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ABSTRACT: The development and optimization of catalysts and
catalytic processes requires knowledge of reaction kinetics and
mechanisms. In traditional catalyst kinetic characterization, the gas
composition is known at the inlet, and the exit flow is measured to
determine changes in concentration. As such, the progression of the
chemistry within the catalyst is not known. Technological advances in
electromagnetic and physical probes have made visualizing the
evolution of the chemistry within catalyst samples a reality, as part
of a methodology commonly known as spatial resolution. Herein, we
discuss and evaluate the development of spatially resolved techniques,
including the evolutions and achievements of this growing area of
catalytic research. The impact of such techniques is discussed in terms
of the invasiveness of physical probes on catalytic systems, as well
as how experimentally obtained spatial profiles can be used in
conjunction with kinetic modeling. Furthermore, some aims and aspirations for further evolution of spatially resolved techniques
are considered.
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1. INTRODUCTION

Measurements are a critical and enabling aspect of under-
standing, developing, optimizing, and modeling catalytic
processes. Advanced techniques capable of measuring spatial
and temporal reaction distributions within a catalyst during
realistic operating conditions provide leap-scale benefits over
conventional integral measurements with respect to advancing
catalysis. The goal of this work is to review the development,
application, and the state-of-the-art advances of such techniques
for operando spatiotemporally resolved intracatalyst character-
ization and to consider the invasive nature of these techniques,
describe specific methods for quantifying invasive nature, and
summarize the impact of these techniques for advancing
catalyst knowledge and modeling. It is the hope that this work
will be useful in providing a historical perspective on the
development of intracatalyst analysis, insights into their
potential for advancing catalytic research and development,
and specific guidance for experimental design incorporating
these enabling measurement techniques. The various sections
are summarized here to give an overview of the work and guide
the reader.

A brief summary of the importance of catalysis and catalysts,
as well as some insight into the catalytic development process
are reported in Section 2. Section 3 discusses traditional
methods for catalyst characterization based on integral or
effluent measurements; the inherent limitations of these
approaches are discussed, which provides a foundation for the
motivation and need for spatially resolved operando intracatalyst
measurements. Spatially resolved techniques are discussed
in Section 4, which is divided into two sections focusing on
those using electromagnetic and physical probes. The section
on electromagnetic probes covers a wide range of techniques
including spectroscopic and imaging methodologies. Electro-
magnetic probes are predominantly sensitive to the state of the
catalyst, but IR and MRI can be used to measure reactant and
product concentrations in a limited number of situations, such
as liquid-phase catalysis. While electromagnetic probes can be
completely noninvasive, their applications are not always such,

Received: November 18, 2015
Revised: January 11, 2016
Published: January 15, 2016

Perspective

pubs.acs.org/acscatalysis

© 2016 American Chemical Society 1356 DOI: 10.1021/acscatal.5b02602
ACS Catal. 2016, 6, 1356−1381

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/acscatal.5b02602
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


and they should not be considered universally superior to
physical probes; for example, with electromagnetic sources of
high brilliance and/or energy density, there is always the
possibility that the sample could be irreversibly altered, thereby
obfuscating meaningful structure−activity relationship deter-
minations. Furthermore, the nature of some electromag-
netic-based techniques can limit their spatial resolution (e.g.,
line-of-sight absorption wherein the resultant measurement is
based on the integral of many interactions along the probe-
beam’s path, which are not individually resolved). While
electromagnetic probes can provide spatial resolution in some
applications (e.g., tomography), the required optical access
may not be practically achievable without compromising the
natural state of the reactor (at least two points of optical access
required, on opposite sides of reactor) and thus becoming
invasive.
The principal advantages of physical probes are that they

more directly provide spatial resolution (predominantly,
although not exclusively, for the gas phase) and can require
fewer changes to the natural reactor state for measurement
access. The section on physical probes is the primary focus
of this work and specifically discusses Spaci-MS, IR Imaging,
Spaci-IR, and techniques using optical fibers including pyro-
metry, phosphor thermography, Raman and optical frequency
domain reflectometry, as well as applications to powder-bed,
honeycomb-, and foam-monolith-supported catalysts. Related
discussion addresses and compares different approaches to
balancing the trade-offs between temporal resolution, spatial
resolution, and invasive nature. Section 5 describes numerical,
experimental, and dimensionless-factor methodologies for
assessing the invasive nature of physical sampling probes like
those used for Spaci-MS and shows that these can be practically
noninvasive in a wide range of applications. Section 6 reports
the enabling capabilities of spatially resolved techniques for the
enhancement of kinetic modeling, as this has been discussed
for a range of techniques and processes. Section 7 is the
culmination of the previous sections, highlighting the major
points while some aims and aspirations for further evolution of
spatially resolved techniques are considered.

2. CATALYSIS AND CATALYSTS
Catalysis plays an important role in the chemical industry, both
economically and environmentally. For example, between 75%1

and 80%2 of products from all industrial sectors (such as
polymers, pharmaceuticals, agrochemicals, petrochemicals, and
environmental cleanup) involve the use of catalysis at some
point. For the general public, the best-known example of
catalysis is probably the catalytic converter used by the
automotive industry for emission control. It is also well-
understood that without the use of catalysts, some reactions will
occur with very slow kinetics, if even at all. One of the
alternatives to improve reaction kinetics is to increase the
temperature and/or pressure in order to increase the rate of
conversion. These can lead to severe conditions with
subsequent undesirable increased energy consumption but
can also cause extreme damage to instruments and materials
(corrosion and stress leading to a higher level of maintenance).
Another reason to use catalysts is to increase the selectivity
toward a desired product which also reduces waste of reactants
due to side reactions. The use of catalysts can allow chemical
reactions to occur under less-severe temperatures and/or
pressures, with a greater selectivity, with a better conversion,
and at a higher rate.1−4

Catalysts can be found in different shapes and forms de-
pending on the stage of development and the final application.
In academia, and at the early stage of industrial research, the
most common form will be a powder because it is the easiest
form to prepare and to model as it presents fewer problems in
terms of heat and mass transfer. In a more advanced stage
of research (pilot plant) or for commercialized catalyst used in
the industry, the shape will preferably be pellets, tablets, rings,
spheres, or monoliths, depending on the requirements of the
end use.
The development of these commercialized catalysts is the

result of combined research in various fields including catalytic
activity, kinetics, materials properties, and process engineering.
The evaluation of a catalyst for an industrial process is mainly
based on economic considerations which generally correspond
to the catalyst providing the best compromise between con-
version, selectivity, mildest reaction conditions, stability, and
lifetime.
Every catalyst goes through an optimization process which

generally lasts an average of 5 years from the start of a project
to the commercialization.4 Even after this process, the catalyst
can still be improved. Excluding the improvement of the
physical aspects of the catalyst during the reaction (elements
which depend on material and process engineering), the
chemical properties can also be enhanced. Catalyst optimiza-
tion is possible only with a good understanding of the
phenomena occurring at the catalyst surface (under working
conditions) and within the reactor. To extract such informa-
tion, the catalyst needs to be investigated by two avenues
available to catalytic research and which are complementary to
one another; the first is kinetic characterization, and the second
is the physical characterization of the catalyst.

3. TRADITIONAL APPROACHES TO CATALYST
KINETIC AND PHYSICAL CHARACTERIZATION

In order to achieve optimal developments of gas-phase hetero-
geneously catalyzed continuous processes, an in-depth under-
standing of the kinetics of surface reactions is critical, especially
when using complex reactant mixtures.5 The conventional test
is simple, whereby the catalyst is loaded in a reactor within
which the pressure and the temperature are controlled, with the
reaction gas mixture flowing through the reactor. The gas is
then sampled and analyzed at the outlet of the reactor to
determine its composition using different techniques, for
example, by gas chromatography (GC), Fourier Transform
Infrared (FTIR) spectroscopy or mass spectrometry (MS).
This method of analysis is known as integral, “tail pipe end,” or
“catalyst effluent” analysis,6,7 which the majority of exper-
imental kinetic studies, to date, have used. To access kinetics
information, the conditions of the reactions in terms of
reactants’ concentration, reactor temperature, space velocity,
and pressure are varied, and the catalyst performance in terms
of end-pipe measurement is monitored. Subsequently, mech-
anistic models with derived kinetics equations (which may or
may not take into account additional aspects such as thermo-
dynamics or reactor geometry considerations) are postulated
and their output (usually after some degree of tuning of the
kinetics parameters) compared to the experimental data to
evaluate and rank the validity of the postulated models. While
this approach gives a global overview of the activity of the
catalyst and possible kinetics models, it does not allow access to
information regarding the evolution of the kinetics as a function
of the changing gas composition within a catalyst (i.e., with the

ACS Catalysis Perspective

DOI: 10.1021/acscatal.5b02602
ACS Catal. 2016, 6, 1356−1381

1357

http://dx.doi.org/10.1021/acscatal.5b02602


progressive buildup and possible intracatalyst consumption of
the products and selective removal of reactants). This
information is important because the vast majority of the
postulated kinetics models will have more than one set of
kinetics parameters which appear to accurately model the
experimentally measured integral performance. That, of course,
is already assuming that the model itself does capture properly
the chemistry taking place in the reactor. This latter point
is crucial and is far from being an easy task. Being able to
access the maximum possible information in terms of where
the various reactions occur within the reactor to assist the
mechanistic construction is essential. It should be noted that
such intrareactor information will also help constraining the
model and drastically reduce the number of sets of kinetics
parameters needed to develop a robust catalyst model which
can accurately match experimentally measured spatiotemporal
performance.
This lack of information from the tail-pipe approach on the

chemical process within the catalyst bed is a consequence of
the limits of tail-pipe-end/catalyst-effluent techniques currently
used for analysis. As previously mentioned, these techniques
(e.g., MS, FTIR and GC) are based on having a probe located
at the reactor end (downstream of the catalyst bed) to sample
the exit flow of the gases. Figure 1 represents a typical system

with the reactants introduced into the reactor, continuing flow
through the catalyst bed (where the reaction occurs) and
subsequent analysis of the reactor effluent flow downstream of
the catalyst bed. The only information that can be extracted is
the difference of concentration between the inlet (known) and
the outlet (measured). Unfortunately, the real point of interest
in catalysis research is actually within the catalyst bed itself. In
end-pipe sampling analytical methods, the catalyst bed is seen
as a “black box” as the techniques do not have direct access to
the chemistry occurring within the catalyst bed (interaction
between the reactants and the catalyst).
Physical characterization of the catalyst focuses on the

chemical nature and structure of the catalyst. Numerous
techniques have been developed and are available to measure
these characteristics; these techniques are based on different
principles including spectroscopy, microscopy, and probe
molecules and can provide a large variety of information on
the catalyst. The most common characterization techniques
which have been utilized to provide analysis of the length and/
or breadth of catalytic reactors are the following:4

X-ray diffraction (XRD)
X-ray absorption spectroscopy (XAS)/fine structure
(XAFS)/near edge (XANES)
infrared spectroscopy (IR)
Raman spectroscopy
ultraviolet spectroscopy (UV)
electron microscopy (SEM, TEM)
nuclear magnetic resonance/magnetic resonance imaging
(NMR/MRI)

Not all these techniques are used during catalyst character-
ization due to the specificity and nature of sample environment
of each, but usually, a number of the techniques are combined
to gather as much data to support the characterization.8−20

However, most of these characterization techniques are
typically not conducted under true reaction conditions, and
some of the techniques are even the subject of debate con-
cerning the information obtained and whether it can be trans-
ferred to real life catalysts under real working conditions.5,21

To address this issue, new approaches are continually being
developed which aim to study real catalysts under optimum
conditions as close as possible to real industrial reaction
conditions, recently termed as operando techniques. Some
techniques have already been developed with operando modes,
including XRD,14,22 XAFS,13,23 and diffuse reflectance infrared
fourier transform spectroscopy (DRIFTS).8,9,24 Each character-
ization technique has its own limitations, and for this reason, in
recent years, the approach to catalyst investigation has been
developed to enable combinations of these techniques to be
used at the same time.8,20,25 The motivation for this is to
simultaneously extract as much information as possible from
the catalytic material, ideally using an operando system.
In the case of catalyst characterization, an additional issue is

present, the impact and origin of which are closely interwoven
with the kinetics characterization. During the catalytic process,
the population of adsorbed species on the surface of the catalyst
evolves with the reaction conditions and catalyst structure. In
return, it is today widely recognized that the structure of the
catalyst can be modified by the nature of the reaction
environment and the adsorbed species. If a plug flow reactor
is used (which is very often the case), two situations are
possible:

(1) The reactor is used under integral conditions (i.e., high
conversions)
This implies that the concentration of reactants and

products changes significantly between the inlet and
outlet of the reactor. This has two impacts: First the end-
pipe data cannot be used to directly extract reaction rates
(theoretically, in such cases, the reactions have infinity
of reaction rates between the inlet and outlet of the
reactor). Second, if the catalyst structure and concen-
tration of the surface species depend on the chemical
environment, they will change significantly from inlet
to outlet. Consequently, unless intracatalyst spatially
resolved characterization is performed, it is not possible
to relate the structural data and surface characterization
to activity/selectivity.

