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Abstract: The water-gas shift reaction plays a key role in hydrogen production processes from fossil
sources and renewable biomass feedstock and can be considered as the first purification process
of syngas. The water gas shift process is normally carried out in two adiabatic stages, of high and
low temperature with an intersystem cooling. The two stages use two different catalytic systems,
which present some critical issues, thus making extremely attractive the designing and implementing
of new configurations. Innovative and highly active catalytic formulations along with more efficient
reactor systems could provide the basis for the design of a single-stage process, resulting in a
noticeable process intensification. In the last decades, much attention has been paid to the use of
structured catalysts, which have numerous advantages, related to both fluid dynamics and heat
transfer phenomena. Numerous papers have been published in which the competitive performances
of structured catalysts have been shown with respect to conventional catalytic systems. In this brief
review, we provide an overview of the most recent developments in the preparation of structured
catalysts and use in the water gas shift reaction.
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1. Introduction

The water gas shift (WGS) is one of the most studied reaction involved in the production process
of hydrogen, hydrocarbons and several industrial feedstocks. Operating downstream the reforming
processes, reduces the carbon monoxide percentage, in syngas stream to less than 0.3 vol%, producing,
at the same time, hydrogen [1].

WGS is a reversible exothermic reaction (1), and like all this type of reactions, it suffers
from limitations of kinetic and thermodynamic type. At low temperatures, where it is favoured
thermodynamically, the reaction rate is low, vice versa at high temperatures the opposite occurs.

CO + H2O� H2 + CO2 ∆H0
298K = 41.17 kJ/mol (1)

Under adiabatic conditions, the thermal profile on the catalytic bed is kinetically disadvantageous
at the inlet of the bed, and thermodynamically disadvantageous at the outlet of the bed. The strategy
to overcome these limitations is the multi-stage configuration, which consists in sectioning the process
in several stages at different temperatures, followed by heat dissipating stages realized by intermediate
cooling. The used WGS process configuration, provides two steps (Figure 1), and an intermediate
cooling, the high temperature shift (HTS) [2] and the low temperature shift (LTS).
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Figure 1. Schematic representation of the two-stage WGS process configuration. 

The disadvantages of this approach are known, both in terms of energy consumption and fixed 
costs. In the last decade, many works were published focusing on the intensification of WGS process 
using structured catalysts. Structured catalysts present several advantages, low pressure drops [3], 
efficient heat and mass transfer [4,5] and good mechanical stability [6]. Highly thermal conductive 
structures allow to manage the heat of the reaction in a completely different way, compared to the 
traditional packed bed reactors, providing beneficial effects on both kinetic and thermodynamic [7]. 
The objective of this short review is to report the recent advances in the preparation techniques of 
structured catalysts and to show the most recent developments in the use of structured catalysts for 
water gas shift applications. The review article is organized in three main sections, the first one gives 
an overview on the most diffused preparation methods for the structured supports, moreover the 
most used coating techniques are illustrated. Furthermore, a series of works about the catalytic 
activity and kinetics is reported, finally an overview of the theoretical and modelling studies 
concerning the transport phenomena in structured catalysts is provided. 

2. Structured Catalysts Preparation 

Structured catalysts are characterized by a fixed geometry and prepared by coupling a 
catalytically inert structure, which provides the geometry and a catalytic formulation, which is 
usually supported on the structure. The structure can be ceramic or metal in nature [8]; and 
sometimes it is necessary to use a compatibilizer, to realize a strong adhesion between the surface of 
the structure and the catalytic formulation. The geometry of the structure plays a leading role in the 
design of these catalysts, as it is directly involved in mass and heat transfer phenomena. Many 
geometries are available, however the most used are monoliths and foams. 

2.1. The Structures 

Monoliths are blocks consisting of parallel channels characterized by different shapes and sizes; 
ceramic monoliths, mostly made by cordierite and silicon carbide, are usually obtained by extrusion 
[9], two main designs are available, the flow-through configuration in which every channel is open 
on both side, and the wall-flow configuration in which the channels are alternatively closed, and the 
stream is forced to flow through the porous walls [10]. In the case of metal monoliths, the 
preparation techniques depend from the used alloy; in addition to extrusion, the rolling and the 
piling of crimped foils [5,11–13] (Figure 2) and the perforated Lessing rings [14] allow to realize a 
wide variety of shapes and sizes of the channels. Metal monoliths exhibit higher mechanical strength 
and thermal conductivity, furthermore the possibility of creating thinner walls allows a higher cell 
density and lower pressure drops, with respect to the ceramic monoliths.  

Foams are characterized by a three-dimensional array of empty polygons; the most attractive 
type for catalysis applications are the open-cell foams, in which the cells are communicating. Among 
the preparation methods for ceramic foams [15], the “polymeric sponge method” [16,17] and the 
“bubble generation method” [18,19] are the most used, however the latter is suitable to prepare only 
small closed-cell foams. The preparation methods of metallic foams can be classified depending on 
the state of the metal to be used, liquid or solid. Molten metals can be used in direct foaming by 
gasses or casting the liquid in a discontinuous solid filling material, such as granules or spheres [20]. 
The metal powders can be used to fill a mould and then sintered, or mixed with a fluid carrier, a 
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The disadvantages of this approach are known, both in terms of energy consumption and fixed
costs. In the last decade, many works were published focusing on the intensification of WGS process
using structured catalysts. Structured catalysts present several advantages, low pressure drops [3],
efficient heat and mass transfer [4,5] and good mechanical stability [6]. Highly thermal conductive
structures allow to manage the heat of the reaction in a completely different way, compared to the
traditional packed bed reactors, providing beneficial effects on both kinetic and thermodynamic [7].
The objective of this short review is to report the recent advances in the preparation techniques of
structured catalysts and to show the most recent developments in the use of structured catalysts for
water gas shift applications. The review article is organized in three main sections, the first one gives
an overview on the most diffused preparation methods for the structured supports, moreover the most
used coating techniques are illustrated. Furthermore, a series of works about the catalytic activity
and kinetics is reported, finally an overview of the theoretical and modelling studies concerning the
transport phenomena in structured catalysts is provided.

