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ABSTRACT: With the development of a strong bioeconomy sector related to
the creation of next-generation bioreﬁneries, heterogeneous catalysis is
receiving renewed attention. Indeed, catalysis is at the core of bioreﬁnery
design, and many new catalysts and catalytic processes are being developed.
On the one hand, they are based on knowledge acquired during the last
century to eﬃciently upgrade fossil resources. On the other hand, they take
advantage of the opportunity of having new substrates on which novel
conversion technologies, derived from recent fundamental advances and new
concepts developed in the ﬁeld of heterogeneous catalysis, can be tested and
applied. In this context, there is a global trend for establishing new courses
throughout the world to train students and professionals in the bioeconomy/
bioreﬁnery sector. Such courses encompass many diﬀerent ﬁelds in a
multidisciplinary approach, including agronomy, logistics, life cycle assessment,
biotechnologies, process design, economics, and, obviously, chemistry. For the
last of these, a speciﬁc important role is given to catalysis, and more especially to heterogeneous catalysis. Such courses need to
explain the basics of each scientiﬁc ﬁeld involved before giving concrete examples of research/development. Among them, the
aforementioned heterogeneous catalysis is an especially complex scientiﬁc ﬁeld in which surface science, spectroscopy,
thermodynamics, and other disciplines are intimately interwoven. While many references presenting speciﬁc aspects of catalysis
can be found, concise documents encompassing all of the angles of this very rich ﬁeldincluding its most recent developments
and prospects, aimed at a readership already trained in chemistryare scarce. This paper gives a global and simple
“heterogeneous catalysis tour” to explain in a concise way what heterogeneous catalysis is without going into too much detail.
The students who would like to know more about some speciﬁc aspects will ﬁnd useful authoritative references in the text,
making this paper a good introduction to all aspects of heterogeneous catalysis.
KEYWORDS: Upper-Division Undergraduate, Graduate Education/Research, Continuing Education, Physical Chemistry,
Textbooks/Reference Books, Catalysis
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oﬀering skills development in the “multidisciplinary design of
production chains including biomass production, bioconversion,
bioreﬁning and social, logistical and economic transition
processes”.2 In the United States, the Bioeconomy Institute of
Iowa State University proposes the interdisciplinary Biorenewable Resources and Technology graduate program.3 This
program is strongly focused on biobased chemistry with
additional courses on legal aspects and policies regarding
biorenewables.
As a result, students from diﬀerent backgrounds need to
quickly learn the basics of various disciplines in order to be able
to participate in such courses. While some excellent references
dealing with important aspects of catalysis are already available,
for example, on practical reaction aspects4 from a historical point
of view,5 the recent scientiﬁc context and prospects are

GENERAL CONTEXT
We have recently seen the creation of many multidisciplinary
courses, especially in the context of bioreﬁnery development,
that involve bringing together many diﬀerent scientiﬁc ﬁelds. For
example, as of September 2016 at Lille University in France, a
new M2 (master’s degree) course entitled “Bioreﬁnery” is open
to students with backgrounds in chemistry and/or biochemistry.
This involves, for example, students with a biochemistry
background being able to acquire the basics of heterogeneous
catalysis largely employed in bioreﬁneries.1 Within 2 years, this
master’s degree oﬀer will evolve to integrate lectures from other
natural science disciplines (such as environmental sciences,
toxicology and ecotoxicology, mathematics, computer science,
etc.) as well as social sciences and humanities (philosophy of
science, ethics, economy, laws, politics, urbanism, etc.).
Wageningen University in The Netherlands will open a similar
initiative, the “Biobased Sciences” master’s degree program, in
September 2018 by merging the M.Sc. in Biosystems Engineering, M.Sc. in Biotechnology, and M.Sc. in Plant Science and
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encouraging teachers to modernize courses on chemical
catalysis.6 There is thus a need for a document introducing all
of the aspects of catalysis, including its most recent developments. We present here a very comprehensive yet accessible,
simple, but still suﬃciently technical description of heterogeneous catalysis that will not only be attractive to students but also
undoubtedly to some professionals in the ﬁeld of chemistry
concerning bioeconomy development.
Organic as well as inorganic reactions can be conducted using
catalysts, which can themselves be synthesized through organic
or/and inorganic routes. The resulting catalysts are thus organic,
inorganic, or mixed organic−inorganic solids (such as metal−
organic frameworks (MOFs)7). As heterogeneous catalysis,
which involves a solid catalyst in contact with liquid and/or gas
reactant(s), is a surface phenomenon, surface science also plays
an important role, and virtually all of the possible methods for
characterizing solids can be applied. Furthermore, recent
advances in density functional theory (DFT) (computer
simulations also introduced in the present paper) and molecular
dynamics open the way to a ﬁner understanding of catalyst action
and, in the future perhaps, to predictive catalytic science.

■

FOREWORD
Chemical reaction is at the heart of catalytic processes. Figure 1
schematically shows an example of a reactant (R), lactic acid, a
bioderived molecule, which is converted to a product (P), acrylic
acid, over a zirconia-based catalyst.

Figure 2. Schematic spatial representation of catalytic science. Adapted
with permission from ref 8. Copyright 1995 Springer. (Also see ref 9.)

deduced from these characterizations. It is also at the microscopic
level that the reaction mechanism is studied to understand the set
of chemical events involved in, for example, the conversion of
lactic acid to acrylic acid and water represented in Figure 1, which
is not a one-step reaction (Figure 4; see below). These chemical
events involve interactions of diﬀering complexities between the
chemical structure of the surface and the chemical structure of
the reactant (lactic acid in Figure 1). Combined with other
techniques for probing the mesoscopic scale, each technique
provides speciﬁc information, and gathering such information
enables the most probable surface chemical state to be depicted.
The mesoscopic level is a representation of the system
typically at the micrometer scale. The mesoscopic scale is thus, in
other words, the representation of the catalyst as a population of
catalytic sites gathered on a surface and working together to
convert a given amount of substrate (reactant). To generate a
catalytic surface containing a certain number of active sites, the
chemist uses lab-scale preparation methods (e.g., impregnation)
to generate the catalyst, as it is not formally possible to synthesize
one single catalytic site but it is possible to synthesize a surface
over which a certain number of catalytic sites are distributed.
Activation methods are sometimes needed, as the solids are
sometimes not reactive in their as-synthesized form. For
example, in the case of hydrodesulfurization catalysts, the active
phases must be in a sulﬁde form, while the solids are ﬁrst
prepared in their oxide form. An intermediate step of catalyst
sulﬁdation is then needed prior to the reaction. Similarly, because
catalyst performance decreases with time (a phenomenon known
as “deactivation”), their regeneration must be performed under
speciﬁc conditions. For instance, for bioreﬁnery processes, one of
the main hurdles for catalyst implementation involves their
sensitivity to deactivation due to coking (carbonaceous
compound deposition due to uncontrolled side reactions).
Regeneration by coke burning under an oxygen-containing
atmosphere is one of the solutions to periodically remedy
deactivation. Some of the spectroscopic techniques also provide
information at the mesoscopic scale. For example, XRD yields

Figure 1. A heterogeneous catalytic reaction typically involves the
conversion of a reactant (R) to a product (P), here exempliﬁed by the
conversion of lactic acid to acrylic acid, an important industrial chemical
intermediate. This dehydration reaction releases one water molecule.