(2) The reactor is under differential conditions (i.e., low
conversions)
In this case, the concentration gradient across the

reactor is considered negligible, and the environment is
assumed to be homogeneous across the catalyst bed.
It is, therefore, possible to calculate reaction rates from

Figure 1. Principle of end-pipe sampling. The reactant concentrations
are known, and after formation, products exit the reactor and product
concentrations are determined using analytical methods, for example,
mass spectrometry or chromatography.
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activity data and assume that the structure is homoge-
neous along the bed. The main issue with such an
approach is that the low conversion conditions are not
representative of the true conditions that the catalyst will
experience when operating industrially. Moreover, it is
important to be conscious that the types and concen-
trations of surface species26,27 as well as the structure of
the catalyst (for example, metal particle size)28 are
dependent on the chemical environment. Consequently,
these differential conditions will only represent a very
narrow “range” of the “environment versus structure”
dependence, and structure/activity/selectivity relation-
ships derived from such a narrow range can have very
limited applicability in broader applications outside the
narrow analysis range.

As discussed earlier, kinetic data and reaction modeling can
be used to improve the understanding of phenomena occurring
in the catalyst bed, and prediction of catalyst behavior obtained
via simulation is highly desirable. For that reason, simple and
complex models based on experimentally derived kinetic
information have been developed (see Section 6 for more
details). Such simulations show an interesting advantage as it is
possible to estimate the evolution of reactions within the
catalytic reactor under real operating conditions at a limited
cost. However, most models are only applicable to very specific
conditions, which can limit the broader development for real
applications. Another problem with the traditional approach is
that model predictions of the evolutions of reactions within
the catalyst bed cannot be validated by integral experiments
due to the previously outlined limits of such experimental
analysis techniques.29 Therefore, a complete understanding
of the overall reaction process cannot be obtained using the
integral or catalyst-effluent techniques.
Beyond needing to access sufficiently detailed and accurate

intracatalyst reaction-profile data, there are limitations
associated with the current state-of-the-art catalytic-monolith
models,30,31 being based almost entirely on global kinetics. The
major drawback of this approach is the limited predictive
capabilities of such global-kinetics models.32 The intrinsic
kinetics (also known as microkinetics) approach offers much
more information about the processes occurring within the
catalytic reactor but is significantly more complex and time-
consuming to develop.33,34

Another aspect that needs consideration in modeling is the
determination of appropriate kinetic parameters. Given the
number and interdependence of reactions, the process of
manually determining the optimum set of kinetic parameters is
becoming increasingly challenging. This obviously requires a
degree of trial and error in the complex fitting of multidimen-
sional parameters as part of the optimization process, and it is,
therefore, a labor-intensive process that requires expert
knowledge in a number of areas, for instance, the elementary
steps of reactions. Moreover, a simple manual approach is
vulnerable to identifying kinetic values in a local optimum,
which may not represent the best overall fit to broader
experimental data and therefore provide incorrect kinetic
parameter sets. Optimization algorithms can ensure that the
entire design space is considered in the evaluation, thereby
reducing the risk of determining local rather than global
optima. Ultimately, an optimizer should reduce the time
required to develop a broadly applicable and reliable model of a
new catalyst formulation.35 This aspect, while very important, is

beyond the scope of this review, and interested readers can find
further information in the papers cited in ref 35.
While traditional methods, including modeling, to measure

physical and kinetic characteristics of catalytic systems have
been useful, the understanding of the phenomena occurring
within the packed bed inside the reactor is limited. For instance,
the physical characterization tends to take place at a fixed point
and/or depth (in spectroscopy, for example) or via sampling
probes located outside of and downstream of the catalyst.
Similarly, theoretical models are applicable for a limited number
of reactions, giving a global overview for only very specific
conditions (pressure, flow rate, gas composition, and temper-
ature). In general, it has not been possible to conduct in depth
experimental validation of such models due to limitations of gas
sampling within the catalyst system. Recent technical develop-
ments (herein referred to as spatial resolution) have, however,
allowed direct exploration of the evolution of the chemistry
from within the catalyst sample without significant disruption/
impact on operando conditions.

4. SPATIALLY RESOLVED CHARACTERIZATION
TECHNIQUES

Techniques used to spatially resolve the chemical species con-
centration and temperature distributions throughout a reactor
during experimental analysis have been investigated by different
groups (vide inf ra). These have focused on obtaining detailed
information to understand phenomena occurring on the
catalyst surface and in the catalytic reactor under operando
conditions. These studies have resulted in a growing number
of important publications describing the development and
application of experimental-based spatially resolved intracatalyst
reaction distributions, examples of which are discussed in the
subsequent sections. Significantly, these techniques provide
the detailed data sets and enable unique opportunities for
developing robust catalyst models which can accurately
calculate the spatiotemporal reaction evolution throughout
the catalyst under realistic operating conditions.

4.1. Electromagnetic Probes for Spatially Resolved
Catalyst Characterization. The techniques presented in this
section can be classified and defined as “spatial imaging of
catalytic reactors.” A number of detailed discussions on imaging
of spatial heterogeneities within catalytic reactors have been
reported,36−38 and so only a limited selection of key reports are
highlighted in this section for a number of analysis techniques.
This fast growing field has attracted attention in the past decade
and can be divided into three different groups depending
on the technique used for analysis: optical spectroscopy,
synchrotron-based and magnetic resonance techniques.
Mirodatos et al. have developed a new experimental DRIFTS

cell to spatially resolve the surface species on a planar micro-
structured catalytic reactor (Figure 2). The cell is optically
accessible via an infrared (IR) transparent window. In situ
spatially resolved DRIFTS analysis was obtained by translating
the cell under the IR beam, along the full length of the
microstructured catalytic reactor.39 Using this technique, it was
possible to obtain a surface map of adsorbed species and gas
concentration, and subsequently, to use the information
gathered to establish a microkinetic model for the CO
oxidation over Pt/Al2O3 and Pt/CeO2−Al2O3. Catalytic plates
can be considered to be analogous to a single channel of a
catalytic monolith. However, neither single channels of a
monolith or catalytic plates are commonly used, and with the
emergence of other techniques to study real catalytic monoliths
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operando (vide inf ra), the application of this methodology may
be limited.
With a similar approach, Urakawa et al.40,41 developed a

DRIFTS and Raman cell to spatially and temporally resolve the
surface species during NOx storage-reduction (NSR) over a
Pt/Ba/CeO2 catalytic plate. This technique is potentially appli-
cable to other spectroscopic techniques, e.g. surface second
harmonic generation or UV. The principle is similar to that of
Mirodatos et al. as the catalytic plate can be moved using an
x-y-z stage. This enabled the study of dynamic surface and bulk
processes of NSR via combined space- and time-resolved
spectra and gas concentrations. Consequently, improved
spectral band assignment was possible and more in depth
insights into the surface and bulk processes were reported.
As stated previously, however, the use of catalytic plates is
not common and so limits the potential application of this
technique.
The development of in situ XAFS was initiated by Couves

et al.42 (combined with XRD) and further developed by
Clausen et al.43 and followed by other groups.44−47 Further
development by Baiker et al.48,49 (Figure 3), based on the

techniques developed by others groups,43−46 led to a catalytic
reactor which can be moved during the experiment using an
x−y−z stage to obtain operando spatially resolved information
regarding the catalyst structure. The reactor operates in a flow-
over mode using pressed (13 mm diameter by 2 mm thick)
catalyst pellets, or flow-through mode using a 1.5 mm capillary
filled with catalyst powder. Using this setup, reaction profiles

can be resolved along the powder-catalyst bed. Grunwaldt et al.
improved this system with the incorporation of a Charge
Coupled Device (CCD) camera to allow a full-field X-ray
imaging experiment to study the spatial variation in catalyst
oxidation state during partial methane oxidation over a Rh/
Al2O3 catalyst.

50 Consequently, an axial distribution of the Rh-
oxidation state across the catalyst bed was mapped in 2D, the
first reported instance of XAS monitoring of a catalyst inside a
spectroscopic cell.50

There have been a number of recent advances in spatially
resolved catalyst measurements using synchrotron-based tech-
niques. For instance, Zhang et al.51 have applied synchrotron
X-ray absorption spectroscopy (XAS) to obtain in situ spatially
resolved profiles of some CO oxidation catalysts, combined
with end-pipe MS data. Although the system was designed
primarily for powders, it is capable of studying small structured
catalysts including pellets and monoliths. A detailed description
of the specifications and designs was disclosed, which, although
specific to the synchrotron facility used, can be adapted to
similar environments. Carbon foils served as X-ray transparent
windows which are also chemically inert, temperature resistant,
and mechanically robust. In this work, transmission XAS was
studied over a Pt/Al2O3 catalyst, while Pd/Al2O3 and Ag/Al2O3
were investigated using XANES in fluorescence mode. It is
reported that the system is easy-to-use and relatively inex-
pensive, making it ideal for maximizing beam-time efficiency via
rapid sample changeover since one cell can be used for analysis,
while duplicate cells are preloaded with samples in preparation
for analysis.
Gan̈zler et al. were able to apply spatially and time-resolved

operando XAS, IR thermography, and online MS at the reactor
outlet to investigate oscillatory CO oxidation over a Pt/Al2O3-
based diesel oxidation catalyst.52 Either in situ XAS structural
evaluation experiments (carried out using a quartz capillary
microreactor) or temperature profile information from IR
thermography (conducted with a sapphire capillary micro-
reactor) were simultaneously obtained with MS catalyst activity
measurements. The data obtained from the IR/MS experiments
were correlated with that of the XAS/MS experiments,
essentially providing a spatial and temporal profile of how
catalyst temperature, Pt oxidation state, and co-ordination
environment of absorber atoms evolved within the catalyst bed,
combined with MS activity data. It should be noted that while
the IR thermography profiled the entire catalyst bed, no more
than four axial points were measured with XAS, and the MS
data was from end-of-pipe sampling only. As such, there were
no reported spatially resolved MS profiles within the catalyst,
nor was there any simultaneous recording of XAS and IR
thermography. The data helped to identify a more reactive,
reduced-Pt species and a less-reactive oxidized Pt species, the
relative proportions of which were controlled by CO:O2
concentration ratio, reaction temperature, and reaction flow
rate. It was stated that by using this methodology, the
structure−activity relationships could be understood and
there were a number of proposed processes which could be
studied including (selective) oxidations of hydrocarbons and
the treatment of NOx. This complementary approach of IR
thermography, in situ XAS, and MS demonstrated the ability to
broadly characterize the spatial and temporal CO oxidation
oscillations in situ and under operating conditions. Previously, a
similar report was published by Figueroa and Newton wherein
the simultaneous XAS, DRIFTS, and end-pipe sampling MS
investigations of CO oscillations over a Rh/Al2O3 catalyst were

Figure 2. Representation of the optically accessible DRIFTS
microstructure reactor. The IR beam is fixed while the reactor is
moved to achieve spatially resolved spectra for the length of the
catalytic plate. Reprinted with permission from ref 39. Copyright 2010
Elsevier.

Figure 3. Schematic drawing of the catalytic reactor used for in situ
spatial resolution under XAFS. The catalyst was loaded between two
glass-wool plugs in the capillary. The capillary is heated by a hot gas
stream, created by flowing air or N2 through a heating element. The
effluent flow from the capillary was analyzed by mass spectrometer.
This assembly (in situ cell, heater) was mounted on a translation table
to enable the alignment of the sample in the fixed X-ray beam.
Reproduced with permission from ref 48. Copyright 2004 PCCP
Owner Societies.

ACS Catalysis Perspective

DOI: 10.1021/acscatal.5b02602
ACS Catal. 2016, 6, 1356−1381

1360

http://dx.doi.org/10.1021/acscatal.5b02602


conducted. In this case, the XAS data were reported as a func-
tion of catalyst bed depth at six axial points.53

Other notable examples of X-ray techniques in spatially
resolved studies includes the comparison of transmission Bragg
scattering and synchrotron radiation X-ray diffraction during
redox cycling conditions as a function of bed depth
(complimented with UV−vis and Raman data);54 a combina-
tion of synchrotron μ-XRD-CT and μ-absorption-CT (CT =
computed tomography, thereby allowing spatial distributions of
solid phase changes from within a Ni/Al2O3 catalyst to be
observed in 3D during CO methanation;55 and high-energy
X-ray diffraction (HXRD) imaging to study the spatial and
temporal distributions of the structure of a zeolite catalyst for
the methanol to olefin process under operando conditions.56

Also of note is the recent development by Pistidda et al.57 of a
system for in situ spatially resolved synchrotron radiation
powder X-ray diffraction (SR-PXD). This technique was
applied to study ammonolysis of metal hydrides. This is a
stoichiometric reaction between hydride powders and gas-phase
ammonia, and although catalysts were not involved this study,
the technique could certainly be easily adapted for the purpose
of heterogeneous gas-phase catalysis.
Gladden et al. have significantly contributed to the develop-

ment NMR for catalyst characterization (Figure 4) by obtaining
1D, 2D, and 3D profiles of the catalytic reactor under
experimental conditions.58−61 Interesting results have been
reported and simultaneous composition and temperature
profiles within the catalyst bed were obtained under operando
conditions. However, the sensitivity of the NMR technique
limits its use to studies with a liquid phase. Additionally, the
nature and the type of atoms that can be followed by the
technique are also limited to NMR active nuclei with sufficient
concentration and usable spin, and therefore, the majority of
systems follow 1H and/or 13C nuclei within the reactor.
Nic an tSaoir et al.62,63 developed a spatially resolved

technique called near-infrared diffused transmittance tomog-
raphy (NIRDTT) to obtain 2D and 3D temperature and flow
composition profiles of water vapor within fluidized and packed
bed reactors (Figure 5). This significant advance in tomography
has been attributed to advances in high-speed electronics and
improved fiber optic technologies. In this system, an NIR laser
and a focal planar array (FPA) NIR detector were aligned on
opposite sides of the reactor. The laser source and detector

Figure 4. 2D cross sectional image of a 1H 3-D RARE magnetic
resonance image of the spatial distribution of liquid within a fixed bed
of catalyst particles (black circles). The white rectangle sections
correspond to sections from which 1H NMR spectra were reported.
The white arrow shows the direction of the supercritical flow of the
reactants, whereas the lighter shaded parts are the liquid, which
changes color due to concentration variations. Reprinted with
permission from ref 58. Copyright 2002 Elsevier.