2. Structured Catalysts Preparation

Structured catalysts are characterized by a fixed geometry and prepared by coupling a catalytically
inert structure, which provides the geometry and a catalytic formulation, which is usually supported
on the structure. The structure can be ceramic or metal in nature [8]; and sometimes it is necessary to
use a compatibilizer, to realize a strong adhesion between the surface of the structure and the catalytic
formulation. The geometry of the structure plays a leading role in the design of these catalysts, as it is
directly involved in mass and heat transfer phenomena. Many geometries are available, however the
most used are monoliths and foams.

2.1. The Structures

Monoliths are blocks consisting of parallel channels characterized by different shapes and sizes;
ceramic monoliths, mostly made by cordierite and silicon carbide, are usually obtained by extrusion [9],
two main designs are available, the flow-through configuration in which every channel is open on
both side, and the wall-flow configuration in which the channels are alternatively closed, and the
stream is forced to flow through the porous walls [10]. In the case of metal monoliths, the preparation
techniques depend from the used alloy; in addition to extrusion, the rolling and the piling of crimped
foils [5,11–13] (Figure 2) and the perforated Lessing rings [14] allow to realize a wide variety of shapes
and sizes of the channels. Metal monoliths exhibit higher mechanical strength and thermal conductivity,
furthermore the possibility of creating thinner walls allows a higher cell density and lower pressure
drops, with respect to the ceramic monoliths.

Foams are characterized by a three-dimensional array of empty polygons; the most attractive type
for catalysis applications are the open-cell foams, in which the cells are communicating. Among the
preparation methods for ceramic foams [15], the “polymeric sponge method” [16,17] and the “bubble
generation method” [18,19] are the most used, however the latter is suitable to prepare only small
closed-cell foams. The preparation methods of metallic foams can be classified depending on the state
of the metal to be used, liquid or solid. Molten metals can be used in direct foaming by gasses or
casting the liquid in a discontinuous solid filling material, such as granules or spheres [20]. The metal
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powders can be used to fill a mould and then sintered, or mixed with a fluid carrier, a solvent or a
polymeric binder; thereafter, the foaming agent is removed and the metal structure is obtained by
sintering in an inert or reducing atmosphere [21].
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Figure 2. Cylindrical monolith obtained by rolling FeCrAlloy foil [13].

The need for complex shapes has favoured, in recent years, the development of the so-called
“additive manufacturing approach”, which overturn the subtractive approach. The production of
three-dimensional objects is achieved by depositing or sintering the build materials, based on
coordinates derived from a digital model, through a computer-controlled positioning system [22],
also referred as 3D printing. With these techniques, traditional geometric shapes, such as monoliths,
hybrid forms or complex shapes tailored to a specific process, can be obtained.

2.2. Coating Techniques

In this section, an overview of the main coating techniques used to load the active formulations
on the structured support, is provided (Table 1). The choice of the coating technique depends on
numerous factors: the type of structure (metallic or ceramic), the textural properties of the structure
(porosity, channel size, relative density etc.), reactivity of the coating compound, type of process in
which the catalyst should be used.

Impregnation can be used on ceramic structures such as silicon carbide [23] and cordierite [24],
characterized by porous and roughness surfaces. Ahn and Lee reported the preparation of monolith
catalysts obtained by impregnation in aluminum or cobalt nitrate solution, drying and calcination
at 600 ◦C, followed by impregnation of gold and platinum, using NH4HCO3 [25]. The TEM images
showed that the gold particles were uniformly dispersed, and the average size was about 5 nm.
Even if impregnation is a simple and fast method, it is suitable in the cases in which there is no
need of high surface areas, but it is not suitable for metal structures. The sol-gel preparations are
based on the formation of a colloidal solution (sol), obtained by hydrolysis and condensation of
the soluble precursors, such as metallic, organometallic or alkoxides precursors [26]. Upon further
condensation, the sol gives rise to an integrated network (gel), containing solvent molecules trapped,
finally the gel can be converted to solid material by removing the solvent through drying and/or
thermal treatments [27,28]. Films of variable thicknesses can be realized by dip-coating or spin-coating
of the structures, making this technique effective and not expensive. Solution combustion synthesis can
be considered a variant of the sol-gel method; it is based on a self-sustained redox reaction, in which
an organic material acts as fuel, for example urea or glycine, while the oxidant is a metal precursor,
such as a metal nitrate [29]. Recently, Ercolino et al. reported the coating of alumina monolith and
open cell foams by solution combustion synthesis [30]. The structures were previously cleaned in an
ultrasonic bath with an aqueous solution of acetone (50 wt%), then dried for 1 h at 250 ◦C. The as
obtained structures were dipped in a 3 M solution of cobalt nitrate and glycine for 3 min and calcined
at 600 ◦C for 4 h in calm air. The coated structures were subsequently impregnated with palladium
precursor solution. The average thickness of the catalytic layer determined from FESEM images was



Catalysts 2019, 9, 991 4 of 23

around 30–50 mm, the images at high magnification on both the monolith and foams confirmed the
typical truncated octahedron crystals structure of the coated spinel, the images at medium and low
magnification showed that the deposited catalytic layer was homogeneously distributed and well
anchored on both the structures, without superficial debris. The ultrasound adhesion tests showed an
average weight loss less than 1.5%, highlighting the high mechanical resistance of the coating obtained
by solution combustion synthesis.

