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ABSTRACT: One of the most useful techniques to obtain
valuable information on catalyzed heterogeneous reactions at,
or near to, molecular level is the Steady-State Isotopic
Transient Kinetic Analysis (SSITKA). Kinetic parameters of
catalyst-surface reaction intermediates, such as concentration,
site coverage, reactivity, and rate constants can be obtained
and processed to provide valuable information about the
reaction mechanism. This technique has been extensively
tested in a wide range of different surface-catalyzed reactions,
where the influence of different parameters on the
intermediates has been studied (i.e., supports, active phases,
particle size, addition of promoters). Progresses in the
coupling of spectroscopic techniques and advanced modeling
could greatly improve the understanding of the surface reaction mechanism and provide more reliable kinetic models. This
review compiles the main goals achieved up to date in heterogeneous catalytic systems using SSITKA and analyzes the
perspectives of this technique in the near future.
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1. INTRODUCTION

Around 85−90% of the current chemical production in the
industry is based on catalytic systems, and this percentage still
increases steadily year after year.1 Consequently, the under-
standing of the catalyst and the different pathways where it is
involved become crucial. A wide range of chemical reactions
and industrial processes need a heterogeneous catalyst, and a
catalyst is considered a fundamental key factor to carry these
processes out efficiently under practically attainable conditions.
The catalytic performance can be influenced in both positive
and negative ways by many physical and/or chemical processes
occurring at the interface between the catalyst surface and the
reactants, such as diffusion, adsorption/desorption, reaction, or
surface reconstruction. Indeed, the major part of research that
has been dedicated to study these phenomena, involves
determining the kinetic parameters of the reactions occurring
over the catalytic surface.1−3 Particularly, most industrial
processes are operated under steady-state conditions because
all the parameters involved in the chemical process, such as
temperature, pressure, concentration, and flow rate are time
invariant. Under these conditions, the catalytic performance,
the reaction order and/or the activation energy of the chemical
process may be efficiently determined.4−7 One of the most
powerful techniques in steady-state conditions is the Steady-
State Isotopic Transient Kinetic Analysis (SSITKA) where
valuable information on catalyzed heterogeneous reactions
occurring on the catalyst surface can be obtained. This

technique is well-known since the late 1970s, and a wide
range of publications regarding their applications are
available.4,6,8−10

This review highlights the recent progresses in development
of SSITKA in mechanistic and kinetic studies and the potential
of this technique applied to an extensive range of different
surface-catalyzed reactions, such as oxidation, water−gas shift
(WGS), hydrogenation, or hydrogenolysis reactions, among
others, to investigate the nature and the amount of surface
intermediates that lead to specific products and the newest
approaches and future challenges in terms of study reaction
mechanisms using SSITKA combined to other techniques.

2. SSITKA METHODOLOGY

2.1. Basic Principles and General Parameters. SSITKA
is a combination of steady-state and transient techniques, and
as a result, the advantages from both techniques are attained.
Valuable information about the catalyst surface and reaction
mechanisms can be obtained at a near to molecular level under
realistic, steady-state conditions, such as concentration and
coverage of surface intermediates, surface residence time,
intrinsic turnover frequency (TOF), surface heterogeneity,
catalyst dispersion, and/or reactivity distribution.
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SSITKA was broadly developed by Happel, Bennett, and
Biloen.4,6,8 Most of the work published prior to 1995 was
included in a review paper on this topic by Shannon and
Goodwin.4 A common setup to carry out SSITKA experiments
is depicted in Figure 1a. Typically, when the catalyst operates

under steady-state conditions, an isotopic transient is
introduced by suddenly replacing one compound with its
isotope (e.g., H2/

12CO/Ar → H2/
13CO/Kr) causing minimum

effects to the system. There is also a replacement of the inert
gas in order to determine the gas hold-up in the reactor.
Because the reactor operates under isothermal and isobaric
conditions, the catalytic surface does not suffer any change
during the isotopic switch, and mechanistic studies can be
carried out efficiently at these conditions using this technique.
The reaction feed and the obtained products are typically
analyzed and quantified by online gas chromatography (GC).
The transient responses are recorded and monitored by a mass
spectrometer (MS), operated under minimal fragmentation of
the detected reaction species to avoid overlapping of heavier
products. Figure 1b shows a typical normalized transient curve
for the decaying (P) and increasing (P*) responses of the
products obtained after reaction of the labeled and unlabeled
reactants (R, R* respectively).
For a given reversible heterogeneous catalytic reaction at

steady-state, a reactant (R) is transformed into a product (P)
through an adsorbed intermediate (X). At these conditions the
amounts of R, P, and X are constant.

⇄ ⇄R X P

The nature of the intermediates (X) may be diverse and can be
located in different subsystems, or pools, which are
homogeneous or well-mixed. Irrespective of the underlying
kinetic model, SSITKA permits absolute measurement and
quantification of the most reactive intermediates converted into
products:

∫=
∞

N r t t( )dp
0

p (2.1)

where Np is the amount of adsorbed intermediates and rp(t) the
reaction rate of unlabeled products.

= − *r t r r t( ) ( )p p p (2.2)

where rp and rp*(t) are the steady-state reaction rates of the
unlabeled and labeled products, respectively. The amount of
adsorbed intermediates (Np) and the mean surface residence
time (τp) are the most general parameters obtainable from
SSITKA. The average surface residence time can be obtained
from the normalized transient responses as shown in Figure 1c.
Fp(t) and Fp*(t) are the normalized transient responses of the
unlabeled and labeled products respectively, defined as

= = − *F t
r t

r
F t F t( )

( )
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(2.3, 2.4)

The overall residence time of the product is obtained by the
integration of the normalized transient response. Rearranging
the previous equations, the calculation of the residence time
yields to
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2.2. SSITKA Modeling. The amount and surface lifetime of
adsorbed intermediates (Np and τp respectively) are the most
general parameters that can be directly obtained by SSITKA
experiments.9 Additional kinetic parameters may, however, be
calculated but are dependent on assumptions and specific
models regarding the reactor configuration.
The reactor configurations used in SSITKA analysis can be

the continuous-stirred tank reactor (CSTR) or plug-flow
reactor (PFR). A CSTR configuration considers that there
are no changes in composition between inside the reactor and
the outlet. In addition, the composition is a function of the
residence time and the reaction rate. This configuration
assumes steady-state and isothermal conditions, single and
irreversible first-order reactions. CSTR is commonly used to
clear up the calculations and can be also applied to describe
reactors operating at low conversion level. A widespread
discussion in the calculations and assumptions of a CSTR
model to obtain these specific parameters can be found in the
review of Shannon and Goodwin.4 The results are summarized
in Table 1.
In the first model, an irreversible adsorption and first-order

reaction of the reactants is considered, and the intermediates
are converted into products in a single type of catalytic site. For
this model, the intermediate accumulation rate can be
calculated as the subtraction between the reactant inlet rate
and the product outlet rate, as predicted by the mass balance.
Furthermore, once the overall mean surface residence time is
calculated from the expression shown in Table 1, the rate
constant can be calculated. For a pseudo-first-order reaction,
the turnover frequency of the reaction intermediate i (TOFi)
can be calculated as a product of the rate constant and the
coverage of reaction intermediates.10 The coverage is linked by
the amount of reaction intermediates (Ni) and the overall active
sites available (Ns), a parameter that can be obtained by
chemisorption experiments.
In model 2, an irreversible reaction proceeding by a single

pool system is shown. Thus, the same expression of the overall
transient response is used. In this case, because a reversible
adsorption is considered, the equation to calculate the steady-
state reaction rate includes a term corresponding to the
adsorption rate (rR

a). The calculation of the surface lifetime of

Figure 1. (a) Flow scheme of a typical SSITKA setup; (b) normalized
transient curve for decaying response of the unlabeled product (P)
including the inert response (I) and the increasing response of the
labeled product (P*); (c) normalized transient response for decaying
response indicating the graphic meaning of surface residence time (τ).
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the intermediates includes a term referred to the rate of
desorption.
Models 3 and 4 consider irreversible reaction and irreversible

or reversible adsorption of the reactants, respectively. In these
cases, the reaction proceeds through multiple pools in series,
where the output of the first intermediate pool will be the feed
to the next intermediate pool. The overall surface residence
time from the general case is determined by the summation of
the residence time on each pool. Extending the mass balance,
the exponential equation of the normalized transient response
includes an additional term which includes the surface
residence time in each pool, as shown in Table 1.
Models 5 and 6 are typically the case for a nonhomogeneous

catalyst surface, with multiple sites with varying activity, or
multiple pathways to the same product, as shown in Table 1.
Considering all of these pathways as irreversible first order
reactions, the overall transient response is given by the
summation of an exponential function which is multiplied by
the fractional number (xi) of the intermediates (Ni) in the ith
pool at steady-state conditions. The overall surface lifetime of
the intermediates is obtained as the summation of the residence
time of each pool multiplied by the fractional number of the

intermediates over the surface. As seen in models 2 and 4, if
readsorption occurs, the adsorption/desorption rate constants
must be included in the calculation of the parameters.
The differences between the kinetic models can easily be

distinguished in a plot of Fp(t). The two pool models are shown
along with the one-pool irreversible first-order reaction, as
depicted in Figure 2.4 The series pool model does not decrease

Table 1. Mechanistic Models, Transient Responses, and Kinetic Parameters Obtained by SSITKA (Reproduced from Ref 4.
Copyright 1995, American Chemical Society)
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Figure 2. Comparison of the transient response (a) and logarithmic
transient response (b) of single pool, two pools in series and two pools
in parallel models.
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immediately after the switch, as is the case for the two other
models. The differences between the other two are best seen in
a logarithmic plot (Figure 2b), where the single pool model
gives a straight line, whereas the parallel pool model deflects.
For the single pool model, the slope in the logarithmic plot is
equal to −1/τp. A wide discussion and comparative within these
models can be found elsewhere.4

These models can be applied to characterize those processes
that include a set of unidirectional steps. These include such
reactions as the cracking of petroleum compounds and their
oxidation.11−13 The presence of elementary reversible reactions,
such as in the synthesis of ammonia,14−17 dehydrogen-
ation,18−21 or isomerization reactions,22−25 cannot be described
by the equations listed in Table 1.
The different reaction systems presented in Table 1 have

excluded reversible elementary steps because of the impossi-
bility to obtain analytical solutions for the product transient
response. However, numerical methods based on nonlinear
least-squares regression have been developed to obtain the
kinetic parameters on the basis of reaction systems including
reversible steps.26 The combination of these numerical
methods with the catalyst performance and the transient
responses are used to obtain estimations of the kinetic
parameters through nonlinear multiresponse regression anal-
ysis. The development of studies based on transient isotopic
tracing has facilitated the determination of fundamental kinetic
parameters in heterogeneous catalysis, including reversible
reaction paths.26 Mainly, these studies have been focused on
the establishment of mechanisms involved and the construction
of kinetic rate equations with more than an empirical basis.
Moreover, the study allows assessing the magnitudes of
individual step velocities and concentrations of adsorbed
surface species regardless of the overall kinetics.26