Figure 5. NIRDTT imaging technique for spatial resolution. The camera and detector are mounted on a turn table which rotates around the fixed
reactor to provide the spatially resolved profiles via tomographic analysis. Reprinted with permission from ref 62. Copyright 2012 American
Chemical Society.
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were simultaneously rotated (around a vertical axis in Figure 5)
to measure the diffused transmission through the bed packing
and the transmission through water vapor.
From the results, it was possible to observe nonuniform

distributions in both composition and temperature. It is
important to note that the use of near-infrared significantly
limits the range and concentration of species that can be
followed, because of the practically spectrally ubiquitous nature
of H2O absorption transitions and corresponding potential
for interference with other species of interest. Greater H2O-
interference-free analytical opportunity may exist in the mid-IR
(MIR), which can be utilized for more complex reaction
systems such as selective catalytic reduction (SCR).2 It should
be noted that such a study which utilizes spatially resolved mid-
IR spectra is still to be reported. Nevertheless, the IR region is
excellent for H2O quantification. It was, however, reported that
this technique was suitable for catalytic applications since
catalysts for CO oxidation, ozone decomposition, water−gas-
shift, and Fischer−Tropsch can be deactivated by water vapor.
Recently, Zellner et al.64 have applied 2D spatially resolved

planar laser-induced fluorescence (PLIF) to determine the
absolute NO concentration throughout the reduction of NO
using a diesel oxidation catalyst (Pt/Al2O3), while exit flows
were monitored with IR and MS (Figure 6). Gas-phase

fluorescence was induced by a thin laser-light sheet and was
observed (in 2D) with an intensified CCD camera. The NO
concentration profiles were monitored as a function of both
operating temperature (200, 250, and 300 °C) and different

residence times. Greater vertical concentration gradients were
observed at lower flow rates and higher temperatures, and
the relationship between these observations, surface kinetics,
and reactant diffusion was discussed. LIF has been further
utilized to study mass transfer limitation induced concentration
variations inside a reactor, obtaining localized kinetic data, and
yielding insights of the catalytically active phase.65 A similar
approach has been utilized to generate axial profiles of LIF and
Raman measurements by Mantzaras et al.66,67

Titze et al.68 have recently reported a microimaging IR
microscopy approach to obtain gas species profiles during the
catalytic hydrogenation of benzene to cyclohexane over a Ni
catalyst (Figure 7). Using the specific IR-active molecular
vibration absorption fingerprints for benzene and cyclohexane,
2D concentration profiles were determined by recording the
spatial dependence of the IR absorbance through the catalyst.
The technique was capable of recording the evolution of
gas species concentration distributions within the catalyst bed
during reaction. Ultimately, reaction rate constants and dif-
fusivities were obtained as well as their Arrhenius dependences.
As such, IR microimaging is a useful spatially resolved
technique with time-scale temporal resolution in the order of
seconds, which can operate at temperatures up to at least
100 °C and potentially higher temperatures. In this instance,
however, it would be limited to the use of high concentrations
and molecules with high IR sensitivity because the optical path
length is very short.
The invasive nature of any measurement is influenced by

the nature of both the probe basis and access methodology.
In many applications, techniques based on electromagnetic
interactions can be effectively noninvasive relative to those
based on physical probes. Nevertheless, in some instances, even
electromagnetic-based techniques can change the nature of the
device under evaluation (e.g., high-energy sintering or volatil-
izing material), in which case even these can become
invasive.69,70 Monolith-supported catalyst performance can
vary from channel to channel, and the performance of a
given channel is influenced by its surroundings. In addition,
interior channels, which may be readily accessible via small
physical probes, may lack direct access for electromagnetic
probes. Methodologies to create access for electromagnetic
probes can cause even inherently noninvasive techniques to be
practically invasive or of limited relevance; that is, the access

Figure 6. System for 2D spatially resolved PLIF. The combination of
translation stage and an observation window above the catalyst sample
allowed for the collection of the spatial profiles with the ICCD camera.
Reprinted with permission from 64. Copyright 2015 John Wiley
and Sons.

Figure 7. System for microimaging with IR microscopy. An IR light beam is passed through the sample and then the local concentrations of reactants
and products are determined from the spatial dependence of the IR attenuation. Reprinted with permission from ref 68. Copyright 2015 John Wiley
and Sons.
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methodology can be invasive. For instance, real-world catalyst
reactors do not typically have optical access windows, as shown
in Figures 2 and 6, for instance, and the associated temperature-
and thermophretic-driven concentration gradients. Moreover,
some noninvasive techniques may provide bulk-averaged line-
of-sight properties and may not resolve spatial property
variations along the line of sight, which might be resolved via
physical probes. Additionally, line-of-sight methodologies
require at least two points of optical access on opposite sides
of the reactor, which many practical (nonspecialized) reactors
do not have, and adapting reactors to achieve such extensive
optical access can significantly change their nature. To under-
take tomography, even more extensive optical access is needed,
which requires a very specialized reactor; if the reactor housing
(and perhaps the catalyst itself) is transparent to the
electromagnetic probe, then the technique can be more broadly
applicable to practical reactors. Practically all experimental mea-
surements involve trade-offs, and they are potentially invasive
and limited to some degree. While the potential impacts of
physical probes (as discussed in the next section) may be easily
imaginable, access methodology is often the primary driver of
electromagnetic-based techniques and must be considered
in a serious or rigorous assessment of invasive nature. As an
example, Rasmussen et al.2 reported a combined surface IR
spectra and analyzed gas-phase study (from the same axial
point), where holes have been drilled in the monolith walls to
improve the IR signal. As such, an analysis of the impact of such
holes on flow patterns in the monolith should be undertaken in
order to assess the extent of the invasive nature.
4.2. Physical Probes for Spatially Resolved Catalyst

Characterization. This section reports on techniques using
physical probes located within the catalyst bed to monitor
temperatures, including thermocouples and optical fibers for
temperature monitoring, and gas concentrations via tubes and
capillaries for sample extraction.
In 1985, Baiker et al. developed a nonisothermal, non-

adiabatic fixed-bed pilot reactor designed for fast measurement
of axial and radial temperature and concentration profiles
during dynamic experiments.71,72 A network of thermocouples
and IR analyzer probes were used to measure the temperatures,
while GC sampling probes were used to analyze the gas
concentrations, at locations throughout the catalyst reactor as
indicated in Figure 8. The probes were located at different
positions along the catalyst bed with a thermocouple every
10 cm and a GC probe before and after the catalyst bed. The
aim of this technique was to assess the degree of complexity
necessary for a kinetic model to describe the hydrogenation of
toluene using an industrial catalyst in a nonisothermal and
nonadiabatic fixed-bed. The experimental data was compared
with simulation, and it was reported that a simple one-
dimensional model was sufficient to describe the system.
This equipment was one of the first developed to obtain

spatial resolution information regarding temperature and
species concentrations within a catalyst bed under reaction
conditions in order to provide data with which to optimize the
kinetics. Interesting data was obtained, but the use of so many
IR and/or temperature probes throughout the bed was very
invasive, disturbing both the bed and the flow. Furthermore,
one can assume that the size of such probes (which were not
provided) were significantly larger 30 years ago (when this
work was published) compared to those currently available.
In addition, this system had limited spatial resolution with
respect to the temperature (probe every 10 cm or more).

The gas-concentration data obtained with the system did not
provide spatial resolution as the GC probes were located before
(zero conversion) and after the catalyst bed (maximum con-
version), which corresponds to end-pipe sampling. However,
with growing recognition of the value of intracatalyst spatio-
temporally resolved characterization for advancing detailed
catalysis knowledge and research, improvements building on
such early studies were realized in terms of spatial and temporal
resolution and the minimally invasive nature of physical probes.
These improvements leveraged the availability of new and/or
improved equipment (increased reliability, reduced sizes and
prices), with more accurate and powerful techniques, which
have been developed to provide spatially resolved profiles of
gas concentrations and temperatures, mainly within structured
catalyst beds.

4.2.1. Spaci-MS. In the late 1990s, Partridge et al. at Oak
Ridge National Laboratory (ORNL) developed the spatially
resolved capillary-inlet mass spectrometer (Spaci-MS) techni-
que in collaboration with Currier et al. at Cummins Inc.6,7,73

The aim of the technique was to accurately monitor spatio-
temporally dynamic automotive catalyst systems; although
some applications and development focused on broader
research, including engines,7 fuel cells,74 and catalytic partial
oxidation (CPOx) of methane and propane,75 the primary
focus has been elucidating the network and sequence of
reactions within fully formulated and model-formulation
automotive catalysts coated on honeycomb (or “channelized”)
monoliths. The system was configured to be minimally invasive
with the use of a very thin (O.D. 150 μm) fused silica capillary
which sampled small (ca. 10 μL min−1) quantities to a fast time
response mass spectrometer for analysis. With fixed capillary
locations, the Spaci-MS approach achieved both quantitative
and high temporal response measurements under operando

Figure 8. Schematic of catalytic reactor with axial (1−13, 30−31) and
radial (14−23) physical probe measuring devices within the catalyst
bed (blue) and the inert packing (white). Locations 1 to 23
correspond to the thermocouples and IR-analyzer sampling probes,
while 30 and 31 are the GC sampling probes. This drawing is
interpreted and adapted with permission from ref 71. Copyright 2009
John Wiley and Sons.
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conditions using real engine exhaust. Moreover, with appli-
cations to commercial 300 cell-per-square-inch (cpsi) mono-
lith-supported catalysts, the technique was effectively non-
invasive in that the capillary was ca. 2.8% of the channel size
and sampled 0.01% of the nominal channel flow rate. The tech-
nique was further improved to obtain simultaneous spatially
and temporally resolved information.74,76−82 The improved
system allowed movement of the capillary within a monolith
channel, which provided for spatial resolution along the full
length of the catalyst bed; manual and automated capillary
translation was implemented as required for the specific study.
For example, very high reaction gradients in a catalyzed partial-
oxidation reformer were resolved using 0.3 mm capillary
translation steps and a stepper-motor controller. In another
example, Figure 9 shows a schematic of two full-size lean NOx
Trap (LNT, NSR, NOx storage and reduction) catalytic
monoliths in the exhaust of a diesel engine and the location
of the sampling capillary and the thermocouples, which were
used for the first full-scale engine-based Spaci-MS application.
In this early study, LNT lean-rich cycling was implemented
using in-pipe diesel fuel injection between the engine and
catalysts to create the required catalyst transient operation;
these systems later evolved to incorporate cylinder-managed
reductant generation, eliminating the in-pipe injection.
In broader applications, the Spaci-MS technique was used to

quantify species distributions inside the channels of a catalytic
monolith used for NOx storage/reduction (NSR) under cyclic
lean and rich conditions.6,7,73−82 These investigations focused
on Pt/K/Al2O3-based catalysts to study the regeneration of the
catalysts at low temperatures and the impact of H2 and CO on
the system. The data obtained with the Spaci-MS provided
spatial resolution and simultaneous observation of several
reactions depending on the position of the probes in the
monolith. The investigations focused on the Pt/K/Al2O3-based
model as well as fully formulated commercial catalysts to
elucidate the regeneration chemistry.
For instance, it was found that, in the case of catalyst

regeneration by CO at 430 °C, CO oxidation by residual gas-
phase O2 was very efficient, requiring only a small front section
of the catalyst; therefore, the downstream NOx reduction
occurred in the absence of gas-phase O2.

