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A detailed understanding of reaction mechanisms and kinetics is required in order to develop and optimize
catalysts and catalytic processes. While steady-state investigations are known to give a global view of the
catalytic system, transient studies are invaluable since they can provide more comprehensive insight into
elementary steps. For almost forty years temporal analysis of products (TAP) has been successfully utilized
for transient studies of gas phase heterogeneous reactions, and there have been a number of advances in
instrumentation and numerical modeling methods in that time. Since TAP is a complex methodology it is
often viewed as a niche specialty. With the purpose to make TAP more relevant and approachable to a
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wider segment of the catalytic research community, part of the intention of this work is to highlight the
significant contributions TAP has made to elucidating mechanistic and kinetic aspects of complex, multi-
step heterogeneous reactions. With this in mind, an outlook is also disclosed for the technique in terms of
what is needed to revitalize the field and make it more applicable to the recent advances in catalyst char-
acterization (e.g. operando modes).
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1 Introduction: catalysis and the need
for catalyst characterization

Catalysis is economically and environmentally important for
the chemical industry, and is involved in the processes for up
to 80%"? of products from all industrial sectors (such as poly-
mers, pharmaceuticals, agrochemicals, petrochemicals, envi-
ronmental clean-up and emission control). Catalysts affect
the kinetics of chemical reactions and thus improve conver-
sion and/or selectivity of processes, and can also reduce oper-
ating temperature and/or pressure, which is important with
respect to system maintenances and environmental
protection.’™

Industrial catalysts are typically multi-component solids
which are often seen as a mystery box, and so developing a
catalyst with the optimal chemical and physical characteris-
tics to operate in an industrial process often requires years of
research and development.*® Ultimately, an optimized cata-
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lyst will have the best compromise between conversion, selec-
tivity, mildest reaction conditions, stability and lifetime.® At
every stage of catalyst research and development, kinetic ex-
periments are essential to establishing the desired chemical
and physical properties.® To develop such catalysts, a good
understanding of the catalyst surface phenomena in terms of
individual reaction pathways and their relationships with ma-
terial properties is required.”®

The lack of detailed understanding of the catalytic pro-
cesses can oftentimes lead to undesirable and expensive out-
comes. An example of such a situation is in automotive catal-
ysis where the catalysts contain excessive metal loadings to
ensure that the catalyst remains effective beyond its
guaranteed lifetime due to environmental legislation.”°
With increased industrialization and stricter emission legisla-
tion, the demands on precious metal resources are ever-grow-
ing’®'" and therefore it is even more important for optimized
catalysts to be developed.

1.1 Steady-state versus transient kinetic studies

The normal procedure for testing the performance of indus-
trial catalysts makes use of what is known as steady-state con-
ditions. The steady-state experiment regime is defined as hav-
ing constant temperature, flow rate, partial and total
pressures at the reactor inlet. Types of steady-state technique
used for kinetic studies include plug flow (PFR) and continu-
ously stirred tank (CSTR) reactors'>"® Typical steady-state ex-
periments can only provide the “global behaviour” of catalysts
due to the low time resolution, a consequence of their simple
design.? It is not straightforward to use the apparent kinetics

This journal is © The Royal Society of Chemistry 2017
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gained from steady-state analysis to further the knowledge of
elementary catalytic steps.”

Transient kinetic studies are an alternative method that is
based upon the rapid changing of one of the reaction variables
(temperature, flow rate, pressure or concentrations).®***® This
induces a perturbation in the system and then the time depen-
dence of the relaxation/response of the system is monitored.
With higher time resolution, transient kinetics can provide an
insight into the reaction mechanism including short-lived
intermediate species that are typically not accessible through
steady-state studies.” A further application of transient kinetics
is the provision of rate constants for elementary steps of the
process.”” One of the most successful techniques that have
been employed in transient kinetic studies is the temporal
analysis of products (TAP) reactor.'* The TAP reactor system is
a fully automated research instrument designed to perform ki-
netic experiments at temperatures up to 1000 °C> on a variety
of materials ranging from single metal particles’® to complex
multi-component solids.”

With a view to bringing this technique to a wider audi-
ence, including newcomers to this field, the current work is
designed to highlight the achievements of TAP, its most re-
cent developments as well as to discuss some aspirations for
the future. The analytical mathematical models for the TAP
methodology are extensively discussed in the literature,"®"®
so only specific aspects are discussed in section 4 of the cur-
rent document.

2 The temporal analysis of products
methodology
2.1 A conceptual basis

The TAP approach' was proposed by John T. Gleaves forty
years ago, with its origins being as a combination of two
methodologies:

e Molecular beam methodology developed by Dudley
Herschbach and Yuan T. Lee.**

¢ Relaxation methodology proposed by Manfred Eigen in
the 1950s>' for studying transient regimes. This also sparked
an interest in relaxation studies in heterogeneous catalysis.>***

More specifically, the use of molecular beam scattering ex-
periments using single crystals***> and methods used to study
the rates and mechanism of very low pressure pyrolysis®®
formed a conceptual basis for a novel pulse response method,
from which a corresponding apparatus (TAP-reactor) was cre-
ated, of which the original schematic is reported in Fig. 1.>

Early in the development of the TAP experiment, an idea
evolved that collisions between probe molecules and a com-
plex solid may provide a unique kinetic signature contained
in the motions of the scattered molecules.”® It was supposed
that this signature would be a characteristic of the composi-
tion and structure of the catalyst surface. This idea was
supported by results obtained in surface science experiments
involving small molecules and metal single crystals."*?°

The TAP vacuum pulse response experiment was designed
to capture key features of a molecular beam scattering experi-

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of TAP system which appeared in original research
proposal in 1977 by J. T. Gleaves.?”

ment. An important goal was to create a tool with an extreme
sensitivity to changes in surface composition and structure
induced by reaction.”®

The experimental focus was to attain maximum time reso-
lution and product sensitivity, while controlling the number
of gas-solid collisions and limiting the number of gas-phase
collisions. The simple idea was to replace the molecular
beam target with a reaction zone that contained the solid
sample. The sample could be in the form of a single pellet,
coated on the walls of the reaction zone, deposited on metal
screen or quartz wool, or in the form of a packed bed. Like a
molecular beam experiment the reaction zone would be in a
vacuum chamber, probe molecules would be introduced in
short pulses to extract the time dependence of the different
physical and chemical processes and the reaction zone exit
flow would be monitored by a mass spectrometer (MS)."*
Some of the original results from the 1st generation TAP,
obtained with a chart recorder, are reported in Fig. 2.%°

The 2nd generation TAP incorporated a computer for
data acquisition, and the first comprehensive paper on the
TAP experiment, which described this quantitative appara-
tus, was published in 1988."* The development of the 3rd
generation TAP as a commercial unit, known as TAP-1, be-
gan in 1986 in conjunction with Autoclave Engineers, a pro-
totype of which was completed in 1987. The TAP-1 was the
first system to employ computer control of pulse valve op-
eration, reactor temperature programming and data acquisi-
tion. In 1992, a movable sealing assembly was developed
allowing the TAP-1 micro-reactor to be cycled between at-
mospheric pressures and vacuum conditions. With this
modification, the TAP reactor system could perform steady-
flow, pulse response, and step transient experiments at
higher pressures.

Development of the TAP-2 system began in 1994 and in-
volved redesign of the TAP vacuum system and pulse valve
manifold. The key difference between the TAP-1 and TAP-2
systems is the positioning of the microreactor relative to the
ionizer of the MS. In the TAP-2 system, the reactor exit is
physically much closer to the ionizer, and as result its detec-
tion efficiency is ~2 orders of magnitude higher than in the
TAP-1 system.

Catal. Sci. Technol., 2017, 7, 2416-2439 | 2417
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Fig. 2 Original TAP pulse responses for O,, NH3 and CszHg over SiO,
obtained with a chart recorder.3° The pulses are plotted from right to
left and the scale is 1 cm equal to 0.5 s.

Current commercial versions of the TAP reactor system re-
tain the same basic vacuum system design as the TAP-2 sys-
tem. Recent developments in TAP hardware include a high-
pressure pulse valve manifold and reactor assembly that al-
lows transient experiments to be performed at pressures ex-
ceeding 100 bar. The second comprehensive paper on the
TAP experiment was published in 1997 and contains a de-
tailed description of the TAP-2 reactor system, and also intro-
duced the “interrogative kinetics” research methodology.”

2.2 The TAP Knudsen pulse response experiment

Key components of TAP pulse response experiments include:®

e A pulse valve or valve manifold for delivering single
pulses, or pulse sequences.

¢ A temperature controlled microreactor.

e A MS enclosed in an ultra-high vacuum (UHV) chamber.

Fig. 3 depicts the basic TAP-2 configuration in which the
outlet of the microreactor is sealed against the vacuum cham-
ber and positioned directly above the ionizer of the MS.

There are several different operating modes of the TAP re-
actor (see section 2.4), but the most basic experiment is a sin-
gle pulse experiment. A small amount of gas (10"*~10"® mole-
cules) is pulsed at the reactor inlet. This will lead to a
pressure in the reactor between 2 x 107 and 2 x 10~* bar.?*3!
In this pressure range, for a reactor packed with catalyst par-
ticles with a diameter below 200 pm, the mean free path of
the molecules will be longer than the distance between two
particles.*" Under such conditions, intermolecular collisions
are negligible. This corresponds to the Knudsen diffusion
regime”'*?*> (eqn (1))° which is a well-defined transport
mechanism where diffusion is dependent on temperature

2418 | Catal Sci. Technol, 2017, 7, 2416-2439
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Fig. 3 The TAP pulse response methodology.

and molecular weight. This is completely different than that
encountered in conventional flow reactors, where both con-
vection and diffusion occur, such as Brownian diffusion
where molecular motion is partly a consequence of molecu-
lar collisions.

D=ii ﬂ; where di=4—gr (1)
. 3\ aM 3(1-¢)°

tor w

The diffusivity (D) of Knudsen diffusion; ¢ is the fractional
bed voidage, d; is internal diameter of channels between parti-
cles, 1, is tortuosity, R is the universal gas constant, T is the
temperature (K), M,, is molecular weight and r, is the radius of
the particles.

The plot displayed in the lower left part of Fig. 3 is an ex-
ample of a Knudsen pulse response curve. The corresponding
inlet pulse is shown in the upper right corner of Fig. 3. For
comparison, the two plots are height normalized to under-
score the difference in time dependence. An important char-
acteristic of an inert gas Knudsen pulse response curve is
that its contour is not determined by the intensity of the inlet
pulse.”>”*? There exists a range of inlet pulse intensities with
an upper limit but no lower limit that will produce a Knud-
sen response. In this regime, the pulse intensities decrease
but the time dependencies of the response curves are identi-
cal. At higher intensities the response curves display complex
time dependence and the curve shapes evolve as the inlet
pulse intensity increases.