2.3. Limitations and Corrective Techniques.
2.3.1. Chromatographic Effect. The adsorption of reactants
must be taken also into account. The components can adsorb
not only on the catalyst surface but also throughout the whole
reactor system. This will lead to a delay in the change of isotope
composition in the gas phase. The chromatographic effects
should be kept small in order to avoid interference with the
intrinsic kinetics. Increasing the space velocity of the reactants
decreases the chromatographic effect. It has been pointed out
that the chromatographic effect can be neglected if the area
between the response of the reactant and inert is less than 20%
of the area between the response of the product and inert.
Additionally, it has been suggested that the chromatographic
effect could be corrected using the equation:27−29

τ τ τ= − ·xP,corrected P,measured P,reactant (2.6)

The value of x in eq 2.6 varies among the different users27−29

but is typically 0.5, which was proposed by Biloen and co-
workers.8

2.3.2. Readsorption and Gas Phase Hold-Up. The product
response curves in SSITKA experiments are delayed due to
readsorption and hold-up in the gas phase.4,30 The overall
surface lifetime measured experimentally includes the true
residence time for intermediates leading to products and the
residence times due to the gas phase (hold-up) and due to
readsorption. There are different existing methods to calculate
the real surface residence time for the reaction. The most
common procedure to correct the hold-up is the addition of an
inert gas to the unlabeled or labeled reactant, as mentioned
previously. The area under the inert gas transient is a direct

measure of its residence time, because the inert gas is not
adsorbed on the surface. Values for the hold-up on the surface
due to interparticle readsorption cannot be obtained directly,
but it is possible to minimized these values by decreasing the
length of the catalyst bed or the contact time between the
reactants and the catalyst. An increase in the surface reaction
residence time (τP) with increasing bed length is a strong
evidence of the presence of reversible.30 The easiest method to
assess the real surface residence time when readsorption occurs
is to carry out the reaction under different contact times and
extrapolate to a value of zero residence time, as shown in
Figures 3a and 3b. Ali and co-workers determined the true

surface residence time considering both inter- and intraparticle
readsorption for methanol synthesis on Pd/SiO2.

31 As shown in
Figure 3c, the surface residence time of intermediates
producing methanol (τMeOH) was adjusted holding methanol
partial pressure constant. The parameter τ00MeOH represents the
extrapolation of the residence time to zero space time at
different MeOH partial pressures.31

2.3.3. Isotopic Exchange H2/D2. In order to obtain accurate
values of the kinetic parameters, the maintenance of the steady-
state conditions is critical. Hence, isotope effects on reaction
conditions are not allowed. The thermodynamic and kinetic
distinctions due to the relatively large mass differences and the
bonding energies between hydrogen isotopes are significantly
high and the steady-state conditions can no longer be
maintained. As a consequence, the kinetic rates and surface
concentrations are substantially changed after the hydrogen/
deuterium isotopic exchange.32 Nevertheless, isotopic H2−D2
exchange can provide information about the characterization of
the active surface when hydrogen chemisorption is not possible
due to hydrogen spillover. Basallote and co-workers32 described
the use of H2−D2 SSITKA switches in the characterization of
the active surface of Pt/CeO2 catalyst to evaluate the number of
active sites taking part in the exchange process, especially in the
gas phase, and with supports. Deuterium isotopic pulse tracing

Figure 3. (a) Experimental calculation of the mean surface-residence
time in the presence of interparticle readsorption; (b) τMeOH vs space
time during steady-state MeOH synthesis at 493 K; (c) τMeOH vs space
time at constant average PMeOH (▲= 26.5 Pa, ● = 38.5 Pa, ■ = 50.5
Pa) during steady-state MeOH synthesis at 493 K on Pd. (Reproduced
from ref 30. Copyright 2006, World Scientific Publishing Co.)
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into a steady-state CO/H2/C2H4 flow has been also useful in
combination with in situ spectroscopic techniques to study the
hydroformylation and hydrogenation of ethylene over a Mn−
Rh/SiO2 catalyst at 513 K and 0.1 MPa.33 The steady-state rate
of hydrogen desorption coupled with compartment models
allowed the calculation of the complete assortment of kinetic
parameters. Hydrogen desorption was estimated by the HD
transient assuming that the H and D coverages are similar when
the production rates of HD, D2, and H2 are the same.
2.3.4. Isotopic Exchange 16O2/

18O2. The possible transfer
between oxygen atoms present in the gas phase, the surface of
the catalyst, and/or the catalyst bulk makes the determination
of surface kinetic parameters using oxygen isotopic exchange a
challenging measurement. Nevertheless, Peil and co-workers
demonstrated that it is possible to quantify the lattice oxygen
diffusivity and total oxygen uptake by SSITKA.34 Other
examples of the use of SSITKA with oxygen isotopic exchange
can be found in the literature, such as the oxidation of
acrolein35−40 or oxidative dehydrogenation of hydrocar-
bons18−21 where SSITKA was applied to determine the nature
of the active intermediates and the oxygen reaction mechanism.
In order to get more information about the kinetic parameters,
isotopic replacement of oxygen may be combined with other
isotopic exchanges, such as 12C/13C.34,41,42

2.4. Advanced Mathematical Analysis. 2.4.1. Deconvo-
lution Methods. The catalytic surface can be characterized by
the measurement of the intrinsic reactivity of its active sites.
This reactivity can be obtained by the calculation of the
reactivity distribution function ( f(k)) from the isotopic
transient curve, but it is only valid for pseudo-first-order
reactions where no readsorption occurs. The reactivity
distribution is dependent on the parameter k, which is a
measure of site activity. In order to calculate f(k), a numerical
deconvolution method must be used, such as the parametric or
the nonparametric method. The parametric method includes a
model to calculate f(k), but an assumption of its functional
form is needed.43 For this reason, nonparametric methods are
preferred because no assumption of a specific form of the
function is required. Currently, some of the studies carried out
by SSITKA have included the calculation of the reactivity
distribution using two different types of nonparametric
methods: the inverse-Laplace-transform technique (ILT) and
the Tikhonov−Fredholm method (T−F).
The ILT method defines the formation rate of a product P,

named r*p(t), as the Laplace transform of Np·k·f(k). The
isotopic transient function of the product formation rate is
expressed as follows for a pseudo-first order reaction:

∫* =
∞

−r t N ke f k k( ) ( )dkt
p p

0 (2.7)

where Np is the surface concentration of the intermediates
leading the product P. f (k) can be obtained by using the
inverse-Laplace transform to r*p(t). Despite, the value of f(k) is
more commonly obtained from the T−F method, since it can
be extracted more accurately from r*p(t) by using the Tikhonov
regularization of eq 2.7.43 Moreover, this method can retrieve
substantially the reactivity distribution despite the presence of
small amounts of noise. It must be pointed out that, as
mentioned before, these methods are not able to take into
account possible readsorption processes in the reaction
mechanism. Figure 4 shows an example of CO2 transient in
the CO selective oxidation over Pt/γ-Al2O3 (Figure 4a) and the
reactivity distribution function obtained from the T−F method

as a function of site activity (k) for the CO2 transient (Figure
4b).30

2.4.2. Convolution Methods. Linear convolution systems
may use advanced analysis methods in SSITKA studies. These
methods include parametric and nonparametric kinetic analysis
to determine some kinetic parameters of pseudo-first-order
reactions.44 The relationship between the step input responses
in a PFR model is given by the following linear convolution
integral, considering a differential bed length:

∫ * ζ ζ ζ* = − · +F t D F t F( ) [ { ( )} ( )]dm
P

t

t c
P

m
0

I
(2.8)

where ζ is a convolution time variable; Dt{F*Pc(t − ζ)} is the
convolution form of the first derivative (Dt = d/dt) of the
catalyst transient response (Fc*P(t)); F+Im is the measured
intermediate (I) transient response and F+Im(ζ) is the
convolution form of F+Im(t). The linear convolution relation-
ship for the transient response is presented by eq 2.9:

∫ ζ ζ ζ* = + − · − −F t D F t F( ) 1 [ { ( )} (1 ( ))]dm
P

t

t c
P

m
0

I

(2.9)

The combination of eqs 2.8 and 2.9 suggests a method to
validate a model of reaction pathway and the kinetics
involved.44 These equations allow the creation of the transient
response that characterizes the surface behavior and the inert
tracer transient response that describes the gas-phase behavior
of the reactor system. Despite, the establishment of an
analytical relationship within the equations is not possible,
and as a consequence, the determination of the calculated
transient response from the measured one must be assumed

Figure 4. (a) Normalized isotopic transient of 13CO2 and (b)
reactivity distribution obtained by T−F for the selective CO oxidation
on Pt/γ-Al2O3. (Reproduced from ref 30. Copyright 2006, World
Scientific Publishing Co.)
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and tested using a model. In addition, as also occurrred with
deconvolution methods, convolution methods can only
describe pseudo-first-order processes, and readsorption cannot
be considered.
2.4.3. PFR Reactor Modeling. If the reaction mechanism

contains reversible reaction steps of reactants or products, such
as readsorption processes, the CSTR approach is no longer
valid, and a PFR model should be applied. The PFR reactor
model is represented by differential equations for the
components that participate in the isotopic substitution.44

Although the continuity equations for the CSTR approximation
are ordinary differential equations in time, the PFR
approximation introduces an additional spatial-position varia-
ble, resulting in a set of partial differential equations in time and
space. Analytical solutions can hardly be obtained, and the set
of equations has to be solved numerically using differential or
integral conditions, depending on the variation of the reaction
rates throughout the catalyst bed. The major benefits of PFR
modeling compared to deconvolution and convolution
methods are that it can describe more complex processes
than pseudo-first-order reactions, and this model may take into
account internal diffusion limitations, especially in microporous
catalysts with fast heterogeneous reaction. A detailed
description of the transient curve using PFR modeling applied
to Fischer−Tropsch synthesis is discussed below.27,45−47

The general equation for labeled gaseous component X′ is
represented by eq 2.10 and for the labeled surface component
Y′ by eq 2.11:

τ
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The initial condition for labeled compound based on isotopic
switch from unlabeled reactant to labeled reactant:
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Initial conditions: 0 0;

Boundary conditions: 0, 0, input function ( );

0, 0, 0;
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where CX′ is gas phase concentration mol/m3 gas; LY′ is surface
concentration mol/kgcat; τ is the residence time in s; t is time in
s; εb is the porosity of the bed m3 gas/m3 bed; ρb is the density
of the catalysts bed in kg/m3 bed; Rw′ is the reaction rate of
different species in mol/kgcat; x is the axial position in the
catalyst bed (dimensionless). The residence time (τ) is
calculated as τ = (εb)/(FV)VR, where VR is the volume of the
catalyst bed in m3, FV is the total volumetric flow rate in m3/s at
reaction conditions. The input function is the transient
response of the inert tracer Ar.
As an example of transient curve modeling for CO

hydrogenation, modeling of CO transient curve provides
information on the kinetics of CO adsorption, namely, CO
adsorption, desorption rate constant and the conversion of
surface adsorbed CO. Modeling of CH4 transient curve helps to
differentiate possible reaction routes for methane formation and
provide kinetic rate parameters involved. The CO and CH4
transient curves were modeled simultaneously using a PFR
model as was described by Van Dijk on cobalt catalysts.27

Scheme 1 shows one possible reaction pathway.
The continuity equations for mechanism shown in Scheme 1

are shown as follows:
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where C13CO and C13CH4 are gas phase concentrations for
13CO

and 13CH4; L13CO
SS , L13Cα

SS L13Cβ
SS are surface concentrations of

adsorbed CO*, Cα* and Cβ*, respectively; ka, kd, kb, kc, ke, kf, kg
are rate constants involved in CO adsorption, activation and
CH4 production pathway. ρb and εb are characteristic
parameters for the catalyst bed; τ depends on the total gas
flow rate and catalyst bed.
Known parameters:

− ρb, εb, and τ are known for certain packed catalyst bed at
given reaction conditions

− Steady-state gas phase CO and CH4 concentration
(L13CO

SS , L13CH4
SS )

− Total surface C1 concentration (L13Cα
SS + L13Cβ

SS ) measured
by SSITKA

− The rate constants ka, kd, kb, kc, ke, kf, kg are interrelated
based on the steady-state assumption. (∂L13COSS )/(∂t) = 0,
(∂L13Cα

SS )(∂t) = 0, (∂L13Cβ
SS )(∂t) = 0 and kbL13CO = R13CO

SS .
With four equations, the independent rate constants are
minimized to two, here we chose ka and ke as input.

Therefore, the input parameters are minimized to three
parameters: ka, ke and L13Cα

SS .
The output of the model contains the amount of two carbon

pools: L13Cα
SS , L13Cβ

SS , and rate constants involved in the CO
adsorption (ka, kd), activation (kb), methane formation (kc, ke,
kf) and C−C bond formation (kg). Figure 5 shows a typical
simulated transient curve for 13CO and 13CH4.
The transient modeling can not only be applied to C1

reaction but also to more complicated reaction system. For
instance, it can be used to study kinetics of the production of
C2+ hydrocarbons in CO hydrogenation. The prerequisite is
that possible reaction pathways have to be proposed first48

(Figure 6). Transient kinetic modeling allows us to first
distinguish different reaction routes. Once the reaction route is
determined, it can be used to determine kinetic parameters,
such as olefin readsorption and termination rate constant,

Scheme 1. Possible Reaction Pathway for Methane
Formation (Reproduced from Ref 47. Copyright 2013,
Elsevier.)
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paraffin termination rate constant. Therefore, the olefin
readsorption and chain growth and termination reactions can
be studied kinetically, which is very important for tuning
product selectivity.
2.5. Applications. SSITKA has provided much information

about the understanding of the reaction pathway of many
surface-catalyzed reactions. The review of Shannon and
Goodwin compiles the chemical reactions studied by SSITKA
prior to 1995.4 Table 2 includes a compilation of the most
important catalyzed reactions and processes studied by SSITKA
up to date. The reported processes include mainly the study of
mechanisms, the presence and implications of site hetero-
geneity, the role of chemical promoters and the effect of
operational conditions on surface coverage of intermediates
among others. Table 2 does not include the works regarding
the application of SSITKA in the Fischer−Tropsch synthesis or
its combination to other methods because those studies will be
discussed extensively in section 3.
The determination of different kinetic parameters, such as

surface coverage of the main intermediates or their turnover
frequency by SSITKA plays a turning role in the determination
of reaction pathways. These parameters were crucial to
elucidate the reaction mechanism of selective NO reduc-
tion,49−60 and which mechanism will be discussed in section 5;
methanol decomposition,61,62 phenol steam reforming,63,64

propene epoxidation, 65 or CO oxidation on a standard
composition of a three-way catalyst.66−68

Regarding the CO oxidation, the analysis of the 12C/13C and
16O/18O transient responses indicated that the formation of
CO2 was carried out in two types of active sites, but only a
small number influenced the average reaction rate.66,67

In other cases, the determination of reaction mechanisms
becomes more challenging due to the operational factors of the
process. The oxidative coupling of methane occurs at very high
temperature (573−973 K), and the residence times can be
hardly measured by SSITKA at this temperature.30 Never-
theless, it has been possible to use this technique at a reaction
temperature of 918 K.34 SSITKA gave information about the
reaction pathway to generate the coupled products. Ocal and
co-workers studied the methane combustion and the effect of
NO over hexa-aluminates and Pd-supported hexa-aluminates.70

The catalysts were tested in the reaction cycle: (1) CH4 + O2,
(2) CH4 + O2 + NO, (3) CH4 + O2 at temperatures between
573 and 973 K, and SSITKA was carried out to determine the

Figure 5. Example of simulated transient curve for 13CO and 13CH4.

Figure 6. Reaction pathway for methane and higher hydrocarbons
formation. (Reproduced from ref 48. Copyright 2001, Elsevier.)

Table 2. Compilation of Chemical Reactions Studied by
SSITKA

reaction/study and catalysts refs

ammonia synthesis
Ba promoted Ru/X (X = zeolite) 14
Ru/SiO2 14,16
Cs promoted Ru/MgO 15
Cs,Ba,La promoted Ru/MgO 17
oxidative dehydrogenation
Rh/SiO2 18
VO2, V2O3, V2O5 19
MoOx/TiO2−SiO2 20
VOx/MCM-41 21
butane isomerization
sulfated ZrO2 22−25
Pt promoted sulfated ZrO2 24
Al2O3 promoted sulfated ZrO2 25
selective NO reduction
LaCoO3 49
Pt/SiO2 50−53
Co/ZSM-5 54−58
Pt/Al2O3, Pt/SiO2 promoted by MoO3, Na2O 59
Pt/Al2O3 59,60
methanol decomposition/steam reforming
Pt,Pd,Rh/CeO2 61
Cu−Mn−O, Cu−Ce−O, Cu-ZnO/Al2O3 62
phenol steam reforming
Rh,Fe/MgO; Rh,Fe/Mg−Ce−O
Rh,Fe/Mg−Ce−Zr-O 63,64
propene epoxidation
Au/Ti-SBA-15 65
automotive exhaust catalysis
Pt−Pd−Rh/CeO2−ZrO2 66−68
CH4 oxidation
CaO/Li2TiO3 69
Pd/La1‑xSrxMnAl11O19 70
Pt-X/CeO2 (X = Pr,Gd,Sm) 71
Pt-X/CeO2−ZrO2 (X = Pr, Gd, La) 71
Pd,Pd(PdO),Pt/Al2O3 72−74
CO oxidation
Au/A2O3, Au/TiO2 75−77
additional oxidation reactions 11,13,78−81
surface acidity
Zeolites and oxide catalysts 82
N2 adsorption
LiX (X = zeolite) 83
NaCaX (X = zeolite) 84
KBaLa (X = zeolite) 85
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surface residence times, site activity, and concentration of the
mean species during steps (1) and (2). The results showed that
NO2 is the chain initiator, which enhanced the site activity
necessary for the formation of CO2 and additionally acts as a
chain terminator.
SSITKA has been also applied to CH4 oxidation for a better

understanding of the surface dynamics69 or to evaluate the
oxygen mobility in the catalyst.40,71 Machocki and co-workers
reported the methane flameless combustion over a Pd(PdO)/
Al2O3 catalyst by using the SSITKA method to study the
oxygen mobility in the catalyst.72−74 The results from the
switches between 16O2/Ar/CH4/He and 18O2/CH4/He in-
dicated that large quantities of oxygen and surface inter-
mediates point to the formation of CO2 on the palladium
surface. The number of active sites increased with temperature
due to an increase in the amount of oxygen available from the
catalyst. Additionally, Machocki and co-workers found that at
the steady-state of methane oxidation on the Pd-based catalyst,
there were available short- and long-resided CO2 molecules on
the catalyst surface. The surface residence time of both species
decreased with the temperature.74

Surface heterogeneity and the effect of promotion have been
studied using SSITKA over Ru/SiO2 catalyst for ammonia
synthesis.16 The catalyst was tested at 674 K, 2 bar, and H2/N2
ratio of 3. SSITKA experiments were performed with 14N2/

15N2
isotopic switches. The results pointed out that potassium
promotion enhanced the reaction rate almost 50 times. This
increase was due to the creation of additional super active sites,
whereas unpromoted Ru/SiO2 catalyst has essentially only one
type of site. It is the high activity of these new sites which
produces the high activity of K promoted Ru for ammonia
synthesis. Besides, McClaine and co-workers have studied the
ammonia synthesis by SSITKA in order to determine other
kinetic parameters, such as TOF and the fractional surface
coverage of intermediates.14,15

The role of the catalyst composition has been also widely
investigated by SSITKA. Support properties, such as acidity or
composition, can be crucial for the understanding of the
reaction or possible deactivation mechanisms. Kim and co-
workers have studied the deactivation of promoted and
unpromoted acidic sulfated zirconia (SZ) catalyst in butane
isomerization at 423 K.22−25 The authors discovered that only
1−2% of the total sulfate species appeared to adsorb efficiently
reaction intermediates and that the loss of active sites resulted
as the main reason for catalyst deactivation. It appears that the
deactivation of the active sites was the main reason for the fast
deactivation, less than or equal to 100 min on stream. The
deactivation mechanism of the active sites was associated with
the possible sulfur reduction and coke/oligomer formation on
the catalyst surface.23 Regarding the role of promoters, SZ
doped by Al2O3 showed a substantial increase in the
concentration of surface intermediates, which can explain the
approximate 30% increase in catalytic performance at 523 K.25

SZ doped by Pt and the addition of hydrogen to the reaction
mixture showed a great decrease in the deactivation during
isomerization.24 In order to improve the activity or the stability
of the catalyst, platinum requires the presence of additional
hydrogen in the feed. The activity and stability of the catalyst
was improved, despite that the average reaction rate decreased
slightly, when both H2 addition and Pt promotion were used at
523 K as a result of an increase in the active surface
intermediates leading to the product.