79 The spatiotemporal
resolution of reactions further revealed that CO reaction with
H2O (i.e., water−gas shift) becomes significant only where
both O2 and NOx are almost depleted.78 Distributed Spaci-MS
measurements inside a working catalyst also led to an improved
understanding of the intermediate role of NH3

82 which had

been postulated in the literature.83 The intracatalyst measure-
ment not only confirmed the intermediate NH3 role but also
clarified the temperature dependence of partitioning between
direct-H2 and intermediate-NH3 pathways in the regenera-
tion of NSR catalysts by H2. Another practically important
chemistry, N2O formation, was recently addressed by an
ORNL and University of Chemistry and Technology Prague
team using Spaci-MS.84−88 In that work, the spatiotemporal
distribution of storage and conversion of NOx, oxidant and
reductant species was compared with information regarding the
global performance trends (e.g., selectivity) to identify the
critical roles of local oxidation state of precious metals in
determining local N2O selectivity.
In yet other work, the effect of sulfur was investigated and

was shown to have varying distributed impact on NSR, oxygen
storage capacity, and water−gas-shift reaction.80,81 Such
detailed information on the distributed impact of sulfur on
different catalyst functions helped to explain unusual integral
catalyst performance trends. For instance, it was discovered that
a significant increase observed in NH3 selectivity at the catalyst
outlet with progressive sulfation was in fact due to a decreased
NH3 consumption by oxygen storage capacity downstream of
the NSR zone; that is, sulfur poisoned the NOx storage sites
along the length in a plug-like manner, thus continually
displacing the NSR zone downstream and thereby shortening
the downstream OSC-only zone. These examples demonstrate
an important and unique contribution of spatially resolved
analytics to catalyst research: uncovering chemistry details
relevant to practical catalyst systems by understanding
spatiotemporal interplay among various catalyst functions and
reactions.
The first prototype of Spaci-MS allowed the extraction of

information from catalytic monoliths necessary for a better
understanding of the phenomena. Further developments were
made in collaboration between ORNL and Queen’s University
Belfast (QUB). The modifications incorporated an automated
multiport valve and translation system with a network of
corresponding capillaries and thermocouples enabling auto-
mated axial and radial mapping of composition and temper-
ature throughout a catalyst monolith. A differential-sampling
approach was implemented, in contrast to the direct sampling
used in the original ORNL systems, allowing for capillary
sampling rate to be tuned (in the μL to mL range) to balance
the trade-off between temporal resolution and invasive
nature appropriate to the specific experimental investigation.
The multivalve port allowed up to 16 capillaries to be used

Figure 9. Schematic representation an original Spaci-MS. Reproduced with permission from ref 75. Copyright 2010 The Royal Society of Chemistry.
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and made it possible to sample gas at several locations in the
monolith while thermocouples simultaneously measured tem-
perature profiles (Figure 10). The invasiveness of the sampling

capillaries within the monolith channel was investigated using
computational fluid dynamics (CFD) and showed to have
limited effect on the system89,90 (Section 5). The development
of the second generation, fully automated Spaci-MS by QUB
and ORNL (in conjunction with Cummins, Hiden Analytical
and Y-12 National Security Complex) was awarded an R&D
100 award in 2008, in recognition of it being among the top
100 technologies commercialized that year.91

As an evaluation reaction for the new Spaci-MS, CO
oxidation was investigated using a commercial honeycomb-
monolith oxidation catalyst. The investigation allowed obser-
vation of a phenomenon known as kinetic oscillations, which
were dependent on the sampling location in the monolith, the
feed concentrations and the temperature. Resolution of this
spatiotemporally complex catalyst system demonstrated the
advanced capability of the new Spaci-MS, and the rich nature of
the corresponding data.89,90 The development of Spaci-MS has
brought an original way of obtaining spatially resolved data
concerning the gas concentrations and temperatures.
Epling et al.92 designed an imaging technique for spatially

and temporally resolving temperatures within a catalytic
monolith. This technique was based on infrared thermography,
and therefore, the probe is inherently noninvasive; however, the
required optical access has some degree of invasive nature, as
discussed in the previous section. The technique measures
monolith surface temperature from the intensity of the IR
radiation emitted by the monolith using an IR camera. The
reaction investigated was NSR over a Pt/Ba/Al2O3 catalyst.
Spatial resolution of the temperature was obtained from which
it was possible to deduce the distribution of the NOx adsorbed
species along the length of the catalyst.92

The technique of Epling et al. was improved by combining it
with Spaci-MS functionalities, which added the spatial resolu-
tion of the gas composition from within the monolith.93−98

Two thermocouples located in the monolith were used to mea-
sure the temperature for comparison with the IR thermography.
The new system was used to investigate the oxidation of
propylene over a Pt/Al2O3 monolith.93−95 The evolution of the

gas composition and the temperature within the monolith as a
function of time enabled determination of the reaction location
within the monolith, the influence of thermal degradation and
effect of sulfur exposure. A diesel oxidation catalyst (DOC)96

was also investigated, and it was demonstrated that H2 and
CO were oxidized first, prior to the other hydrocarbon (HC)
species present.

4.2.2. Spaci-IR. While Spaci-MS provides a powerful tool for
spatially and temporally resolving gas concentrations inside a
catalyst monolith under realistic conditions, the mass spec-
trometer used for quantifying the gas composition requires
careful and time-consuming calibration steps and significant
postprocessing of the data sets to ensure accurate speciation of
complex gas mixtures with overlapping mass fragments.
For example, measuring the concentrations of a mixture
containing NH3, N2O, NO, NO2, and N2 such as might be
found inside an operating NH3 SCR catalyst can be a very
difficult and time-consuming process due to the overlapping
ion fragments from these species. To avoid the mass spec
calibration complications, Epling and co-workers developed a
new technique, called Spaci-IR, which uses a Fourier transform
infrared (FTIR) spectrometer rather than a mass spectrometer
as the primary analytical tool for quantifying the gas
composition.97 This technique is particularly well-suited to
the aforementioned NH3 SCR application, as NH3, N2O, NO,
and NO2 all have fairly intense and easily differentiable IR
absorption bands.
While calibration and quantification are generally easier with

FTIR than with MS, the Spaci-IR approach introduces a dif-
ferent set of challenges. To generate sufficient IR absorption for
quantification of gas concentrations, the FTIR gas transmission
cell has to operate at near ambient pressures and be large
enough to enable a long IR absorption path length. One state-
of-the-art FTIR spectrometer optimized for gas analysis (MKS
Instruments Multigas 2030) is designed to operate at 1 bar
absolute pressure and has an IR path length of 5.1 m through a
gas cell with a total volume of 200 cm.3 While this cell volume
is not a problem for typical catalyst effluent measurements, the
capillary sampling system used for Spaci measurements limits
the amount of gas that can be sent through the FTIR, due to
both the small diameter of the sampling capillary and the desire
to avoid significant changes in the flow patterns within the
catalyst sample. Low flow rates significantly degrade the
transient response capabilities of the FTIR and, in extreme
cases, can result in steady-state measurement errors due to
incomplete gas exchange in the transmission cell. To avoid
these issues, Epling and co-workers designed a sampling system
that included an N2 dilution flow to increase the gas flow rate
through the FTIR.97

The system consisted of a 0.43 mm OD, 0.32 mm ID,
300 mm long fused silica capillary connected to a valve to
control the flow of gas sampled from inside the catalyst. The
valve was connected to a tee fitting through which the 240 cm3

min−1 N2 dilution flow was introduced. The catalyst sample was
held at slightly elevated pressure (1.05 bar) to drive flow
through the sampling capillary, and the outlet valve was
adjusted to maintain a capillary flow of 15 cm3 min−1. This flow
rate corresponds to roughly half of the total flow through each
catalyst monolith channel. The combination of a larger
sampling capillary and higher flow rate increases the probability
that the sampling technique will alter the flow distribution
through the catalyst, making this implementation of Spaci-IR
more invasive than many Spaci-MS setups. The ∼15:1 dilution

Figure 10. Schematic representation of the Spaci-MS. For the initial
scan(s), thermocouples and capillaries are positioned just upstream of
the monolith inlet (zero conversion). Then the thermocouples and
capillaries are gently pulled using the actuator system, with scans taken
at regular axial points to generate 3D spatially resolved temperature
and gas-concentration profiles. Reproduced with permission from
ref 90. Copyright 2010 The Royal Society of Chemistry.
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ratio was quantified by tracking the dilution of the CO2
concentration, which passed through the catalyst unreacted.
While this setup allowed enough flow through the FTIR to
ensure sufficient gas exchange, the 0.8 min turnover time
precluded transient measurements. Also, the dilution flow
reduced the concentration of species measured in the FTIR,
decreasing the sensitivity of the instrument and increasing
measurement uncertainty. While a state-of-the-art FTIR may
have a nominal accuracy of ±1 ppm for most species, the 15:1
dilution ratio translates to an accuracy of ±15 ppm of the
species measured inside the catalyst, which represents signi-
ficant uncertainty under high conversion conditions. Never-
theless, Epling and co-workers successfully deployed their
Spaci-IR system to measure concentrations of NH3, NO, NO2,
and N2O inside a Fe exchanged beta zeolite monolith core
sample.97 By translating the capillary under steady-state
conditions, they mapped concentration as a function of catalyst
position under a wide range of temperatures and feed gas
compositions. They showed the effects of temperature and inlet
NO2/NOx ratio on the distribution of SCR reactions along the
catalyst length, and they used these measurements to draw
several conclusions regarding the kinetics of the SCR reactions
on the Fe-exchanged zeolite: (1) NO oxidation is the rate-
limiting step for NO SCR; (2) NH3 inhibits the NO SCR
reaction; and (3) the relative rates of the three potential SCR
pathways decrease in the order fast (NO + NO2) SCR > NO2
SCR > NO SCR.97 Luo et al. later used the same apparatus
in an investigation of C3H6 poisoning of NH3 SCR over a
Cu-exchanged beta zeolite monolith core sample.98

Huo et al. used a slightly modified Spaci-IR setup to measure
spatial distributions of NH3 storage on a commercial Cu
chabazite SCR catalyst after exposure to NH3 pulses of varying
concentration and duration.99 Their setup utilized a signifi-
cantly larger sampling capillary (0.68 mm OD, 0.53 mm ID)
and a higher operating pressure (1.26−1.30 bar) than the
previous studies to drive a much higher sample flow
rate (44 cm3 min−1) through the capillary. Interestingly, these
authors intentionally withdrew a higher flow rate through the
sampled channel than the average flow through the unsampled
channels. They estimated the GHSV through the sampled
channel as 60 000 h−1, while the overall GHSV based on the
total flow through the entire catalyst volume was 30 000 h−1.
Such a high flow rate through the sampled channel would result
in flow maldistribution through the remaining catalyst channels.
However, the authors make the point that they are only
sampling the gas from upstream of the capillary in the channel
they are analyzing, so what is happening downstream of the
capillary or in adjacent channels should not impact their
measurements. This argument relies on the assumption that gas
cannot pass through the substrate wall, which is likely not true
for the common cordierite-based substrates which are porous in
nature. Regardless, this particular approach is substantially more
invasive than most other Spaci techniques. In spite of the
sampling approach, the work by Huo and co-workers is
interesting in that it represents the first attempt to use Spaci-IR
to measure spatially resolved surface inventories rather than just
local gas concentrations. They show how the NH3 storage
distribution is impacted by the inlet NH3 concentration, the
catalyst temperature, and the duration of the NH3 pulse. They
also show how NH3 redistributes along the catalyst through
desorption and readsorption on downstream storage sites.
Song and co-workers also utilized a Spaci-IR system to

measure spatial distributions in a Cu-exchanged small-pore

zeolite SCR catalyst.100 To improve response time in the FTIR,
these investigators used two sampling capillaries (0.68 mm OD,
0.53 mm ID) positioned in adjacent catalyst-monolith channels,
and a slightly elevated reactor pressure (1.1 bar) to generate a
higher net sample flow (80 cm3 min−1). They also operated the
catalyst at a higher GHSV (60 000 h−1) than was used in prior
studies to have a higher gas flow through each catalyst monolith
channel from which to sample (100 cm3 min−1). The higher
capillary flow allowed the authors to decrease the dilution ratio
to 10:1, thereby increasing FTIR accuracy at low concen-
trations, while simultaneously improving the transient response
of the measurements due to the higher overall flow to the
transmission gas cell. While the flow through each capillary was
less than half the nominal flow through the individual gas
channels, the authors saw evidence of higher than anticipated
flow through the sampled channels based on comparisons
between NH3 storage capacity measured through Spaci-IR
and calculated from traditional catalyst effluent measurements.
This observation illustrates the significant challenges in
designing a minimally invasive Spaci-IR sampling system that
enables accurate measurements under transient conditions. In
retrospect, perhaps a better approach would be to operate the
capillaries in an isokinetic sampling regime, in which the
fraction of gas removed from the catalyst channel is equal to
the fraction of channel area blocked by the capillary. To
account for the apparent discrepancies in sample channel flows,
the authors used a corrected GHSV (69 000 h−1) in all of their
calculations and analysis.
In spite of these challenges, Song et al. were able to use their

Spaci-IR system, combined with carefully designed transient
experimental protocols, to measure spatially resolved gas
concentrations and surface NH3 inventories under steady-
state SCR operating conditions at multiple temperatures for
inlet NO2/NOx of 0 (“standard” SCR) and 0.5 (“fast” SCR).