In the Knudsen regime, an inert gas pulse response is
shaped by three factors:’

e The molecular mass of the injected species.

e The catalyst bed temperature.

e The nature of the bed void space, which is determined
by the size, shape and packing of particles in the
microreactor.

This journal is © The Royal Society of Chemistry 2017
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In a Knudsen pulse response experiment, all gas phase
species move randomly through the particle bed, indepen-
dent of one another, at a speed determined by their mass
and the bed temperature.®* The void space determines the
structure of the particle maze that a molecule must navigate
before travelling into the MS chamber. If an inert gas is
mixed with other gases, the pulse response of the inert can
be used to determine if the mixture is operating in the
Knudsen regime.” With the particles bed temperature con-
stant, decreasing the pulse intensity and verifying that the
normalized pulse shape of the inert remains the same, con-
firms Knudsen behaviour.>'”*?

2.3 The relevance of TAP experiments

In the forty year history of the TAP-approach, different as-
pects have been developed, including:

e Kinetic characterization of heterogeneous catalysts
based on mathematical theory.>”"®

e Deciphering of mechanisms of complex -catalytic
reactions™”%?8

¢ Revelations of “composition-activity” and “structure-ac-
tivity” relationships. In particular, an analysis of structures
arising in the course of complex catalytic reaction (‘emergent
structures’).>®

Ilustration of the type of studies and results that can be
obtained regarding these three aspects is provided in the
form of case studies in section 3.

The type of material used in surface science studies
(model catalysts) typically differs from those for industrial
applications (multi-component catalyst). This is often re-
ferred to as the material gap.”>® In contrast, TAP can use a
range of catalyst material types, from model to practical
catalysts, to study mechanisms, kinetics and transport phe-
nomena in heterogeneous catalysis at temperatures up to
1000 OC.5’28’36_40

The pressure gap is defined as the difference in the pres-
sure experienced by a catalyst under real-life environments
compared to when studied using surface science tech-
niques.*' In contrast to UHV surface science techniques used
for elucidating reactions on a near-to elementary level, the
TAP reactor operates at higher pressures. Although the MS
chamber is at UHV conditions and the exit flow from the
microreactor is exposed to UHV, the gases are introduced to
the microreactor at higher pressures, and the later experi-
ences a pressure gradient across it. TAP can also operate at
higher pressures in a flow mode, thereby allowing the same
sample, in the same sample environment (microreactor), to
be studied over a wider range of conditions, from UHV up to
and above ambient pressures. Therefore, TAP can operate
over a pressure range that is neither typical of surface science
or operando conditions, but in between these extremes, thus
“bridging the pressure gap” with respect to industrial condi-
tions, i.e. “accesses different pressure regimes” from UHV up
to ambient and higher pressures.”> The ability of TAP to
bridge the pressure gap is a key aspect in terms of the rele-

This journal is © The Royal Society of Chemistry 2017

View Article Online

Perspective
Standard TAP High-pressure TAP
+ Gas-phase reactions are - Gas-phase reactions are not
suppressed suppressed

+ Homogeneous distribution =
of adsorbates and gas-
phase species across the
catalyst bed
+ Isothermal conditions across =
the catalyst bed gradients
+ Easy kinetic analysis - Complicated kinetic analysis
- Pressure gap bridged but + Conditions closer to
not closed operando

Non-homogeneous
distribution of adsorbates
and gas-phase species
across the catalyst bed
Possible temperature

Complementary experiments in the same set-up

Fig. 4 Advantages, disadvantages and comparison of standard and
high-pressure TAP.

vance of any kinetics obtained from TAP experiments. The
similarities and complimentary aspects of standard TAP ex-
periments and high-pressure TAP are summarized in Fig. 4.

The relevance of TAP data to “real-life” behaviour of cata-
lyst is a key point and while care should always be applied to
cross-validate using complimentary experiments,
studies have reported results which bring confidence in
supporting such relevance. For instance, TAP has been used
to quantify the number of active sites present on catalysts,*®
and these were found to be in agreement with previously
published steady-state isotopic transient kinetic analysis dif-
fuse reflectance infrared Fourier transform spectroscopy
(SSITKA DRIFTS) results.**

Other examples of correlation/complementation of TAP ex-
periments with other methods include electron paramagnetic
resonance (EPR) spectroscopy,‘“’45 X-ray photoelectron
spectroscopy (XPS),"****” X-ray diffraction (XRD),*"***® X-ray
absorption spectroscopy (XAS),***” Raman,*® energy disper-
sive X-ray scanning transmission electron microscopy (EDX-
STEM),"® high angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM),*®*® Fourier transfer
Infrared (FTIR),* high resolution scanning transmission
electron microscopy (HRTEM)"”***" and prompt gamma-ray
activation analysis (PGAA).>> As such, while many reports
have been dedicated solely to TAP, it should be noted that
TAP is not a necessarily standalone characterization tech-
nique and can/should be used in a complimentary way with
other methodologies.

several

2.4 Operating modes of TAP Knudsen pulse experiments

Several operating modes are accessible to the TAP reactor
and these are summarized in Fig. 5 together with their spe-
cific features.” The single pulse (probe) (see section 2.4.1)
and multi-pulse (see section 2.4.2) modes of operation can be
used to determine the sequence of reaction steps involved,
the diffusion of reacting species from the catalyst lattice, the
influence of different surface concentrations on the rate of
surface processes and the number of catalytically active sites.

Catal Sci. Technol.,, 2017, 7, 2416-2439 | 2419
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Fig. 5 Operating modes in the TAP reactor.

These two modes are also known as state-defining and state-
altering experiments, respectively.” The combination of these
two types of experiment is collectively known as interrogative
kinetics.”

Another mode of operation is known as the sequential/
consecutive pulse or pump-probe method (see section 2.4.3).
It utilizes a sequence of pulses of reactant molecules with
one reactant pulsed from one valve into the reactor at t = 0,
while the second reactant species is introduced from another
valve at ¢ = x (where x is a time delay which is varied over a
number of time intervals).

2.4.1 Single pulse (probe) experiments. Information re-
garding the mass transfer (diffusion, adsorption and desorp-
tion) and reaction of individual species (reactants, products
and intermediates) over catalytic and inert materials is
obtained by comparing the shape of their pulse response
curves to a standard diffusion curve.**°%>*®! This latter
curve corresponds to the pulse response that should be
obtained if the species in question was chemically inert un-
der the same conditions.>*® Qualitative analysis based on
well-defined theoretical patterns can be used to compare the
adsorption strength of different molecules, to determine if
an adsorption process is reversible or irreversible, and to de-
termine if molecules compete for the same adsorption
sites.”*®

The interactions between the adsorbing molecules and the
catalyst can be characterized quantitatively in terms of ad-
sorption/desorption properties."> To do so, the measured av-
erage residence time of the adsorbing molecule is compared
to the theoretical average Knudsen diffusional residence time
for the same molecule. The average Knudsen diffusional resi-
dence time is easily calculated from the average residence
time of the inert reference gas and the known proportional
trend of Knudsen diffusion on molecular weight and temper-
ature."” Thus, the change in the average residence time due
to the mass dependency of the diffusion velocity of molecules
with different molar masses is taken into account."’

It is important to note that this approach has several
restrictions."”

2420 | Catal Sci. Technol., 2017, 7, 2416-2439
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e First, the adsorption process must be completely revers-
ible within the investigated conditions."” This can be verified
by checking for complete detection of the pulsed amount of
reactants within the response. The lower temperature limit,
above which this approach can be used, is determined by the
limit in response pulse broadening beyond which a complete
detection of the pulsed molecules can no longer be accurately
obtained.'” The upper temperature limit is usually defined by
the onset of chemical reactions, which, in turn, change the
pulse response.*’

e Second, the pulse size must be limited to ensure that
the mass transport only occurs by Knudsen diffusion."”

Information on the catalytic performance in terms of
conversions and yields is obtained using the integral size of
the pulse responses of reactant and products. The constant
size and shape of the inert reference gas response ensures
that the dosed amount of reactant does not change during
the experiment. Due to the high time resolution of the TAP
technique (due to the sharp inlet pulse and fast trans-
port®®), it is possible to use normalized versions of the
pulse responses for the different products to obtain infor-
mation on the sequence of formation of the different prod-
ucts. This is derived from the fact that the formation of a
reaction product requires a certain period of time for each
reaction step to occur. The pulse responses of secondary
products, therefore, are delayed in comparison to those of
primary products, while components formed during the
same reaction step appear simultaneously. It is important to
note that such analysis is only valid if the time for the dif-
fusive mass transport is (much) smaller than the time re-
quired for reaction, if the desorption of products into the
gas phase is a fast process and if the surface reactions are
virtually irreversible."”

Pulse experiments can also be applied to determine the ef-
fective Knudsen diffusion coefficient within fixed beds and
wash-coated monoliths."””*® For this purpose, the average res-
idence time for small, single pulses of non-adsorbing gases
(Iess than 2 x 10" molecules) within the isothermal fixed bed
reactor is measured."”

2.4.2 Multi-pulse experiments. The structure and/or com-
position of a catalyst affect its properties in terms of activity
and selectivity. In return, the chemical environment of a cata-
lyst can influence catalytic structure. It is therefore desirable
to monitor the behaviour of a catalyst over a range of defined
states. For example, the oxidation state a mixed-metal oxide
strongly influences its adsorption properties, and can affect
the reaction mechanism and kinetics of individual reaction
pathways. In the multi-pulse approach, the catalyst is usually
first adjusted to a reproducible state by appropriate pre-
treatments.®*®® Examples of such pre-treatments are an oxi-
dation of the catalyst (usually atmospheric pressure flow
treatment) or the irreversible adsorption of one reactant.
In the second step, a single reactant is repeatedly pulsed
(several 1000 s of pulses) to produce a controlled change in
the catalyst state. For example, CO, hydrogen, NH;, or a hy-
drocarbon can be pulsed over a mixed-metal oxide to

This journal is © The Royal Society of Chemistry 2017
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deplete the surface oxygen, and change the catalyst oxidation
state.”®> At the same time the transient responses of the reac-
tants and products allow monitoring of changes in reaction
products and in catalytic properties.