Several deposition techniques are available for both ceramic and metal structures.
The electrodeposition employs electricity and can be applied onto a conductive substrate surface.
Basile et al. reported the deposition of a Ni/Al–NO3 HT film on metallic FeCrAlloy foams, by cathodic
reduction of a 0.03 M solution containing Ni(NO3)2·6H2O, Al(NO3)3·9H2O (molar ratio 3/1) and
0.3 M KNO3 [31]. Electrochemical synthesis was carried out at room temperature by using a
single-compartment, three electrode cells, at three different depositions times (600, 1000 and 1800 s)
and two different potentials (−0.9 and −1.2 V). The deposition time affected the film thickness and the
Ni incorporation, while the applied potential affected the pH in proximity of the foam. SEM was used
to assess film stability after 40 min of ultrasonication. The images showed that a partially detachment
of the film occurred for the catalysts obtained in a shorter time regardless of the potential used.
On the contrary, the morphology of the catalyst layer remained almost unmodified for the catalysts
obtained in longer times. More recently, Ho et al. tested the use of electrodeposition for the in-situ
synthesis of cerium-based coatings, CeO2 and Pd-CeO2, on 100 pores per inch (ppi) FeCrAl foams [32].
Of particular interest is the most challenging one-step Pd-CeO2 electrodeposition, that was realized by
using Pd(NH3)4(NO3)2 or PdCl2 in HCl precursors. The electrochemistry and chemistry of palladium
(II) ions played a crucial role in the one-step preparation of the Pd-CeO2 coating. The palladium
precursor determined the metal content and distribution as well as the morphology of the ceria
particles; the [Pd(NH3)4]2+ complex, due to its intermediate degree of stability in basic media, increased
the reduction potential, delaying the formation of Pd◦ but also the palladium incorporation in ceria.
The best conditions to increase the palladium loading, limiting the Pd◦ deposition, were found in a
−1.3 V vs. SCE potential combined with a 0.135 M electrolyte concentration and 1000 s deposition time.

Electrophoretic deposition is a process in which a direct current electric field is applied to a stable
suspension of charged particles attracting them to an oppositely charged electrode [33,34]. Moritz et al.
reported the coating of carbon-bounded foam filters with aluminum powder by using electrophoretic
deposition [35]. The Al2O3-C filters were prepared via the Schwartzwalder–Somers method, i.e., by
the replication of polyurethane foam. The coating was realized by using a 10 vol% suspension of
α-alumina and 2.0 g of Dolapix CA per 100 g of Al2O3; two platinum sheets acted as counter electrodes
at a distance of 40 mm, the Al2O3-C served as deposition electrode (anode) at a distance of 12.5 mm
from each platinum electrode. The applied voltage was 5–15 V, while the time 1–2 min. The electroless
deposition [36] is realized by deposition and reduction of metallic ions at the surface of the support,
from a solution without electricity. Fukuhara et al. prepared plate-type catalysts for the wall-type
CO shift converter by electroless plating of zinc and copper on aluminum plate [37]. The plates were
dipped in a zinc oxide plating bath (ZnO 50 g/L, NaOH 60 g/L, 20 ◦C, 3 min) to displace surface
aluminum with zinc, then the plates were washed in a water bath two times. Subsequently, the plates
were immersed in plating baths of various metals. Four kinds of metal plating baths were used: (a) An
iron bath, (b) a nickel bath, (c) a cobalt bath, and (d) a tin bath.

An interesting alternative is represented by the coating techniques used in surface protection,
such as gas-phase based deposition techniques, physical vapour deposition (PVD) and chemical
vapour deposition (CVD), or liquid-based chemical conversion coating (CCC). In PVD the material
is vaporized from a solid or liquid source, through vacuum or low-pressure gases and condensed
onto the support [38]. In CVD [39] the deposition involves chemical reaction of gaseous reactants on
the heated substrate surface, while the activation of the substrate is usually performed by heating,
radiation or plasma [40]. Minett et al. reported the one-step production of monolith-supported long
carbon nanotube arrays by catalytic chemical vapour deposition on the walls of bare cordierite [41].
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The monolith was heated under argon atmosphere until reaching the temperature of 790 ◦C. Then,
a solution of toluene and ferrocene (0.1 M) was injected into the first zone of the furnace at 300 ◦C,
ensuring that the concentration of both ferrocene and toluene was not limiting growth. The atomic
layer deposition (ALD) process provides a series of sequential alternating pulses in which the precursor,
in a chamber vacuum, react with the surface through a self-limiting process [42]. Lee et al. reported
the deposition of ZnO on porous alumina monoliths by atomic layer deposition from diethylzinc
and water [43]; the study showed that the ALD process in the nanoporous monolith, in which the
aspect ratio was higher than 105, was limited by the Knudsen diffusion of diethylzinc within the pores.
The main advantage in using ALD, with respect CVD, is the powerful of the pulse method in realizing a
uniform growth of the layer, moreover layers of two or more different precursors can be easily realized.

The chemical coating is mainly used in the corrosion field [44,45]; the main advantage in using this
technique is that the metal surface to be coated does not need to be electrochemically conductive [46].
Palma et al. reported the preparation of structured catalysts obtained by cerium conversion coating of
aluminum foams [47].

The ceria coating was realized by reacting the structures in a chemical bath, obtained by dissolving
CeCl3 × 7H2O, H2O2 35 wt% in water, in a weight ratio 1/3/75, acidified with HCl (pH = 1–3). The results
showed that the loading of ceria depend on the temperature, pH of the bath and the reaction time;
specifically, an increase in temperature and times and a reduction in the reaction pH favours the coating
(Figure 3). The SEM images reported in Figure 4 show the morphology of a ceria coated aluminum
foam at different magnification. The coating was realized by means of chemical conversion coating.
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coating technique [47].