100

These spatially resolved data sets were then used to calibrate
the kinetic parameters for a model based on a detailed global
reaction mechanism with two distinct active sites. This work
demonstrates the substantial advantages afforded by Spaci data
sets in model calibration and validation.
To clarify, despite the convenience of FTIR, it is indeed

possible to measure NH3 at ppm-levels in the presence of H2O
and N2 at percent level using MS. Heeb et al.101 used CI-MS to
measure NH3 variations in gasoline-engine exhaust, and
Chatterjee et al.102 used CI-MS to measure NO, NO2, and
NH3 variations in diesel exhaust. In separate studies, Epling103

and Olsson104 have monitored NH3 at ppm levels via EI-MS by
using separate ionizer settings for the NH3 and other-species
measurements; Epling made measurements in the presence of
H2O and N2 at percent levels, and Olsson in the presence of
percent-level H2O. This takes advantage of the varying
ionization potential of the various species; for example, N2,
H2O, O2, NH3, and NO have ionization potentials of ca. 15.6,
12.6, 12.1, 10.1, 9.3 eV, respectively.105 In their experiments,
Olsson used a Hiden MS and was able to actively vary the
ionization potential as the quadrupole mass filter stepped
through the various scanned m/z values, whereas Epling used a
Pfeiffer MS and performed separate experiments with fixed
ionization potential for monitoring the various species. There
can be temporal resolution benefits to using a fixed ionization
source, as every instrument change involves an associated
settling time; however, active potential switching may improve
experimental efficiency. Nevertheless, these works demonstrate
the ability to monitor ppm-NH3 levels in the presence of H2O
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and N2 at percent levels using MS, and the studies exhibit
methods for addressing the specific experimental priorities and
trade-offs at hand.
4.2.3. Techniques Similar to Spaci-MS and Spaci-IR. Vogel

et al.106,107 developed a technique to obtain spatially resolved
gas composition measurements in an optically accessible
catalytic plate reactor, which was intended to replicate the con-
ditions within a single monolith channel; a picture of the
system is reported in Figure 11. The spatial resolution of the
gas composition was achieved via a moveable sampling capillary
located above a catalytic plate with the capillary effluent
analyzed using GC and MS. The catalyst surface temperature
was determined simultaneously using an infrared camera viewing
the catalyst through a quartz glass window. Methanation and
water−gas-shift reactions over a commercial Ni- based catalyst
under different temperatures and pressures were investigated
therein. The spatially resolved gas composition and the
temperature measurements along the catalyst plate were used
for kinetic studies.106,107 In addition, a full CFD study was
conducted to investigate the phenomena above the catalytic
plate including contact time with the catalytic plate and the
impact of the sampling probe, as is discussed in Section 5.
Similar to this approach is the stagnation flow reactor

(SFR)108 where species concentration profiles are obtained
using a quartz microprobe which is connected to an FTIR and
MS. In the study reported, this microprobe was in close contact
with the surface of an Rh/Al2O3-coated catalytic plate. Kinetic
measurements of CO oxidation for varying CO:O2 ratios were
made with the catalyst temperature at 251, 400, and 600 °C.
The experimental results were compared to numerical simu-
lations (see Section 6 for more details). In all cases, it was not
possible to achieve total CO conversion, although larger
concentration gradients were observed at higher temperatures
due to increased conversions.
Behm and co-workers109,110 have developed a new technique

called scanning mass spectrometry (SMS), which is able to
measure the gas composition above catalytically active
microstructures or arrays of these microstructures with a lateral
resolution of better than 0.1 mm under reaction conditions.
The technique allows quantitative determination of the reaction
rates on individual microstructures. A 3D representation of the
scanning mass spectrometer is shown in Figure 12. The reactions

are carried out in a reaction chamber containing the catalyst
under study. A separate analysis chamber containing the mass
spectrometer is mounted on top of the reaction chamber.
A capillary tip is positioned very close to the catalyst surface to
probe the local gas composition within the reaction chamber.
The catalyst is supported on a three-axis translation stage with a
very high lateral and vertical precision to allow analysis of the
entire catalyst surface. The sampled gases were analyzed by a
quadrupole mass spectrometer.
Recently, Chorkendorff and co-workers111 extended the use

of the scanning mass spectrometer to vacuum conditions, which
enabled use of ultrahigh vacuum techniques for controlled
in situ preparation and surface characterization of catalysts.
The technique is very similar to that reported by Behm et al.,
with the major difference being that the sampling and the gas
delivery are made via the same probe. However, both
investigation methodologies did not quite correspond to the
common arrangement of these type of catalysts (i.e., plug flow
reactor), and the relevance of the information obtained to
operando conditions remains to be demonstrated.

4.2.4. Foam Monolith Spaci-Like Techniques. In addition
to the broad automotive-catalyst applications, Spaci-type

Figure 11. Picture of the system of Vogel et al. The gas sampling capillary is positioned above the catalytic plate. The capillary is then moved along
the length of the catalytic plate to obtain the spatially resolved concentration profiles. Reprinted with permission from ref 107. Copyright 2010
Elsevier.

Figure 12. Three-dimensional representation of the scanning mass
spectrometer. (A) is the sample stage with the capillary, (B) is the
sample holder, (C) is the clamp mechanism, (D) is the distance
sensor, (E) is the halogen bulb for heating, and (F) is a tantalum
shielding. Reprinted with permission from ref 110. Copyright 2007
AIP Publishing LLC.
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measurements have been applied to study reforming and
oxidation catalysts. A Spaci-MS study of methane oxidation
using various oxygen concentrations over a Pt/Pd/Al2O3
catalytic monolith has also recently been reported by Bugosh
et al.112 The results have indicated that complete methane
oxidation can occur in both lean and rich conditions. Under
rich conditions, an oxidative zone is located near the reactor
inlet, while a mixed partial oxidation/reforming zone is present
downstream. There was also evidence of a transition between
these two clearly defined zones. These results yielded some
mechanistic insight given that partial oxidation of methane still
occurs under methane rich conditions, indicating that lattice
oxygen is involved. From experiments that co-fed CO and
methane, it was apparent that CO oxidation occurred first,
depleting the gaseous oxygen concentration, thereby promoting
direct partial oxidation of methane further downstream, for
which it is speculated that lattice oxygen which diffuses to the
catalyst surface is responsible.
Recently, Hettel et al. have also used a capillary sampling

technique to obtain spatially resolved concentration profiles
from within a Rh-coated monolith for the CPOx of methane.113

In the same study, the invasive nature of the capillary and a
comparison to a kinetic model were made, and these aspects
are further discussed in Sections 5 and 6, respectively. Similar
work has also been published elsewhere.108 Gas compositions
at a number of axial points were monitored with FTIR and
MS, while the gas-phase temperature was monitored with a
thermocouple and the surface temperature monitored by an
optical fiber connected to an IR pyrometer. As such, both
temperature and concentration profiles were generated for the
CPOx of methane reaction at 290 °C. Consequently, it was
possible to identify two separate reaction zones for total
oxidation/reforming (at inlet, 0−1 mm) and reforming
reactions only (1−11 mm). The latter reaction zone was
enabled by the initial-zone exotherm, and reforming reactions
were promoted due to oxygen-deficient conditions resulting
from O2 consumption in the total oxidation process. The
reaction sequences and general findings are similar to those
reported earlier by Partridge et al.75

The same technique113 was utilized by the same group114 to
further investigate the CPOx of methane using a Pd/Al2O3-
coated monolith upstream of a Rh/Al2O3-coated monolith,
which was compared to both Pd/Al2O3 only and Rh/Al2O3
only systems. The important findings from this work were that,
despite a higher surface temperature exotherm, Pd was less
effective for the reforming reactions. It was also reported that
there were differences in the mechanisms for the formation of
syngas over the two metals. For Pd, syngas formation did not
occur until the oxygen had been depleted, meaning CPOx in
this instance occurred by an indirect route. However, due to the
high catalytic activity of Rh for CPOx of methane under these
conditions, it was not possible to exclude a role of direct partial
oxidation to syngas.
This technique has also been used to study diesel oxidation

catalysis using model lean exhaust gas.115 After catalyst aging,
CO light-offs were monitored at 235 °C. The results of the
catalytic activity were correlated to catalytic surface area. It was
reported that, as expected, both surface area and activity
decrease with catalyst aging, and higher aging temperatures
increased this rate of catalyst deactivation. The concentration
profiles obtained were also compared to a kinetic model
(see Section 6 for more details).

A Spaci-like approach to obtaining gas concentration and
temperature profiles from a fixed catalyst bed has also been
developed, first by Schmidt et al. at the University of Minnesota,
and then by Horn et al. at the Fritz-Haber Institute.116−130 This
technique was originally used to study drilled foam catalysts,
initially with an open ended capillary, but evolved to
incorporate a capped-end-capillary with a side wall sampling
orifice (see Figure 13). The technique was also used to

investigate the mechanism of the CPOx of methane over
Rh- and Pt-coated over Li/MgO on α-Al2O3 foam support, as
well as oxidative dehydrogenation of ethane to ethylene over a
molybdenum oxide catalyst supported on a bed of γ-Alumina
spheres. The experimental data were combined with kinetic
simulations for CPOx of methane studies and allowed a better
understanding of the reaction mechanisms prevailing.117−119

The influence of the sampling on the reaction kinetics was not
discussed.
The principle of the technique is similar to that of the Spaci-

MS, since a single movable axially mounted capillary is used to
sample the gases. The main difference is that a large-bore
(700 μm OD, 520 μm ID) capped-end sampling capillary with
an orifice (O.D. 0.3 mm) drilled in the side wall is used to
sample the gases, instead of an open ended capillary for the
Spaci-MS. The capillary is inserted in a hole drilled through
the foam monolith; the drilled hole is barely larger than the
capillary OD to allow capillary translation while minimizing gas
bypassing through the open annular region. The capillary wall
orifice is located at an appropriate distance from the capped
end such that the capillary fills the accommodating foam-
monolith hole for the full range of capillary translations. Other
differences with the Spaci-MS include incorporating a
thermocouple within the sampling capillary to measure gas
temperature. Spatial resolution of gas concentration and
temperature is obtained by moving the probes along the axial
position in the drilled channel within the catalyst foam.
Recent improvements of the technique have been made by

Horn et al. The new reactor design allows for measurements
to be collected at temperatures up to 1300 °C and pressures
up to 45 bar.125−127 The sampling system of the technique was

Figure 13. Schematic representation of the system for resolving
species and temperature distributions within a foam-monolith catalyst
showing the location of the different elements of the system. Reprinted
with permission from ref 118. Copyright 2008 Elsevier.
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further developed to allow for capillary rotation, which provides
an improved spatial resolution of the catalyst bed.
The most recent development of this system is the collection

of spectroscopic data regarding the catalyst surface.116,127 This
is accomplished through insertion of a Raman optical fiber
probe into the sample capillary instead of the thermocou-
ple.116,127 In this application, the Raman-probe tip is aligned
with the capillary sampling orifice so that the gas-composition
and surface-spectroscopic characterization are from the same
spatial region of the catalyst bed; however, the Raman is
averaged over a 360° perimeter region of the sample capillary
while the orifice samples from a point on the perimeter.
Schmidt, Horn, and co-workers have very significantly

contributed to the development of spatially resolved techniques
for characterizing catalyst supported on foam monoliths and
bead beds; in the bead-bed applications, the support-bead OD
(1 mm) was similar to that of the sampling capillary (0.70 mm).
In these applications, the sampling probe was not considered to
be invasive due to the strong radial mixing in foam-monolith
and bead-bed catalysts (i.e., vis-a-̀vis channelized honeycomb
monolith applications where a sampling capillary might change
the flow profile).131 This system is limited to catalytic foams
and large pellets, although it could be applied to investigate
monoliths, and like Spaci-MS and Spaci-IR, it is not well-suited
to powder-catalyst applications; specifically, the sampling
probe size is much greater than the typical powder catalyst
particle size and as such would be far too invasive for accurate
analysis.
4.2.5. Techniques for Temperature Distribution. Donazzi

et al.132−138 developed a technique for spatially resolved surface
temperature measurements within structured (monoliths and
drilled foams) catalysts. The technique is based on the use of a
side-looking optical fiber connected to a pyrometer for
measuring wall temperature distributions within a honeycomb
catalyst; measurements resolution is dictated by the local fiber-
channel geometry and numerical aperture of the fiber, and
distributions are resolved via fiber translation. The application
of intracatalyst optical fiber physical probes was presented as
noninvasive for honeycomb-monolith applications, which is
true for a broad range of applications as discussed later; in
general, optical fibers have the same physical invasiveness
considerations of a capillary, but without the sampling flow
considerations. The technique does not resolve gas-composi-
tion profiles within the honeycomb monolith, although effluent
gas analysis was performed using gas chromatography. The
CPOx of methane to syngas over a Rh-based catalyst with
different catalyst loadings and the influence of channel size was

investigated.132−135 The temperature profiles were used to
develop a kinetic model for the reaction.136

Choi et al.79 have described the application of phosphor
thermography for resolving spatiotemporal transient temper-
ature distributions within an operating honeycomb-monolith-
supported LNT catalyst. Phosphor thermography is based on
the temperature-dependent excited-state lifetime of a phosphor
transducing material, and the technique is typically imple-
mented by optically exciting a phosphor and analyzing the
resulting phosphorescence.139,140 Measurements can be made
via direct lifetime detection using pulsed excitation, or via
phase-sensitive detection with modulated excitation. A range of
phosphors exist which are active in various temperature bands
and have varying lifetimes; these can be selected to meet the
temperature and time requirements of a specific experiment.
Partridge et al. have adapted this technique to honeycomb-
monolith-supported catalyst applications by applying a thin
phosphor coating to the tip of a working optical fiber,79 as
shown in Figure 14 (previously unreported). The technique is
similar to Spaci-MS in that small (ca. 200-μm OD) optical
fibers are used, measurements are made at the phosphor tip,
and distributions are resolved by translating the optical fiber.
In general the sensitivity and temporal response are tuned via
phosphor specification/selection and thickness of the phosphor
layer, respectively. Because the working phosphor-tipped
optical fiber has very low thermal conductivity, it will not
significantly spatially broaden temperature gradients as would
measurements from a conductive temperature probe; thus
optical-fiber based phosphor thermography can more accurately
resolve high temperature gradients compared to even fine-wire
thermocouples.
Optical-fiber techniques have the ability to directly resolve

temperature distributions along their length, in contrast to the
method of spatially scanning a single-point sensor, via methods
employing fiber Bragg gratings (FBG)141 and optical frequency
domain reflectometry (OFDR).142,143 The techniques are based
on spectral analysis of backscattered light from various points
along the optical fiber length. Multipoint distributed measure-
ments can be made by writing FBGs into the fiber at the
desired measurement locations, each of which provides return
signals for analysis. Continuously distributed measurements are
available from OFDR as the scattering signal originates from
natural variations along the fiber length; thus, return signals are
generated throughout the fiber length in a unique fingerprint-
like pattern. In both cases thermal expansion changes the
location between the scattering sites, inducing spectral changes
in the backscattered light which is calibrated to determine