Heterogeneous catalysis involves a space- and time-dependent
multiscale approach (Figures 2 and 3, respectively) for the design
and characterization of catalytic sites at the molecular level
through activation of the catalysts, spectroscopic characterization
of their surfaces, and subsequently their processing at the “real”
industrial scale, which involves shaping the catalyst powders
before use in speciﬁcally designed reactors.
The development of catalytic processes involves the
application of both fundamental and applied concepts (Figure
2) on diﬀerent scales. It encompasses the microscopic scale
(bottom blue triangle in Figure 2), the mesoscopic scale (middle
orange triangle in Figure 2), and the macroscopic scale (top red
triangle in Figure 2) for designing, characterizing, and
implementing (i.e., reacting) the catalysts. At the microscopic
scale (corresponding to the representation in Figure 1), the
chemist’s work is to design the active phase at the molecular level
(the catalytic site, represented as a yellow box in Figure 1) using
proper synthesis methods. The ﬁnal molecular structure is then
checked using characterization techniques that are able to probe
the local atomic environment (e.g., NMR spectroscopy or X-ray
photoelectron spectroscopy (XPS)). Theoretical chemistry is
sometimes used to assess the validity of the chemical structure
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reaction intermediates and the ﬁnal molecule, which is then
released. The action on the working surface of an eﬃcient
catalyst is thus quite fast and involves phenomena operating over
a relatively larger length scale. Solid-state dynamics (the green
box in Figure 3) involves the same concept. However, it is more
of a bulk phenomenon and occurs according to parameters that
are not necessarily linked to the reaction itself (response of the
solid to temperature, pressure, etc.). The red boxes are more
linked to engineering aspects. Transport in heterogeneous
structures relates to the ease with which molecules move
between more or less packed particles and/or within more or less
narrow, tortuous porous networks. An observed reaction rate can
be largely inﬂuenced by transport phenomena, which can hinder
access to the active sites and decrease the apparent reaction rate.
In such a case, the real chemical reaction rate, which is usually
higher (see the blue boxes), is masked by transport phenomena
that hinder the reaction. External heat and mass transfers are also
phenomena to be taken into account. At time t in a gas- or liquidphase reactor, the concentration of each species and, in most
cases, the temperature, are not uniform over the reactor volume.
The reaction can be exothermic, and then heat can diﬀuse from
so-called “hot spots” created at the reaction sites. Furthermore, a
species concentration gradient is usually observed near the
surface of a catalyst, as, e.g., the reaction consumes reactants.
Technical reactors are thus built to make the reactions perform
properly over the long term according to reactor engineering
concepts.
Nowadays, with the boom in the exploitation of biomass to
yield chemicals and energy in speciﬁcally designed “nextgeneration bioreﬁneries”,11,12 catalysis is encountering what
could be called a “second golden age”. Indeed, as an evolution of
the initial concept of a biofuel production unit as a bioreﬁnery, it
is nowadays well-accepted that in fact a bioreﬁnery is an industrial
unit converting bioresources to a variety of products, including
energy, heat, fuel, food, feed, chemicals, and materials. This is an
absolutely necessary condition for the economics of bioreﬁning
without the need for subsidies. Bioreﬁneries actually bridge the
gap between agriculture and industry, converting multiple
sources of biomass to multiple products through the development and implementation of optimized technologies. Biomass
conversion routes involve a combination of biological processes,
thermochemistry, and homogeneous and heterogeneous catalysis. In France, for example, ROQUETTE13 and the industrial
complex built along ARD14 are emblematic success stories of
bioreﬁneries. Large-scale projects for designing oil-plant-based
(PIVERT15) and starch-based (IFMAS16) next-generation
bioreﬁneries are also ongoing with a strong catalysis core.
The use of new substrates for conversion into value-added
compounds is a good opportunity to explore newly designed
concepts while applying existing knowledge, progressively
reﬁned over the last century, to exploit natural resources more
and more eﬃciently. Catalysis has indeed developed rapidly for
the processing of fossil fuel resources in petroreﬁneries. The
molecules derived from fossil fuel resources have a relatively
simple structure but are rather diﬃcult to activate, with hence a
need for particularly eﬃcient catalysts to activate the chemical
bonds. The problem is quite diﬀerent when dealing with
biomass-derived molecules. The advent of biomass-based
technologies leads to a complete rethinking of catalysis, and
everything has to be reinvented, so to speak. Biosourced
molecules notably contain a large fraction of oxygen with many
chemical functions (esters, acids, ketones, ethers, alcohols, etc.),
and thus, mostly multifunctionalized substrates must be treated

information on the crystalline phases that are present in a given
solid. These spectroscopic techniques can be used under
controlled conditions. In situ experiments enable the catalyst
to be characterized while exposed to various conditions
(temperature, atmosphere), while operando experiments consist
of spectroscopic data acquisition during catalysis. Operando
experiments enable spectroscopic signatures to be correlated
with catalytic performance, and they help in accessing structure−
performance relationships. Temperature-programmed reaction
methods are also useful at the mesoscopic scale. For example, the
reduction proﬁle of the solid can be recorded as a function of
temperature in order to interpret the redox capabilities of the
catalyst. Kinetics and transport phenomena (diﬀusion) are also
typical features of the mesoscopic approach, through characterization of the active-phase reactivity and the ease of movement of
molecules to/from the active phase. The macroscopic scale,
which corresponds to direct visual observation and handling of
the catalytic processes, is mostly linked to engineering issues,
such as catalyst shaping or reactor design and engineering to run
the developed catalytic systems at a larger, practical scale.
Figure 3 then shows the time and length scales of the events
occurring over a catalyst. The blue boxes correspond to the

Figure 3. Time-scale correlation of events and technologies in
heterogeneous catalysis. Adapted from ref 10. Copyright 2003 Robert
Schlögl.

chemical reaction occurring at the surface of the solid. The
elementary step reactions occur at the shortest time and length
scales. A global reaction is a succession of elementary steps, each
of them being a simple chemical event, i.e., a segment of the
reaction mechanism. Because of the scales involved, these
elementary steps are extremely diﬃcult to characterize. The
reaction intermediates are partly converted molecules for which
the reaction is still ongoing. They are formed after each
elementary step. Their concentration over the solid eventually
reaches a constant level in the steady state. This means that their
rate of formation through an elementary step and their rate of
disappearance through the next elementary step become equal.
Then, if they are present over the solid in a suﬃcient quantity,
they can be observed by, e.g., vibrational spectroscopy
techniques. Surface restructuration is intimately linked to the
two previous items. Indeed, the catalytic sites work as a “chemical
factory”, and the atomic organization of the surface of the catalyst
can be seen as a “chemical tool” that traps the molecules and
works on them step by step (elementary-step reactions) to yield
677
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Figure 4. Mechanism of the conversion of lactic acid to acrylic acid with release of a water molecule (dehydration) over a zirconia surface. These steps
correspond to the set of chemical reactions occurring over the active catalytic sites, schematically represented by a yellow box in Figure 1. In the ball-andstick models, the blue atoms represent C, the yellow atoms represent H, the red atoms represent O, and the orange atoms represent Zr. Adapted with
permission from ref 17. Copyright 2013 Elsevier.

usually involves an activation energy (represented by Ea in Figure
5).

(reactants such as 5-hydroxymethylfurfural, glucose, lactic acid,
levulinic acid, etc.).12 The use of catalysts is thus more complex.
Indeed, it is necessary to ﬁnd catalysts capable of targeting only
one of the functions of the molecule in order to transform only
one part according to the desired ﬁnal molecule. Moreover, the
presence of oxygen in the biosourced molecules is a factor that
increases their reactivity. This may appear to be an advantage, but
in fact, high reactivity can be detrimental to selectivity and in
addition can lead to “runaway” phenomena with loss of control of
the reaction and generation of carbon compounds (coke) that
completely block the action of the catalyst. Moreover, in the
context of a bioreﬁnery, the nature of the source molecules and of
the impurities present can depend on the climatic conditions at
the moment when the biomass was grown. Thus, it is necessary
to develop robust catalysts by making them tolerant to a certain
amplitude in terms of ﬂuctuations in the composition of the
charges to be treated. Finally, the presence of water in biosourced
feedstocks is a puzzle for the chemist, as it greatly alters the
properties of the catalysts and, hence, their chemical action. This
deep questioning opens the way to a new golden age of catalysis
research.
In the following, we shall explore all aspects of heterogeneous
catalysis, with a ﬁnal section on the future of this scientiﬁc ﬁeld,
which is undergoing considerably renewed interest in the current
context.

■

Figure 5. Energetic representations of chemisorption and physisorption
as functions of the distance between the adsorbate and the adsorbent.

The thermodynamics of adsorption can be described in simple
terms by the following equation: ΔrG = ΔrH − TΔrS (where the
subscript “r” refers to a reaction, in this case adsorption). ΔrG
obviously has to be negative to favor adsorption, and ΔrS is also
negative, as the consequence of chemisorption is to reduce the
degree of freedom of the molecule. Thus, ΔrH must be negative,
which means that the reaction is exothermic in these cases.
However, the heat of adsorption is most often represented by Q,
which is positive (the absolute value of ΔrH). Q is usually larger
for chemisorption compared with physisorption (see QC and QP
in Figure 5). Typically, and very approximately, QP is in the range
of 10 to a few tens of kilojoules per mole, while QC more often
ranges from a few tens to a few hundreds of kilojoules per mole.
For example, the physisorption heat of n-butane over bare
graphite is about 12 kJ mol−1, while it can reach about 60 kJ mol−1
for physisorption of n-heptane over a zeolite. The chemisorption
heat of lactic acid over a ZrO2 surface (Figure 2) is rather low at
about 47 kJ mol−1, while the chemisorption heat of oxygen over a
W(100) surface reaches ca. 580 kJ mol−1.