The correlation between the changes in catalytic proper-
ties and the changes in catalyst state (bulk, surface composi-
tion, and oxidation state) provides information to develop ac-
tivity-structure or activity-composition relationships, and
help constructing models of the active catalytic site. It is also
important to note that this progressive consumption of a pre-
loaded/adsorbed reactant will allow the obtaining of informa-
tion regarding the number of adsorption sites and kinetics
characteristics of these sites."”?® In contrast to the single
pulse experiments, these pulse experiments are not restricted
to Knudsen diffusion conditions and can use large pulses
(i.e. higher pressure pulses). However, in general, Knudsen
diffusion conditions are used to access the maximum of ki-
netic information. Multi-pulse experiments are also instru-
mental in quantifying the concentration of active sites. To
this end, various probe molecules are used. In comparison
with classical pulse methods, the TAP technique is perfectly
suitable for titration experiments using catalysts with
amounts of active sites, i.e. approximately 10"° sites per cata-
lyst gram,®”®! since titration experiments can be performed
with a pulse size lower than 1 x 10"* molecules. This allows
for a “state by state” transient screening due to insignificant
perturbation of the catalyst composition from pulse to pulse,
given that the number of molecules in each pulse is less than
1% of the total number of active sites.®”

2.4.3 Consecutive pulse (pump-probe) experiments. In
TAP pump-probe experiments, also called consecutive or se-
quential pulse experiments, two different reactant mixtures
are prepared in separate valves and a sequence of alternating
pulses is employed (Fig. 5)."***°*%" Typically, the gas-phase
component of one reactant is pulsed first and the delay to
the introduction of the second reactant is altered. The first
reactant is adsorbed on the catalyst during the first pulse
and forms an intermediate. When the second reactant is fed
into the reactor, chemical reaction occurs and product forma-
tion is observed. The focus of such an experiment is usually
to check the activity and selectivity of adsorbed species in-
volved in the process and, by varying the time delay between
pulses from alternate valves, establish the lifetime of these
intermediates.

Consecutive pulse experiments have proven to be very ef-
fective in determining lifetime of intermediates®®’® while
providing detailed mechanistic insights.*””" Information
about the lifetime and the amount of the surface intermedi-
ate can be derived from the product yields as a function of
the offset time between the pulses of the two reactants and
their pulse size. This allows the studying of processes that in-
volve rapid changes in the concentration of a reactive surface
species. The use of isotopes can help distinguish between
mechanistic routes that produce the same product. The
pump-probe format can also be used to distinguish pro-
cesses that involve bulk diffusion from surface processes,
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and can provide information on the reactive formation of cat-
alytic sites."”

2.5 Other types of TAP operating mode

While the single, multi and consecutive pulses correspond to
the majority of TAP experiments, there are additional types
that are worthy of interest. The application of continuous gas
feed allows for the use of larger amounts of reactants which
in turn will lead to more pronounced changes in the state of
the catalyst. For instance, in situ activation of a catalyst under
atmospheric pressure within the TAP reactor may be required
to obtain relevant information on catalysts with pre-defined
initial state (e.g. fully oxidized, fully reduced). These experi-
ments can be conducted thanks to the gate valve (referred to
as a slide valve in newer instruments or a high-pressure as-
sembly in TAP-1 instruments) that allows isolation of the re-
actor from the high vacuum chamber, while the reaction tak-
ing place can be monitored via a “bleed” valve to the MS
located at the outlet of the reactor. “High-pressure” mode ex-
periments have been utilized and compared at vacuum and
atmospheric pressures.”?

Similar types of information can be obtained using long
series of very large pulses. The time window for the investi-
gated processes addressed, however, is shifted to longer dura-
tions compared to typical TAP experiments. A few investiga-
tions have reported the use of TAP set-ups in temperature
programmed (TP) applications, such as desorption (TPD),
surface reaction (TPSR), oxidation (TPO), or reduction
(TPR).”>”* The use of a TPD mode is advantageous since it al-
lows the characterization of adsorbates on the catalyst. In the
case of strong adsorption, the use of pulse experiments will
probe the adsorption of reactants, while the temperature
programmed studies will provide information on the thermal
stability of adsorbed intermediates in different atmospheres.
One example of such approach is the study by Dewaele and
Froment on the adsorption of CO and CO, on alumina.”

The use of isotopes is helpful (and sometimes indispens-
able) and, per se, not a different type of TAP experiment but a
desirable complementation of the more standard experi-
ments using non-labelled reactants to unravel reaction mech-
anism. Isotopically labelled molecules are expensive which
greatly limits their use. In this respect, the TAP reactor is an
ideal tool for their implementation since the amount of
reactant needed is small.*" A typical context where isotopi-
cally labelled reactant can be used is the clarification of the
involvement of bulk/dissolved or lattice atoms when a
Mars-van Krevelen mechanism is suspected.”’ In this case,
the catalyst is pre-treated using one isotope of the reactant
under investigation, e.g. '°0,, and the experiments are car-
ried out using another isotope of this reactant, e.g. '*0,.
The time dependence of the isotopic distribution within
the products will give information about the reaction mech-
anism. Another context where the use of isotopes will be
helpful concerns the identification of products in a mass
spectrum. Different molecules will give contribution to the
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same mass and the deconvolution of mass spectra can be
difficult. A typical example is the deconvolution of CO and
N,, both having their principal mass contribution at 28. The
use of N or C as the source of nitrogen or carbon in-
creases the mass by one (*’N'°0 = 29 or *C'®0 = 29) and
therefore deconvolution is no longer necessary.

Table 1 highlights a number of references from the litera-
ture that use the TAP reactor modes of operation, and sum-
marizes some of the information derived from these studies.

3 Exemplar applications of the TAP
reactor

This section is intended to illustrate the flexibility and versa-
tility of the TAP methodology in various situations relevant to
the deciphering of complex mechanisms, kinetic characteri-
zation and “structure-activity” relationships. Generally, publi-
cations from the time period of 2007-2016 are discussed. For
a summary of TAP studies prior to 2007 the reader is referred
to the literature.” There is no overall discussion or cross com-
parison of the subsections as this would not be appropriate
due to the intended diverse nature.

3.1 Mechanistic studies

In comparison to other kinetic analysis tools, the high time-
resolution of the TAP technique presents a key advantage for
discriminating the details of a reaction mechanism: from
simple adsorption mechanisms to more complex multi-step
surface mechanisms. In the following section, key TAP results
for elucidating reaction mechanisms are presented for differ-
ent materials and chemistries.

3.1.1 Studies of reaction mechanisms. Discriminating the
reaction mechanism is an important aspect in the develop-
ment of catalytic materials and processes. For example, dis-
criminating a Mars-van Krevelen reaction mechanism from a
Langmuir-Hinshelwood reaction mechanism indicates
whether the reaction may be limited by replenishment of an
oxygen vacancy or by the competitive adsorption of reactants.
A variety of TAP pulse response experimental formats can be
used to distinguish the adsorption mechanism and deter-
mine the optimal oxygen content.

Table 1 Overview of the experimental modes and main information obtained

View Article Online

Catalysis Science & Technology

3.1.1.1 Mars-van Krevelen mechanism. Numerous TAP
studies of CO oxidation on different materials (Au/TiO,,
nanoporous gold, etc.) have been published and generally the
Mars-van Krevelen mechanism is indicated.””>”® Isotope
pulsing is a simple method to quickly distinguish the role of
lattice oxygen. As indicated in section 2.5, in this type of
experiment the catalyst is typically oxidized using '°0, and
the reductant is pulsed (simultaneously or in a pump-probe
fashion) with '®0,. If the lattice oxygen is the key oxidizing
species then initially only 'O will be incorporated into the
products. As '°0 is depleted and pulsed oxygen replenishes,
80 containing products slowly emerge. Some examples
where this approach was used include: CO oxidation,”"”®
propane total oxidation,””®® toluene oxidation,®" selective
oxidation®> and oxidative dehydrogenation.®*> Alternatively,
the reoxidation step may be reversible and isotopic exchange
with the lattice may be observed by pulsing '®0, to detect
%00 and '°0, in the oxygen pulse response; for example
this method was utilized in the study of diesel soot
oxidation.*?

Anaerobic pulsing of the reductant is another method for
detecting the role of lattice oxygen. In this case the oxidized
material is exposed to reductant pulses with no oxygen input
and the selectivity is monitored. If the pulsing is
discontinued and the material is held in vacuum at high tem-
perature this can lead to a resupply of oxygen to the surface
by diffusion from the bulk. Upon restarting the reductant
pulsing, an increase in selective products will be observed if
their formation proceeds via Mars-van Krevelen mechanism.
Researchers have also used separate alternating multi-pulse
series of reductant and oxidant to probe the adsorption/reac-
tion mechanism. Examples where anaerobic pulsing method-
ologies have been used to indicate Mars-van Krevelen mecha-
nism include: propane total oxidation,®®  toluene
oxidation,*#**% CO oxidation,”"”*77#%%7 ammonia oxida-
tion,®® oxidative coupling of methane, oxidative dehydro-
genation of alkanes®>®>°*%' and partial oxidation of
methane.””

3.1.1.2 Langmuir-Hinshelwood mechanism. The pump-
probe experimental mode is particularly useful for
distinguishing a Mars-van Krevelen mechanism from that of
a Langmuir-Hinshelwood. For example, in a study of HCI
oxidation (Deacon chemistry) the Cl, pulse response was

61,89

Experiment

Information Ref.

Single-pulse technique

Diffusivities

14, 53-60

Adsorption/desorption properties
Product formation sequence
Number of adsorption sites
Elucidation of reaction pathways

Consecutive pulse technique flow experiment

Lifetime of surface intermediates 17, 56, 66, 67
Elucidation of reaction pathways

Role of catalyst bulk-dissolved and lattice species in the reaction

Thermal stability of intermediates 73,74

Temperature-programmed desorption (TPD), reaction (TPSR)

Redox properties of solid oxide catalysts
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monitored when oxygen and HCI pulses were separated with
varying time delays. For MnO,, Cr,0; and CeO, catalysts the
intensity of Cl, production upon HCI injection was
independent of the delay time between O, and HCI indicating
the participation of stable lattice oxygen species. However, in
the case of RuO, a progressive decrease in the Cl, production
with increasing time delay was found indicating a strong
dependence on oxygen coverage and a Langmuir-Hinshelwood
type mechanism for this material.”>"*®

Similar experiments, in the pump-probe mode, were used
to distinguish a competitive adsorption mechanism for CO
oxidation over a supported gold catalyst.”” Generally, (see ref-
erences in section 3.1.1.1) participation of the lattice oxygen
is observed for this chemistry on gold. From CO/O, pump-
probe experiments Olea et al. observed a maximum in the
CO, yield as a function of the time delay between CO and O,
which indicates the role of pre-adsorbed oxygen in the reac-
tion. If lattice oxygen were participating there should be no
time delay-dependence for CO, production (in addition, iso-
topic measurements also did not indicate participation of lat-
tice oxygen).””