Figure 14. Schematic and picture of optical-fiber-based phosphor thermography instrument, applied to measure transient temperature distributions
within operating honeycomb-monolith supported catalysts.
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temperature; since fiber strain can cause equivalent displace-
ments and confound the measurements, pure temperature
measurements require strain-free fiber conditions.
Nguyen et al.144 have applied a commercial OFDR (OBR

4600, Luna Innovations) to measure temperature distributions
along a 7.5 cm long monolith-supported catalyst resulting from
NH3 oxidation; distributions were measured with 3 mm spatial
resolution and 0.9 Hz (1.1 s) temporal resolution. The appli-
cation used a horizontal catalyst reactor, with the measurement
fiber resting in a relatively strain-free orientation along the
lower wall of the probed channel. Greater strain-induced noise
was observed at the fiber free end and higher space velocities
due to flow-induced fiber movement. Nevertheless, the
technique has great potential for transient distributed temper-
ature studies, as was further demonstrated in subsequent
work.145

4.2.6. Spaci-FB for Powder Catalyst Bed Applications.
Most of the techniques for spatial resolution within catalytic
reactors described above have been designed to investigate
structured catalysts (pellets, monoliths, foams) or “model”
catalysts (catalytic plates). In fact, despite being the most
commonly utilized textural form for catalysts in research at the
lab scale, until recently, there has been no technique designed
to noninvasively investigate reaction distribution within a
packed powdered catalyst bed.
In recent studies, Touitou et al. reported the development

of a spatially resolved technique for powdered catalyst beds
(later named as Spaci-FB for fixed bed) and results obtained
through proof of concept/validation.146−148 Initially, a prototype
system with a manual linear transfer mechanism (Figure 15)

was developed which acted as a proof of concept of the spatial
resolution technique for packed powdered catalyst beds.146

A description of the individual components and the
modifications of these up to and including the assembly of
the completed prototype was disclosed.146 The technique was
designed to have negligible impact on the packed powdered
catalyst bed with the use of some of the smallest equipment
commercially available. The key element in this case was the
closed-end sampling capillary (75 μm ID, 150 μm OD), which
had three sets of gas sampling holes (3 pairs of sampling holes
of 20 μm diameter, each set having 180° orientation, and
located within a sampling zone 0.5 mm in length) drilled on the
capillary side using laser ablation. The size of these sampling
holes was small enough to prevent catalyst particles from
entering the probe and causing blockages. A number of

validation tests of the prototype Spaci-FB technique were
conducted, where gas-concentration profiles of CO oxidation
over 1 wt % Pd/Al2O3 were measured to demonstrate the
technique and its sensitivity to different experimental con-
ditions (i.e., temperature and feed). Effects of both temperature
and the presence of H2 in the gas mixture were studied and the
promotion of the reaction by both temperature and hydrogen
was reported.
Based on the positive results obtained with the Spaci-FB

prototype, further technique development and improvements
were implemented;148 these included improved control and
precision with an automated transfer mechanism, an improved
heating system, and the capability to simultaneously record
temperature and gas concentration (Figure 16). The gas

sampling holes of the capillary were also machined in a less-
destructive manner using a xenon focused ion beam, but the
dimensions and locations of holes remained consistent. In
order to address the capability for temperature recording, a
thermocouple with the smallest outer diameter commercially
available (80 μm) was inserted inside the capillary, and aligned
with the gas sampling orifices. The catalyst bed was housed in a
quartz tube and heated with a novel hot air blower heating
device, which enabled operando optical access to the catalyst
with a view to future coupling with spectroscopic techniques.
Further validation tests were conducted which studied the

effect of temperature and reactant concentration on the gas and
temperature profiles. The results of these validation tests
highlighted the impact of the improvements which enabled the
gas-concentration and temperature profiles to be determined
with twice the spatial resolution (every 0.5 mm) of the proto-
type system. The precise movement of the automated stage
allows for even higher spatial resolution, but the limiting factor
in this instance is the length of the sampling zone itself (i.e.,
0.5 mm). Consequently, conversion light-off and the temper-
ature exotherm were both profiled accurately with a high spatial
resolution.
The capabilities of the Spaci-FB have also been assessed in

terms of performance and influence of the probe on the
measurements149 (see Section 5 for more details). A previously

Figure 15. Representation of Spaci-FB prototype.146 The capillary in
this case was fixed, and the linear stage translates the reactor/packed
bed across the sampling holes, thereby providing the spatially resolved
gas concentrations.

Figure 16. Automated Spaci-FB system. The capillary is fixed and the
automated stage translates the bellow system/reactor, passing the
packed bed across the sampling holes, thereby providing the spatially
resolved gas concentrations. A thermocouple is positioned inside the
gas sampling capillary, thereby providing simultaneous spatially
resolved temperature profiles. Reproduced with permission from
ref 148. Copyright 2013 The Royal Society of Chemistry.
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reported microkinetic model33 has been refined to accommodate
the Spaci-FB probe and comparisons made with experimental
results for CO oxidation under different conditions has also
been reported,149 and more details are discussed in Section 6.
4.3. Summary of Spatially Resolved Characterization

Techniques. The emergence of spatially resolved techniques
has allowed the opportunity to study a range of catalytic
textural forms, systems, and sample environments, thereby
providing intracatalyst analytical profiles of structures, gas
concentrations, and/or temperature. While using techniques
which employ intracatalyst physical probes, it is necessary to
conduct an evaluation of the invasive nature of these probes
under the operating conditions.113 Examples of evaluations of
this kind are reported in Section 5. In most cases, the use of
physical probes has been reported to be minimally invasive
(vide inf ra). Consequently, reliable insights of kinetics and
surface processes which were previously unavailable are now
accessible. Such detailed data can be used to improve kinetic
models by bridging the “knowledge gap” between traditional
catalyst analysis and theories/models,113 as is discussed in
further detail in Section 6.

5. ASSESSING THE INVASIVE NATURE OF PHYSICAL
SAMPLING PROBES

As already stated in this work, spatially resolved techniques
enable fundamental and applied studies of catalysts in their
most realistic conditions. A major advantage of these tech-
niques is the ability to conduct experiments under operando
conditions using real catalysts (either structured or powdered),
as opposed to using “model” catalysts (and/or using conditions
to suit the analytical method). Moreover, because the
incremental steps of the intracatalyst conversion profiles are
resolved, these techniques can enable kinetic studies under
actual operating (temperature, space velocity, etc.) conditions
rather than those necessary to achieve differential conditions
across the entire catalyst. These characteristics are a major
advancement in the understanding of catalysts under true
operating conditions, and this significance should not be
underestimated.
An important aspect to consider using intracatalyst physical

probes for spatially resolved measurements is the impact these
probes may have on the system (i.e., how invasive are the
probes). This has to be assessed using, for example, numerical
or experimental analysis, and there is still some debate as to
how invasive the probes can be.112

5.1. Numerical Methods for Assessing Invasive
Nature. Numerical analysis (using computational fluid
dynamics (CFD)) has been applied to assess the invasiveness
of probes by Bosco and Vogel106 using 2D and 3D fluid
dynamic modeling under different conditions to study the
velocity field within a replicated monolith channel, as applied to
the recording of spatially resolved gas-concentration and tem-
perature profiles. In this study, the Navier−Stokes equations
were solved for a pure nitrogen flow. The inlet velocity was
0.14 m s−1 and the selected Reynold’s numbers for the system
were far from critical limits and so the existence of a Laminar
flow was well justified. There was little flow in the y-direction
(channel cross section) and the velocity profile was consistent
throughout the reactor channel. It was noted, however, that a
Laminar flow did not initially materialize, but rather the fluid
had swirling (eddies) structures caused by the monolith
obstruction. Consequently, the catalyst was removed from the
initial 15% of the channel so that the catalysis was studied

under purely Laminar flow (without eddies) conditions.
Consequently, it was possible to demonstrate that the probes
used were minimally invasive.
A similar CFD assessment was conducted by Sa ́ et al.90 for

their Spaci-MS application to study spatiotemporal distributed
intracatalyst CO oxidation oscillations. This numerical analysis
was conducted using a 3D model of fluid flow and mass transfer
within catalytic monolith channels, and comparisons were made
between cases with and without a probe capillary in the
channels. The boundary conditions described in Sa ́ et al. were
average inlet velocity, temperature, gas concentrations, and
outlet pressure (atmospheric), measured sampling-capillary
suction rate, as well as the Reynolds number. The use of an
identical 200 mL min−1 volume flux at the entrance of all
channels was justified by the laminar flow profile upstream of
the monolith (premonolith section) with a maximum velocity
at the center of reactor tube (ID 25 mm) housing the catalyst
monolith of 0.016 m s−1. Since a 400 cpsi monolith was used,
the monolith sample contained 19 channels along the tube
diameter. Hence, it was reported that a section of 3 × 3
adjacent channels will receive approximately similar volumetric
flow rate. This is not necessarily the case for nonadjacent
channels.150

It was reported that the cross sectional area of the capillary
probes were 4.9% of the channel and that there was negligible
invasiveness in terms of flow and mass transfer under the
conditions investigated. It was advised that similar evaluations
be conducted for applications using higher values of space
velocities because the degree of probe invasiveness would be
greater at higher space velocity (SV) values and different for
each set of operating conditions. In general, the various catalyst,
reactor conditions, and probe characteristics have an interre-
lated impact on the invasive nature of intracatalyst spatially
resolved measurements; these characteristics include monolith
density (cpsi), SV, probe diameter, and sampling rate. Smaller
probe diameter and sampling rates become increasingly
necessary at higher monolith densities and SV values to
achieve minimally or practically noninvasive intracatalyst
measurements. Such practically noninvasive probe conditions
can be satisfied for a wide range of catalyst studies enabling
spatially resolved intracatalyst measurements and the corre-
sponding critical insights.
The findings of Sa ́ et al.90 have recently been challenged by

Deutschmann and co-workers113 who claimed that the probes
are bound to be much more invasive than previously reported.
The rationale for this was based on a claim that the boundary
conditions had not been properly described by Sa ́ et al.,90 and
their independent numerical analysis,113 which was, however,
conducted at much higher flow rates/space velocities than that
used by Sa ́ et al.90 Hence, the direct comparison150 between
the numerical analysis conducted by Sa ́ et al.90 and that by
Hettel et al.113 is debatable.150

When critically analyzing such numerical analysis, one should
also be mindful of the conditions that have actually been
reported. In the case of Hettel et al.,113 a worst-case scenario
has been reported in order to assess the probe invasiveness.
This is a sensible and logical approach since one wants to assess
the maximum possible impact of the presence of the probes.
However, on closer examination, the selected scenarios must
correspond to practical configurations. In this case, the capillary
was placed centrally in a channel; however, given the horizontal
orientation of the monolith and considering the physical nature
(flexible rather than rigid) as well as length of the capillary used
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within Spaci-MS, the capillary will not be in the channel center
due to gravity. Hence, the worst-case-scenario conditions
selected by Hettel et al.113 are unrealistic, and the cases with
the capillary centered on the bottom wall or in the corner on
the bottom wall are more realistic configurations. It is impor-
tant to note that for these latter configurations, Hettel et al.113

report significantly reduced impact of the probe.150 This
demonstrates the need to carefully consider the actual
conditions when comparing intracatalyst measurement techni-
ques. Even individual techniques such as Spaci-MS may be
implemented in different ways for various studies; e.g., direct vs
differential sampling (impacts capillary sampling rate), vertical
vs horizontal reactor orientations, and different capillary
diameters, catalyst-monolith densities, and reactor flow rates.
As discussed earlier, these experimental parameters have an
interrelated impact on the invasive nature of intracatalyst probe
measurements, and parameter values that may be practically
noninvasive in one combination may be more or less invasive
in conditions with different parameter combinations. Thus,
similar considerations as used for designing noninvasive
methods should be applied to comparing and assessing intra-
catalyst probe results.
More recently, CFD numerical analysis has been conducted

to assess the invasiveness of a probe capillary positioned
within a powdered catalyst packed bed reactor.149 Variations of
the flow dynamics in terms of pressure drops and gas velocity
along the reactor were investigated for two configurations,
specifically with and without a capillary probe. This packed bed
was positioned in a reactor tube of 2.50 mm ID and included
3000 spherical particles of 0.25 mm diameter size with the
catalyst bed length being 8.00 mm. Due to the additional
capillary volume, the bed length increased to 8.50 mm when
the probe was inserted in the center of the packed bed. In order
to compare with previously reported experimental results,146,148

the following conditions were applied: inlet velocity of
0.1178 m s−1 (Reynolds number less than 30: laminar flow),
gas density of 0.6 kg m−3, viscosity of 0.00001 Pa.s, and
temperature of 200 °C. From the CFD, the pressure drop was
reported to be negligible, 114 Pa without capillary and 124 Pa
with the capillary (total pressure 2 bar abs). As such, the
pressure drop in both cases was calculated to be <0.1% of the
system total pressure. The cross-sectional area of the capillary
was 0.7% that of the reactor and hence the exit velocity
increased by 0.7%. This was found to be independent of the

location of the probe. This variation in exit velocity was
sufficiently small to be considered negligible, indicating that the
presence of the probes was minimally invasive.