CHEMISORPTION AND REACTION KINETICS

Basics of Chemisorption and Thermodynamics

The basis of heterogeneous catalysis is chemisorption. This is a
process that involves chemical bonding (of varying strength) of a
molecule present in the liquid or the gas phase (the adsorbate)
with a surface (the adsorbent), namely, the surface of a catalyst
on which the active sites are located. This is exempliﬁed in Figure
4 with a reaction of which the ﬁrst step is actually the adsorption
of lactic acid onto a zirconia surface. In this case, adsorption
consists of an acid−base interaction between a Lewis acid site
(vacancy on a Zr atom) and the nonbonding doublet of the
alcohol function of lactic acid, with formation of a surface bond.
Unlike physisorption, which involves weak interactions (van der
Waals forces), chemisorption is a chemical reaction and thus
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Similarly, the equilibrium distance between the molecule and
the surface is shorter for chemisorption compared with
physisorption (see dC and dP in Figure 5). In addition,
physisorption is a multilayer phenomenon, as after saturation
of the whole surface by the adsorbate, other molecules can
physisorb on top of the adsorbate layer. This is not the case for
chemisorption, which involves a reaction between the surface
and the molecule and which also means that chemisorption is
selective to adsorbent−adsorbate pairs, while any molecule can
physisorb onto any surface.
Adsorption Isotherms and Modeling

In order to characterize chemisorption, isotherms can be
determined experimentally. The catalyst is brought into contact
with the adsorbate under controlled conditions at a constant
temperature. This implies using small quantities of the solid
catalyst in order to avoid a signiﬁcant heat rise due to the
exothermicity of the reaction. The quantity of absorbate
adsorbed can be determined by volumetric, gravimetric, or
even spectroscopic methods.18 In the example given in Figure 6,

Figure 7. Models usually used to describe adsorption and corresponding
distributions of heat of adsorption or sites.

linear decrease of the heat of adsorption with θ (the slope of the
purple line in Figure 7). Indeed, this model considers a
nonuniform surface, with a distribution of catalytic site strengths.
The “strongest” sites, i.e., the sites having the largest aﬃnity
toward the molecules to be adsorbed, will be naturally covered
ﬁrst. Then the next adsorbates will interact with the remaining
“stronger” free sites, and so on. The Freundlich model also
considers a nonuniform surface, but with a more complex
distribution of sites, expressed by the equation ni = n0eQ e,i / Q e0 ,
which is used to ﬁt the ni site distribution according to their heats
of adsorption Qe,I. The Freundlich model simulates a surface that
contains a certain number of strong sites (the ﬁrst part of the blue
curve in Figure 7) and then an exponential decrease in the activesite strength distribution. These three models are actually
representative of the encountered types of solids, and in any case,
it will be possible to represent the behavior of any catalyst using
one of them. In other words, the distribution of catalytic sites
over a solid will obey one of these laws. It is also noteworthy that
in addition to the potential active-site strength distribution, the
presence of already adsorbed molecules can have an inﬂuence on
the further adsorption of new neighbors as a result of speciﬁc
interactions.
Mathematical treatment provides equations for the isotherms.
The Temkin and Freundlich cases are quite complex, and we will
only comment in detail hereafter on the equations linked to the
simple Langmuir model. For the simplest model, the Langmuir
model for nondissociative adsorption, the equation for the
λP
λP
isotherm can be written as θ = 1 + λP or q = qMax 1 + λP , in which
P is the pressure of the adsorbate, q is the adsorbed quantity, qMax
is the maximum quantity that can be adsorbed, and λ is the
equilibrium constant [it should be noted that with this deﬁnition,
λ has actually dimensions of P−1; the real equilibrium constant KT
is dimensionless because, in that case, the pressure is taken at the
thermodynamic reference pressure P0 = 1 bar, while λ has a
dimension]. Linearization of the equation gives a straight line
when plotting 1/q = f(1/P) if the system indeed obeys the
Langmuir model, with the possibility of determining λ and qMax.
Similarly, a straight-line dependence is observed when plotting
1/q = f(1/P0.5) for the Langmuir model in the case of dual sites
(dissociative adsorption), q = f(ln P) for the Temkin model, and
ln q = f(ln P) for the Freundlich model. The catalyst surface can
be complex, and the treatment of the isotherms can involve
diﬀerent types of catalytic sites corresponding to diﬀerent

Figure 6. Typical shape of an adsorption isotherm.

the quantity of a given adsorbed molecule, q, is recorded at
various adsorbate pressures P over a given quantity of solid at a
given temperature. q can be expressed as the number of moles
(n), volume (V), or mass (m), these parameters being linked
through the equations PV = nRT and n = m/M, where M is the
molar mass of the adsorbate. The isotherm is asymptotic, as there
are a limited number of adsorption sites on the solid, and thus, all
of the sites are covered when the adsorbate pressure applied to
the solid is suﬃciently high. A maximum quantity of adsorbate,
qMax, can be determined, and a very useful parameter is deﬁned as
θ = q/qMax. θ represents the surface coverage and thus ranges
between 0 and 1, with 0 meaning a bare surface and 1 meaning a
surface for which all of the adsorption sites are covered.
The adsorption reaction can be written simply as A(g) + * ⇄
A*, where A(g) represents an adsorbate molecule in the gas
phase, * a free site, and A* an adsorbed A molecule. In some
cases, A can require two adsorption sites. For example, H2 can
dissociatively adsorb onto two sites to yield two H*. Diﬀerent
types of adsorption can occur. Depending on the adsorbent, the
adsorbate, and the experimental conditions, diﬀerent models can
be applied to describe the measured isotherms, namely, the
Langmuir, Temkin, and Freundlich models, which consider
diﬀerent types of site distributions according to the heat of
adsorption proﬁle as a function of the surface coverage (Figure
7).
In the Langmuir model, which is the simplest one, the heat of
adsorption is considered to be constant irrespective of the surface
coverage. In the Temkin model, the heat of adsorption linearly
decreases with the surface coverage according to the equation Q
= Q0(1 − αθ), where α is a ﬁtting parameter used to describe the
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models. Usually, if one wants to ﬁnely characterize catalytic sites,
it is interesting to ﬁnd a molecule whose structure is close to that
of the molecule to be reacted but that only adsorbs without
reacting, which is not an easy task. In other words, if one would
like to characterize the catalytic sites involved in the transformation of lactic acid to acrylic acid (Figure 1), it would be
convenient to use lactic acid as a probe. However, if the catalyst
has been designed to make lactic acid react, the surface
phenomena will be much more complex than what is desired
in that case (just adsorption). One should then ﬁnd a molecule
that “looks like” lactic acid, so that it would supposedly adsorb in
the same way as lactic acid would while not being subsequently
transformed by the catalyst. In that speciﬁc case, short carboxylic
acids and alcohols that do not undergo dehydration (e.g.,
isobutanol) could be pertinent choices. In a general way, for these
kinds of experiments, carefully selected probe molecules can be
used to characterize acidic, basic, metallic sites, etc. Then, coming
back to the example of the dehydration of lactic acid to acrylic
acid, it is reasonable to ﬁrst state that the catalytic sites
responsible for dehydration are acidic sites and thus that basic
probe molecules can be used, such as pyridine or NH3. However,
one must keep in mind that, depending on the selected probe
molecule, the steric hindrance can be diﬀerent than that of the
reactant it is supposed to simulate and the number of actually
accessible sites might be diﬀerent (e.g., as NH3 is a small
molecule, it could reach acidic sites in narrow pores that lactic
acid could not reach).

study, the adsorption data were applied to various adsorption
kinetic models, among which was the Elovich model. The kinetic
parameters were determined from the experimental data, and the
best model was identiﬁed. This work provides the conclusion
that the layered double hydroxides are suitable adsorbents for the
separation of lactic acid from aqueous solutions.
Reaction Kinetics.8,20

Kinetics is a very important but extremely complex topic in
catalysis. While purely numerical models (mathematical curve
ﬁtting) can be built to predict the behavior of working catalysts
over certain rather narrow ranges of pressure, temperature, and
concentration, etc., it is interesting from a scientiﬁc point of view
to understand all of the elementary reaction steps involved in
building a model. In practice, it is necessary to establish equations
according to the possible reaction pathways, etc., and then to
verify whether the outputs from the model match the
experimental results. Except for very simple reactions, it is
extremely rare to get a deﬁnitive answer for the reaction rate
model because of continuous reﬁnement/understanding of the
sequence of elementary reaction steps. Nevertheless, understanding of the proposed reaction pathways is gradually being
improved as research advances. Figure 4 represents, for example,
the set of elementary steps involved in the dehydration of lactic
acid to acrylic acid (step 1, formation of a carbanion by hydrogen
abstraction; step 2, formation of acrylic acid; steps 3 and 4, water
molecule release), as validated by DFT results combined with
experimental results.20
Some of the basics of heterogeneous kinetics are presented in
the following, and more detailed information can be found
elsewhere.25 We ﬁrst consider the global process reactant(s) →
adsorbed reactant(s) → product(s). The steady-state assumption (SSA) is used when the amounts of intermediates present in
the reaction are low (i.e., when their concentrations are much
lower than those of the major species in the mechanism). Then,
as the number of moles in the gas phase is much larger than the
dN
adsorbed quantity, this formally yields dtads = 0 (with Nads
representing the number of adsorbed molecules), and the
1 1 dN
reaction rate is then r = ν m dt i , in which νi is the algebraic