3.1.2 Studies on reaction sequences. The time characteris-
tics of the pulse response of reaction products can be used to
understand the reaction sequences. For example, when inves-
tigating the partial oxidation of isobutane to methacrylic acid
over Keggin-type phosphomolybdic polyoxometalate catalysts,
product pulse responses were always observed in the order
“isobutene, methacrolein, CO, then methacrylic acid”.’® The
observation of isobutene in this TAP experiment is significant
because conventional reactor testing did not indicate its for-
mation (isobutene is oxidized much faster than isobutane);
thus it was often left out of the reaction mechanism. The TAP
experiment by Schuurman and co-workers, however, clearly in-
dicated that isobutene was formed first and should thus be
considered as an intermediate. The authors presented a
slightly different, more complete pathway to methacrylic acid
that includes two parallel routes, one through surface inter-
mediates, and another through the formation of gas phase
isobutene. Other recent key reaction mechanism TAP studies
include ammonia oxidation,****™'%" hydrogen cyanide forma-
tion from ammonia and methane,**'°>'% ammonia decom-
position,’® toluene oxidation,®® methane partial oxida-
tion,**'9%1%  alkane oxidative dehydrogenation,®®%1%¢107
N,O decomposition,’®* ™' NOx decomposition, storage/
reduction,'*®'°'*> methane dry reforming,'® selective oxi-
dation of butane®* and isomerization of n-butane.'*’

3.2 Kinetic studies

Owing to its unique technical characteristics, the TAP reactor
system has often been applied for unravelling the kinetics of
individual reaction pathways in the course of various multi-
step heterogeneous reactions.® Kinetic data are extracted
from outlet transient responses of feed components and
reaction products. This section discusses kinetic studies af-
ter 2007, since preceding publications have been described

This journal is © The Royal Society of Chemistry 2017
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previously.®'%® In comparison with steady-state approaches,
kinetic models for TAP experiments consist of differential
equations accounting for both temporal and spatial changes
in the concentration of reaction participants. In addition, a
pseudo steady-state concentration for surface intermediates
is not valid thus the rate equations are given in terms of indi-
vidual, near-to elementary steps. When evaluating TAP experi-
ments kinetically, both mass transport and chemical pro-
cesses are taken into account. The latter process occurs
exclusively in the catalyst zone, whereas feed components
and reaction products diffuse through all three zones or
two zones (catalyst zone and downstream inert zone), respec-
tively. For TAP experiments with a pulse size below 10"
molecules, mass transport can be quantitatively described
by Knudsen flow.

The Y-procedure, which is briefly discussed in section
4.2.1 enables the extraction of chemical transformation rates
from reaction-diffusion data with no assumption on the ki-
netic model, which can be applied to TAP experiments
performed in a thin zone tap reactor (TZTR)'*® configuration
and moment based analysis approach to minimize macro-
scopic concentration non-uniformity in the microreactor.>**°

M, =[\0"F, (t)dr (2)

Calculation of moments where Fy(t) is the exit flow, mole-
cules s or s' (normalized exit flow); M, is the zeroth moment
(n = 0), i.e. the area under the curve, molecules or dimensionless
(normalized); M, is the first moment (n = 1), molecules s, or s
(normalized); M, is the second moment (n = 2), molecules s°, or
s® (normalized).

For a simple first order reaction, apparent rate constants
can be obtained from M, (conversion degree) of the feed
component response and gas residence time in the catalyst
zone.”* As stated previously, higher moments (M; and M,)
are used for determining other primary kinetic coefficients.**
Herein, the results of selected TAP studies aimed at deriving
kinetic parameters are discussed. Table 2 summarizes reac-
tions and catalysts studied, kinetic models used and type of
reaction parameters derived.?®6%71:108:110,114,120-124 mhe kipet-
ics of CO adsorption and oxidation have been studied,*®”**2°
using the TZTR approach. The main focus was put on the
role of supported metals (Au or Pt) and the kind of active oxy-
gen species on performance of Au/SiO,, Pt/CeO,, CuMnOx
and Au/CuMnOXx. Irrespective of catalyst composition, CO ad-
sorbs reversibly and reacts on the surface of catalysts with
adsorbed oxygen species. Only one kind of oxygen species
was determined to be responsible for CO, formation over
CuMnOx, while an additional oxygen species originated from
gas-phase O, upon adsorption on supported metals partici-
pated in the target reaction over other catalysts. The latter
species showed, however, lower activity. Although no experi-
mental evidences were provided it was suggested that low-
active oxygen species on Au/SiO, is one dissolved in the vol-
ume of Au nanoparticles.**°
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Table 2 Catalysts, mechanistic models and parameters derived for oxidation reactions

Catalysts Near to elementary reaction steps Kinetic parameters Ref.
CO oxidation
Pt/CeO, COt+ * = *-CO Constants and activation energies of individual 38
*~CO — intermediates reaction steps number of active sites
Pt/SiO, CO+ * = *-CO Equilibrium constant of CO adsorption, constant of 120
CO + *-0 — CO, CO oxidation
CuMnOx Au/CuMnOx 0, +* 5 *-0, Constants of individual reaction steps 71
*-0, + * — intermediate
CO+ * s *~CO
*-CO + *-0 — *-CO,
C;Hg dehydrogenation
Pt-Sn-K/y-Al,O3 C3Hgt * — x*-H + *~C3Hg Constant and activation energy 121
VOx/TiO, C3;Hg + 2*-O0 — *-OH + *-O Constants and activation energies of individual 123
C3H; C3Hg + 2*-O — *-OH + *~OCH(CHj,), reaction steps
C;Hg + 2%-0 — *~OC,H, + *~OCH,
*~O0CH + *-0 — CO, +*-OH + 2*
NH; oxidation
Pt wire, Pt/a-Al,O3, NH; + *-O — products Constant of NH; activation 122
Pt/Ce0,-TiO,, CeO,
Partial oxidation of methane
Rh/ALO; 0, +* s *0, Constants of individual reaction steps 63

CO, +* — *-CO,

*-CO, +* — *-CO + *-0
CH,4 + *-O — products
CH, + * — products

The TZTR approach has also been applied for determining
the apparent rate constant of NO formation upon NH; oxida-
tion over Pt wire, Pt/a-Al,O3, Pt/y-Al,O;, Pt/CeO,-TiO,, CeO,-
TiO,."*' The lowest constant was obtained for NO formation
over unloaded CeO,-TiO,, where lattice oxygen of CeO, was
the active species. Adsorbed oxygen species formed from gas-
phase O, on Pt (Pt wire, Pt/a-Al,O3, Pt/y-Al,03) showed higher
activity as concluded from the apparent rate constant. A sig-
nificantly higher apparent rate constant was estimated for
NO formation over Pt/CeO,-TiO,. This was related to a syn-
ergy effect between the noble metal and the support to pro-
vide adsorbed and lattice oxygen species for selective NH; ox-
idation in a complementary fashion.

With the purpose to compare different approaches, Lobera
et al.*" applied the moment approach for non-thin and
TZTR as well as numerical solution for deriving kinetics of
non-oxidative propane dehydrogenation over Pt-Sn-K/y-Al,O3.
A simple model assuming the irreversible breaking of a C-H
bond in propane was used. The obtained apparent rate con-
stant and corresponding activation energy did not signifi-
cantly depend on the calculation method. This result was,
however, expected because in all approaches the degree of
propane conversion was used for determining the kinetic
parameters. More complex reactions with several gas phase
species and surface intermediates should be selected for
proper comparison of different methods for kinetic evalua-
tion of TAP data. Unfortunately, the moment based ap-
proaches have been limited to rather simple reactions. As a
consequence, despite the fact that kinetic schemes have to
be pre-defined for numerical methods, the latter are work-

2424 | Catal. Sci. Technol., 2017, 7, 2416-2439

horses in kinetic evaluation of complex reactions. A good
practice is to apply the moment based approaches for deter-
mining the type (reversible vs. irreversible) of interaction of
feed components and reaction products and to use such
knowledge for developing kinetic schemes for numerical
calculations.63,108,111,123,124

On the basis of the order of appearance and shapes of
transient responses, a detailed reaction scheme has been de-
veloped for oxidative propane dehydrogenation over VOx/TiO,
in the absence of gas-phase 0,.'>* It consisted of thirteen
near to elementary reaction steps. Through validation of reac-
tion parameters, only four elementary reactions were deter-
mined to be kinetically relevant. Propene formation is initi-
ated by dissociation of the methyl C-H bond in propane on
two lattice oxygen species, while propane activation through
the methylene C-H bond on the same active sites results in
surface precursors of CO,. Propene can also react with such
species yielding adsorbed formate and acetaldehyde species,
which are further oxidized to CO,. Unfortunately, the authors
did not explain why the activation energy of methyl C-H
bond dissociation is lower than that of methylene C-H bond
activation. This result does not correspond to the dissocia-
tion energies of the corresponding C-H bonds, which are 410
and 395 kJ mol ™, respectively.

A comprehensive microkinetic model of NO reduction
with H, has been developed on the basis of kinetic evaluation
of TAP experiments on Pt/Al,0;."'* The model includes sev-
eral reaction pathways describing activation of H, and NO,
formation of H,0, N,, N,O and NH; with participation of six
surface intermediates (Table 3). It also explains the effect of

This journal is © The Royal Society of Chemistry 2017
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Table 3 Catalysts, mechanistic models and parameters derived for NOx abatement reactions
Catalysts Near to elementary reaction steps Kinetic parameters Ref.
N,O decomposition
FeOx/MFI N,O +* — *~O + N, Constants and activation energies of individual reaction steps 108
N,O + *-O — O-*-0 + N,
O0-*-0 — *-0, *-0, — O, + *
BaFeAl;,0;9 N,O +* — *~O + N, Constants and activation energies of individual reaction steps 124
N,O + *-0 — *-0, + N,
N,O + *-0, — *-0 + N, + O,
*-0, 5 0y + *
RhOx/MFI N,O + * = *-N,O Constants and activation energies of individual reaction steps 111
*-N,O — *~O + N,
N,O +*%-0 — * + 0, + N,
0, +* 5 *-Q,
*~0, + * 5 2%-0
NO reduction by H,
Pt/Al, O, NO + Pt * = NO-Pt 114

NO-Pt + Pt * = N-Pt + O-Pt

ON-Pt = N, + 2Pt

NO-Pt + N-Pt = N,O + 2Pt

2NO-Pt — N,O + O-Pt + Pt

H, + 2Pt = 2H-Pt

H-Pt + O-Pt = OH-Pt + Pt

OH-Pt + H-Pt — H,0 + 2Pt

NO-Pt + H-Pt = N-Pt + OH-Pt

N-Pt + 3H-Pt = NH,-Pt + 3Pt

NO-Pt + 3H-Pt = NH,-Pt + O-Pt + 2Pt
NH,-Pt = NH; + Pt

NH,-Pt + 3-Pt — N-Pt + 30H-Pt
NH,-Pt + 3NO-Pt + 3Pt — 4N-Pt + 30H-Pt

temperature and H, concentration on product selectivity. It
is, however, worth mentioning that the TAP-derived kinetics
were mainly aimed at elucidating possible reaction steps with
the corresponding rate constants and activation energies as
well as at explaining differences between the catalyst studies.
There are only a few studies targeted at predicting steady-
state operation at ambient or elevated pressures on the basis
of the TAP kinetics derived from high-vacuum experiments.
This is an important requirement if the kinetics should be
used for optimizing reactor performance or predicting cata-
lytic performance under conditions where experiments can-
not be easily performed.