Washcoating is a widely used techniques to realize structured catalysts [49–51]. It consists
in dipping the structure in a colloidal suspension, to realize a coating of an oxide that can be a
support for active species, or simply a primer, to make compatible the surface support with the active
components [52]. The most used material to realize the colloid is high specific surface area alumina [53],
while the procedures to dip the structure are dip-coating or dip-blowing; the excess of the slurry is
removed by vacuum suction, centrifuge or with a flow of compressed air or nitrogen [54].
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Rao Peela et al. studied the washcoating of È-alumina on stainless steel microchannels [55],
focusing on the effect of primer and slurry composition. The washcoating procedure consisted of two
steps, primer coating followed by slurry coating. The optimum primer composition was found to be 2%
of Disperal and 4% PVA. To determine the best slurry composition, several parameters were studied,
such as pH, viscosity and solid loading. PVA was found to increase the binding and enhance the viscosity,
resulting in better adherence; however, it caused a reduction of the surface area. Uniform well-adhered
washcoats were obtained with particle size of È-alumina less than 3 mm, and slurry composition:
14 wt.% È-alumina, 2 wt.% PVA, 6 wt.% colloidal alumina in water. Cristiani et al. studied the effects
of the chemical composition of suspensions on the slurry rheology [56]. The results of the study
showed that the viscosity of the suspensions can be easily predicted and controlled by knowing the
pore volume and the nature of the surface of the dispersed powders. Moreover, the maximum surface
charging, determined according to surface titration with a strong acid such as HNO3, has been found to
be a good parameter to be used for the definition of the amount of dispersant to be added in the slurry.
Katheria et al. studied the effect of some process parameters on the washcoating of Ni/MgAl2O4 on
FeCralloy foils and monoliths [57]. Washcoating parameters, such as calcination temperature, type of
binders, particle size and rheological properties of the slurry after ball milling. Slurry milling for 48 h
(average particle size ≈ 2 µm) at pH 2–4 was found to be most stable and resulted in homogeneous
washcoating. Increasing the calcination temperature after washcoating from 600 to 800 ◦C decreased
the weight loss observed during adhesion test. Addition of binders (2 wt% poly(vinyl alcohol)
and 4 wt% colloidal alumina) to the milled Ni/MgAl2O4 slurry significantly improved the adhesion
of the washcoated slurry. Kuan Teo et al. presented a comparative study between two different
protocols for the preparation of Au powder washcoated cordierite monoliths [54]. The Au/Fe2O3

based powder catalysts were prepared following three methods, sonochemical, coprecipitation and
deposition-precipitation; the washcoated monoliths were prepared by loading the powder catalysts in
a one-stage washcoating and in a two-stage washcoating. The Au particle size in powder catalysts
prepared by sonochemical method were very pH-sensitive thus an one stage washcoating protocol,
at high pH value (6–8) was developed; the two-stage protocol was used in the washcoating with
the catalyst powder prepared by coprecipitation and deposition-precipitation method, in which the
catalyst support is first washcoated onto the monolith, followed by the coating of the 2nd layer of
the Au powder catalyst. In most cases, the slurry does not contain the active component, therefore
a further treatment is necessary to load the metal, such as the impregnation, so a combination of
more techniques can be also used to realize structured catalyst. Wójcik et al. used a combination of
washcoating and solution combustion synthesis or impregnation to realize Co3O4|α-Al2O3|cordierite
structured catalysts [58].

2.3. Coating Stability

One of the critical aspects in determining the goodness of a coating is the mechanical and thermal
resistance of the coated layer [59], since the stability of the coating can have effects on the life of the
catalyst and be decisive for the choice in industrial applications. Ultrasound adherence test [60,61] is a
technique in which the coated structure is immersed in a non-solvent, such as petroleum ether and
submitted to ultrasonication for 30 min. The resistance of the coating is evaluated as the weight loss as
function of the time. The Drop test was described by Zapf et al. [62]; the coated catalysts were placed
on a guided metal block and were dropped from a distance of 0.5 m at a speed of 3 m/s, impinging on a
stainless steel plate. The determined weight loss of the coated platelet was used as a reference value
for judging adhesion quality. Stefanescu et al. proposed, in addition to the ultrasound test, a thermal
shock test in which the sample is treated in a oven from 20 ◦C to 800 ◦C, in order to simulate the
start-up and shut-down procedure of an on-board reformer [63]. Agrafiotis and Tsetsekou evaluated
the weight loss of the coating exposing the loaded monolith in a hot stream of air in a small laboratory
reactor at 800 ◦C and at a GHSV of 100,000 h−1 [64]. Ugues et al. evaluated the adhesion properties of
the coating by means of vibration tests [65]. Giornelli et al. proposed two adhesion tests, the first was
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carried out by means of a piece of adhesive tape (Scotch 3 M) stuck onto the surface, in which the tape
was firmly rubbed with fingertip and removed. The second test was carried out by introducing the
sample in a thermo balance, applying temperature cycles (108 ◦C/min) under different atmospheres (air,
nitrogen, hydrogen). The temperature was held at 200 ◦C for 12 h, then decreased to room temperature
and again increased up to 500 ◦C (12 h) [28]. Recently Yang et al. proposed a method in which a
scrapper is connected to a material testing equipment (Zwick/Roell Z 0.5, Germany) which controls
the rate at which the crapper moves and register the force received [66,67]. The adhesive strength is
calculated as Feff/(εeff ×W), where Feff is the effective force, εeff is the effective displacement and W is
the scraper width.

Table 1. Deposited catalytic formulations per coating technique: references.