Adsorption Kinetics

Usually, two diﬀerent models can be used to describe adsorption
kinetics, depending on the catalytic system studied. The ﬁrst one
is based on Langmuir adsorption:
kads

A (g) + * XoooY A*
kdes

The reaction rate is then given by
r = kadsP(1 − θ ) − kdesθ

When the global adsorption rate is zero, the system is at
equilibrium, and we naturally again ﬁnd the Langmuir equation
with

i

cata

stoichiometric coeﬃcient associated with the ith species
(reactant or product), mcata is the mass of catalyst, and Ni is the
number of moles of the ith species. Compared with purely
homogeneous kinetics, it should be noted that the mass of solid
must be considered in the equation, which is obvious because the
reaction rate is dependent on the catalyst action and thus the
quantity of catalyst.
We shall now consider the following simple sequence of
reactions, where A is ﬁrst adsorbed onto the catalyst surface, the
surface transformation of A* to X* occurs, and X* then desorbed
to give the ﬁnal gas-phase product X:

kads
θ
=λ=
kdes
(1 − θ )P

The second model is the Elovich model. In a commonly
observed chemisorption process, a relatively slow uptake of
adsorbate follows a rapid initial uptake, which is described as
activated adsorption. The Elovich mathematical treatment gives
the following equation: q = C ln(t + t0) + D, in which q is the
adsorbed quantity, C and D are constants, and t0 is a “time lag”
that is usually found by iterative ﬁtting of measured data to a
linear function assuming some arbitrary initial value for t0.
An interesting illustration of the usefulness of this kind of study
was recently published by Lalikoğlu et al.19 These authors
actually put the focus on the separation process of lactic acid in a
fermentation broth in which it is highly diluted in water. One
possible process to separate lactic acid from water is to adsorb it
selectively onto a well-chosen adsorbent. In this study, layered
double hydroxides were considered to play this role. In a ﬁrst
step, experimental data were collected to plot the adsorption
isotherms, and the diﬀerent models described above (Langmuir,
Freundlich, and Temkin) were tested. It turned out that the best
ﬁt was obtained for the Langmuir model. In a second part of this

kads(A)

A(g) + * XoooooY A*
kdes(A)

k1

A* ⇄ X*
k2
kdes(X)

X* XoooooY X(g)
kads(X)

Even in such a simple case, rigorous mathematical treatment
results in a very complicated equation. Identifying the limiting
step, i.e., the rate-determining step (RDS), helps greatly in
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obtaining more simple, directly exploitable equations. In the
present case, if we suppose that adsorption of A is the RDS, that
the third reaction is at equilibrium (SSA, in which
d(Intermediate)
= 0), and that the surface reaction goes to
dt
completion (k2 = zero), then
r=

kads(A)PA
1 + λX PX

in which λX = kdes(X)/kads(X) (Langmuir model). It should be
noted that accumulation of the product lowers the reaction rate
(λXPX is in the denominator).
As a last illustrative example, we consider a bimolecular surface
reaction, A + B → product(s), in which the RDS is the surface
reaction, in three diﬀerent cases. The ﬁrst two cases involve the
Langmuir−Hinshelwood model, which implies a reaction
between adsorbed A and adsorbed B species. In case (1) we
have competitive adsorption, which means that A and B adsorb
on the same type of sites, resulting in r = kθAθB. In case (2) we
have adsorption on two types of sites, meaning that A and B
adsorb independently on two distinct types of sites. This gives r =
kθA1θB2. Case (3) is the Eley−Rideal model, which has the
fundamental diﬀerence with the Langmuir−Hinshelwood model
that the reaction occurs between an adsorbed A molecule and a
gas-phase B molecule, which gives r = kθAPB. If we now consider
the initial kinetics (where the concentration of products is
negligible), we obtain the following equations for the three cases:

Figure 8. Schematic of the Mars−van Krevelen mechanism. Adapted
with permission from ref 23. Copyright 2011 Royal Society of
Chemistry.

capacity of the support to store O2− (the “oxocapacity”) and the
mobility of the O2− anions in the bulk (the ion conductivity) are
also very important parameters for the catalytic activity. For
example, CeO2 is a support with an excellent oxocapacity and a
high ion conductivity. CeO2 is thus, e.g., used in the catalytic
exhaust converters of cars to oxidize unburned hydrocarbons
even under “lean” conditions, i.e., when the exhaust gas does not
contain much O2. Further, as redox reactions involve electron
exchanges, the electron conductivity within the solid is also an
important parameter.
The global kinetics derived from the Mars−van Krevelen
mechanism is then complex, depending on a few diﬀerent rates:
the rate of oxidation of R to P, the rate of reoxidation of the
reduced sites to the active oxidized sites, the rate of conversion of
O2 species to O2− species, and the O2− species mobility from/to
the bulk of the catalyst. Each of these steps can be the limiting
step, with the lowest rate, imposing its rate on the whole process.
As previously mentioned in this section, complex reaction
schemes involving, e.g., parallel reactions, competing reactions,
or sequential reactions can occur on a solid, which lead to very
complex kinetic treatments. Among the approximations that can
be used to simplify the system, the most abundant reaction
intermediate (MARI) approximation can be helpful: when one
intermediate is much more abundant than all of the others, the
coverage of the other intermediates can be neglected in the global
coverage balance: 1 = ∑iθi = θv + θMARI + ∑jθj ≈ θv + θMARI.
Furthermore, when needed, computer-assisted kinetics models
nowadays enable extremely complex cases to be treated
eﬃciently.
A very good illustration of this kind of approach can be found
in a recent paper published by Gonzalez-Borja and Resasco.24 In
this work, the alkylation of m-cresol with isopropanol over an HY
zeolite was studied in the liquid phase. Experimental data were
collected and ﬁtted to Langmuir−Hinshelwood and Eley−Rideal
kinetic models, which allowed the adsorption and rate constants
to be estimated. A deeper understanding of the mechanism of the
reaction was gained even if in that speciﬁc case, both models
oﬀered good-quality ﬁts.

(1) Langmuir−Hinshelwood competitive:
r0 = k

λA PAλBPB
(1 + λA PA + λBPB)2

(2) Langmuir−Hinshelwood noncompetitive:
r0 = k

λBPB
λA PA
×
1 + λA PA
1 + λBPB

Eley−Rideal:
r0 = k

λA PA
× PB
1 + λA PA

As a variant, in the case “A → product(s)” in which the
adsorbed molecule A* reacts using a free (“vacant”) site (A* +
λ P
*), r = kθA(1-θA), which yields r0 = k (1 +Aλ AP )2 .
A A

Further, the so-called Mars−van Krevelen mechanism21 is also
a very important mechanism typically encountered in oxidation
reactions. Its concept can be further applied to describe other
reactions over heterogeneous catalysts, such as hydrodesulfurization or deoxygenation.22 Figure 8 is a schematic representation of
the Mars−van Krevelen oxidation mechanism. For example, the
reactant R can be acrolein, which is oxidized to acrylic acid, the
product P, through the action of an oxided active site, which
transfers an oxygen species to R, leaving a reduced active site on
the surface of the catalyst. In the Mars−van Krevelen mechanism,
the unactivated reduced active sites are regenerated using O2
added to the gas phase. The interaction of O2 with the catalyst
surface can yield the desired O2− species as well as undesired O2−
species, which are nonselective and destructive by overoxidation
of the R substrate. Depending on the support, the desired O2−
species can be stored in the bulk of the catalyst, below the surface,
and migrate to the reduced active sites to reoxidize them, making
them readily available again for oxidation of R to P. Thus, the
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Factors Potentially Masking the Real Catalyst Activity

reactant stream, but sooner or later any catalyst will encounter
deactivation, which means degradation of its performance over
time.
Usually, after an induction phase (either a decrease in
performance, as the ﬁrst molecules contacting the catalyst are
all converted before stabilization of the reactant ﬂow rate when a
substantial number of molecules pass through the catalyst, which
cannot treat all of them, or an increase in performance, due to
activation under the reactant stream) at the end of which a steady
state is reached, a slow decrease in performance is observed
(Figure 10). We can distinguish two deactivation mechanisms:

A. Chemical Regime versus Diﬀusion Regime. Diﬀusion
is a physical phenomenon that can detrimentally inﬂuence
chemical reactivity by slowing down the transfer of molecules
between the liquid or gas phase and the catalytic site. Figure 9

Figure 10. Typical evolution of conversion as a function of time (note
that induction can also be positive in case of the activation of the catalyst
under the reaction conditions).