Another feature of the support that has been evaluated by
SSITKA is the physisorption capability. Bajusz and co-workers
reported the study of N2 adsorption behavior in a LiX zeolite.83

Nitrogen adsorption isotherms at different partial pressures of
N2 were measured at temperatures between 303 and 338 K
using isotopic switches between 14N2/

15N2. The results showed
that the amount of N2 adsorbed obtained per total Li cation
(between 0.01 and 0.06 molecules/cation) are in good
agreement with the data collected using other techniques.
SSITKA also allows comparing the adsorption behavior of gas
mixturesthat is, O2 and N2.

84

In summary, the SSITKA technique can be applied to a wide
range of different reactions, and it is not only a valuable
technique to calculate kinetic parameters in order to elucidate
reaction pathways. Additionally, it also enables the possibility to
study the properties of the catalyst, the site heterogeneity, or
the effect of its composition in the reaction mechanism.
Advanced calculation and modeling methods provide a way to
obtain more information about kinetic parameters such as
reactivity distribution and, in some cases, side processes such as
readsorption reactions.

3. STUDY OF FISCHER−TROPSCH SYNTHESIS BY
SSITKA

The catalytic production of hydrocarbons from synthesis gas
(mixture of H2 + CO), universally named Fischer−Tropsch
(FT) synthesis, is considered an outstanding industrial process
because it allows the transformation of different carbon
resources into valuable chemicals or liquid fuels. A wide variety
of products can be obtained depending on different factors,
such as catalyst composition, reaction conditions, or exper-
imental parameters (i.e., reactor design).86−89 The FT
mechanism is known to be a polymerization-like reaction
with a high number of intermediate steps involved, and it is
strongly dependent on catalyst composition. Thus, due to the
complexity of the process, several suggestions for the reaction
mechanism have been proposed to explain the different
selectivity obtained, which depends on the polymerization
chain growth probability.87,90−93 The identification of the chain
initiator and the study of its propagation is the key for
understanding and predicting the product selectivity as well as
for the design of the catalyst.
Within the different proposed mechanisms, there is only

limited understanding of the quantity, reactivity, and chemical
identity of the participating surface species.94 For this reason,
the CO hydrogenation has been the most investigated reaction
by SSITKA aiming at a better understanding of this complex
reaction mechanism, although still nowadays there are many
aspects that are still in debate.

3.1. Effect of Catalyst Properties and Operating
Conditions. Many authors have carried out their research on
the study of the effect of different parameters, for instance,
catalyst properties (metal identity, promoters, supports, and
metal particle size) and operating conditions (H2 and CO
partial pressures, temperature, activation method, water) on
CO conversion and product distribution using SSITKA to
elucidate their effects on catalytic performance in terms of the
number of the intermediates, the site reactivity or other kinetic
parameters. Co- or Fe-based catalysts have been studied
extensively in Fischer−Tropsch synthesis, but also the reaction
has been carried out on noble metal such as, Ru, Pt, and Rd
(Table 3).
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3.1.1. Effects of Catalyst Properties. Among all the
parameters studied, promoter effects were mostly investigated
by SSITKA. For Co-based catalysts, the promoters Re, Pt, Ru,
La, and alkali metal were studied. Re,95 Pt,96,97 Ru98 were
reported to significantly increase catalyst activity and Re could
slightly enhance C5+ selectivity.28,95−100 Promotion facilitates
the reduction of cobalt atoms and increases the number of
metallic cobalt exposed to the reaction feed, resulting in an
increase in the reaction rates. SSITKA with carbon tracing was
carried out to evaluate both number of active intermediates and
its intrinsic reactivity during the Fischer−Tropsch synthesis.
SSITKA studies reveal that the addition of nobel metals
promotes the concentration of active surface intermediates
leading to CH4, whereas no substantial influence was detected
by addition of rhenium or platinum. Oxide promoter La101−103

and MnO2
104,105 were reported to mainly increase higher

hydrocarbon selectivity. Small amounts of La3+ increased
activity, whereas excess La3+ caused a decrease in activity.
SSITKA studies showed that the observed changes in activity
are due to changes in the overall amount of intermediates
leading to methane (NCHx) but not due to changes in its
reactivity. However, MnO2 promotion raises the residence time
and site coverage of NCHx. In addition, higher NCHx coverage
affects the selectivity toward C5+ and methane compounds.
Higher coverage of NCHx intermediates could lead to a high
chain growth probability, which causes an increase in selectivity
toward C5+ hydrocarbons and a decrease in selectivity to
methane.104

Iron-based catalysts are frequently promoted by adding alkali
metals (Li, Na, K) in ppm level, whereas small amounts could
significantly decrease catalytic activity for Co-based cata-
lyst.106−108 Carbon selectivity to CH4 decreased with increasing
alkali loading, while CO2 and C5+ hydrocarbon selectivities
increased. SSITKA study on 1% and 2% Na promoted Co
catalysts showed that the presence of sodium decreases
substantially the amount and reactivity of surface intermediates
leading to methane, probably due to a lower H coverage,
electronic effects, and site blocking by sodium atoms.106

K and Cu are most commonly used promoters for Fe-based
catalysts; K enhances higher hydrocarbon selectivity, while Cu
mainly enhances the reduction of Fe. Addition of potassium to
iron or Mn-promoted iron catalysts has different effects
depending on the concentration of potassium, regardless of
the presence of Mn. Although low K concentrations can
enhance the catalytic activity, the percentage of light olefins
(C2−C4 fraction) and chain growth probability (α), the excess
of K can reduce the catalytic activity.109 The enhancement in
catalytic activity was related to an increase in the number of
NCHx intermediates leading to the formation of hydrocarbons.
The methane formation over (un)promoted iron catalysts with
K were studied by dosing CO in hydrogen in another study.110

The results suggested that the presence of potassium
establishes a new and slower reaction route toward methane
formation, while the reaction route toward higher hydrocarbons
remains unchanged.
The catalytic activity in the Fischer−Tropsch and the water−

gas shift (WGS) reactions may also be raised by adding other
transition metals (Cr, Mn, Mo, Ta, V, W, Zr) to Fe and Cu (all
except W). The highest increase was achieved by Cr-, Mn- and
Zr-promotion, despite that it did not affect hydrocarbon
selectivity.111 The enhancement in the catalytic activity has
been related to an increase in the number of intermediates
leading to hydrocarbons.112−115

Noble metals are also active for CO hydrogenation; however,
the price limits their use at an industrial scale. Alkali promotion
has been studied on noble metals (Ru, Pt, Pd) for FT
synthesis.116 SSITKA experiments using 12C/13C switches were
performed to study the effects of potassium on the methane-
producing sites during CO hydrogenation over Ru/SiO2
catalysts with K-promotion loadings (K/Ru atom) up to 0.2.
The SSITKA results indicated that carbidic carbon species
evolved into methane via two different pathways: a high-
reactivity (C1α) and a low-reactivity (C1β) route.43 High
concentration of potassium promoter decreases the abundance
and the intrinsic activity of both pools, affecting C1α to a greater
extent. The detriment effect may be caused by changes in
carbon−metal interaction due to the presence of potassium.
The promotion may be able to strengthen this interaction,
making the hydrogenation step more difficult. Methanation was
investigated on a 4.5 wt % Pt/SiO2 promoted with different
amount of K+ (K+/Pt = 0, 0.1, 0.2) for two different
temperature ranges (503−552 K and 573−665 K).117 Kinetic
studies combined with SSITKA suggest that K+ serve as a rate
promoter at low reaction temperatures, whereas its only
effective function is site blockage at higher temperatures. Li
promotion is known to increase the methanol synthesis
reaction rate on Pd. The mechanism of Li promotion of Pd/
SiO2 at 483−563 K and 1.8 atm was studied using SSITKA with
12C/13C isotopic switches to reveal the consequences of Li
addition on the methanol-producing sites during the first 10
min of reaction.118,119 The results pointed out that Li increased
the active surface intermediates concentration, most probably
due to a higher number of surface sites or an increase in the site
coverage of the active intermediates on the surface. However,
the calculation of the methanol formation rate constant
(kMeOH) showed a lower value for the promoted catalyst.
Nevertheless, the overall effect is that Li promotion enhances
the catalytic activity because the changes in the concentration
of active sites is more significant than the changes in the rate
constant values.
Support modification is another way to tune the catalytic

activity and selectivity. The addition of zirconia and zinc to the
alumina on supported cobalt catalysts has been studied under
CO hydrogenation.120−124 Zirconia promotion has positive
effects in the catalytic performance, leading to an increase in
both catalytic activity and selectivity to hydrocarbons. These
effects may be due to an enhancement of Co reducibility by the
presence of Zr which could inhibit Co aluminates formation
over the surface. SSITKA results have demonstrated that the
main effect of Zr on the catalysts is the increase in the number
of active intermediates and active Co surface sites, whereas the
changes in intrinsic activity were negligible. Impregnation of
Co−Re catalyst with Zn showed a strong and negative loading-
dependence effect on catalytic performance in terms of activity
and selectivity, whereas the addition of Zn to the support
followed by calcination at 1173 K and impregnation with Co−
Re had negligible impact on the selectivity toward high
hydrocarbons (C5+).

124 The detrimental effects of Zn have
been ascribed to similar effects observed after the addition of
alkalines reported in the literature.125,126 SSITKA tests pointed
out that the presence of Zn causes both increase in the
residence time of intermediates leading to methane and a
decrease in selectivity toward methane. Otherwise, Zn has no
effect on the concentration of adsorbed carbon monoxide
(Nco).