Method Structure Material Deposited Catalytic
Formulation Reference

Solution combustion
synthesis Monolith SiC LiFeO2 [3]

Washcoating Monolith FeCrAlloy
È-Al2O3, CeO2/Al2O3,
Ce0.9Eu0.1O2/Al2O3,

Pt/CeO2/Al2O3,
[5]

Washcoating Monolith Cordierite È-Al2O3 [6]

Washcoating Foams Aluminum È-Al2O3 [7]

Washcoating Monolith FeCrAlloy
Ce0.8Fe0.2O2/Al2O3,

Pt/Ce0.8Fe0.2O2/Al2O3,
Au/Ce0.8Fe0.2O2/Al2O3

[11]

Impregnation Monolith SiC Ni [23]

Washcoating Monolith SiC CeO2-È-Al2O3 [23]

Impregnation Monolith Cordierite Mo(VI)/ZrO2 [24]

Impregnation Monolith SiC Al2O3, Co3O4 [25]

Sol-Gel Plate Stainless steel VOx/TiO2 [28]

Solution combustion
synthesis Monolith Alumina Pd/Co3O4 [30]

Electrodeposition Foams FeCrAlloy Ni/Al–NO3 [31]

Electrodeposition Foams FeCrAlloy Pd–CeO2 [32]

Electrophoretic
deposition Foams Al2O3-C Al2O3 [35]

Electroless deposition Plate Aluminum Cu-Zn [36]

Electroless deposition Plate Aluminum Cu-Ni/Zn, Cu-Co/Zn,
Cu-Sn/Zn, Cu-Fe/Zn [37]

Chemical vapor
deposition (CVD) Foils Aluminum Fe [40]

Chemical vapor
deposition (CVD) Monolith Cordierite Fe [41]

Atomic layer
deposition (ALD) Monolith Alumina ZnO [43]

Chemical conversion
coating Foams Aluminum CeO2 [47]

Washcoating Monolith Alumina È-Al2O3 [49]

Washcoating Monolith Cordierite CeO2 [50]
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Table 1. Cont.

Method Structure Material Deposited Catalytic
Formulation Reference

Washcoating Foams Aluminum È-Al2O3 [51]

Washcoating Monolith Aluminum È-Al2O3 [51]

Washcoating Foams Aluminum È-Al2O3 [52]

Washcoating Monolith Cordierite Au/α-Fe2O3 [54]

Washcoating Microchannels Stainless steel È-Al2O3 [55]

Washcoating Monolith FeCrAlloy È-Al2O3, Ni/MgAl2O4 [57]

Solution combustion
synthesis Monolith α-Al2O3/Cordierite Co3O4 [58]

Washcoating Monolith Cordierite α-Al2O3 [58]

Washcoating Monolith FeCrAlloy SBA-15 [61]

Washcoating Microchannels Stainless steel È-Al2O3, Pt/Al2O3,
Rh/Al2O3

[62]

Washcoating Monolith Cordierite È-Al2O3 [64]

3. Activity and Kinetics of Structured Catalysts in WGS Reaction

In a process intensification view, the investigation of the issues related to reactor design and
kinetics appears crucial. In this regard, the advantages of monolithic as well as micro structured reactors
have been shown in comparison with the commonly used configurations (packed bed catalysts) [68].

For WGS process, the development of innovative catalysts is mainly devoted to the achievement
of higher CO conversions in the range 250–350 ◦C, which are quite low in conventional reactors due to
the slow kinetics. Compared to the CuZn catalysts, industrially selected for low-temperature WGS,
ceria-based catalysts are highly active and non-pyrophoric [69]. In this regard, for CeO2-based catalysts
supported on alumina foam monoliths, it was shown that Ni and Ru displayed almost the same
activity while for the other noble metals the performance followed the order Pt > Rh > Pd (Figure 5).
However, under the selected operative conditions, CO conversion close to equilibrium values was only
reached above 450 ◦C on the most promising formulations and, at lower temperature, the performance
still remains unsatisfactory [49]. In fact, beside the active species choice, the selection of operative
conditions (i.e., contact time and feeding conditions) may strongly affect the activity of the structured
catalysts for water gas shift reaction. For example, Quiney et al. [70] found that the performance of a
Pt/CeO2/Al2O3 catalyst supported on a stainless steel monolith can be enhanced by changing the space
velocity from 1.21 to 4.84 kg·s·mol−1 and feeding conditions from CO/H2O = 1/2.6 to CO/H2O = 1/10.6:
the CO conversion increased more than 20% at 200 ◦C and reached the maximum value of 90% at
260 ◦C. Conversely, by reducing the contact time, higher temperatures (above 350 ◦C) are required to
observe significant improvements in CO conversion (Figure 6). Ruettinger et al. [71] investigated the
performance of a noble metal based monolith between 180 and 400 ◦C, finding a conversion higher
than 50% between 230 and 280 ◦C for a contact time of almost 280 ms and a CO/H2O = 8.6. Moreover,
due to the choice of specific inhibitors, the contribution of methanation side reaction was negligible
below 280 ◦C, with a maximum concentration of CH4 of almost 500 ppm above 320 ◦C. Such catalysts
appear very promising for fuel processor applications, allowing small reactor volume, low pressure
drops and high mechanical properties.
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Figure 5. CO conversion as a function of reaction temperature over CeO2-based catalysts supported on
alumina foam monoliths [49], CO/H2O = 1/4; tc = 17 ms.

A Pt-Re catalysts supported on CeZrO4/Al2O3 and deposited on aluminium foam well approached
the equilibrium CO conversion above 280 ◦C, with a mean conversion of almost 40% recorded at
220 ◦C (CO/H2O = 1/3.75, tc = 180 ms) [52]; the structured catalyst also displayed a remarkable higher
activity compared to a powder catalyst having the same formulation. In fact, the choice of aluminium
as structured carrier, due to its high thermal conductivity, allowed a back diffusion of the heat along
the catalytic bed: An increase of the temperature in the inlet catalyst section and a less pronounced
increase of the temperature in the outlet catalyst section were observed, with a reduced temperature
gradient between inlet and outlet sections compared to powder catalyst. As a result, a good approach
to CO equilibrium conversion was observed even at low temperatures.
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Figure 6. Activity of a Pt/CeO2/Al2O3 catalyst deposited on a stainless steel-monolith [70].