Figure 9. Circulation of reactants and products (1) between and (2)
into the catalyst particles and (3) surface reaction on a catalytic site.

(1) Deactivation linked with the reactivity of the catalytic sites
(chemical modiﬁcation). This can involve (i) an
unmodiﬁed solid composition with a phase transition or
segregation or (ii) a change in the composition of the solid
by reactions with the reactants, products, or impurities
and/or by elimination of some components from the
catalyst, by the deposition of solid impurities, or even
worse, by the adsorption of some compounds that
reversibly or irreversibly alter the activity of the catalytic
sites (catalyst poisoning).
(2) Deactivation linked with the catalyst morphology
(physical modiﬁcation), with changes in diﬀusion properties, decrease in speciﬁc surface area, etc.
In general, the deposition of coke (carbonaceous compounds) is
the main cause of deactivation for organic reactions. The catalytic
performance can be at least partially recovered using
regeneration/rejuvenation processes such as moving bed reactor
technology for the well-known ﬂuid catalytic cracking process or
other methods, including in situ protocols, in which the catalyst is
continuously regenerated while performing the reaction, e.g., by
the introduction of small quantities of O2 to burn the cokes.26

schematically represents the path of gas or liquid reactants and
products in a tubular reactor packed with a catalytic bed
maintained over a frit. The reactants and products must ﬁrst
circulate between the catalyst particles within the porosity of the
bed [Figure 9(1)]. Too-tight packing, for example, can induce
diﬃculties in the ﬂow through the catalyst bed and can generate
pressure losses. In any case, a laminar ﬁlm of ﬂuid is formed at the
surface of the catalyst particles. Depending on the nature of the
ﬂuid and the operating conditions, this ﬁlm can impose a strong
resistance to mass transfer. This is called external diﬀusion
limiting. Then, after having overcome this ﬁrst barrier, the
chemicals must enter and circulate within the porous catalyst
network [Figure 9(2)] in order to access the inner active sites on
which the surface reaction proceeds [Figure 9(3)]. Too-small
pore diameters or too-tortuous internal structures can hinder the
smooth circulation of the chemicals (“internal diﬀusion” issue).
Furthermore, depending on the porous structure (tortuosity,
pores with only one opening, etc.), reactants and products can
even circulate in opposite directions to enter into or to escape
from the inner part. Thus, when measuring reaction kinetics in
order to understand the reaction mechanism, it is necessary to be
sure that the system is not subject to diﬀusion limitations and that
the measured performance is thus fully representative of its
intrinsic chemical reactivity. Proper design of the morphology
and shaping of the catalyst, optimization of its packing, use of
speciﬁc ﬂow conditions (e.g., creation of turbulences), and
selection of a proper reactor type/geometry can help tackle
external diﬀusion limitation issues. Internal diﬀusion can be
limited by choosing/designing catalysts with pores suﬃciently
large compared with the size of reactants/products and with
optimized porous structures. Experience with the ﬂuid dynamics
of the problem, together with dedicated experimental
veriﬁcations, can ensure that a purely chemical regime can be
achieved.25
B. Deactivation. Even if a catalyst can be precisely designed
ex situ, its behavior can certainly be modiﬁed under the reaction
conditions. A catalyst can be beneﬁcially activated under the

■

SYNTHESIS AND CHARACTERIZATION

Chemical Nature of the Catalyst

Any solid with chemical properties, including natural solids, can
potentially ﬁnd catalytic applications. It is thus impossible to give
here an exhaustive list, but just a broad overview, as we can ﬁnd
many diﬀerent families of catalysts. Depending on the reaction,
they may contain acidic or basic sites (Brønsted or Lewis), redox
sites, metallic sites, etc., or a combination of these sites when
multifunctional properties are needed, which is the case, e.g., for
the so-called Guerbet reaction. In the Guerbet reaction, alcohols
are dimerized to long-chain alcohols (e.g., the synthesis of
butanol from ethanol). The most generally described sequence
of reactions involved is quite complex, with a ﬁrst step of
oxidation over redox/acidic−basic sites, followed by aldol
condensation of the as-formed aldehydes over basic sites to
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solvent) of the solid to be impregnated is ﬁrst measured,
and then the desired amount of active-phase precursor is
dissolved in the exact quantity of solvent needed to
completely ﬁll the pores of the solid. In this method, the
quantity of active phase that can be deposited in one
operation can be limited by the solubility of the
precursor(s). In excess solvent impregnation, this solubility
limit is overcome, as the support is immersed in a solution
in large excess containing the precursors. In this second
approach, an equilibrium between the species in solution
and the species chemically bound to the support is
reached. However, as a drawback of this second option,
when the solvent is evaporated, some undesired “bulk”
species can precipitate onto the support.
(ii) Chemical vapor deposition (CVD) is a method in which a
bulk catalytic phase is sublimated. The as-obtained
gaseous precursor is then brought into contact with the
support, over which it solidiﬁes as thin layers.
(iii) Other methods include/involve solid−liquid interfacial
chemistry (oxide surfaces, surface acidity, and charge), ion
exchange and equilibrium adsorption, grafting, immobilization of metal particles and clusters, deposition−
precipitation, spreading and wetting, and heterogenization
of homogeneous catalysts (anchoring).33
It should be noted that in some more rare cases the support
and the active phase can be prepared together through suitable
speciﬁc protocols. Generally, the role of the support is not limited
to being a simple carrier, as most of the time its presence has an
inﬂuence on the reactivity of the active phase deposited on it.
In general, a thermal post-treatment (of varying complexity) is
performed to eliminate residual organic/inorganic compounds in
order to form the desired phase, to activate the catalyst, etc.

give an aldol. The latter is further dehydrated over acidic sites and
ﬁnally hydrogenated over redox/acidic−basic sites to form the
ﬁnal higher alcohol.27
The catalyst itself can be exclusively composed of the active
phase (bulk catalyst), or the active phase can be dispersed over an
“inert” support (supported catalyst). Indeed, textural, structural,
morphological, and even mechanical properties are very
important features. Usually, an optimal dispersion/distribution
can be found with a maximal number of available active sites. The
active phase is then spread over supports, usually oxides, the most
common one being γ-alumina, although silica, titania, zirconia,
and similar materials are also used. The supports contain porous
networks in which small layers (or particles) of the active phase
are deposited to optimize their reactive surface.
Oxides themselves can be catalysts. For example, γ-alumina is
an acidic solid, catalyzing dehydration reactions. Mixed or
multicomponent oxides are also used for speciﬁc chemical and or
mechanical properties. Furthermore, recent methods have
allowed oxide templates to be formed with periodic nanodesigned porous networks (mesostructured solids), such as SBA15 (honeycomb-like silica) or the KIT6 structure, and even
hierarchical materials with well-deﬁned, multiscale, porous
networks.28,29 In this respect, zeolites are also ordered solids
that are useful in catalysis.
It is not possible to cover all of the possibilities here, but we can
also mention (multi)metallic nanoparticles (Au, Pd, Pt, etc.),
solid solutions, MOFs, nano-oxides, hydrotalcites, hydroxyapatites, perovskites, heteropolycompounds (also called polyoxometalates), etc. The possible variations are almost unlimited,
and it is the role of the chemist to ﬁnd/design the “best”
formulation for a given reaction. For example, Clerici and
Kholdeevea30 recently published an overview of liquid-phase
oxidation that can be performed on a wide range of such
dedicated solids.
It should be noted that identifying the phenomena involved
during synthesis can be crucial when designing the active phase
that will be used in the catalytic process.

Textural Characterizations34,35

N2 physisorption is conventionally used to characterize the
textures of solids. Sorption/desorption isotherms are recorded at
the temperature of liquid nitrogen (77 K), and hysteresis curves
are usually observed as a result of capillary condensation
phenomena (in mesopores). The shape of the obtained curves
provides useful information on the global type of porous network
(cylindrical, ink-bottle, “V”-shaped, etc.), but more detailed
information is obtained using mathematical treatments based on
various models. The most popular one is the Brunauer−
Emmett−Teller (BET) model, which enables the speciﬁc surface
area (m2·g−1) to be calculated. The Barrett−Joyner−Halenda
(BJH) method is useful for speciﬁcally characterizing the pore
size distribution in the mesopores range (2 nm < d < 50 nm). The
Langmuir method is used to characterize micropores (d < 2 nm),
for which the volume can be calculated by means of the Harkins−
Jura equation. Macropores (d > 50 nm) are usually probed using
mercury porosimetry.
Many other calculation methods have been developed to
interpret the experimental results, and other possible experimental methods include capillary ﬂow porometry and electroacoustic measurements.