123
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The characteristics of alumina, such as crystalline phase and
pore size have an impact on the cobalt activity and
selectivity.127 SSITKA experiments switching between
12C/13C showed an increase in the number of intermediates
leading to methane upon catalysts with medium pore size
compared to catalysts with smaller pore size. Higher number of
intermediates was also found in samples with δ- and α-Al2O3

phases compared to γ- and θ-Al2O3. The same trend observed
in the amount of active intermediates is also followed in terms
of selectivity toward C5+. α-Al2O3 showed the highest selectivity
to C5+; however, it suffers from low cobalt dispersion due to
low surface area. In order to take advantage of the catalytic
performance offered by α-Al2O3, a new macroporous structured
(MPS-Al2O3) support was synthesized from α-Al2O3 nano-
particles to improve the supported cobalt dispersion.128 The
results obtained with this new support combine the benefits
obtained of α-Al2O3 and γ-Al2O3 as supports, displaying similar
catalytic performance compared to conventional Co/γ-Al2O3

and Co/α-Al2O3 catalysts, respectively. The kinetic parameters
such as intrinsic rate constant and site coverage of
intermediates leading to methane remains unchanged as Co/
α-Al2O3, whereas the number of active intermediates has
increased substantially due to better cobalt dispersion on MPS-
Al2O3. Similarly, mesoporous MCM-41 supported cobalt
catalysts have higher reaction rate compared to silica supported
ones. These results are ascribed to a larger amount of surface
intermediates but not the result of changes in their intrinsic
activity.
The SSITKA technique has been successfully applied for

understanding particle size effect on the FT synthesis.129−132 It

has been extensively accepted that there is no significant change
in the reaction rate for cobalt particle sizes larger than 10
nm.133 Catalysts containing Co particles below 10 nm showed
higher methane selectivity and an overall decrease in catalytic
activity.130,131,134−136 In the case of cobalt supported on carbon
material with smaller Co particles (<6 nm), SSITKA reveals an
increase in the residence times of reversibly bonded CHx and
OHx intermediates, while the residence time of adsorbed
carbon monoxide decreased. In terms of coverage of the
reactants, small Co particles showed higher coverage of
irreversibly bonded CO, a fact that was related to an increase
in the number of low-coordinated sites on the surface.
Conversely, this catalyst showed a higher hydrogen coverage
that increased the selectivity toward methane. In addition, it has
been observed that small Co particles showed lower turnover
frequency (TOF) values. This phenomenon has been related to
a lower intrinsic activity of the small Co terraces and to a
blockage of corner sites. The study on cobalt catalysts
supported on alumina showed a decrease of surface
intermediates without changing the intrinsic activity (τM) on
different sized particles.130 Both studies pointed to the fact that
a larger fraction of the cobalt surface was blocked when particle
size is smaller than 6−8 nm at reaction conditions. The particle
size effect has also been reported on Ru/γ-Al2O3 catalyst from a
size range of 4−23 nm.134 Ru clusters <10 nm showed a
decrease in CO residence time as the cluster size increases up
to 10 nm. These results have been related to a partial blockage
of active sites originated by a stronger CO adsorption on the
clusters.

Table 3. Role of Different Parameters in Fischer−Tropsch evaluated by SSITKA

parameters comments refs

promoters
Co−La, Pt, Ru, Re, Alkali(Na,K, Li), MnO2, Cu Pt, Ru, Re increase activity, slightly enhance selectivity for Re, increase number of

intermediates
28,95−100

Na, K, Li decrease activity, enhance C5+ selectivity, decrease in both intermediates and
intrinsic activity

106−108

La, MnO2 causing increase or decrease intermediates, may cause change in intrinsic activities 101−105
Cu enhances the selectivity toward alcohols but reduces CO conversion 153

Fe−K,Mn,Cr,Zr increase active surface intermediates leading to hydrocarbons, K may change the methane
formation routes

109−115

Ru−K decrease the amount and reactivity of two carbidic pools leading to methane 116
Pt−K K+ serve as a rate promoter at low reaction temperatures while its only effective function is

site blockage at higher temperatures
117

Pd−Li increase active surface intermediates, slightly decrease intrinsic activity 118,119
support modification
Co−Zr, Zn, alumina phase, mesoporous alumina,
mesoporous silica

Zr increase active surface intermediates, not influence intrinsic activity 120−122

Zn decreases intrinsic activity 123−126
alumina phase and morphology modify surface intermediates, do not change intrinsic activity 127,128

particle size
Co higher coverage of irreversibly bonded CO, lower amount of active surface intermediates,

lower or constant intrinsic activity
130,131,135,136

Ru lower amount of active surface intermediates, constant intrinsic activity, increased CO
residence time

129,132

process conditions
temperature increase intrinsic activity (1/τCH4) 137
H2 partial pressure increase surface H concentration, increase intrinsic activity(1/τCH4), may change surface

intermediates(NCH4)
139,143

H2/CO ratio affect the intrinsic activity (τCH4) slightly 137
water154 small amount of water increase activity by increasing amount of surface carbon 142

excess amount cause deactivation due to decreased active surface intermediates 140,141
activation increase intrinsic activity (1/τCH4) 152
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The effects of rhenium promotion, cobalt loading, or
different support composition of the support have been studied
by SSITKA regarding methane selectivity and reaction rate.
The results over the catalysts tested showed negligible
differences in the surface residence time of intermediates
leading to methane, which means the intrinsic activity is
independent of promotion, cobalt loading, and support. This is
consistent with what has been discussed above. The major
changes of activity and selectivity are due to the change in
abundance of surface intermediates (NCH4) instead of an
impact on intrinsic activity (τCH4). Alkali promoter (Na, K, Li)
or oxide promoter (Mn, Zn, La) might influence intrinsic
activity (τCH4) trough modification of the interaction of CO
with cobalt.
3.1.2. Effects of Operating Conditions. Operating con-

ditions may have a significant impact on the catalytic
performance. The effects of H2 and water pressure, temper-
ature, and H2/CO ratio were investigated by SSITKA.137−142

The study on Co/γ-Al2O3 and CoRe/γ-Al2O3 catalysts showed
that changes in CO partial pressure or operating conditions,
such as temperature or space velocity, have no significant
influence in CO adsorption. The intrinsic activity (τCH4) may
be slightly affected by changes in space velocity, H2/CO ratio,
and temperature, whereas the total or partial pressures of the
reactants have a tenuous effect.137 It has been also pointed out
that changes in operating conditions, such as temperature, total
pressure, H2/CO ratio or H2, CO partial pressures have no
significant influence on the concentration and site coverage of
surface intermediates. Methane selectivity showed a remarkable
dependence toward operating conditions, indicating that
methane selectivity is being influenced not only by its surface
precursors but also by operating conditions. The relative
coverage of hydrogen can be estimated from SSITKA
parameters and increases at higher H2 partial pressure.139

Since higher hydrogen coverage enhances the hydrogenation of
the surface carbon, this is suggested to explain increase in the
surface coverage of methane intermediates (NM) with H2
partial pressure. NM showed a complex dependency on H2
partial pressure, temperature, and deactivation.138 The average
surface residence time of the methane intermediates (τM)
decreased accordingly with increasing H2 partial pressure
because the pseudo-first-order rate constant, defined as the
inverse of the surface residence time (1/τM), includes the
hydrogen surface concentration.139,143

Water is reported to enhance selectivity of higher hydro-
carbons (C5+). The effect on the FT activity is very complicated
and depends on various factors, such as water partial pressure
and catalyst support type.140−142,144−152 Positive effect, negative
effect, and no effect have all been reported. The effect of water
on the FT synthesis over alumina-supported cobalt catalysts has
been studied using isotopic transient kinetic methods
(SSITKA) in combination with steady-state measurements.
The catalyst was tested before and after water treatment, and
water addition decreased the total number of active surface sites
without changing its intrinsic activity.140,141 On a Co−Re
catalyst, it was revealed that water promotes the formation and
deposition of monomeric carbon species on the catalytic
surface,142 due to the enhancement of CO dissociation without
promoting the formation of hydrocarbons. These results give
an explanation to the lower methane and higher hydrocarbons
selectivities achieved under the presence of high amounts of
water.

As a summary, Table 3 contains a compilation of the effects
of different parameters evaluated in Fischer−Tropsch reaction
mechanism by SSITKA.

3.2. Study of Reaction Mechanisms. SSITKA analysis
helps to determine some kinetic parameters of the
intermediates, but it is not possible to describe the complete
reaction mechanism. Due to the complexity of Fischer−
Tropsch synthesis, it is very common to set the reaction
conditions to favor the formation of methane by increasing the
partial pressure of hydrogen (also called methanation
conditions) to simplify the reaction mechanism and develop
an easy way to study the kinetic parameters.
In order to study the Fischer−Tropsch process under

industrial conditions and, thus, obtain a complex product
distribution, it is necessary to include other methods to
determine the reaction intermediates and the kinetic parame-
ters of the reaction pattern.155−160 To achieve this aim, many
authors have completed the SSITKA analysis with multiproduct
analysis,161−164 theoretical modeling,165−168 density functional
theory (DFT) methods, isotopic tracing,26,169,170 or use of
probe molecules,171 among others.2,3 Besides, it is possible to
find in the literature various studies of chemical reactions
different from Fischer−Tropsch that have been studied
combining SSITKA analysis with theoretical model-
ing.13,44,53,55,69,81,158,172−177

The multicomponent SSITKA is a methodology used
previously by Stockwell and co-workers178 and more recently
by Goodwin Jr. and co-workers161−164 to study the kinetics of
CO hydrogenation. Different samples of the multiple products
formed during CO hydrogenation are collected, separated by
gas chromatography, and then the C2+ products are converted
to CH4 through a hydrogenation reactor prior to their
admission to the mass spectrometer. The main advantage of
this method is that it is possible to construct the isotopic
transients for the various products and determine their surface
parameters without overlapping the signals of the different
products due to MS fragmentation. This methodology permits
the researcher to compare and figure out on which active sites
the different products appear to be formed and determine
whether similar products are formed through the same active
site pattern.
New approaches for unravelling complex reaction mecha-

nisms have been achieved combining the integration of
transient and steady-state kinetic modeling, experimental,
and/or DFT investigations. To date, the reaction mechanisms
reported in the literature are not able to describe the full
distribution of Fischer−Tropsch possible products. Kinetic
equations proposed for this process are based on mechanisms
with postulated rate-determining steps or have been developed
empirically. The FT reaction mechanism has been mainly
studied in combination with CSTR reactor modeling under
methanation conditions27,47,48,178 and only a few investigations
deal with PFR modeling, adding C−C coupling reaction rates,
surface concentrations or included possible adsorption−
desorption of the intermediates.27,45−47

Schouten and co-workers have combined experimental data
and computational modeling to identify and discriminate
between different mechanistic models for the Fischer−Tropsch
synthesis.27,45,46,48,179 First, they considered only the methana-
tion reaction,27 and then they expanded the modeling including
C−C bond coupling reaction by introducing the formation of
ethane. Experimentally, they have analyzed the transient
response of the C2+ compounds by GC-MS product analysis,
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which allows the detection of non-, partial-, and fully labeled
compounds. This method allowed them to propose a
mechanism where Cs and CHs were the active C1 species and
both participate in chain initiation to form reactive C2 species,
such as CsCHs. This model can be extended to the formation of
C3 species but there are some limitations in detection of C3
partially labeled transients, and thus, it is difficult to optimize
the rate constants for C3 compounds. Figure 6 showed a
summary of reaction routes in the Fischer−Tropsch process.48

Holmen and co-workers have included DFT investigations of
kinetic isotopic effects in the experimental data and modeling in
order to determine the equilibrium constants of H2 and CO
adsorption and a detailed collection of surface species,
including their concentrations and reactivity under methanation
conditions over carbon nanotubes.47 The results showed that
the CO activation route goes by a hydrogen-assisted CO
dissociation, and as a consequence, two different carbon
intermediates leading to two different reaction pathways for
methane formation were found.