Kuan Teo et al. reported the preparation and the evaluation in WGS reaction, of structured
catalysts obtained by washcoating Au/Fe2O3 based powder catalysts onto cordierite structures [54].
The results highlighted the high activity and the low stability of these catalysts, however the doping
with ZrO2 provided a much higher stability. Özyönüm et al. reported the activity of micro structured
catalysts by washcoating cordierite monoliths with colloidal ceria followed by deposition of Au-Re
catalytic formulation by homogeneous deposition-precipitation method [50]. The results highlighted
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the effect of Re as promoter, in increasing the activity of the catalysts. A comparative study between
two structured catalysts prepared by washcoating aluminum foams, with two different catalytic
formulation was also reported [72], highlighting the role of the support. Ceria-based washcoated foam
catalyst showed much higher activity with respect to the zirconia-based washcoated foam catalyst;
the different activity was explained as the result of the high reducibility of ceria support, due to the
extreme mobility of the oxygen in the lattice of the ceria support. An interesting comparison between
structured gold and platinum noble metals supported on iron-doped ceria mixed oxide for O2-assisted
WGS was reported by González-Castaño et al. [11]. Both monoliths and powders catalysts showed
good activity in WGS reaction, being Pt superior to Au in all cases. The scaling up from the powder to
the structured catalysts seemed to affect mainly the gold-based catalyst while the Pt monolith retains its
excellent behaviour. O2 addition boosted the WGS activity for Au-based monolith catalyst. The higher
CO conversion, observed for the Pt-based monolith, was attributed to the parallel CO oxidation
reaction. Routinely, it has assumed that the catalytic layer coated on monoliths and microchannel
reactors preserve the same properties of the initial powder catalyst; however, Bobadilla et al. have
denied this affirmation [68].

The study revealed that during the preparation of the slurry the powder catalyst used suffered for
a redispersion of the metal, demonstrating that the active layer of the structured catalysts cannot be
simple considered as equivalent to the corresponding powder catalyst.

Table 2 provides a comparison between the performance of different structured catalysts for
water gas shift reaction, reported in terms of CO conversion at two temperatures (300 and 200 ◦C).
The results revealed that Al2O3 addition to the washcoat is beneficial in order to improve catalyst
activity. Moreover, metallic carriers showed superior performance for WGS reaction compared to
cordierite supports, due to their higher thermal conductivity. Among the selected active species,
platinum and the combination platinum-rhenium allowed the best activity, with CO conversion close to
100% at 300 ◦C over the Pt-Re/CeZrO4/Al2O3, Pt-Re/CeO2/Al2O3 and Pt/Ce0.8Fe0.2O2/Al2O3 catalysts.
In addition, the Pt-Re catalyst showed satisfactory performance even at 200 ◦C, despite tested under
quite severe operative conditions (low steam to CO ratio and high space velocity).In addition, the use of
structured catalysts was found to be very helpful for the study of intrinsic kinetics when the involved
reactions are very fast, due to the presence of thin films of catalysts on the reactor channels walls [73].
Some examples related to the evaluation of WGS kinetics over structured catalysts are reported below.

Tonkovich et al. [74] studied the performance of a Ru/ZrO2 catalyst in a power form as
well as supported on nickel foam monolith carriers, able to retain the high activity of the noble
metal-based catalyst and assuring reduced pressure drops. Fast intrinsic kinetics were observed
over the engineered-monolithic catalyst, displaying almost 100% selectivity to carbon dioxide and
hydrogen even at very low contact time (10 ms), thus overcoming the thermodynamic predicted values
at 500 ◦C. The formation of the undesired product (methane) can be avoided in the microchannel
reactor due to the exploitation of millisecond reaction times. The very fast kinetics of microchannel
reactors are ascribable to the improved heat and mass transport rates which paves the way for smaller,
modular and less expensive reactors readily exploitable in fuel processing systems. Similarly, it was
shown [75] that micro structured reactors using a Ru/ZrO2 catalyst display a reduction of CO content
in the reaction mixture of almost 95% at 250–300 ◦C even at 30 ms. Germani and Schuurman [76]
investigated the activity of micro structured Pt/CeO2/Al2O3 catalysts (prepared by depositing the
catalyst in the microchannels of stainless steel platelets) between 250 and 400 ◦C and carried out
kinetic experiments assuring plug flow conditions as well as no mass and heat transfer limitations
(for this purpose, long platelets are more effective than a stack of short platelets). They found a
kinetic expression where the reaction order of carbon monoxide is close to zero, which indicates that
adsorption sites of carbon monoxide are saturated. Moreover, hydrogen inhibits the reaction to a
higher extent compared to carbon dioxide. In addition, the experimental data were best fitted by a
model based on a dual-site mechanism, where the rate-determining step involves CO2, adsorbed on
platinum, and H2O, dissociatively chemisorbed on CeO2, which react to form an intermediate carboxyl
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species. The latter species reacts with a hydroxyl group on a free platinum site, yielding CO2 and
H2O. Ceria, in fact, was found to reduce the activation energy of water, promoting its decomposition
to hydrogen [77]. A kinetic analysis of the WGS reaction was also performed over a Pt/CeO2/Al2O3

catalyst supported on a metallic (FeCr Alloy stainless steel) micro monolith [13]; in the latter case, the
catalyst was promoted by a Zr-based ionic conductor. Catalytic experiments were performed between
200 and 400 ◦C; isothermal conditions through the monolith were verified within a very low error
(4 ◦C), which is ascribable to the high thermal conductivity of the support. Moreover, mass internal
diffusion can be ignored due to the very thin catalytic layer (<20 micron). An integral reactor approach
analysis was selected and the expression of the rate (Equation (2), −rCO) was in accordance with the
equations reported in the literature for Pt-based catalysts [78,79].