Synthesis Methods.31−33

Many methods can be used to synthesize this wide variety of
possible heterogeneous catalysts. Basically, any method that
yields a solid can be envisaged. To prepare bulk catalysts, some
common methods are (i) precipitation or coprecipitation, in
which precursor solutions are typically precipitated by controlled
pH variation; (ii) the sol−gel method, during which organic
(alkoxides) or inorganic compounds are hydrolyzed to a gel via
the intermediate formation of a colloidal suspension (a “sol”);
(iii) hydrothermal (or solvothermal) synthesis, during which a
solution of precursors (nitrates, acetates, etc.) is processed by
heating it to a high temperature under the condition of an
autogenous increase in pressure (this method is used, e.g., to
synthesize zeolites and MOFs), and (iv) ﬂame hydrolysis. The
ﬁnal catalyst is usually obtained after a few steps, including
washing and puriﬁcation, and, most of the time, a drying step and
a calcination step, with optionally an activation procedure
(usually involving a controlled atmosphere pretreatment).
In the case of supported catalysts, most often the support (or its
precursor) is ﬁrst prepared (and optionally shaped), and the
active phase is then deposited by various methods:
(i) Impregnation is a very common method that is based on an
interaction between a precursor(s) solution and the solid
support. For incipient wetness impregnation, the water pore
volume (or the pore volume accessible to any other

Structural Characterizations30,36

Solid-state characterizations are of utmost importance when
developing catalysts, especially to identify the nature of the active
phase and to establish structure−reactivity relationships. They
can be performed in situ on the dried or calcined catalyst37 after
pretreatment (reduction, oxidation, sulﬁdation, etc.) in a speciﬁc
chamber working under controlled conditions (temperature,
atmosphere, pressure) or under in operando conditions (see
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Table 1. Overview of the Main Characterization Methods Used in Heterogeneous Catalysts, with the Corresponding Acronyms
and Some General Remarks
Type

Remarks

Laser Raman spectroscopy

Technique

LRS

Acronym

Vibrational,
essentially bulk

(Fourier transform) infrared

(FT)-IR

Sum frequency generation

SFG

Vibrational,
mainly bulk
Interfacial

Resonance Raman (RR), using a tunable laser, provides a 106-fold intensity
enhancement.
Surface-enhanced Raman spectroscopy (SERS) occurs in the neighborhood of
nanoparticles of Ag, Au, Cu with a 103−106-fold intensity enhancement.
Useful for characterization of crystalline and amorphous phases.
Usually, strong absorption of the support in the 500−1000 cm−1 range is observed.

Attenuated total reﬂectance

ATR

Diﬀuse reﬂectance spectroscopy/diﬀuse
reﬂectance infrared Fourier transform
spectroscopy
Ultraviolet−visible

DRS/
DRIFTS

Electron spin resonance/electron paramagnetic
resonance

ESR/EPR

Magic-angle spinning nuclear magnetic resonance

MAS
NMR

Bulk

X-ray diﬀraction

XRD

Bulk

(High-resolution) transmission electron
microscopy

(HR)
TEM

Bulk, under
vacuum

Scanning electron microscopy

SEM

Surface, under
vacuum

Atomic force microscopy

AFM

Surface, under
vacuum

X-ray absorption near-edge structure/extended Xray absorption ﬁne structure

XANES/
EXAFS

Bulk

Inelastic neutron scattering

INS

Bulk

Low-energy ion scattering

LEIS

Surface, under
vacuum

(Time of ﬂight) secondary ion mass spectroscopy

(ToF)SIMS

Surface, under
vacuum

X-ray photoelectron spectroscopy/electron
spectroscopy for chemical analysis

XPS/
ESCA

Surface, under
vacuum

Inductively coupled plasma atomic emission
spectroscopy

ICP-AES

Bulk

X-ray ﬂuorescence

XRF

Bulk

UV−vis

Yields composition and structural information on interfaces between diﬀerent
media.
IR spectroscopy variation allows thick or opaque media to be analyzed.

Vibrational,
mainly bulk
Vibrational,
surfacesensitive
Absorption or
reﬂectance,
bulk
Bulk

IR spectroscopy variation allows the surface of powdered samples to be probed.
Very sensitive to low concentrations of vibrating species.
Observation of transitions from the ground state to the excited state, characteristic
of local environments.
Characterization of local environment of paramagnetic species.
Various multidimensional sequences exist.
Solid-state NMR spectroscopy.
Possible on any isotope that has a quadrupole moment (e.g., 27Al) to characterize
local environment of atoms.
Various multidimensional sequences exist.
The recent development of the dynamic nuclear polarization (DNP) technique
bridges the gap between NMR and ESR spectroscopy.
Transmission/reﬂection mode.
Provides identiﬁcation of crystallographic phases.
Particle size calculations are possible.
Recent developments in tomography (3D imaging).
Magniﬁcation up to ∼1,500,000 times.
Determination of size, shape, and distribution of nanoparticles.
Magniﬁcation up to 500,000 times.
Basically shows the morphology of catalytic objects (grains, particles, etc.).
Atomic resolution.
Only for ﬂat surfaces and then limited to model catalysts.
Techniques using synchrotron radiation.
Access to local environment of atoms and evaluation of distances between
neighbors.
Crystallographic information.
Hydrogen species can be observed (impossible with XRD).
Provides access to the composition of the ﬁrst atomic layer of a solid sample.
Possibility to alternate erosion/analysis of the material to obtain progressive depth
proﬁling.
Provides composition and local arrangement of atoms over a few nanometers.
Erosion/analysis possible.
Provides composition and information on local environment of atoms in the ﬁrst
∼10 nm.
Erosion/analysis possible.
Information from Auger electron emission is also sometimes obtained.
Variant: ultraviolet photoelectron spectroscopy (UPS).
Used to determine bulk chemical compositions.
Destructive analysis.
Nondestructive elemental analysis, but lower resolution compared with ICP-AES.

below). In addition to “conventional” spectrometers, new socalled “environmental” spectrometers are becoming more and
more popular. This concerns techniques that are traditionally
performed under ultrahigh vacuum, such as XPS (10−10 Torr),
but are now technically feasible at pressures of a few Torr,
providing the possibility of observing adsorbed molecules. For
instance, using environmental XPS during ethanol steam
reforming (production of H2 from ethanol/H2O mixtures)
over a NiCeO2 catalyst made it possible in particular to observe

the surface adsorption/dissociation of ethanol molecules and to
understand the inﬂuence of water molecules on this process.
Furthermore, the formation of carbonates during reactions was
also observed. Such species were not detected when the
experiment was performed in a conventional ultrahigh-vacuum
XPS spectrometer, which illustrates the huge potential of
ambient-environment analytical instruments.38
In Table 1 we have listed some of the primary characterization
techniques used in this ﬁeld. It is important to recall here that
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Figure 11. Schematics of the operando spectroscopy principle, outputs, and applications to predictive catalysis and expert systems. Adapted with
permission from ref 41. Copyright 2003 The PCCP Owner Societies.

thermoprogrammed mode using speciﬁcally equipped diﬀractometers).
Basically, the researcher has a large choice to probe a variety of
diﬀerent types of sites, including those described above, and
methods of varying sophistication can be used (or even
speciﬁcally developed with probe molecules) to give the expected
level of information.

some characterization techniques probe the bulk of the whole
solid, while catalysis is a surface reaction. Thus, even if these
techniques bring valuable information, one must be prudent
when interpreting the data obtained, as they are not necessarily
representative of the active phase but of the whole solid structure.
Furthermore, the active phase can be very diﬀerent under
working conditions compared to ex situ or even in situ analysis
results, and only in operando analysis can provide a deﬁnitive
answer (see below).