5.2. Experimental Methods for Assessing Invasive
Nature. Purely experimentally based methods are available for
assessing the invasive nature of intracatalyst probes, in addition
to the numerical-based procedures discussed above; although
these have been broadly discussed and presented by Partridge
et al.,151 they have not been published heretofore. If an
intracatalyst probe is invasive due to its physical size, in
applications to open-channel honeycomb-monolith-supported
catalysts, it will lower the space velocity in the invasively probed
catalyst channel compared to that in the surrounding unprobed
channels. The impact of such invasive probing has been
simulated by Hettel et al.,113 as shown in Figure 17a; speci-
fically, an invasive probe will result in higher conversion
gradients and possibly higher integral conversion compared to
the unprobed channels.152

Variations in integral conversion between invasively probed
and unprobed channels as shown in Figure 17a creates a step in
the conversion profile at the catalyst exit due to mixing of
products from the corresponding channels. Specifically, the
measured conversion distribution for the invasively probed
channel in Figure 17a would show a step to lower conversion at
the channel exit (10 mm) and beyond; in most applications,
there are many more surrounding unprobed channels, so the
conversion step can be significant. Evidence of such experi-
mentally observable signatures of probe invasive impacts can be
measured to assess the practical invasive nature of a particular
experimental configuration.
Figure 17b,c describe experiments that were performed to

assess the invasive nature of various intracatalyst measurement
probe configurations and to demonstrate experimental-based
methodologies for assessing the same. The experiments were
based on NH3 oxidation over a commercial Cu/SAPO-34 SCR
catalyst supported on a 300 cpsi open-channel honeycomb
monolith and oriented so that a probe capillary would lie in the
channel corner. A 21-channel, 2.45 cm long catalyst core was
evaluated at 300, 400, and 500 °C using a gas mixture of 200 ppm
of NH3, 10% O2, 5% H2O and Ar balance at 30 000 h−1 SV.
Spaci-MS was used to resolve NH3-concentration distributions
along the central catalyst channel. Capillaries of various OD
(150, 200, and 375 μm) were used to occlude different fractions
(ca. 1 to 8%) of the probed catalyst channel cross-sectional

Figure 17. 152 (a) Numerical simulation showing the impacts of an invasively probed catalyst channel. An invasively probed (lower) and unprobed
(upper) catalyst channel are shown, with the invasive probe indicated by the black bar lying along the bottom of the lower channel. Flow is from left
to right, and bright colors (orange and red) indicate greater conversion. The numerical scale below the channels indicates spatial length in mm;
(b) Summary of five intracatalyst probe configurations blocking ca. 1 to 35% of the catalyst channel and spatial orientation of the probes within the
probed channel; (c) Spatially distributed NH3 concentration due to oxidation over a commercial SCR catalyst at three temperatures and the five
intracatalyst probe configurations. Panel (a) is reprinted with permission from ref 113. Copyright 2013 Elsevier.
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area; as all capillaries had the same (75 μm) ID, the capillary
sampling rate was the same (ca. 10 μL min−1) for all probing
configurations. To investigate the impact of even greater
channel blocking, the two larger OD capillaries were used in
conjunction with a 700 μm OD optical fiber; in these
configurations, the optical fiber extended through the entire
probed channel, as the capillary was translated to resolve
evolution of the NH3-oxidation reaction. Figure 17b summa-
rizes the five intracatalyst probe configurations for blocking ca.
1−35% of the catalyst channel and spatial orientation of the
probes within the probed channel.
Figure 17c shows the NH3 concentration distributions

through the catalyst at 300, 400, and 500 °C for the 15
(three temperatures and five sampling configurations) separate
NH3 oxidation experiments based on Spaci-MS measurements
at the inlet, 25%, 50%, 75%, 100%, and 125% of the total
catalyst length (L). The 100% L sample was taken just before
the exit of the probed-channel exit. There is negligible NH3
oxidation at 300 °C (verified by an FTIR gas analyzer at
the reactor outlet). Significant NH3 oxidation exists at 400 and
500 °C, as well as variations in the NH3 concentration distribu-
tions for the various intracatalyst sampling configurations.
Specifically, a greater bow (midbed difference) is observed in
the conversion distributions for configurations 4 and 5, which
block ca. 29 and 35% of the channel area, relative to the less
invasive probe configurations; these bows are indicative of
higher intracatalyst conversion gradients as discussed above,
and they are experimental evidence that the probe configura-
tion is invasive. The 375 μm OD capillary, configuration 3,
shows a very slight bow at 500 °C. In contrast, there is no
practical difference in the measured NH3 distributions for the
150 and 200 μm OD capillaries, indicating that these intra-
catalyst sampling configurations have reached the practical
noninvasive limit. In practice, Spaci-MS capillaries of <200 μm
OD are typically used for catalyst research, and these measure-
ments indicate this configuration to be practically noninvasive.
To demonstrate how an exit-plane conversion step could

indicate invasive sampling conditions, it is useful to consider an
alternate experiment where the catalyst was half length (i.e., a
case where the 50% L location in Figure 17c is the exit plane).
In this alternate case at 500 °C, the effluent NH3 concentration
from both the unprobed and noninvasively probed channels
would be ca. 100 ppm, based on the performance of the
practically noninvasive configurations 1 and 2; thus, since all
catalyst channels would have the same conversion, the
combined effluent concentration would be 100 ppm beyond
the exit, and there would be no exit-plan conversion step for
the noninvasive sampling configurations. In the same alternate
case at 500 °C, the invasive configuration 5 would experience
a step in the NH3 concentration across the exit plane from
ca. 60 ppm to ca. 98 ppm (i.e., ca. 60 ppm effluent from the
probed channel diluted by ca. 100 ppm from the 20 unprobed
channels). Of course, these alternate conditions could be
generated by doubling the experimental space velocity. Exit-
plane conversion steps can be easily implemented and provide a
clear experimental measure of the invasive nature of a specific
sampling condition.
Figure 17c shows that an exit-plane conversion step may

not always be a reliable indicator of invasive nature; further-
more, such conversion steps can be obscured by potential back-
mixing dilution if insufficient spatial resolution exists near the
catalyst exit. Specifically, although the noninvasive configu-
rations 1 and 2 show the expected flat distributions beyond the

exit plane, a conversion step is not clearly apparent for the
invasive configurations 4 and 5. It appears that the through
optical fiber used in configurations 4 and 5 caused greater back-
mixing dilution at the 100% L sampling location, and the
anomalous negative conversion trends in the last quarter-
catalyst length; clearly, the conversion should continue in the
last catalyst quarter consistent with the upstream distributions,
and additional sampling could resolve this distribution and the
transition to back-mixing dilution; indeed, a conversion step
would be more apparent with such additional spatial sampling.
The slightly invasive configuration 3 at 500 °C shows a case
where invasive sampling may not produce an exit-plane
conversion step. For this case, despite the greater conversion
at 50% L for the probed channel compared to the unprobed
channels (as indicated by noninvasive configurations 1 and 2),
all the catalyst channels have reached the same conversion
by 75% L. These examples show that although exit-plane
conversion steps can indicate invasive sampling, their absence
does not necessarily indicate noninvasive sampling. Care should
be taken to account for potential back-mixing dilution near the
exit, by increasing spatial sampling density in this region. In
addition, higher space-velocity experiments, as discussed in the
preceding paragraph, are recommended, particularly to detect
slightly invasive conditions where the invasively probed and
unprobed channels reach similar conversion levels within the
catalyst.
If an invasive intracatalyst probe configuration is imple-

mented, there will be a distributed impact along the catalyst
length, which will generally be greatest in the inlet region. This
is apparent from any of the invasive configurations (4 and 5) in
Figure 17c. For example, the enhanced conversion at 500 °C
associated with the impact of configuration 4, which blocks ca.
29% of the channel area, is ca. 47%, 25%, and 6% at 25%, 50%,
and 75% L, respectively, relative to the practically noninvasive
configuration 2 (200 μm OD capillary). In addition to demon-
strating the distributed impact of invasive probe configurations,
this demonstrates how in worst-case locations using grossly
invasive configurations order-of-50% errors can be induced as
has been broadly claimed by Hettel et al.113 (i.e., using probes
that block 29% of the channel area, at the channel front where
impact is maximized, and for high temperatures where impact
sensitivity is greater). However, this grossly invasive claim is not
generally indicative of real world intracatalyst sampling
methodologies. In general, practically noninvasive intracatalyst
sampling configurations can be designed for a wide range of
applications and quantified as such via experimental measures,
as demonstrated by Figure 17.

5.3. Dimensionless-Parameter Maps for Assessing
Invasive Nature. Recognizing the interrelated impact of
reactor, catalyst monolith, and probe parameters on the mea-
surement invasive nature, Harold et al. have developed a
methodology for quantifying the invasive nature of various
parameter combinations.153,154 The analysis is based on
development of dimensionless factors relating the various
parameters, for example, capillary diameter and monolith-
channel density, sampling flow rate, and probed-channel space
velocity. These factors can be plotted over a range of parameter
values to generate an invasive-nature map, with regions
specifically identified as clearly invasive and other regions as
practically noninvasive; the two regions are divided by a
boundary where a delta-Z parameter is essentially zero. In
applications, proposed experimental parameter combinations
are mapped via the dimensionless factors to the invasive-nature
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space; the parameters can be varied to balance the experimental
objectives. Using this method, they plotted configuration C
from Hettel et al.113 (i.e., with the sampling capillary positioned
on the catalyst-channel floor) on the invasive-nature map, and
they found that it fell in the moderately invasive region; these
results are generally consistent with those of the comparison
work, which also indicated a capillary situated in the channel
corner would be less than half as invasive as the analyzed
configuration. On the basis of this, we expect the corner-
situated capillary to be practically noninvasive, similar to the
experimental analysis presented above. This new dimension-
less-parameter mapping methodology represents a significant
advancement for enabling design of minimally invasive analysis
for intracatalyst measurements.
5.4. Summary of Assessing Invasive Nature of

Physical Sampling Probes. The ability of recent advances
in intracatalyst spatially resolved sampling techniques to offer
previously unavailable insights in terms of surface processes,
network and sequence of reactions, and kinetics within the
sample is undeniable.112,150,155 These can provide critical
insights including an understanding of the general nature of
catalyst reactions, including the following: quantifying the
sensitivity of various catalyst functions to aging, and reversible
and irreversible poisoning; determining kinetic parameters
under the most realistic catalyst structure and conditions; and
designing, tuning and validating numerical models of the
catalyst process. However, the experimental techniques must be
carefully designed such that the physical probes are practically
noninvasive and do not change the nature of the catalyst
environment being studied; this section has described
numerical, experimental and dimensionless-parameter method-
ologies for designing such noninvasive spatially resolved
intracatalyst measurement systems. Even if not completely
noninvasive, spatially resolved intracatalyst analysis can provide
valuable insights for advancing mechanistic understandings,
developing advanced models and optimizing catalyst perform-
ance (e.g., including reaction network and sequence, identi-
fication of intermediate species, and nature of reaction trends
with operation-parameter changes). Ultimately, the veracity of
invasive nature claims will depend on the ability of any
subsequently derived kinetic model to withstand critical
scrutiny (Section 6).

6. ADVANCED SIMULATIONS AND MODELS
ENABLED BY SPATIALLY RESOLVED ANALYSIS

Over the past decades, an alternative to laboratory based
experiments has been actively pursued to obtain understanding
of catalytic processes through the development of kinetic
models based on computer calculations.156 Kinetic models
provide improved understanding of phenomena occurring on
the catalyst surface but have the advantage of enabling faster
and lower-cost development compared to laboratory experi-
ments.157 The common criticism concerning kinetic models is
the question of their accuracy with respect to the phenomena
occurring within the catalyst beds and their applicability beyond
the conditions under which they were specifically developed
and validated. This is a consequence of a lack of comparison
between experimental and simulated results, primarily resulting
from the difficulty of obtaining measurement data within
the reactor during the experiment, that is, due to the lack of
techniques available.
Simulations and models can be improved by bridging the

“knowledge gap” between traditional catalyst effluent analysis

and theories via the application of spatially resolved techniques.
This type of study can provide spatiotemporal insights into the
complexity of processes and enhance the constraints imposed
on the mechanistic models assessed, thereby improving
simulation accuracy and fundamental understandings.136