4. APPLICATIONS OF SSITKA IN REACTIONS FOR
FUEL CELLS AND PHOTOCATALYSIS

4.1. Reactions for Fuel Cells Studied by SSITKA. Fuel
cells are considered a potential technology due to the wide
range of possible applications, for example, as a substitute of
internal combustion engines in vehicles or their use as electric
power generators. Proton Exchange Membrane Fuel Cells
(PEMFCs) can transform a source of hydrogen and oxygen
into energy and water as a byproduct. The typical hydrogen
used in fuel cell technologies contains CO and CO2 in a
concentration level around 1% (10 000 ppm) because it is
traditionally produced from the partial oxidation or the steam
reforming of hydrocarbons. A variety of further purification
steps must be carried out since removing CO from the stream
is remarkably important for operating the fuel cells efficiently. It
is well-known that the presence of CO at ppm levels can poison
the platinum anode by adsorbing firmly on the platinum surface
and blocking the sites for hydrogen oxidation. For this reason,
the level of CO in hydrogen must be below 10 ppm to be used
in fuel cells.
SSITKA experiments are very effective to evaluate and

compare the H2 and CO competitive adsorption on anode
surface using the isotopic exchange between 13CO and 12CO.
Sirijaruphan, Goodwin Jr., and co-workers have demonstrated
the utilization of metal foams in the selective oxidation of CO
using Au, Pt, and Fe-promoted platinum catalysts.11,180,181 The
results in surface coverage and CO2 selectivity have been
compared to the typical powder catalysts. Figure 7 shows
SSITKA results (rate constant, surface intermediates, and
surface CO concentrations) for both powdered and foam-based
Pt catalysts with different pore size.180 The foam-based and the
powdered catalysts with analogous composition showed similar
CO oxidation activity. A low total amount of CO adsorbed
during reaction, higher CO2 selectivity, and higher pseudo-first-
order rate constant were observed in the foam-based catalyst
compared to the powdered catalyst due to iron impurities
present in the washcoat coming possibly from the metal foam.
No significant differences were found in the concentration of
active surface intermediates for both types of catalysts. All the
catalysts tested showed a great initial performance in terms of
activity and selectivity during the first 30 min on stream
followed by severe deactivation.11 SSITKA analysis pointed out

that the deactivation was mainly caused by a decrease in the
amount of surface CO2 intermediates.
Davies and co-workers have studied the relevant adsorption

and desorption rate constants of the processes that occur in the
anode of a PEM fuel cell over platinum and platinum−
ruthenium catalysts.182−184 SSITKA experiments have been
carried out using 13CO/12CO switches to study the H2 and CO
competitive adsorption on commercial Pt and PtRu catalysts.
The results showed that the addition of ruthenium as a second
metal increases the tolerance toward CO adsorption on the
anode.185 This promotion may be explained by three different
proposed mechanisms: the bifunctional effect, the ligand effect,
and the detoxification mechanism. A detailed description of the
different mechanisms can be found in the literature.184,186−188

The authors have compared these results with those obtained
using 100 ppm of CO in H2. The main conclusions of this work
indicated that at high concentration of CO there is no
significant difference in the rate of exchange on Pt and PtRu. At
concentrations around 100 ppm, the competition between
hydrogen and CO arises and the exchange rate on PtRu surface
is lowered compared to the exchange rate on Pt. This
phenomenon can be explained due to lower equilibrium
coverage for CO on PtRu catalyst, which enhances the
oxidation of hydrogen. The balance between the rate of
exchange and equilibrium coverage becomes a key feature to
elucidate the main mechanism for CO tolerance.

4.2. Use of SSITKA in Photocatalysis. The removal of
hazardous chemicals has become a relevant concern because of
the considerable increase in environmental pollution due to the
exponential growth of population and the increase of industrial
activities. Photocatalysis arises as an auxiliary process to
standard techniques to convert hazardous wastes, such as
filtration, anaerobic digestion, or physicochemical treatments.

Figure 7. SSITKA results: (a) average pseudo-first-order rate constant;
(b) concentration of surface CO2 intermediates; (c) total concen-
tration of surface CO for the powdered Pt (○) and foam-based Pt
catalysts (gray ▽ = 405Pt, ▲= 505Pt). (Reproduced from ref 180.
Copyright 2005, Elsevier.)
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Heterogeneous photocatalysis is nowadays a well-known
process for the oxidation of pollutants in air but is still
challenging due to the complexity of studying heterogeneous
catalysts in the gas phase compared to liquid phase.
The operando infrared (IR) technique applied to heteroge-

neous catalysis has been developed recently to study some
processes for air purification. This is a powerful technique to
establish the composition of the intermediates that are involved
in the process and propose a reaction mechanism. Unfortu-
nately, it is not possible to study the kinetic parameters to
validate the air purification mechanism. For these reasons, it has
been further investigated by the use of the SSITKA technique
in combination with an operando analysis to elucidate the
nature of the main intermediates and the determination of the
kinetic parameters. El-Roz and co-workers have applied this
integrated technique in the photocatalytic oxidation of
methanol.189 This work investigates the kinetics of the reaction
mechanism in the study of a new photocatalyst (hierarchical
TiO2, named TiO2-L) in air purification from MeOH as
standard for volatile organic compounds (VOCs). The
performance of this new photocatalyst has been compared to
the performance obtained by commercial TiO2, named TiO2−
P25. SSITKA switches between 12CH3OH/

13CH3OH coupled
with an operando IR analysis system exhibited outstanding
results in the qualitative determination of intermediates in
methanol oxidation.
This new operando spectroscopic technique showed an

advancement in studying the photocatalytic activity and could
also describe the role of the surface species in the reaction
mechanism. In Figure 8, the changes in IR band intensities for
adsorbed species and final products on TiO2−P25 after the
switch 13CH3OH/

12CH3OH are depicted. This study allowed
establishing relationships between intermediates and final
products. Formates generated on TiO2-L showed higher
stability than on TiO2−P25. Only a small fraction of the
overall amount of formate species on the surface of the catalyst
is involved in the main reaction mechanism, whereas the other
formate species are merely spectators. During SSITKA
experiments, the shift rates between methoxy species and
final products were comparable on both photocatalysts (as seen
in Figure 8), denoting methoxy species as the main
intermediates in methanol photo-oxidation.

5. SSITKA COUPLED WITH SPECTROSCOPIC
TECHNIQUES

One of the limitations of the SSITKA technique is that it is
unable to determine the composition of intermediate species.
This technique allows identifying abundance of intermediates
and their kinetic parameters, but it is not possible to determine
the composition of the adsorbed intermediates involved in the
reaction mechanism. Otherwise, Infrared (IR) spectroscopy is
commonly used to study the interaction between adsorbed
species and heterogeneous catalytic surfaces,190 but the
experiments are usually carried out under conditions that are
not suitable to determine kinetic parameters.
The combination of in situ/operando spectroscopic data and

kinetics was first introduced by Dalziel et al. in 1957191 and
Tamaru et al. in the 1960s.192,193 The studies of Tamaru and
co-workers were the first tries to establish a correlation between
the reactivity of surface species and reaction rates measured in
the water−gas shift reaction over catalysts containing metal
oxides. Transmission IR spectroscopy allows the direct
observation of adsorbed species under reaction conditions.
Coupling in situ IR with SSITKA may supply valuable
information on the surface coverage of IR observable species
under reaction conditions and the combination of both
techniques offers the possibility to discriminate between main
intermediates and adsorbed species that do not participate
directly in the reaction mechanism, commonly named
spectators. The collection of infrared spectroscopic data and
kinetic measurements can grant us the ability to link a particular
surface intermediate to a given reaction product.194

The main difficulty of the combination of these techniques is
the construction of the reaction cell, because they have to be
designed and built specifically to carry out both measurements
under the desired reaction conditions. It must be pointed out
that the reaction chamber used by Tamaru and co-work-
ers192,193 was a dual-bed cellone section needs a small
amount of sample (around 300 mg) to carry out transmission
IR measurements and a second section containing around 10 g
of catalyst to perform the transient kinetics measurements,
because an assessable conversion level is required. The
utilization of a dual cell implies the challenge that each section
depends on different experimental parameters and is more
complicated to ensure steady-state conditions in both parts.
Chuang and co-workers were the first to couple both

techniques using a single bed reactor during the 1990s.195−198

This is a very valuable improvement and can be used to
elucidate the role of the surface species detected on catalytic

Figure 8. IR band intensities versus time (A) for adsorbed species on TiO2−P25 and (B) for final products in the gas phase. (Reproduced from ref
189. Copyright 2013, American Chemical Society.)
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surfaces under reaction conditions. A scheme of the system is
displayed in Figure 9, extracted from Meunier’s review.194

The discrimination between active and spectator species can
be achieved by comparing the isotopic exchange rate of the
surface species measured by operando IR to the exchange rate
of the species in the gas phase measured by MS. Surface species
can only contribute to the main reaction pathway if the isotope
exchange is as fast as the exchange of products in the reactor
outlet. Minor reaction intermediates and spectator species are
detected by slower isotopic exchange or no exchange,
respectively.194