Operando Spectroscopy

Operando spectroscopy is a concept that has been developed
relatively recently. It consists of observing in a single experiment,
and at the same time, the catalytic performance (conversion and
selectivity) and the spectroscopic signatures of the solid
functioning under real reaction conditions, also including the
observation of any species present in the system (reaction
intermediates among others; see Figure 11). It therefore involves
the design of speciﬁc catalytic reaction cells with walls that are
transparent to the analyzing beam to enable direct observation.
The recent developments of operando spectroscopy tend to
combine diﬀerent spectroscopic techniques in a single experiment (by, e.g., recording an XRD diﬀractogram simultaneously
with a Raman spectrum during the catalytic act).
Operando spectroscopy must not be confused with in situ
techniques. Indeed, the latter do not involve the simultaneous
measurement of the catalytic performance under real catalytic
conditions. Operando spectroscopy is thus a very powerful new
analysis tool, as the features of the catalyst working under real
conditions in the presence of the reactants/products are often
very diﬀerent from those traditionally observed ex situ. To date,
operando spectroscopy has been mostly designed for gas-phase
reactions, but is more and more applied to the liquid phase and to
trickled bed (triphasic: liquid, gas, solid) reactions, which are
taking on great importance in the context of bioreﬁnery
development. The next step is probably to design time-resolved
equipment to try to match the duration of the spectroscopic
measurement with the reaction kinetics, which is a very
challenging task (see Figure 3). Figure 11, which was adapted
from a remarkable document available elsewhere,41 provides an
overview of the species that can be observed during operando

Thermoprogrammed Methods and Adsorption of Probe
Molecules

These methods are conventionally used to probe surface
properties. Thermoprogrammed reduction (TPR), usually with
H2 (H2-TPR), and thermoprogrammed oxidation (TPO) are
used to assess the redox properties of the solids by giving an idea
of their reduction/oxidation capacity as a function of temperature. Acid−base properties can also be probed. Routine
techniques to roughly assess the distributions of the quantity
and strength of acidic and basic sites include NH3 and CO2
thermal programmed desorption (TPD), respectively. However,
methods based on IR spectroscopy39 are useful if information on
the types of sites (Brønsted, Lewis) is also required.40 For
example, IR observation of pyridine, lutidine, or CO provides
valuable information on acidic sites, including their nature,
strength, and distribution. It should be noted that microcalorimetry techniques are complementary, as they can also yield
detailed numerical information (in kJ mol−1) on the strength and
distribution of basic/acidic sites.
CO adsorption followed by IR spectroscopy is also a very
useful technique for observing metallic sites, with much
information that can be deduced, such as the number of sites,
the dispersion, and even the shape of the nanoparticles, etc.
Slightly diﬀerent concepts are diﬀerential thermal analysis
(DTA) and thermogravimetric analysis/diﬀerential scanning
calorimetry (TGA/DSC) techniques, which yield information
on phase transitions with temperature and are then largely
complementary to XRD (which can also work in a
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experiments and how they can help in understanding the
quantitative structure−activity relationship (QSAR).
For example, operando Raman spectroscopy was used to
observe and improve the dehydration−condensation reaction of
methanol to form dimethyl ether over Keggin heteropolyacids.42
In that study, the authors could enhance the conversion by
properly tuning the catalyst pretreatment, i.e., the treatment of
the catalyst prior to reaction. In this reaction, the active species
are the protons (acids) located in the vicinity of the
heteropolyanions, which also act as counteranions to ensure a
global neutral charge. However, the heteropolyanions are
surrounded by water molecules in a semicrystalline structure,
the presence of which hinders the approach of methanol
molecules to the catalytic sites. The challenge was thus to ﬁnd
conditions to displace these water molecules without degrading
the heteropolyanion structure in order to facilitate the access of
methanol molecules to inner H+ active sites. In that study, in situ/
operando Raman spectroscopy was a powerful tool to observe
the chemical events and to identify spectroscopic signatures of
proper pretreatment procedures for boosting the catalyst activity.

Systematic deconstruction of the active site by subtraction of
each constituent element enables the electronic eﬀect that
inﬂuences the rate-determining step to be determined, which in
turn provides useful information for back-optimization of the
catalytic formulation in terms of activity and/or selectivity. Even
if the direct synthesis of the proposed ideal theoretical catalyst is
not possible, the calculations indicate the chemical properties for
which we should look in order to optimize the available catalysts.
To date, DFT calculations have been used successfully to study
gas-phase reactions. In the past year, some test calculations have
been performed in the liquid phase (for water or organic
solvents). Because of the mobility of the molecules in the liquid
phase, one needs to apply molecular dynamics calculations in
order to be able to take into account the numerous
conﬁgurations of the solvent around the active site. Calculations
of spectroscopic properties have already been performed, but the
description of a full catalytic cycle has still not been achieved.
However, this may be possible in the next few years, thanks to the
evolution of parallel computers, which will provide us with the
huge calculation power required.

Density Functional Theory and Molecular Dynamics

High-Throughput Technologies.43

High-throughput technologies (HTTs), basically developed
from a rather long history in parallel with research in drug
discovery, have been applied relatively recently to heterogeneous
catalysis. They must not be confused with combinatorial
chemistry, which involves a totally random approach. As
heterogeneous catalysis is notor at least not yeta predictive
science, after a brainstorming phase for identifying some possible
eﬃcient catalytic formulations to produce a given reaction, an
experimental trial-and-error phase must be carried out in the lab.
This consists of synthesizing diﬀerent series of catalyst
formulations to be further tested under various conditions, as
the ﬁnal performances constitute the indicator of success or
failure. Using HTTs allows the duration (and cost) of this trialand-error phase throughout the catalyst development chain (i.e.,
synthesis, characterization, and test) to be optimized with “highoutput” beneﬁts. The REALCAT platform43 is an example of an
ultraintegrated laboratory for high-throughput discovery of
catalysts. This kind of equipment can also be used to acquire a
huge quantity of data in a short time in order to, for example, feed
and reﬁne kinetics models.

In the last 10 years, as a result of a signiﬁcant increase in
computational power, theoretical studies of heterogeneous
catalysts have undergone considerable progress, in large part
supported by the development of density functional theory
(DFT), which enables calculations to be performed on relatively
large systems composed of a few hundred atoms. Once a model
of the active site has been deﬁned on the basis of the available
spectroscopic and catalytic data, the interaction of the reactant(s)
with the catalyst can be investigated at the atomic level. Using
DFT calculations, and taking into account the experimental
conditions, it is possible to compute the spectroscopic properties
of the adsorbed molecules. The theoretical results are then
compared with the experimental data in order to improve the
accuracy of the assignments. This synergetic approach is very
fruitful in the case of operando spectroscopies, for which the
direct assignment of the spectroscopic data is diﬃcult because of
the lack of spectroscopic references for the reaction chemical
intermediates.
DFT modeling of catalysts is also used to propose/reﬁne
realistic reaction mechanisms. In such studies, the reaction path is
broken down into a sequence of possible elementary reaction
steps. The thermodynamic properties of all of the elementary
steps are then computed. If some of the proposed elementary
steps turn out to be very endothermic, this generally constitutes
strong evidence that the initially considered mechanism should
be modiﬁed. In a second step, the activation energies are
computed, and the calculated values are compared with
experimental data coming from kinetic studies. Agreement
between the theory and the experiments is a simple method for
validating a possible reaction mechanism. Figure 4 is a good
example of DFT results, with a complete set of elementary steps
calculated and validated among various possibilities. For step 1,
which is in fact the rate-limiting step with the highest energetic
barrier of the whole sequence, Figure 4 presents ball-and-stick
models of the initial state (adsorbed lactic acid) and the
transition state leading to a carbanion intermediate, which is
further transformed through step 2. For each reaction step, DFT
helps to determine the transition state, which is a metastable
conﬁguration of the system corresponding to the energetic
barrier to be overcome before progressing to the next reaction
step.