An attempt in this direction has been made for direct N,O
decomposition over Rh-MFI, Fe-MFI and BaFeAl,;-
0,5.53198111:124 11y addition, those studies provided kinetically
relevant fundamentals for tailored catalyst design.
Irrespective of the kind of FeOx species in MFI-type zeolites
(Si/Al = 15 or «), the same microkinetic scheme was
established to be valid for N,O decomposition (Table 3).
However, the kinetics of oxygen formation was affected by
this catalyst property. There is only one reaction pathway
leading to O,, which is a complex sequence of three elemen-
tary reaction pathways (Table 3). This reaction is limited by
the rearrangement of an adsorbed bi-atomic oxygen species
to another one. The activation energy of this elementary step
decreases with an increase in the degree of oligomerisation
of FeOx species thus positively affecting catalyst activity for
N,O decomposition. In addition to O, formation, collision

This journal is © The Royal Society of Chemistry 2017

frequency of N,O with free MeOx (Me = Fe or Rh) sites or
those with adsorbed oxygen species is also an important ac-
tivity factor. It is higher for RhOx sites and polymerized FeOx
species.

Another key factor determining de-N,O activity was con-
cluded to be the mechanism of O, formation. To check the
potential of the obtained microkinetics for predicting steady-
state activity, it was extrapolated from vacuum to conditions
of standard catalytic tests (approximately over three orders of
magnitude of N,O partial pressure)."'™'>* The microkinetic
models qualitatively reproduced the activity order of differ-
ently composed catalysts in a wide range of temperatures and
N,O partial pressures. Microkinetic models, on the basis of
near-to elementary reaction steps, have been successfully de-
rived from TAP experiments over a wide range of catalytic
materials used in various complex heterogeneous reactions.
The derived kinetic and mechanistic information was used to
identify the origin of the catalyst activity and selectivity. It is,
however, important to further validate the potential of TAP-
derived microkinetics for the description of the steady-state
catalyst performance.

3.3 Multi-pulse titration studies

As described in section 2.4.2, multi-pulse experiments intro-
duce one reactant or a mixture of reactants as a long series of
single pulses into the reactor. The aim is to induce a con-
trolled change to the catalyst surface while at the same time
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monitoring a change in reactivity, referred to as a state-
altering experiment, or to quantify the number of surface
atoms by a “titration” type experiment. For example, a previ-
ously reduced surface can be transformed to a given oxida-
tion state by introducing a series of oxygen or nitrous oxide
pulses.®>** Inversely, a fully oxidized surface can be reduced
by using pulses of hydrogen, hydrocarbons or another reduc-
ing agent.®>® Multi-pulse experiments (oxidizing and reduc-
ing) can also be conducted on fresh catalysts,'** as a way to
assess the initial state of a catalyst. This process can be
performed with great precision as the pulse intensity (i.e.
number of molecules) is usually far less than the number of
surface sites.*®”* Multi-pulse experiments allow studies of
the effect of the degree of oxidation on the reaction rate and
selectivity. Quantification of the data can be carried out at
different levels. The number of surface atoms can be easily
calculated from a “break-through” curve by integrating the ze-
roth moment for the complete series.*”" Further data treat-
ment allows extraction of specific kinetic parameters.”*

As an example, Fig. 6 reports the zeroth moment, M,,
(equal to 1-conversion of O,) of a series of oxygen pulses over
1 wt% Pd/SiO, at 100 °C.** The first few pulses were
completely adsorbed but then a break-through of oxygen was
observed. The pulses were modelled by assuming a dissocia-
tive oxygen chemisorption. The model fit is also shown in
Fig. 6. A value for the initial sticking coefficient of 0.24 was
estimated from the data and the number of adsorption sites
amounted to 30 x 10~ mol gcat'l, corresponding to a disper-
sion of 32%. This multi-pulse experiment thus not only gave
the number of adsorption sites and the sticking coefficient
but also the dependence of the sticking coefficient on the
surface coverage. The exponent o was estimated at 2.5, which
is slightly higher than the value of 2 expected for dissociative
oxygen chemisorption. In a similar way, it was also possible
to estimate the metal dispersion and infer the size distribu-

0 20 40 60 80 100
pulse number

Fig. 6 Oxygen breakthrough curve, ie. fraction of oxygen released
from TAP reactor after each subsequent pulse over a Pd/SiO, catalyst
(a series of 2 x 10 O, molecules per pulse are introduced over 10 mg
of 1.0 wt% Pd/SiO, catalyst at T = 100 °C). Open circles: experimental
data, line: model.**
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tion of supported Rh NP in Rh/y-Al,O; catalysts possessing
only 0.005 wt% of rthodium.®

Multi-pulse experiments are a powerful tool to study re-
ducible oxides as catalysts. The methodology and theory were
developed and applied to different reactions.*®*'°® The TZTR
configuration is especially suited for multi-pulse experiments
as it leads to a homogeneous concentration of reactants and
products across the catalyst bed. Another important step in
the data analysis of multi-pulse experiments is to represent
the data (conversion, yields or basic kinetic coefficients) as a
function of the catalyst alteration state rather than as a func-
tion of the number of pulses. In this example, it will be ac-
complished by establishing an oxygen mass balance for each
single pulse and thus calculating the degree of catalyst reduc-
tion or oxidation.'%°

In another example focused on the study of a water-gas
shift catalyst, moment based methodologies have been used
to extract the basic kinetic coefficients, while also identifying
and quantifying the number of active sites of a 2% Pt/CeO,
catalyst.>>”® Different pre-treatment methods using O,, CO,,
and H,O0, to oxidize the Pt/CeO, catalyst were employed. After
the pre-treatment, the catalyst was reduced by a series of CO
pulses. By plotting the CO conversion as a function of the to-
tal amount of CO consumed by the catalyst (i.e. the catalyst
alteration state) the results showed that the three pre-
treatments led to the same CO reactivity with the only differ-
ence being the initial number of oxidized sites, reflecting the
reactivity of O,, H,O and CO, towards the Pt/CeO, catalyst
(Fig. 7).*® The maximum changes in the catalyst state during
these experiments occurred during the first few pulses when
the CO conversion was the highest and amounted to less
than 4 x 10°® moles or ~3% of the total amount of sites, em-
phasizing that the catalyst state is changed in a controlled
manner. A total of more than 6000 pulses was necessary to
fully reduce the catalyst.

In summary, one of the advantages of multi-pulse experi-
ments is that it is possible to alter the catalyst state/composi-
tion in a gradual/controlled manner. This allows characteriza-
tion of the catalyst on a “state by state” approach by
monitoring the amount of reactant consumed (and deriving

800

s @
=3 I=1
S S

CO Apparent Rate Constant /s™'
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Fig. 7 CO apparent rate constant observed in CO multi-pulse experi-
ments at 250 (green), 300 (blue), and 350 °C (red) over 3 mg of 2% Pt/
CeO; catalyst as a function of the CO consumed.*®
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apparent rate constants through moment based analysis) as a
function of the surface composition or the number of
pulses.®® The information obtained not only quantifies the
number of active sites, but also the intrinsic activity of such
sites, which is related to the gradient of the rate constant ver-
sus reactant consumed, as reported in Fig. 7.%® As such, it is
possible to determine if there is one or more type of active
site, for example in Fig. 7 there are two types of active sites
which are determined from the two different gradients on
each of the plots. This type of insight has been reported on a
number of occasions.*®”*

3.4 Studies with monoliths

While powdered catalysts have been the most commonly
studied using TAP, the same methodologies have also been
employed to characterize monolith catalysts for diffusiv-
ity®>'%® as well as mechanistic and kinetic studies. For in-
stance, the transient catalytic process of NOx storage and re-
duction on monolith washcoated with Pt/Al,O; and Pt/Ba/
Al,O; have been studied (which were compared to analogous
powdered catalysts) with the reactor configurations reported
in Fig. 8.1°%12%127 A range of multi-pulse and consecutive
pulse (pump-probe) studies were applied in order to assess
NO storage capacity,"*>'*® and mechanistic insight into the
storage and reduction processes.'*®'**'2” Importantly, simi-
lar results were reported for the powdered catalysts and the
monoliths."*®* NO pulse experiments revealed a mechanism
that combined both NO decomposition and storage."*® This
mechanism infers a spillover of oxygen adatoms from the Pt
to the Ba phase, producing BaO, which is then involved in
NO storage via barium nitrate.">**>”

The role of Pt in the catalyst for NOx storage was also
summarized:">*">”

e Catalysing the oxidation of NO to NO, which stores on
BaO by spill over mechanism.

42 mm

6mm R

(b) ><

SO &L

Fig. 8 Schematics of one-zone inert (a), three-zone monolith (b), and
three-zone powder (c) configurations.*?”
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e Decomposition of NO, to NO.

e The Pt/Ba ‘couple’ is an integral element for adspecies
spill over to BaO.

The results from these studies suggest that the major
mechanism for NOx storage is the NOx spillover at the Pt/
BaO interface, which was confirmed by *NO-'°NO isotopic
exchange experiments.'*® As would be expected, a higher N,
release is observed for Pt/Ba/Al,O; compared to Pt/Al,O;
which suggested a higher storage on the catalyst with Ba.'*”
The scavenging role of H, freeing up of the sites for decom-
position and reduction of stored NOx was also identified."**
This type of work reinforces that TAP is versatile in terms of
types of sample which can be studied, and that the same op-
erating modes can be applied irrespective of the type of
sample.