The SSITKA technique has been also coupled to other
infrared techniques, such as DRIFT (Diffuse Reflectance
Infrared Fourier Transform) spectroscopy. Goguet and co-
workers were the first group to report an isotopic transient
study testing a DRIFTS cell as a single bed reactor.199 A
scheme of the reactor design can be found in the review of
Yang and co-workers.200 The main difference between DRIFTS
and transmission mode is that only a minor portion of the
sample is being tested, and therefore, less resolution is obtained
in reflectance mode. Besides, concentration gradients may
occur because of nonzero conversion over the packed bed as
well as the possibility of temperature gradients within the
sample. The main studies using the combination of SSITKA
and DRIFTS techniques are focused on the reactivity of surface
species under reaction conditions. Although this technique has
been mainly applied in a qualitative point of view, it has been
proved that DRIFTS can be an accurate quantitative tool for
operando studies if an appropriate calibration relating band
intensity to the concentration of the species adsorbed on the
catalyst is procured.
Table 4 compiles in chronological order the basic processes

that have been studied up to date by coupling SSITKA and IR
techniques (both transmission and DRIFT) spectroscopies.
Even though there is a wide range of different reactions studied,
the main focus is common, as mentioned before: the coupling
of these techniques can procure information about the site
coverage of IR observable species and can potentially
discriminate between real and spectator intermediates.
In the 1990s, the spectrokinetic studies were focused on

oxidation,207−212 methanation,197,241,242 and hydroformyla-
tion195,196,244−246 reactions of small molecules. The exper-

imental limitations and the utilization of dual cells provoked
that only a limited group of catalytic reactions could be carried
out. At the beginning of the 2000s, the studies were centered
on selective reduction processes,233−240,248,249 which meant
that these techniques helped to improve the understanding of
the reaction mechanism of automotive catalysts. Because the
SSITKA technique was coupled to DRIFT spectroscopy for the
first time in 2004199 and because of the improvements achieved
in the reactor design, the studies started to investigate the
water−gas shift (WGS) reaction in its reverse−forward
directions.173,199,203,213−217,219−232 In recent years, other
applications can be found in the literature; for example, in
the work of Theologides and co-workers,243 spectrokinetic
techniques have been adapted to study the hydrogenation
mechanism of nitrates in water media, as well as in
photocatalytic applications, as explained in section 4.2.
As discussed in section 3, the reaction mechanism and

kinetics of methanation have been intensively studied by
SSITKA, and the surface coverage of CO and the surface pool
leading to methane formation were measured on different
catalysts and different conditions. In situ IR spectroscopy
combined with SSITKA was found to be an effective tool to
identify the nature of the surface pools leading to methane
formation. The results revealed that the reaction mechanism
depends on the catalysts used. Different CO species bonded to
the surface, such as linear and bridged molecules, were found
on Ni/A12O3,

201 Ni/SiO2
29 and Rh/SiO2.

202 The results
showed that CO dissociation mechanism prevailed over
hydrogen-assisted CO activation because no reactive H−C−
O species were detected on these catalysts. The nature of the
CHx pool could be further investigated using these combined
techniques. No CH was found on Ni/A12O3

201 which
suggested that “x” in CHx is close to zero. Surface carbon
(C*) is dominating in the surface pool on both Ni/A12O3

201

and Ni/SiO2
29, and a single rate-determining step was found.

The overall methanation rate is regulated by the competitive
reactions of carbon formation and hydrogenation over the
catalytic surface.201 However, in situ IR spectra and transient
responses revealed that adsorbed CO can be exchanged easily
with gaseous CO and that the hydrogenation of CHx
intermediate is the rate-determining step under steady-state
conditions on Rh/SiO2.

202 Compartment modeling and site

Figure 9. Scheme of the IR-MS-SSITKA system for the operando investigation of catalytic reactions. True reaction and minor intermediates are
denoted as I and S respectively. (Adapted from 194. Copyright 2010, Elsevier.)
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distribution analysis of the transient responses show that CHx is
hydrogenated to CH4 via a bimodal distribution of the rate
constant, where CO dissociation was detected as the rate-
determining step and linear CO depletes faster than bridged
CO.202 The power of the combined techniques (temperature-
screening and kinetic measurements, DRIFTS and SSITKA) in
mechanistic and kinetic studies was clearly demonstrated in a
comparative study of CO and CO2 hydrogenation on Ru/
zeolite and Ru/Al2O3 catalysts.205Temperature screening and
kinetic measurements revealed that the Ru activity in Ru/
zeolite was about 10 times higher compared to the activity in
Ru/Al2O3 catalyst. The main reaction intermediate in the
predominant reaction route for CO methanation on the Ru/
Al2O3 catalyst has been unequivocally identified as HCOad.
Nevertheless, HCOad intermediates have not been identified on
the Ru/zeolite catalyst. In this case, the reaction pathway
consists of two steps: first COad is dissociated and subsequently

converted into methane. In addition, surface formates act as
spectator species.205

Similarly, Schweicher and co-workers employed combined
DRIFTS and SSITKA to point out that formate/methylene
species observed by DRIFTS are mere spectator intermediates
in the ambient pressure Fischer−Tropsch reaction CO on Co/
MgO catalysts in a single fixed-bed reactor at 523 K and a H2/
CO ratio of 3.204 The SSITKA experiments showed that the
exchange rate of ethane, which is one of the main products of
CO hydrogenation, is substantially higher than that of formate/
methylene. Moreover, methylene is probably bounded to the
surface as CH2 skeleton in either hydrocarbon or carboxylate
species, while formate intermediates are adsorbed as bidentate
μ2-species to MgO or Co/MgO interface.
As mentioned previously, the coupling of SSITKA, DRIFTS,

and MS techniques helped in the elucidation of the main
reaction intermediates and spectator species of some catalytic
oxidation reactions207−212 and the WGS reaction in its forward

Table 4. Compilation of the Studies Carried out Coupling SSITKA and Spectroscopic Techniques

reaction and catalyst refs

CO hydrogenation
Ni/Al2O3 201
Rh, Ni, Cu, Ru/SiO2 29,202,203
Co/MgO 204
Ru/zeolite, Ru/Al2O3 205,206
oxidative catalysis
review of different reactions 207
CO oxidation over Pt 208
DME oxidation over MoOx/Al2O3 209
CO oxidation over Pd/CeO2−ZrO2−Al2O3 210
methanol oxidation over Au/CeO2 211
carbonylation of MeOH over Cu/Y 212
water-gas-shift (WGS)
Pt/CeO2 173,199,213−218
Au/Ce(La)O2 219
Au/CeZrO4 217,220
Pt/ZrO2 221
Pt, Pd, Rh/Al2O3

222,223

Pt over CeO2−MgO, CexZr1‑xO2, CeO2−La2O3 or CeO2−TiO2 224−228
Pt/TiO2 229
Pt/ThO2 228
Au/TiO2 230,231
CeO2/CuO 232
selective catalytic reduction
Pt/SiO2 233
Pt/La−Ce−Mn-O 233
Pd/Al2O3 234
M/Co3O4 (M = alkali) 234,235
Ca/La2O3 236
Fe−Pd−Rh/CeO2−Al2O3 237
Pt/MgO-CeO2 238,239
Fe/HBEA 240
methane reforming
Rh/Al2O3 197,241
(Pt, Ru, Ni, Ni−Ru)/Lx(Ce0.5Zr0.5)1‑xO2 L = Pr,Sm,Y 242
hydrogenation of nitrates in water
Pd−Cu/γ-Al2O3, Pd−Cu/TiO2−Al2O3 243
ethylene hydroformylation
Rh, Mn−Rh, Ce-Rh/SiO2 33,195,196,244−246
n-butane isomerization
sulfated zirconia 247
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or reverse directions.173,199,203,213−217,219−232 There has been a
lot of controversy about the nature of the main intermediates in
WGS, which basically are formate (−COOH) or carbonate
(−COOOH) species. Meunier and co-workers carried out
SSITKA switches between 12CO/13CO and in situ DRIFTS
analysis to figure out that the reactivity of surface formates over
a 2 wt % Pt/CeO2 catalyst can be increased by a small increase
in the reaction temperature during the water−gas shift
reaction.216 The conclusions set the different role of formate
species at different temperatures. Although it has been found
that formate intermediates are spectators at 433 K, they are the
main reaction intermediates at 493 K. This behavior has been
related to an increase in the presence of reduced ceria
compounds at higher temperatures than 473 K. These results
show the importance of the interaction between the formates
and the catalytic surface. Efstathiou and co-workers developed
an innovative transient experiment to measure the reaction
rates of the interaction of formate and CO species by water,
which concluded that formate species are not participating in
the main reaction network.173 Similar results have been
obtained with catalysts containing TiO2,

229−231 Al2O3
222,223

or other CeO2-based catalyst containing ZrO2,
221 doping

promoters219 (i.e., La) as supports or using different metals,
such as Au,219,220 Pd,222 Rh,222 CuO.232 SSITKA-DRIFTS
experiments have been carried out to study the presence and
evolution of formate and carbonate species over different
catalysts under WGS reaction conditions, and it was found that
both intermediates are spectators under these conditions. The
quantification of the concentration of surface species became
crucial to unambiguously demonstrate that the formates seen
by DRIFT are spectators for a range of catalysts based on
reducible oxides, despite the fact that these species exchanged
as fast as CO2 during SSITKA analysis at higher temper-
atures.194

The composition of the catalytic active site and the essential
mechanistic features of the selective catalytic reduction of NO
in oxidative atmosphere have also been studied by spectroki-
netic techniques.233−239 The typical isotopic switch that is
carried out in this reaction is 14NO/H2/O2 to

15NO/H2/O2 at
1 bar, temperatures between 393 and 573 K, and a wide range
of catalyst composition, mainly noble metals coated on
inorganic oxides, as seen in Table 4. Despite the differences
in catalyst composition, similar results have been obtained
when coupling SSITKA to DRIFTS technique. The main
intermediates in the process are NOx species (NO2

−). The
combination of SSITKA and DRIFTS demonstrated the
appearance of two active NOx intermediate species in the
reaction network toward N2 and N2O formation.236 Moreover,
inactive NOx intermediate species have been detected. The
difference between the NOx intermediates remains on their
structure due to different adsorption over the catalyst. Costa
and co-workers found two different NOx species irreversibly
bounded to the support of the catalyst Pt/La−Ce−Mn−O.233
Haneda and co-workers studied NO decomposition over
Co3O4 doped with different alkali metals and concluded that
NO is decomposed in the interface between the alkali metal
and Co3O4.

