step weight for reaction p
v; = stoichiometric coefficient of terminal species i in an overall
reaction
v,i = stoichiometric coefficient of species 7 in reaction p

Abbreviations
DFT = density functional theory
DRC = degree of rate control
DTC = degree of thermodynamic control
EMF = electromotive force
ER = empty route
FR = full route
GFE = Gibbs free energy
IN = intermediate node
IR = intermediate reaction
KFL = Kirchhoff’s flux (node) law
KPL = Kirchhoff’s potential (loop) law
LHHW = Langmuir-Hinshelwood—Hougen—Watson
MARI = most abundant reactive intermediate
OR = overall reaction
QSS = quasi-steady state
QE = quasi-equilibrium
RR = reaction route
RDS = rate-determining step
RLS = rate-limiting step
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TN = terminal node

TTST = thermodynamic transition-state theory
WGS = water—gas shift
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