3.5 Single particle experiments

A recent novel example using the catalytic oxidation of CO
over a single Pt particle demonstrates the unique information
that can be obtained from TAP experiments by cycling be-
tween different experimental regimes.'® This is seen as a
route to bridging the ‘material gap’ since transport data (dif-
fusion) and intrinsic kinetic data (e.g. number of active sites,
site activation energy, etc.) obtained from TAP transient re-
sponse experiments on single crystals can be correlated with
experiments performed on multi-crystalline materials."*®

Fig. 9 illustrates key elements of a single particle Knudsen
pulse response experiment. The microreactor is packed with
approximately 100000 inert quartz particles (210-250 um in
diameter) and a single Pt particle with an equivalent spheri-
cal diameter of 300-350 um. The particle is positioned in the
centre of the packed bed and the internal temperature

¥ Inlet puise

(A) (8)

Ceramic

insulation 350, micron

Pt particle

6350 microns
Inlet pulse

250 micron
Quartz partide

Magnification
15,000X

Outlet pulse

[LAL D
LA
v

(Vacuum)

Fig. 9 A) Schematic of TAP microreactor single particle configuration.
(B) Actual image of single particle Pt polycrystalline catalyst taken with
a digital camera. (C) SEM images showing the entire polycrystalline Pt
particle. (D) Inset gives high magnification (15000x) SEM image of Pt
particle surface.®
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adjacent to the particle is sampled with a shielded thermo-
couple. The Pt particle fills <0.3% of the reactor cross-
section and occupies <.003% of the reactor volume. The Pt
particle has a complex micro-structured surface but the bulk
solid is nonporous. Likewise, the inert quartz particles are
nonporous so that gas diffusion or mass transfer within par-
ticles does not occur. A series of O,/Ar (70/30 feed ratio)
pulses, each containing approximately 10" oxygen molecules
were pulsed into the microreactor. Conversion was 100% for
the first pulse and greater than 90% for the second pulse.
After approximately 40 pulses the O, conversion dropped
to zero.

Single particle CO oxidation experiments were also
performed using the pump-probe format and the same
packed bed and Pt particle.'® Mixtures of O,/Ar (70/30) and
CO/Ar (70/30) stored in separate pulse valves were injected
into the microreactor forming a train of alternating pulses of
0O, and CO. At 140 °C the CO, response on the O, pulse is
significantly broader than the CO, response on the CO pulse.
The broader response indicates that CO, is evolved more
slowly on the O, pulse then on the CO pulse. The difference
in responses provides clear evidence that the surface reaction
mechanisms are not equivalent. At 350 °C the CO, response
on the O, pulse is almost non-existent, while the CO, re-
sponse on the CO pulse appears very similar to the response
at 140 °C. These results indicate that the CO surface lifetime
is shorter than the CO-O, pulse interval and that the oxygen
surface lifetime is longer than the 0O,-CO interval.

In Fig. 10, the normalized M, of the different CO, re-
sponses collected at different temperatures is plotted versus
temperature. The red and blue plots show the CO, yield for
the individual O, and CO pulses, respectively. The black plot
represents the total CO, yield obtained by summing the indi-
vidual yields during one pump-probe cycle. At 170 °C the
CO, yield is greater than 95% indicating that more than 95%
of the CO and O, molecules collide with the Pt particle and
react. Above 170 °C the CO, yield decreases more rapidly for
the O, pulse than the CO pulse. From 170 to 350 °C, the CO,
yield on the oxygen pulse decreases from a maximum of 52%

Total CO,

06 0‘h moment

Normalized 0% Moment
»
/

O2 on CO
/ CO, on O_\\

0.0 ‘/

' T T T 1
0 50 150 250 350 450

Temperature, °C

Fig. 10 CO, production observed from vacuum pump-probe
experiment over a single Pt particle. The black line represents the total
CO, yield. The red and blue lines represent the CO, yield on the
oxygen pulse and CO pulse, respectively.'®
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to <5%. In the same interval, the yield on the CO pulse de-
creases from 43% to 25%, so that the overall yield drops from
95% to less than 30%. During the O, pulse, oxygen reacts
with CO molecules adsorbed during the CO pulse. During the
CO pulse, the reverse is true with CO molecules reacting with
different forms of adsorbed oxygen. In the latter case, the
CO, yield decreases more slowly indicating that the oxygen
surface lifetime is longer. The yield peak (turning point) for
all three curves occurs at the same temperature of 170 °C.
The yield peak represents the point of maximum surface cov-
erage for both CO and O,.

After completing the set of vacuum pulse response experi-
ments, the slide valve was closed so that the reactor could be
operated at atmospheric pressure. The temperature depen-
dence of the CO, yield was characterized by two branches,
which formed a counter-clockwise hysteresis loop. For the
flow experiments, the lower branch of the hysteresis loop oc-
curred during the up ramp and the upper branch during the
down ramp (Fig. 11). On the lower branch of the hysteresis
loop, around 350 °C, a rapid rise in CO, yield was observed.

On the upper branch of the hysteresis loop (Fig. 11), a
maximum in CO, production of 20% was observed at 430 °C.
At 170 °C (turning point), the slope of the temperature
changes and a significant decrease of CO, occurred. The
turning point occurred at the same temperature as that ob-
served in the pump-probe experiments. The phenomenon,
denoted yield hysteresis, is well known in heterogeneous ca-
talysis, and has been previously observed in CO oxidation re-
action over noble metals. The hysteresis is due to changing
surface coverage and not local heating. While flow conditions
offer limited control of surface coverage, TAP pulsing enables
pulse-by-pulse control. In these experiments the effects of
surface coverage on reaction kinetics were observed in both
regimes, bridging the pressure gap. The behaviour is attrib-
uted to competition between O, and CO for active catalytic
sites on the metal surface. The turning point can be viewed
as the temperature at which O, domination on the Pt surface
switches to CO domination.

In summary, conversion during atmospheric pressure ex-
periments was quite high. The residence time in the micro-
reactor was longer than in a TAP experiment, but the

.
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Fig. 11 CO, production observed from atmospheric flow experiment
over a single Pt particle. The CO, produced while increasing reactor
temperature is less than the CO, produced during reactor temperature
decrease as shown by the counter-clockwise hysteresis loop.*®
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apparent contact residence time in the reaction zone is about
2 orders of magnitude less. Nevertheless, CO conversion
reached 20%. Clearly, the real residence time in the reaction
zone was larger, and mixing was also significant in atmo-
spheric flow experiments. The calculated reaction constants
for the two different reaction regimes were within 3%. The
correspondence in turning points indicates that the coverage
in vacuum and atmospheric pressure experiments was ap-
proximately the same and intrinsic kinetic data obtained in
vacuum experiments could be used to describe kinetic behav-
iour in the atmospheric pressure domain. The ‘single particle
experiment’ showed the remarkable sensitivity of the TAP re-
actor system when performing kinetic experiments at both
vacuum and elevated pressures.'®

4 Evolution of TAP

4.1 Detectors

The main features of TAP-1, TAP-2 and TAP-3 are discussed
in detail elsewhere.>”®'* Some customized systems similar
to TAP'**"*! have also been reported as well as variations on
the original concept designed for specific purposes, such as
the multiple time resolved analysis of catalytic kinetics
(MULTITRACK)®"*? and the paralleled TAP system.'*’ In this
section, the latest development in terms of TAP technology
development are reported.

To date, quadrupole mass spectrometers (QMS) have been
used almost exclusively to monitor TAP experiments as they
provide a good time resolution, are versatile and have a suffi-
ciently wide dynamic range to provide high sensitivity. In or-
der to provide the desired time resolution, a typical QMS is
limited to observing only one AMU per pulse cycle during a
TAP experiment. This raises issues in terms of experiment
duration, and indeed in terms of data integrity with regards
to possible “unobserved” changes in pulse response, which is
dependent on the total number of AMUs being monitored.
Time of flight mass spectrometers (ToF MS) offer the oppor-
tunity to observe all masses simultaneously. In this type of
MS, all ions which have identical kinetic energy are injected
in a flight tube where they separated according to their re-
spective masses.”’ This is achieved by the ions with smaller
masses arriving at the detector faster than ions with larger
masses I.e. ions with smaller mass will have a shorter “flight
time”."**

The ToF characteristics offer multiple opportunities and
advantages for TAP applications. First, the density of data is
much higher than in the case of the QMS, since all masses
are recorded for each pulse. The second, which is historically
linked to the TAP development, is the possibility to detect
“unexpected” reaction intermediates. In ToF, the whole mass
spectrum can be recorded with a sub-millisecond time reso-
lution, which offers the possibility of wide-net “chasing” of
evolution of masses. Conversely, the QMS requires the pre-
selection of a mass to be analysed, which make the identifi-
cation of unexpected intermediates more tedious. This point
is not unique to TAP since some steady state methods utiliz-
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ing MS would also need a pre-selection of the masses in or-
der to access suitable time resolution and reduce computer
processing time delays.

In order to observe multiple masses simultaneously, a ToF
MS for TAP was developed.'*® While this ToF MS did provide
millisecond time resolution, it was not adequate in terms of
the sensitivity required for the TAP technique.® More recently,
another ToF MS was custom built for TAP applications.™*® It
was demonstrated that this TAP ToF MS has the detector lin-
earity, reproducibility and high sensitivity that is essential to
accurately analyse TAP pulse response experiments."*® The
development of this instrument has provided a technology
which can be more widely applied to other techniques, in-
cluding fast transients, which require high time resolution
for analysis or require the ability to screen for previously
undetected intermediates. This has been acknowledged in a
review on high resolution mass spectrometry for the wider
analytical chemistry audience."®’

4.2 Analysis

TAP pulse experiments can provide quantitative information
such as rate constants of elementary steps and the number
of active sites present. In order to obtain these type of in-
formation it is necessary to process the experimental results
with the appropriate data analysis tools. The analysis ap-
proach is influenced by the types of configuration for the
TAP microreactor packing selected. There are three main
configurations: the original one-zone configuration (micro-
reactor is completely filled by catalyst), the three-zone con-
figuration (catalyst layer is sandwiched between two layers
of inert material) and the thin-zone configuration (the cata-
lyst layer is significantly smaller than the inert layers). Each
of these are described extensively in the literature
previously.14,34,36,61,63,65,106,118,138

4.2.1 Non-steady-state catalyst TAP characterization and
new theoretical framework. In order to achieve temperature
uniformity and gradientless behaviour of the reactants and
products concentrations in the active zone, it is
recommended to perform experiments in the catalytic
TZTR™® or even over a single catalytic pellet."® Such configu-
ration simplicity greatly the mathematics required to analyse
the data and extract relevant information. These reactors con-
figurations can be termed as ‘diffusional CSTR’ - reactors:
where diffusion works as an efficient ‘impeller’. Recently, a
detailed estimation of the validity of TZTR-model was
reported.'*®

There are a number of approaches/methodologies in the
TAP data analysis which are discussed in detail in the
literature, including  the moment-based  integral
approach,'®19¢14%141  differential  approach,"*®  curve
fitting,3"108:123:124,127,1437149 54 ell as the extraction of ki-
netic parameters. Briefly, the moment-based theory'%°
is an integral analysis of each individual pulse in the series
of pulses, both reactants and products. From the first three
moments (time-weighted area under the pulse response; M,,

19,106
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M, and M,) three primary/basic kinetic coefficients (ro, rq, 5)
can be calculated.’® These experimentally derived basic ki-
netic coefficients each present unique physico-chemical
meaning.'’® Materials can be compared on the basis of the
primary kinetic coefficients without assumption of a model
or data can be interpreted in terms of various models with
rate constants of various reaction mechanisms described in
an extensive reference table available in the literature.'®® The
expressions depend on the reactor configuration, but rather
simple expressions arise in the case of a TZTR.*?