234,235 The results obtained by IR indicated this
reaction mechanism: first, NO2

− molecules are formed from the
adsorption of NO onto alkali metals, which are reduced
afterward by reacting with other adsorbed NO molecules to
generate N2 over the interface between the alkali metal and the
cobalt oxide. The studies carried out in the selective reduction
of NO suggest that a mixed nature of the support, which creates

different sites of interaction with the noble metal, is the
initiation step to the formation of different NOx intermediate
species who lead to N2 and N2O, the main products of this
reaction.233−235,237−240 Additionally, Anastasiadou and co-
workers studied the reaction over Ca/La2O3 catalyst, and
their results demonstrated that the formation of oxygen vacant
sites during the reaction promoted the formation of more active
chemisorbed NOx species that contributed to the enhancement
of the reaction rate.236

Yang and co-workers studied the reverse water−gas shift and
methanol synthesis process by measuring simultaneously the
site coverage and residence time of adsorbed formates over Cu/
SiO2 catalysts by MS and IR. A wide extent of pressures at
temperatures between 413 and 433 K were tested using
mixtures of CO2 and D2.

203 The residence time of the produced
intermediate (DCOO) under steady-state catalytic conditions
was measured by 12C/13C isotopic transient analysis. The rate
of the formate removal reaction, where formate species are
converted into a mixture of CO2 + 1/2H2, was found to be 2
orders of magnitude higher than the catalytic rates for both
reverse water−gas shift and methanol synthesis, indicating that
these reactions have no influence in the formate surface
coverage, and thus, it must be determined by an alternative way.
An alternative procedure to measure the formate site coverage
is studying the equilibrium between the gas phase (CO2 + H2)
and the production/decomposition of formate species. It has
been found that formate is the main intermediate in methanol
synthesis and its decomposition rate is faster when both D2 and
CO2 are present in the feed. Besides, readsorption of methanol
on the catalyst was detected and was partially responsible for
the additional delay on the residence time of methanol
intermediates.
The combined SSITKA and FTIR has also been applied to

study the CO2−CH4 reaction on Rh/Al2O3
197,241 and doped

ceria-zirconia supported metal catalysts.242 SSITKA switches
between 12CO/13CO at 773 K and 1 bar showed that linear CO
are active surface species, because the formation of 13CO2 is
similar to the formation of linear 13CO. Additionally, it was
found by in situ IR that hydrogen activates the adsorbed CO2
to produce linear CO, which were the major species on Rh/
Al2O3 during the reaction.

197 Linear CO is preferably adsorbed
on Rh0 sites suggesting that metallic Rh crystallites on Al2O3
are not oxidized under reaction conditions. The results also
indicated that that active carbon-containing species were the
main intermediates instead of active oxygen-containing species
leading to CO formation.241

Specificity of CH4 dry reforming mechanism for metal-
supported doped ceria-zirconia catalysts with high oxygen
mobility was elucidated by Bobin and co-workers using a
combination of transient kinetic methods (TAP, SSITKA) with
pulse microcalorimetry and in situ FTIR spectroscopy.242

Steady-state reaction of CH4 dry reforming is described by a
simple redox scheme with independent stages of CH4 and CO2
activation. This is provided by easy CO2 dissociation on
reduced sites of oxide supports followed by a fast oxygen
transfer along the surface/domain boundaries to metal sites
where CH4 is transformed to CO and H2. The rate-limiting
stage is irreversible transformation of CH4 on metal sites, while
CO2 transformation proceeds much faster being reversible for
steady-state surface. Ni + Ru clusters may participate in CO2
activation and C−O bond breaking in the transition state,
making CO2 capable to reoxidize methane molecules. Strongly
bound carbonates are detected as mere spectators.
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Theologides and co-workers demonstrated that coupling ex
situ DRIFTS and SSITKA experiments is a useful technique in
catalytic hydrogenation of nitrates over Pd−Cu-based cata-
lysts.243 The results pointed out that both the presence of TiO2
in the support and the presence of oxygen in the feed stream
enhance the formation and adsorption of different active N-
intermediates on the support or on the surface of Pd−Cu
catalysts. In addition, it has been found that Cu clusters
increase the reduction rate of nitrates. The combination of
SSITKA and DRIFTS techniques allowed detecting a hydrogen
spillover process from the Pd−Cu phase to the support.
Balakos and co-workers have studied the ethylene hydro-

formylation reaction by SSITKA and in situ IR spectroscopy
using the SiO2-based catalyst containing Ce−Rh,

195 Rh196,244 or
Mn−Rh245,246 as active phase. The kinetic study of Ce−Rh/
SiO2 has been carried out by changing the concentration of the
reactant feed from Ar/12CO/H2/C2H4 (0.02:1:5:5) to 13CO/
H2/C2H4 (1:5:5) at 453 K and 1 bar.195 Surface carbonate
species were found to be spectator species.
In addition to the powerful ability of combined SSITKA and

IR in mechanistic studies, the combined techniques have been
approved to enhance the reliability of kinetic modeling. The
effect of partial pressures of the reactants in the formation rates
of ethane and propionaldehyde and the site coverage of
adsorbed CO and acyl species have been evaluated at steady-
state on a 4 wt % Rh/SiO2 catalyst.

244 The dynamic response of
C2H5

13CHO to a 13CO pulse input was used to calculate the
site coverage of the intermediates during ethylene hydro-
formylation. Besides, the coverage of adsorbed CO was
measured by in situ IR spectroscopy. In order to elucidate
the reaction network, the rate-determining steps and the kinetic
parameters for propionaldehyde and ethane formation were
compared to a proposed reaction mechanism. The rate
expressions for C2H5CHO and C2H6 formation and the
isotherm equations for adsorbed C2H5CO and adsorbed CO
were derived using the Langmuir−Hinshelwood−Hougen−
Watson (LHHW) approach. In the proposed mechanism, it
was determined that the hydrogenation of adsorbed C2H5CO
and the hydrogenation of adsorbed C2H5 as rate-determining
steps for propionaldehyde and ethane formation, respectively.
The combination of the LHHW approach and the proposed
mechanism describes successfully the reaction network and the
kinetic parameters for both ethane and propionaldehyde
formation. It has been observed that both reactions are
launched by the insertion of adsorbed linear CO into adsorbed
*C2H5, species coming from ethylene hydrogenation.196 This
work indicates that the reaction sequence involving CO
insertion and subsequent hydrogenation leading to C2+
oxygenates is much faster than CO dissociation followed by
hydrogenation resulting in hydrocarbons.
Despite that the LHHW kinetic model describes adequately

the kinetic data and the reaction pathway, the adsorbed
isotherm equation is not able to describe the site coverage
dependency of acyl intermediates on CO and H2 partial
pressures due to lack of only one RDS on Mn−Rh/SiO2 for
CO/H2/C2H4 reaction.

245 The pseudosteady-state approxima-
tion (PSSA) approach, without assumption of a sole rate-
determining step, is a valuable tool to solve this concern. The
result is the creation of an isotherm equation which describes
the kinetic data and adsorbate site coverage accurately. The
kinetic of propionaldehyde formation is dependent on both CO
insertion into ethyl species and hydrogenation of acyl species.

The combined techniques have also been applied to evaluate
the composition of the active sites (Brønsted and Lewis sites)
in acid-catalyzed reactions.247 Hammache and co-workers have
tested sulfated zirconia (SZ) catalysts under n-butane isomer-
ization using SSITKA and DRIFTS techniques under different
conditions (i.e., in the presence of CO and/or butane or
evaluating the effect of temperature in catalyst pretreatment).
The results indicated that there is no correlation between the
deactivation, due to the formation of carbon layers over the
catalyst or the modification of the olefinic sites with the
presence of Lewis acid sites. A catalyst pretreatment of SZ
catalyst at 773 K caused an enhancement in activity due to an
increase in the Brønsted/Lewis ratio and an increase in the
concentration of surface intermediates, Niso‑C4. These results
were not observed when the catalyst was pretreated at 473 or
588 K.
To summarize, the addition of spectroscopic measurements

to the SSITKA analysis is a very helpful tool in the elucidation
of reaction mechanisms, the improvement of kinetic modeling
as well as in the identification of the nature of main
intermediates, which may not be detected by using only
isotopic transient measurements. The contribution of spectros-
copy is also very important in the development of new catalysts
due to the fact that the measurement is taken on the catalyst
surface allowing the measurement of the interactions between
the reaction flow and the active sites under reaction conditions.

6. CONCLUSIONS AND PERSPECTIVES

Steady-State Isotopic Transient Kinetic Analysis (SSITKA) is a
powerful technique to determine the number and nature of
surface intermediates and the kinetic parameters of catalytic
processes. This technique is very well-known since the late
1970s and it helped to study the reaction mechanism of many
different and important chemical reactions for the industry.
However, on the one hand, it is necessary to use the
combination of advanced mathematical modeling to fully
understand the reaction mechanism of complex processes
where readsorption reactions may take place. On the other
hand, it is necessary to involve the combination to other
techniques to determine the identity and nature of the
intermediates. In this sense, SSITKA has been coupled to
spectroscopic techniques to elucidate within real intermediates
or spectators in the reaction mechanism. Besides, a lot of
information about the reaction pathway can be obtained when
SSITKA is combined to other methods, such as kinetic
modeling. This will be the guideline for the near future, the
combination of the advantages of SSITKA with the advantages
of other techniques to obtain as much information as possible
under reaction conditions to clarify the pathways of chemical
reactions with complicated reaction mechanisms.
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(49) Öcal, M.; Oukaci, R.; Marcelin, G.; Agarwal, S. K. Ind. Eng.
Chem. Res. 1994, 33, 2930−2934.
(50) Burch, R.; Shestov, A. A.; Sullivan, J. A. J. Catal. 1999, 188, 69−
82.
(51) Burch, R.; Shestov, A. A.; Sullivan, J. A. J. Catal. 1999, 182,
497−506.
(52) Burch, R. Top. Catal 2003, 24, 97−102.
(53) Burch, R.; Shestov, A. A.; Sullivan, J. A. J. Catal. 1999, 186,
353−361.
(54) Sadovskaya, E.; Suknev, A. P.; Pinaeva, L. G.; Goncharov, V. B.;
Mirodatos, C.; Balzhinimaev, B. S. Stud. Surf. Sci. Catal. 2000, 103 B,
1505−1510.
(55) Sadovskaya, E.; Suknev, A. P.; Pinaeva, L. G.; Goncharov, V. B.;
Balzhinimaev, B. S.; Chupin, C.; Mirodatos, C. J. Catal. 2001, 201,
159−168.
(56) Sadovskaya, E.; Suknev, A. P.; Pinaeva, L. G.; Goncharov, V. B.;
Balzhinimaev, B. S.; Chupin, C.; Peŕez-Ramírez, J.; Mirodatos, C. J.
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