A clear value of using spatially resolved reactor data is the
ability to determine kinetic parameters of a catalyst model
under actual operating conditions. For instance, Matera et al.65

used LIF data for multiscale modeling based on first-principles
microkinetic models to better understand the catalytically active
Pd phases for CO oxidation, with the metallic state reported to
be responsible for the activity.
With the help of Spaci-MS data, Auvray et al. developed a

kinetic model of a Cu-zeolite NH3−SCR catalyst which was
capable of capturing the spatial distribution of NO oxidation,
NH3 oxidation, and SCR reaction over a 200−400 °C
temperature range.158,159 A similar benefit to model tuning
and validation was demonstrated by Shwan et al. where LNT
modeling work showed that information on the axial NOx
distribution and intermediate NH3 role is important to
accurately predict the outlet NH3 slip from a Pt/Ba/Al2O3-
coated monolith LNT catalyst.84 As mentioned earlier, another
area where spatial resolution of reactions can significantly
enable kinetic modeling is the elucidation of reaction
mechanisms resulting from complex spatial interplay among a
variety of reaction transients. A good example is an LNT model
enhancement achieved via a collaborative research between the
University of Chemistry and Technology Prague (UCTP) and
Oak Ridge National Laboratory.85−88,160,161 In this work, the
UCTP and ORNL team used Spaci-MS to determine the
spatiotemporal distribution of storage and conversion of NOx,
oxygen and reductant species over fully formulated commercial
LNTs. By comparing the storage and conversion data with local
selectivity values−which were also spatially and temporally
resolved−mechanisms underlying N2O formation were clari-
fied.85,87,88 In particular, the local oxidation state of precious
metal sites was identified as having a critical role in formation of
both primary and secondary N2O peaks observed at lean-to-rich
and rich-to-lean transitions, respectively. Residual NOx and
reductant species left on the catalyst surface were the source
of the secondary N2O formation when the gas composition
changed to a net lean condition. The learned mechanistic
details were incorporated into a global model with reasonable
agreement between simulations and experiments with respect
to the newly added N2O chemistry steps.86,160 In addition to
the model enhancement, the chemistry insights obtained from
the Spaci-MS investigation led the team to devise a novel
LNT operating strategy which minimizes secondary N2O
formation by inserting a short near stoichiometric pulse
between lean and rich phases.161 The stoichiometric gas
environment allowed residual NOx and reductant species to
continue to react over fully reduced PGM sites with a high NH3
selectivity. Importantly, similar model calibrations/validations
have been possible for SCR processes using the Spaci-IR
technique,100 demonstrating that spectroscopy can make such
contributions in addition to concentration and temperature
profiles. As a result of data obtained by Spaci-IR,100 a one site
SCR model was found to inadequately predict both the axially
resolved species concentrations and the NH3 storage distri-
butions. Therefore, the introduction of a second NH3 storage
site, with a capacity based on the difference between experi-
mental and simulated NH3 concentrations, was able to correct
the model resulting in good agreement between observed and
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simulated species concentration results, as well as the NH3
storage distributions along the axial length of the monolith.
Spatially resolved data combined with modeling have allowed

accessing crucial information unavailable using standard end-
pipe approaches. For instance, the degree of complexity
necessary for a kinetic model to describe the hydrogenation
of toluene using an industrial catalyst in a nonisothermal and
nonadiabatic fixed-bed reactor has been assessed in details.71,72

The reaction had been studied previously at steady state and
with deactivation of the catalyst. The experimental data
was compared with simulation and it was reported that a
simple one-dimensional model was sufficient to describe the
system.
A kinetic model for the partial oxidation of light hydro-

carbons over a honeycomb monolith catalyst has been
developed using experimentally obtained temperature pro-
files.136 A previously reported162,163 dynamic one-dimensional
heterogeneous model for a fixed bed reactor was used. This
model accounted for balances of mass, energy and momentum
for gas and solid phases, including axial convection and
diffusion, solid conduction and gas−solid transport terms.136

The model also included a previously reported thermodynami-
cally consistent single site C1 microkinetic scheme for the
production of syngas from methane over Rh which consisted of
82 surface reactions and 13 adspecies.162,164 It was reported
that this model was accurately able to predict both concen-
tration and temperature (both solid and gas phase) spatial
profiles for two different catalyst loadings, although there are
some variations (Figure 18). These variations were attributed
to the pore diameters used (better fits with smaller pores) as
well as to variations in heat and mass transfer rates. It was also
reported that some further refinements were needed as there
may have been some bias in surface temperature recording
outside of the catalyst zone due to the methods used (i.e., an
optical pyrometer).
Methane partial oxidation inside a foam-monolith-supported

catalyst has also been modeled using a pseudo 2D
heterogeneous reactor model in CFD simulations.130 A number
of assumptions related to gases and boundary conditions were
detailed and equations for conservation of mass, momentum,
and energy were all derived from a simplified Navier−Stokes
system. Microkinetic models were based on those of
Deutschmann et al.165,166 and Vlachos et al.167,168 Model
profiles for oxygen were found to fit the experimental results
reasonably well, but the model profiles for products did not
have as good a correlation with the corresponding experimental
data (Figure 19).130 The explanations for this were that one of
the microkinetic models under predicts conversion of methane,
while the other under predicted the rates of water−gas-shift
reactions. Additionally, the surface coverages derived by both
microkinetic models did not match with each other, therefore
further refinements were needed. Similar work using CFD has
been reported for partial oxidation of methane108,113,169,170 and
diesel oxidation reactions115 inside honeycomb monolith
catalysts.
Vogel and co-workers also developed a kinetic model107 to

numerically analyze a channel plate reactor system106 used for
hydrocarbon reforming, such as the methanation of CO. A
Langmuir−Hinshelwood expression was used in a 1D reactor
model to estimate kinetic parameters, which generated
simulated profiles that correlated well with experimental data.
A 2D model was also used, which agreed with the results from
the 1D model and so it was reported that the 1D was sufficient

to numerically analyze the plate reactor under the studied
conditions. The authors have noted that more experiments
(e.g., transients) and increased range of operating conditions
(e.g., higher pressure) would allow for a much more thorough
assessment of the models.
Wehinger et al. have used 3D governing equations and fluid

dynamics simulations to model dry reforming of methane171,172

and oxidative coupling of methane,171 using previously
obtained axial temperature profiles. For dry reforming of
methane only the surface processes (adsorption, surface
reaction, and desorption) were described,171 using a stagna-
tion-flow reactor configuration. It was found that a 1D model
could fit the stagnation flow experimental data reasonably well,
and so, it was reported that this configuration was well suited to
investigate kinetics whenever there is minimal fluidic effects.
Meanwhile, the kinetics for oxidative coupling of methane

was based on the reaction rates of the entire system; thus, a
porous-media model and 10-step reaction mechanism was
utilized for CFD.171 It was reported that the model was not able
to properly simulate the oxidative coupling of methane due to
its exothermic nature. In this case, the reactivity was
underpredicted, and the model could not generate temperature
profiles to match the experimental data. The authors
consequently stated that, in the case of highly exothermic or
endothermic processes, the studies need to be conducted in
well-defined configurations and that experimental spatially
resolved concentration and temperature profiles should be
utilized for kinetic analysis. This is precisely what these authors
reported in further work.172

Figure 18. Comparison of experimental and simulated concentration
and temperature profiles from the catalytic partial oxidation of
methane. Reproduced with permission from ref 136. Copyright 2011
Springer Science and Business Media.
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A kinetic model combining a global Langmuir−Hinshelwood
methodology (the Voltz method173) and a microkinetic
approach32,33 (which included the rates of adsorption,
desorption, surface processes, and diffusion) has been reported
for the Spaci-MS system for catalytic monoliths.34,174 The
global kinetics approach of this kinetic model runs 18 surface
reactions. The microkinetic approach of the model can be
utilized provided that the kinetic parameters for the adsorption,
desorption, and surface reactions are available. This model was
validated for CO oxidation (with varying CO:O2 ratios)

174 and
for the WGS34 over Pt catalytic monoliths and simulations were
compared with experimental results. Data was reported for
three axial points representing the start, middle, and end of the
monolith (2 mm, 14 mm and 26 mm, respectively). The kinetic
model was very accurate for predicting the profiles for the
middle and end sections. The simulations for conversion as a

function of temperature at the start section were not as
accurate, and this identified problems with the mass transfer
parameters, which were refined to improve the accuracy of the
model (Figure 20).34 Although not reported in the original
work, it is possible that this is a similar phenomenon of the
creation of eddies at the front end of the monolith due to the
“obstruction” caused by the presence of the catalyst, as
discussed previously.106 The refinement of the mass transfer
parameters resulted in a good correlation between the
experimental and simulated conversion as a function of axial
position profiles (Figure 21).34 Interestingly, from the CO
oxidation it was reported that the microkinetic approach was
more effective than the global kinetic approach for predicting
the profiles of the processes investigated.174 From the WGS
study, both the global and microkinetic models were found to
accurately describe the gas-concentration/conversion profiles.34

Figure 19. Comparison of experimental and simulated gas-concentration profiles for the partial oxidation of methane. Reprinted with permission
from ref 130. Copyright 2013 Elsevier.

Figure 20. Comparison of experimental and simulated (from global and micro kinetic models) conversion profiles during light-off experiments
(a) before and (b) after optimization of mass transfer parameters. Reproduced with permission from ref 34. Copyright 2014 SAE International.
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The previously mentioned kinetic model for Spaci-MS34,174

has been refined for the Spaci-FB system.149 Both the packed
bed and the reactor are modeled in the kinetic study.149

Information on the catalyst (particles size, volume, surface area,
precious metal loading, and precious metal dispersion) as well
as physical dimensions such as diameter and length (for both
reactor and catalyst bed) and the reactant gas (flow and
concentration) were used to mathematically represent the
catalyst bed. The reactor was modeled in terms of heat and
mass transfer in axial and radial directions. A fully simulated
(concentration and temperature profiles) study and a semi-
empirical (simulated concentrations, experimental temper-
ature) study were reported. Assessing the results with a
reported critical error method, it was found that the
semiempirical model was better able to predict experimental
results of the gas concentration. The heat transfer parameters
for the fully simulated model were found to be inadequate as
the simulated temperature profiles did not match the
experimentally observed results, and this enhanced the errors
on the simulated gas-concentration profiles (Figure 22).149

The semiempirical model uses the experimentally obtained
temperature profile, and consequently, a greater accuracy
in the simulated gas-concentration profiles was obtained
(Figure 23).149

By incorporating the findings of the semiempirical model, it
will aid the further development of a new fully simulated model
to provide a better understanding of catalysts, thereby assisting
catalytic development, while also validating the importance of
microkinetic models. This was and still remains the ultimate
aim of the development of spatially resolved techniques.

This section has shown a broad range of applications where
spatially resolved measurements (including spectroscopy, gas
concentrations, and temperature profiles) have been used to
broadly enable advances in catalyst knowledge and modeling,
including determination of kinetic parameters, assessing the
validity of conceptual mechanistic pathways and specific
models, and insights into practical catalyst operation method-
ologies for improving performance (e.g., reducing N2O
emissions). In essence there is almost a cyclical and mutual
benefit to this where kinetic models can greatly help with the
development of catalysts, while experimental results can greatly
help with the development of more accurate kinetic models. In
this way, spatially resolved intracatalyst measurements play a
critical role in enabling the most advanced, accurate, and
broadly applicable catalyst models.

7. PERSPECTIVE ON THE FUTURE OF SPATIALLY
RESOLVED TECHNIQUES

With the desire to develop and optimize ever better catalysts
and catalytic processes has come the quest to develop tech-
niques which are capable of providing more accurate data,
desirably under operando conditions. Over the past 30 years and
more, this has led to the creation, advancement and further
evolution of techniques which are now defined as providing
spatial resolution, where it is possible to obtain intracatalyst
analysis.
Predominantly, however, these operando techniques tend to

use only one characterization method (such as MS, GC, IR,
or XAS) at a time, which means that in order to observe

Figure 21. Comparison of experimental and simulated (from global
and micro kinetic models) conversion profiles as a function of axial
position. Reproduced with permission from ref 34. Copyright 2014
SAE International.

Figure 22. Comparison of experimental (symbols) and fully simulated (solid lines) results of gas-concentration (CO in blue, O2 in red, and CO2 in
green) and temperature profiles from within a packed powder catalyst bed. Reprinted with permission from ref 149. Copyright 2014 Elsevier.

Figure 23. Comparison of experimental (symbols) and semiempirical
simulated (solid lines) results of gas-concentration profiles (CO in
blue, O2 in red, and CO2 in green) from within a packed powder
catalyst bed. Reprinted with permission from ref 149. Copyright 2014
Elsevier.
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changes in gas concentrations and the nature of surface species,
it is still necessary to conduct multiple experiments, with a
range of techniques. There have already been recent advances
in utilizing more than one technique simultaneously,20,25,53

while the use of the same sample environment has also been
reported for a number of separate characterization techniques
(for example XAS and STEM175), so as to improve the
correlation of data.
Ultimately the major aim of catalytic research, in order to

reduce lead times and improve efficiency, would be to conduct
simultaneous characterization (using a combination of
techniques) under operando conditions, and this has to be the
next stage for the spatial resolution methodology.
Consequently, there are still a number of opportunities for

further development of spatially resolved intracatalyst analysis,
and each of these have challenges which must be overcome. For
instance, consideration of sample environment that is
compatible with multiple analytical techniques is not a trivial
matter. Furthermore, if one considers studies of interest to the
automotive industry, while SpaciMS and other spectroscopic-
based techniques have been applied for intracatalyst and on-
engine measurements,6,7,76,77,176,177 the complications associ-
ated with such complex applications with full feedstocks are not
necessarily universally resolved for other techniques and all
applications; that is, specific technique configurations can have
unique sensitivities to particulates and various (e.g., polar, gas-,
and liquid-phase) species which must be addressed in the
experimental design. These challenges also apply to the kinetic
models because, to date, models have mostly been built using
model feedstocks, and the response to the added complexity of
real feeds is unknown. As such, the kinetic models still require
full multi scale validations.
From the current work, the ability of spatial resolution to

provide intracatalyst analysis has been established, and the
importance of such experimental results to the advancement of
modeling is well-justified. As further advances are made
(experimentally and theoretically), driven by both the desire
to understand catalytic processes along with the benchmarks in
automotive emissions legislation (EPA Tier 3, Euro VI, etc.),178

the full significance of spatially resolved techniques will be
realized. Therefore, currently, it is very much a case of “much
done but still much more to do”; however, it is clear that
substantial progress has been made and that spatially resolved
techniques have the potential to contribute to such milestones.
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