− rCO = Di·σCO·
k·PβH2O·(1− η)

1 + APαH2
(2)

Di is a parameter related to catalyst deactivation, σCO is a correction factor related to CO conversion,
k is the kinetic constant evaluated at a reference temperature To, η is the reversibility factor (ranging
between 0 and 1), Pi the partial pressures (in Pa) and A the hydrogen adsorption constant. In the
proposed rate expression, the influence of CO partial pressure is negligible while the promoting effect
of water and the negative role of hydrogen were highlighted. Table 3 lists the calculated kinetic
parameters for the proposed reaction rate expression. The estimated reaction order for water (β) is very
low compared to the values found in the literature [80]. In fact, the available ionic conductors improve
water dissociation, providing a higher concentration of OH next to the CO molecules, which enhances
the water activation step.

In addition, it is worthwhile noting that the pre-exponential factor in the case of the structured
catalyst is larger than that measured for the powders by a factor of 2.5, which demonstrates the higher
initial activity of the monolith. The results of the kinetic study were used to design a water gas shift
reactor: due to the drop of catalyst activity below 250 ◦C, a single stage adiabatic reactor may have a too
large volume. Conversely, the optimal configuration was based on a two-stage adiabatic reactor with
additional water injection and working according to the optimal temperature path [70]. An easier kinetic
expression was found by Palma et al. for WGS reaction between 150 and 350 ◦C over Pt-Re/CeZrO4

catalysts supported on aluminium foams with a washcoat of alumina: a first order rate equation well
fitted the experimental data, with an activation energy of 49.8 kJ·mol−1 [81]. In the latter catalytic
system, as described above, due to the heat redistribution along the catalytic bed, inlet temperature
increased, thus favouring reaction kinetics, while outlet temperature decreased, with a significant
improvement in the thermodynamics: therefore, it was possible to design a reactor operating in a
single stage under adiabatic conditions. A kinetic expression consistent with an elementary reaction
being first order in all the species was also found by Wheeler et al. [49], which investigated water gas
shift reaction over M/CeO2 catalysts (M = Ru, Ni, Rh, Pt, Pd) supported on alumina foam monoliths.
However, higher activation energies (ranging from 80 to 130 kJ·mol−1) were observed on the latter
systems compared to the Pt-Re/CeZrO4 catalysts (Table 4).
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Table 2. Activity of different WGS structured catalysts.

Structured Catalyst Operative
Conditions

CO Conversion
at 300 ◦C (%)

CO Conversion
at 200 ◦C (%) Ref.

Pt/Ce0.8Fe0.2O2/Al2O3 supported
on metallic monolith

CO/H2O = 6.7
900 ms 99 55 [11]

Au/Ce0.8Fe0.2O2/Al2O3
supported on metallic monolith

CO/H2O = 6.7
900 ms 81 32 [11]

M/CeO2 supported on alumina
foam monoliths

CO/H2O = 1/4
17 ms

[49]

Ru/CeO2 8 0

Ni/CeO22 10 0

Rh/CeO2 0 0

Pd/CeO2 0 0

Pt/CeO2 5 0

Pt-Re/CeZrO4/Al2O3 supported
on aluminium foam

CO/H2O = 1/3.75
180 ms 92 - [52]

Pt-Re/CeZrO4/Al2O3 supported
on aluminium foam

CO/H2O = 1/3.75
360 ms 98 40 [52]

Au/Fe2O3·ZrO2 supported on
cordierite foam

CO/H2O = 1/17.1
4 s - 93 [54]

Au/Fe2O3·ZrO2 supported on
cordierite foam

CO/H2O = 1/17.1
436 ms - 40 [54]

Pt/CeO2/Al2O3 supported on
stainless steel monoliths

CO/H2O = 1/10.6
56 ms 70 30 [70]

Pt/CeO2/Al2O3 supported on
stainless steel monoliths

CO/H2O = 1/2.6
25 ms 30 0 [70]

PM(1.5x)+promoter/support CO/H2O = 1/8.6
280 ms 80 30 [71]

Au-Re/CeO2 supported on
cordierite foam

CO/H2O = 1/3
150 68 - [71]

Pt-Re/CeO2/Al2O3 supported on
aluminium foam

CO/H2O = 3.75
360 ms 98 30 [72]

Pt-Re/ZrO2/Al2O3 supported on
aluminium foam

CO/H2O = 3.75
360 ms 50 - [72]

Table 3. Parameters of the rate expression (Equation (2)) for the Pt/CeO2/Al2O3 structured catalyst [13].

k0 2.08 × 10−7

A 0.052
Ea (kJ·mol−1) 67.40

T0 (K) 473.15
β 0.359
α 0.428



Catalysts 2019, 9, 991 14 of 23

Table 4. Activation energies of different WGS structured catalysts.

Structured Catalyst Operative
Conditions

Kinetic
Expression Type

Activation Energy
(kJ·mol−1)

Ref.

M/CeO2 supported on alumina
foam monoliths

300–1000 ◦C
8–50 ms

Power-law [49]

Ru/CeO2 80

Ni/CeO22 85

Rh/CeO2 130

Pd/CeO2 100

Pt/CeO2 80

Pt-Re/CeZrO4/Al2O3 supported
on aluminium foam

150–350 ◦C
180 ms Power-low 49.8 [52]

Pt/CeO2/Al2O3 supported on a
metallic micromonolith and

promoted by ionic conductors

175–400 ◦C
45 ms Langmuir-Hinshelwood 67.4 [76]

4. Process and Modelling

In the recent years, due to a literature lack of engineering correlations related to the heat and
mass transfer properties of structured catalysts, an extensive research effort has been made in this
topic, aimed to a full comprehension and description of the transport phenomena occurring in their
application in catalytic processes [82,83]. Leading to this focus have been the numerous possible
theoretical advantages gainable with the application of structured catalysts; indeed, their application
represents an interesting opportunity for strongly exothermic or endothermic processes, due to the
efficient heat conductive mechanism and optimal interphase mass transfer characteristics of these
structures. Moreover, compared to the conventional packed bed of catalyst pellets, lower pressure
drops, and potentially smaller reactor sizes can be obtained with the use of structured catalysts [8].