Curve fitting is another commonly used approach where
the experimental transient responses are fitted to different
assumed kinetic models.****'*° The most plausible model
is selected on the basis of model discrimination tests. The
parameter (rate and diffusion coefficients, as well as activa-
tion energy) estimation procedure is based on a numerical
solution of partial differential equations describing diffusion,
adsorption, desorption, and reaction in the TAP microreactor.
To this end, non-commercial software packages developed in
different research groups are applied.*"**®'%° Analytical ad-
vances specific to the TAP methodology have also been
I.eported_146,150—154

Since 2001 a step-by-step advancement of the mathemati-
cal theory of the TAP “reaction-diffusion” systems has been
constructed, including:

e The theory of multi-zone TAP-reactors.

e The probabilistic theory'®*'®" for determining how the
local geometric structure of a channel surface influences the
diffusivity properties of an inert gas in the Knudsen regime.
This geometry, referred to as the channel microgeometry, is
encoded in the scattering operator, P. The theory can be ex-
tended to the “diffusion-reaction” systems for revealing the
local microgeometry of the active centre.

e The special model-free procedure (the so called Y-proce-
dure) to extract the reaction rate inside the catalytic reactor
at any moment of time based on the measured exit
flow.**>%3 1t is believed that the Y-procedure will be a basis
of advanced software for non-steady-state kinetic data inter-
pretation. Practical applications of the Y-procedure already
exist."®*

e The theory of elucidating catalytic mechanisms."®®
Within this theory, the new fingerprints and “decision tree”
procedure were described for discriminating mechanisms of
complex reactions.

Most aspects of data analysis are extensively covered else-
Where in the literature’18,19,31,108,123,124,127,1407149,1557165 in-
cluding in review papers,””® and are not discussed in detail
in the present work. In the following sections, a number of
recent advances which can have application and impact be-
yond the field of TAP are discussed in more detail.

4.2.2 Correction for adsorption over inert material in the
TAP thin-zone model. Even on supposedly “inert” particles it
has been found that adsorption can still occur.'®® As previ-
ously outlined, most modern configurations of TAP micro-
reactor have sections filled with inert particles. The extent to
which adsorption occurs in the inert zones, however, can

155-159
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have a significant impact on data analysis. There is a tradi-
tional dependence of TAP data analysis on the assumption of
purely Knudsen diffusional behaviour of gases within the in-
ert packing but in the case of very “sticky” molecules (e.g.
NH;, NOx) interaction with the inert is almost inevitable.
Given that adsorption of a gas over the inert material gives
rise to an additional time delay, ignoring its contribution will
corrupt the data analysis. Consequently, a corrective method-
ology was developed.'®®

In essence, the adsorptive nature of reactants and prod-
ucts can be assessed over a one-zone configuration of the in-
ert material. This is done via the direct comparison of the ex-
perimental curve with the purely diffusional response of the
species, based on pure Knudsen diffusion."®® Consequently,
any additional delay (i.e. due to adsorption/desorption) can
be quantified and as such can be subtracted from the pro-
cesses observed later on when using a typical TZTR configu-
ration, thereby ensuring the reported insights are those re-
lated solely to the catalyst. This analytical method was
validated using the selective reduction of oxygen in a hydro-
gen rich ethylene feed over silver catalysts, and provides a ba-
sis to ensure greater confidence in TAP data analysis, even
when facing adsorption in the inert zone of the microreactor
packing."®®

While this addressed an issue arising from a TAP experi-
ment, it highlights a sometimes overlooked wider issue. Any
experiment which uses an inert material, for example to im-
prove thermal conductivity/preheating of gas, assumes that
there is no interaction between the reactant gases and this
inert material, yet it is apparent that this is not always the
case."®

4.2.3 Momentary equilibrium. A new physico-chemical
phenomenon known as the ‘momentary equilibrium’ (ME)"®”
has been reported and is defined as a special point through
which any reversible chemical reaction passes in a TAP pulse
response experiment. It is very informative for determining
the number of active sites and kinetic parameters.*®” ME is a
special temporal point at which the adsorption rate of a sin-
gle component is instantaneously balanced by its desorption
rate (see Fig. 12).

Consequently, the whole consumption rate of the single
component is zero. Knowing the gas concentration and the
uptake of the substance at the ME point, one can determine
the number of active sites per unit of the catalyst surface. In
terms of application, a pulse-intensity modulation method
based on chemisorption was reported for the characterization
of CO adsorption on a hydrotalcite-supported platinum cata-
lyst (1% wt Pt/Mg(A1)0)."”

This approach addresses the difficulty in quantifying the
true number of active sites in catalytic reaction. Traditionally,
this is done using probe molecule chemisorption. However,
it should be noted that the number of active sites based on
chemisorption measurements may significantly differ from
the number of reactive sites.'®*'%°

To address this issue, the SSITKA method, proposed by
Happel’”>'”" and developed by Bennett'’> and Biloen,'”?
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A. Momentary Equilibrium (ME)
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Fig. 12 Non steady-state consumption rate, Rcow)., gas concentration,
Ccow. and surface concentration, Czcor, of CO during a single-site re-
versible adsorption: (A) rate-concentration data during a TZ TAP pulse-
response experiment: simulated values within the catalyst zone (gray-
shaded area)), mean simulated values (dashed line), values
reconstructed by the Y-procedure (solid line), momentary equilibrium
(red circles), and the uncertainty range (between vertical dotted lines);
(B) rate-concentration data during a batch experiment in a closed sys-
tem, i.e., the approach of true chemical equilibrium.*®”

provides an elegant technique'’* which allows the determina-
tion of the surface concentration of the most active reaction
intermediates (mari) under reaction conditions. According to
the idea of the SSITKA approach, after a step-change between
two reactant streams containing different isotopes, distribu-
tions of isotopically labelled products are monitored using a
MS. SSITKA studies are used to determine the amount of sub-
stance stored/released by a surface. However, by definition,
the SSITKA method provides information about the number
of active sites under steady-state reaction conditions. In the lit-
erature there has been a report of good correlation between
quantification of active sites by TAP*® and by SSITKA.** This
has shown the potential of TAP experiments to provide rele-
vant analysis regarding the active sites of a catalyst and
mechanisms of catalytic processes.
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The advantage of the momentary equilibrium TAP method
(METAP) is that it interrogates the catalyst under conditions
close to reaction conditions but does not need expensive iso-
topically labelled compounds. As such, this method can be
used to bridge the “pressure gap” through the quantification
of the catalytic sites by TAP-derived kinetics to those obtained
by other techniques. It has been stated that ME has the po-
tential to be applicable for processes where reversibly
adsorbed species are required to be present under equilib-
rium, at predefined spatial and temporal positions."®’

4.2.4 Expansion of truncated TAP pulse responses. An is-
sue which is sometimes encountered with TAP experiments
is the truncation of the recorded pulse responses.'’”® This
happens when the recording time is shorter than the time re-
quired to capture the full profile of the response pulse. This
can be a result of change of the response of a species as the
experiment progresses (i.e. increasing residence time), or
even through human error. If not corrected for, such data
cannot be further processed and the information provided is
therefore very limited. However, TAP pulse responses follow
an exponential decay in the “tail” part of the response, and
as such it is possible to take advantage of this characteristic
in the case of a truncated pulse.'”®> On this basis, a function
which can mathematically extend a TAP pulse response to its
correct termination point has been developed.

The method entails the plotting of the response in the log-
arithmic scale, thereby translating the “tail” of the response
to a straight line, the equation of which is then determined.
By utilizing the exponential of the equation of this straight
line, it is possible to generate the remainder of the pulse re-
sponse, thereby allowing for further TAP data analysis via the
established methods (see section 4.2), an example of which is
reported in Fig. 13.

This methodology was extensively validated for inert, reac-
tant and desorbing product in recent literature."”> An exam-
ple of some results are reported in Fig. 14, where an argon
pulse response has been experimentally collected correctly
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Fig. 13 A truncated argon pulse response (blue) which has had its
remainder generated through tail expansion (red).
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Fig. 14 Comparison of moments (M,,) of pulse responses for AMU 40
(argon) at 623 K over Co-Cr-Sn-WOx/a-Al,O3 for experimental (blue),
expanded (red), forced baseline (green) and terminal baseline (yellow).

and was then artificially truncated. The truncated response
was then processed using the expansion method detailed
within this section as well as by two other methodologies
which are commonly used previously (forced baseline and
terminal baseline), even though these methods are known to
underestimate the moments.’”> As can be seen from Fig. 14,
the expansion method could determine the moments more
accurately than either the forced baseline or terminal base-
line approaches. This methodology would be useful in situa-
tions which are both time and material sensitive, i.e. it may
be quicker and less expensive to conduct this type of mathe-
matical expansion as opposed to repeating the experiments
again. Similar methodologies which report an exponential
like decay response and encounter data acquisition/human
error issues could also adapt the reported approach to over-
come incomplete data sets.

5 Revitalizing the TAP technique

Despite the fact that TAP can provide important insights and
understandings of catalytic processes, it has not been widely
adopted by the catalysis community. Undoubtedly some of
the reasons for this resides with the small number of instru-
ments currently in use, the perceived complexity of the in-
strument and the special skills set required for transient data
analysis. Within this section, the potential for TAP to be ap-
plied in conjunction with modern and emerging catalyst as-
sessment methodologies is proposed.