■

REACTORS AND CATALYSTS SHAPING

Reactors

The reactor is the heart of every industrial catalytic process. Even
if its size is relatively small and its cost is low compared with those
of the whole plant, its performance has a tremendous inﬂuence
on all of the other upstream and downstream operations. For
instance, the level of reactant conversion attained has a direct
impact on the downstream separation stage. The choice of the
reactor type is therefore of crucial importance. For a given
reaction, the chemists and chemical engineers have to decide
together what type and size of reactor they should use. They also
have to choose the operating mode (batch, semibatch,
continuous, steady-state, or dynamic) as well as the operating
conditions (pressure, temperature, concentrations, contact or
residence time, etc.). The kinetic and thermodynamic data for
the reaction of interest and for side reactions leading to
byproducts are the basis on which these decisions are made.
The phase(s) present (liquid, gas, or both) also have an impact
on the choice. If the reactant and products are in the gas phase,
for example, then a continuous tubular reactor is the best
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candidate. Many excellent books have already been published on
chemical reaction engineering and reactor technology,44−46 but
the literature discussing this important question of the initial
choice of the type of reactor and operating conditions is scarce.
Some guidelines are given below.
The decision to work in batch, semibatch, or continuous mode
is generally linked to the quantity of products manufactured per
year. For a few tenths to hundreds of tons, a batch process is
generally preferred, whereas it is not feasible from an economical
point of view to produce more than ten thousand tons a year of a
product, in a batch reactor.
The large majority of industrial reactors do not behave ideally,
but in order to be able to model their performances, they are
generally considered to be close to a plug-ﬂow reactor (PFR) or
to a perfectly mixed reactor (either a batch reactor or a
continuous stirred tank reactor (CSTR)). Sometimes it is
necessary to add some correction factors to the ideal reactor
models to properly represent the real situation. In the PFR, a
gradient of concentration exists between the inlet and the outlet
of the reactor. The reactant is progressively converted to
products as it makes its way through the reactor. In a CSTR, on
the contrary, the composition of the reactive medium is the same
irrespective of the location in the reactor. The composition,
temperature, and pressure are constant over the whole reactor
volume in that case. From a kinetic point of view, most of the
time the rate of reactant consumption increases with reactant
concentration (positive kinetic order), and in that case, if only the
reactant conversion is taken into account a PFR is a better choice
than a CSTR. Actually, the reactant concentration is immediately
lowered in a CSTR whereas it is more progressive in a PFR.
Finally, for the same reactor volume, the mean rate of reactant
consumption is higher in a PFR than in a CSTR. This is, however,
a too-simplistic conclusion. Indeed, the selectivity for a desired
product is generally also the target, and in that case, the choice of
the reactor is not so straightforward.
The contact time is also a criterion to take into account when
selecting the reactor. Indeed, a continuous tubular reactor must
be reserved for relatively fast reactions for which a contact time of
a few seconds to a few minutes is suﬃcient. In batch reactors and
CSTRs, a contact time of a few hours can be attained.
Another important point to consider when selecting a reactor
is the thermicity of the desired reaction. It is of course important
to control the temperature of the reaction even if it is highly
endothermic or exothermic. In that case, the choice of the reactor
has to be made considering the possibility to add or remove
calories at a high rate. In the gas phase, multitubular reactors,
where there is contact with a heating or cooling ﬂuid, are often
used for that purpose. Fluidized-bed reactors can also be a good
choice, as the turbulence of the medium is high and this assists
thermal transfer.
Finally, the stability of the catalyst can also inﬂuence the choice
of the reactor and the operating conditions. If fast deactivation
occurs, then it is necessary to quickly regenerate the catalyst. For
instance, this is the case in ﬂuid catalytic cracking, for which a
moving-bed reactor is used. In this type of process, the catalyst
continuously moves from the reactive part of the reactor
(ﬂuidized-bed), where coke is formed very quickly on the catalyst
surface, to the regeneration zone, where the coke is burned using
air addition. Hence, this speciﬁc reactor conﬁguration enables a
continuous catalytic cracking process to proceed.

Very often at the lab scale, catalyst prototypes are tested in the
form of powders because this is more convenient. Indeed, the
catalysts are generally obtained in powder form following their
synthesis. However, at the pilot and commercial scales,
depending on the kind of reactor that has been selected (see
above), most of the time it is necessary to design the shape of the
catalyst. For example, the design of a catalyst used in the liquid
phase in a perfectly mixed reactor will not be the same as a
catalyst used in a gas-phase reaction carried out in a ﬁxed-bed
tubular reactor. In the ﬁrst case, the main problems to tackle will
be (i) the potential diﬀusion limitations of the reactants and
products outside the catalyst particles (external diﬀusion) or
within its porosity (internal diﬀusion), (ii) the capacity to easily
separate the catalyst from the liquid after reaction, and (iii) the
possibility to eﬃciently stir the reactor and to create a
homogeneous suspension of the solid catalyst in the reactive
medium. In the gas phase, the objectives will mainly be to limit
the pressure drop created by the catalyst bed when the gas ﬂow
goes through it and to maintain suﬃcient mechanical resistance
for the catalyst particles. The limitations due to heat transfer
must also be taken into account, most particularly for very
exothermic or endothermic reactions. Of course, ﬁne control
over the temperature, even very locally in the reactor, is of great
importance in achieving high performance.
Publications speciﬁcally on the subject of shaping of industrial
catalysts are scarce, as the highly valuable know-how is generally
not patentable.47 However, general methods used to develop
commercial catalysts are well-described in the literature.31,48
In order to avoid the internal diﬀusion limitations, a good
strategy is to reduce the size of the catalyst particles (50−200
μm) and to increase the porosity. Too-ﬁne particles must be
avoided, however, as they are diﬃcult to recover after the
reaction (ﬁltration issues) and can be dragged into the
downstream equipment. To prepare such catalysts, grinders
coupled with sieves are generally used.
Small particles (50−250 μm) are also needed when the use of a
ﬂuidized-bed reactor is envisioned. In that case, spherical
particles are also highly desired, as they are more resistant to
the strong mechanical constraints encountered in such equipment. Spray dryers are then used to prepare these catalysts. For a
moving-bed reactor, the catalyst must also be resistant to
attrition, but the particles are generally bigger (up to several
millimeters). Oil-drop systems are used for their preparation. For
ﬁxed-bed reactors, particles (1 to 15 mm) with a lot of possible
shapes can be used to constitute the packing of the bed: spheres,
cylinders, hollow and ribbed cylinders, rings, wheels, and so on.
The main techniques used to produce these catalysts are
extrusion and pelletization or tableting. Extrusion involves the
preparation of a paste containing the catalyst and diﬀerent
additives (lubricants, binders, etc.) that are forced through a die
to give the desired shape. The extrudates are then cut to the
required length before drying or calcination. Pelletization
consists of pressing powders into a mold to obtain the desired
shape. Here again some additives are needed, such as lubricants.

■

FUTURE DEVELOPMENTS
Catalysis is a scientiﬁc ﬁeld that is encountering a “new golden
age”, mainly due to the necessity of ﬁnding new strategies and
concepts for eﬃciently treating biosourced molecules and
materials. In that context, HTTs holds an important role, and
new developments in this ﬁeld are expected. Innovative reactors
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are also being developed, such as microreactors49 and two-zone
ﬂuidized-bed reactors (TZFBRs).50 Process developments will
include, for example, a better use of microwave-assisted methods,
in particular to adapt them to continuous operation. New types
of catalysis are also being developed: for example, hybrid
catalysis51 will bridge the gap between chemocatalysis and
biocatalysis, and interfacial catalysis assists reactions between
hydrophobic and hydrophilic reactants via Pickering emulsions,
which consist of emulsions with small particles of a
heterogeneous catalyst located at the interface between the
liquid droplets and the liquid medium.52 It is also possible to
combine Pickering emulsions with hybrid catalysis to produce
even more sophisticated catalytic systems. Nano-oxides could
also reveal enhanced properties compared with their bulk
counterparts, similar to what was observed on gold, which was
largely considered as a completely catalytically inert material
until the idea arose of dividing it into nanoparticles, which turned
out to be exceptionally active.53
DFT and molecular dynamics are also involved, with expected
new robust methodologies combined with the evolution of the
power of parallel computers, which will enable, for example, the
role of the solvent in liquid-phase catalytic systems to be better
addressed. Furthermore, as liquid-phase (often aqueous)
transformations are of speciﬁc interest in biomass upgrading,
advanced spectroscopic and microcalorimetric observations of
catalysts in this phase are also under development. As a speciﬁc
point, characterization of basic sites is taking on a large
importance, while to date the acid−base characterization
techniques have been mainly developed speciﬁcally for characterizing acidic sites (furthermore, mainly in the gas phase!).
Similarly, it is now highly desired to obtain simultaneous
information on the basic and acidic sites of catalysts, as these
antagonist functionalities always coexist in various proportions
on the catalysts’ surfaces and are most likely responsible for
selectivity issues, for example (however, cooperation between
acidic and basic sites is also sometimes needed, e.g., for the
Guerbet reaction54).
We should also mention what we could call “photoconstructive catalysis”, which could mimic photosynthesis in
artiﬁcial systems but directly target the molecules to be
produced; could this dream be realized in 50 years? In this
context, photoassisted technology will probably develop rapidly
through various channels. For example, “catalytic nanoplasmonics” based on the properties of surface plasmons created by
laser irradiation of metallic particles could lead to better energy
eﬃciency.
The possibilities are quasi-inﬁnite, depending on researchers’
imagination and creativity, and we may most probably have
surprises in the next years with completely new developments.
Indeed, catalytic science has again entered an era of global
innovation after a long period mainly driven by incremental
improvements of the already existing concepts, methodologies,
and techniques.
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(49) Ehrfeld, W.; Hessel, V.; Löwe, H. Microreactors: New Technology
for Modern Chemistry; Wiley-VCH: Weinheim, Germany, 2000.
(50) Soler, J.; Lopez Nieto, J. M.; Herguido, J.; Menendez, M.;
Santamarıa, J. Oxidative dehydrogenation of n-butane in a two-zone
fluidized-bed reactor. Ind. Eng. Chem. Res. 1999, 38, 90−97.
689

DOI: 10.1021/acs.jchemed.6b00611
J. Chem. Educ. 2017, 94, 675−689