5.1 TAP relevance in current catalyst research

Driven by stringent environmental legislation and limited
natural reserves,”'® the development of more efficient and/or
alternative catalytic routes has become a priority for modern
and future industry. Since catalysts are key enablers for meet-
ing such challenges, the development of new materials with
desired properties is one the main targets of the ongoing re-
search. To this end, a fuller understanding of catalysts and
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catalytic processes is required. Particularly when using
complex reactant mixtures it is critical that an in-depth
understanding of the mechanisms and kinetics of surface
reactions is obtained.® As such, experimental measure-
ments, on as elementary a level as possible, are key to
this understanding. While traditional catalyst methods
such as CSTR and PFR are still used extensively there has
been an emerging trend of developing new methods such
as stagnation flow reactors,'””® as well as developing
operando modes for existing catalyst characterization, some
of which are incorporating spatial and temporal measure-
ments of reaction distributions of concentration and tem-
perature for structured catalyts®'’”'’° and for powdered
catalysts, 87152

Despite the proven potential of operando techniques for
identifying catalytically active species/centres/phases and for
elucidating reaction mechanisms, they typically fail to pro-
vide a molecular picture of catalytic reactions including
microkinetics because of low time resolution, i.e. in many
processes there are short lived intermediates which may not
be detected due to incompatible time resolutions. Moreover,
it is very difficult to ensure isothermal conditions when in-
vestigating highly endo or exothermic reactions thus signifi-
cantly complicating kinetic and mechanistic studies. Since
the TAP technique is free of the above limitations as demon-
strated by several studies over powders and a range of other
catalytic materials (including monoliths,””""**'*” single parti-
cles'® and wires'’) as discussed in the current work, clearly
there is the potential for results from TAP experiments to be-
come very useful to these current advances in catalytic assess-
ment. The use of metal organic frameworks (MOFs) for heats
of adsorption studies has also been reported.'®®

In order for some of this potential to be realized it is evi-
dent that some development of TAP experimental methodol-
ogy/instrumentation as well as analysis/models is required
(see section 5.2). With this in mind, the authors’ have a num-
ber of goals with a view to ensure further and continued ap-
plication of TAP in modern catalytic investigations.

5.2 Ambitions for future development of TAP

Some processes are difficult to study using TAP, such as
isomerization, although it may still be possible to study these
using some previously suggested solutions, such as indepen-
dent determination of reactant product composition of the
reaction products.’® Given the current trends in catalytic in-
vestigation, it is desirable to now start investigating more
complex reactions than those previously reported®”® and
discussed herein, with the focus on identifying near-to ele-
mentary reaction pathways and to determine their kinetic pa-
rameters. While the analytical methods themselves are free
of limitations with respect to the complexity of kinetics
models, there is still a drawback with computing power,
which is, fortunately, continuously improving.'®* With in-
creased complexity of reaction studied, there will also be the
need to further develop the current analytical and numerical

This journal is © The Royal Society of Chemistry 2017
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methods. To avoid over parameterization of microkinetic
models used for the latter approach, it is highly important to
use model-free analysis for identifying reaction path-
ways.'®>1%% To this end, the moment based approaches for
determining the type of interaction (reversible vs. irreversible)
of feed components and reaction products should be taken
into account. However, it has previously been limited to rela-
tively simple processes, and is not ideal for extraction of ki-
netic parameters for products. Consequently, the application
of moment based analysis would need to be expanded, some-
thing which is currently ongoing.'®*

One of the other limitations is linked to the use of QMS
and, to a lesser extent, even the recent TAP ToF ap-
proaches.”*>'*® While complex reactions can already be stud-
ied, the MS methods used, so far, are limited to a resolution
of 1 atomic mass unit (AMU) and multiple species can con-
tribute to the same apparent masses; for example N, and CO
both have a mass of 28. In order to discriminate between
these species, it is necessary to use fragment masses and full
mass deconvolution which is tedious for simple cases and
sometimes impossible for more complex cases. It is also
worth noting that these manipulations are detrimental to the
signal to noise ratio. The issue of different species sharing
the same apparent mass, however, can be overcome. In the
case of CO and N,, these two species actually have different
masses (N,: 28.014 and CO: 28.010). A mass spectrometer
with sufficient mass resolution would be able to discriminate
these two masses, and with advances in technology equip-
ment with such capability and appropriate time resolution
should now be possible,'*® and as such is a primary ambition
in terms of development of TAP instrumentation.

With the emergence of operando catalyst characterization
techniques providing information on the catalyst under true
working conditions, the ability of TAP to provide results that
are industrially relevant is even more significant. We have al-
ready discussed the advantage of the high time resolution of
TAP to provide industrially relevant information, by being
able to distinguish between separate processes (section 3).
There is a long history of direct industrial involvement in re-
search with TAP, including, but not limited to, BASF,'®’
Dupont,****¥711 Haldor Topsee,'”> Johnson Matthey,"** "
Monsant0,14’197_199 She1118,188,200,201 and T0y0ta.78‘202'203
There is also evidence of topical TAP research which is rele-
vant to industrial applications such as the Toyota Di-Air sys-
tem,**»*%>  reactions of methane,°**”” NOx cataly-
sis10203:208209 and for better understanding of catalysts used
in the production of industrial chemistry building
blocks.*>'** There is still industrial involvement in TAP re-
search, though most recently this has been sponsorship of
projects, either financially and/or through the supply of mate-
rials and for confidentiality purposes, such studies are not al-
ways reported in the literature.

To build further on this tradition of industrial collabora-
tion, a framework should be devised in order to provide
added vigour/robustness to TAP results in order to improve
their applicability. One way in which this can be done is to
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check/quantify the effect of any pressure gap through the
evaluation of small and large pulse intensity experiments,
thereby varying the total pressure during those pulse re-
sponse experiments. Until such experiments are conducted
and reported it will not be possible to validate the use of
existing analytical methods, or indeed any newly developed
analytical methods formulated for the proposed operating
conditions. It would also be possible to examine the role of
gas phase reactions, since these are eliminated in the Knud-
sen diffusion regime, through direct comparisons of experi-
ments with and without these gas-gas interactions.

With the significant developments in operando spectro-
scopy it is possible to characterize metal oxidation state and
to correlate structures with observed catalytic behaviour.
Given that catalysts often adapt to their environment, i.e. un-
dergo a change in metal oxidation state/structure/coordina-
tion, operando techniques have the ability to detect such
changes and determine catalytically active structures,® al-
though it may not be possible to derive accurate kinetics of
elementary steps due to temperatures distribution. Spatially
resolved operando techniques further provide the ability to
obtain spatial resolution of such correlations between struc-
ture and catalyst performance.® Given that TAP is one of the
only techniques that allows control of state and targeted ki-
netics characterization of catalyst through state defining ap-
proach,>'® information from operando methods could be
used to design TAP experiments which can provide accurate
kinetics of elementary steps. Similarly, data from TAP experi-
ments which would indicate a specific catalytically active
state could be used to help design appropriate operando ex-
periments in order to gain further understanding. As an ex-
ample, if TAP detected that a reduced catalyst was more ac-
tive for a process than an oxidized catalyst (or vice versa), this
could shape operando experiments in terms of the conditions
used and, indeed, even in terms of the spectroscopy that
should be used in operando mode for such experiments.*"*

Computational catalysis such as density functional theory
(DFT) has become an essential part of the discipline during
the past decade. A further benefit of the utilization of
operando spatially resolved techniques has been the ability to
utilize experimentally derived data to improve numerical
analysis/predictions, including microkinetic models.*"*>
While TAP has readily contributed to the bridging of the ma-
terial and pressure gaps, there is now the potential for TAP to
assist with the knowledge gap®*'* that exists between experi-
ment and kinetic modelling. An important issue, which is
rarely tackled in transient kinetic analysis, is the relevance of
unsteady-state kinetics for predicting steady-state catalyst per-
formance. TAP experiments should be used to provide direc-
tion in terms of mechanism and by providing experimental
kinetic data and diffusion coefficients that can be used as a
foundation for modelling. There is evidence that this is al-
ready occurring,*"® while there are also reports of compari-
sons of kinetics derived from TAP and DFT.”” The justifica-
tion for the use of parameter inputs from TAP can be
critically assessed for relevance by the ability of the models
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to predict the experimentally observed results, which is a typ-
ical test required for model validation in any case.

The use of all methods at our disposal (modelling,
operando experiments and transient experiments) in the com-
plimentary ways outlined herein can only serve to improve
upon our understanding of catalytic processes, and therefore
address the aforementioned global challenges. Furthermore,
and perhaps most critically, in order to facilitate wider adop-
tion of the TAP as a complimentary methodology, it is now
necessary to create a user-friendly software that will unify all
the data reduction and analysis methods published so far
and will be freely available to the catalysis research commu-
nity. The present authors have already started this initiative,
with a view to not only provide the necessary analytical capa-
bility, but also to aid proper application of the experimental
methods in order to provide the most beneficial information.

6 Conclusions

The significant contributions and the value of the TAP meth-
odology to furthering the understanding of catalysts and cata-
lytic processes have been discussed above. The community
which utilizes the technique still remains relatively small
nearly forty years later, which means that TAP is very much a
niche methodology. There are, however, significant literature
contributions, of which the references of the current work
are not an exhausted list, and it is clear that the desire to uti-
lize the TAP methodology is strong. To summarize, the key
advantages of TAP, as highlighted herein and in the litera-
ture,>”"® are:

e Small volume of gas per pulse: effective use of expensive
isotopes.

¢ Millisecond regime.

e Operation in Knudsen diffusion regime: no mass trans-
fer limitations.

e Isothermal catalyst zone.

e No material gap: model and practical catalysts can be
used.

e Bridging of pressure gap: range of pressures from UHV
to high pressure are accessible.

e The ability to conduct state defining experiments.

¢ The ability to conduct state altering experiments.

¢ Extraction of kinetic parameters.

e The ability to decipher reaction mechanisms.

The relevance of the technique to current trends in cata-
lyst characterization has also been discussed, and indeed a
number of scenarios have been proposed as to how TAP can
evolve and continue to contribute to modern catalytic assess-
ments. It has been the aim of the current work to address
some of the mystique of TAP so as to give the methodology
wider appeal and to make it more accessible. TAP is certainly
unique in its capabilities to extract mechanistic insights and
kinetic parameters, and with some further development, it is
the authors’ hope and determination that this catalytic ki-
netic analysis methodology will become much more
prominent.

2434 | Catal. Sci. Technol., 2017, 7, 2416-2439

View Article Online

Catalysis Science & Technology

U.S. Department of Energy disclaimer

This information was prepared as an account of work spon-
sored by an agency of the U.S. Government. Neither the U.S.
Government nor any agency thereof, nor any of their em-
ployees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, complete-
ness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that is use would not in-
fringe privately owned rights. References herein to any spe-
cific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or
favouring by the U.S. Government or any agency thereof. The
views and opinions of authors expressed herein do not neces-
sarily state or reflect those of the U.S. Government or any
agency thereof.

Notes
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