All the theoretical studies regarding the structured catalysts modelling taken in account in this
review are summarized in Table 5.

In 2013, Bianchi et al. [83] analysed the heat transfer in a single-phase reactor packed with two
types of open-cell metal foams with very different thermal conductivity, FeCrAlY and aluminum,
both characterized by porosities in the range of 95–98% and pore densities from 10 to 40 PPI. During the
experiments, He (high thermal conductivity) or N2 (low thermal conductivity) have been used as
feeding gas, and two operating modes, heating and cooling were analysed with the aim of representing
both exothermic and endothermic processes. The radial temperature profile along the foam bed
and the axial temperature profile of the gas stream were measured, during the tests, with several
thermocouples placed in different positions. The aim of the study was to find a correlation for the wall
heat transfer coefficient using a 2D pseudo-homogeneous heat transfer model based on the collected
experimental data and establish its dependence by the process conditions and the foam structural
properties. The results showed a proportional dependence of the wall heat transfer coefficient by the
gas conductivity and the foam pore density, leading to the conclusion of the dominant conductive
mechanism in the analysed conditions. Withal, Bianchi et al. [84] developed also a 3D model based
on two different aluminium open-cell foams, scanned by X-ray micro-computed tomography, in the
interest of estimating the overall heat transfer coefficients for four different configurations of the
foam bed and the reactor wall coupling (thermal continuity, adiabatic boundary conditions, gap of
100 µm and gap of 1 mm). The model pointed out what was already expected by the authors, indeed,
when the solid conduction was the limiting factor in heat transfer, thermal discontinuity was preferred,
while when convection through the fluid phase was the dominant resistance to heat transfer, a gap
between the foam and the reactor wall worsens the heat transport. This study also led to obtain
correlations for the wall heat transfer coefficient. Moreover, Computational Fluid Dynamics (CFD)
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modelling, based on the open-source finite volume code OpenFOAM®, has been used by A. Della Torre
et al. [85] for the simulation of catalytic CO combustion over γ-alumina open-cell foams washcoated by
palladium oxide, estimating the model parameters on the basis of the experimentally values founded
in literature. The model, consisting of a finite volume (FV) solver for the description of fluid-dynamic
and chemistry phenomena in the fluid phase and, a finite area (FA) solver for the representation of
the catalytic phenomena occurring on the washcoat surface, has been tested under two conditions:
a plate-type reactor in which the CO conversion limiting factor was the chemical reaction and a foam
reactor screened at higher temperatures, in order to have a CO conversion limited by the diffusion of the
reactants from the gas phase to the washcoat. The study results showed that the implemented model
was able to describe the conversion under both kinetic and diffusion-controlled regimes. Furthermore,
Bracconi et al. [86,87] investigated heat and mass transfer of virtually reconstructed foams utilizing
CFD simulations, aiming to appreciate the foam geometry influence on the transport phenomena.
As concern heat transfer, the conduction in the solid matrix resulted to be the main contribution,
leading to high heat transfer rates gained by the interconnected solid matrix, while an increase in
the porosity worsens the heat conduction. Another exanimated aspect has been the influence of the
ratio between the node and strut diameters that showed a lower thermal conduction in the case of
a minor strut cross-sectional area at constant void fraction. Moreover, investigation by numerical
simulations of mass transfer through virtually reconstructed foams exhibited a strong dependence of
the mass transfer coefficients by the porosity, showing an empirical dependence on the inverse of the
square of the void fraction. Indeed, a correlation of Sherwood number as a function of Reynolds and
Schmidt numbers, based on numerical simulations and experimental tests, has been found to be the
best representation of the external mass transfer:

hds,avg = ε−2
(
0.566Re0.33

ds,avg
+ 0.039Re0.8

ds,avg

)
Sc1/3 (3)

With the aim of evaluating the foam geometry influence on transport phenomena, also Ambrosetti
et al. [88] developed a model for the estimation of the specific surface area of open-cell foams as a
function of either cell diameter and porosity or pore diameter and porosity. Deep comprehension
of heat and mass transport phenomena could be also useful in process intensification of exothermic
equilibrium reactions, such as WGS processes, in which, a heat redistribution along the catalytic bed,
would allow reducing both kinetic limitations at the bed inlet, and thermodynamic limitations at its
outlet [89]. Palma et al. [89], through a discretized mathematical model, described the solid and gas
temperature profiles of four types of open-cell foams, characterized by almost the same void fraction
but different PPI values, in order to evaluate if the tortuosity of the material positively affects the heat
transfer. Among all the modelled foams, 100% alumina and aluminum foams showed the flattest
temperature profiles, mainly dependent by their higher value of thermal conductivity. The solid
and gas temperatures values, obtained for an oven temperature of 400 ◦C and N2 total flow rate
of 2.4 N dm3/min, pointed out that, while in all the cases a higher temperature was reached for the
aluminium foam, due to its higher thermal conductivity, the elevated value of porosity of the 100%
alumina foam had a positive effect on the inlet temperature of the gas phase.
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Table 5. Modelling studies concerning structured catalysts.

Catalyst Aim of the Study Model Type Reference

Two Pt/CeO2/Al2O3 based
structured catalysts

supported on a flow-through
aluminum monolith and an
open-cell aluminum foam

Comparative study between
monoliths and foams as

carriers for the WGS reaction

CFD simulation through
COMSOL Multiphysics® [51]

Pt/Re based catalyst
supported on CeZrO4

Comparison between
structured catalyst and
powder catalyst for the

WGS reaction

Computational Fluid
Dynamics (CFD)

modelling
[52]

A powder catalyst and a
structured foam

Study of WGS single stage
process in adiabatic

condition.

CFD modelling with the
use of COMSOL

Multiphysics 5.0®
[80]

Two types of open-cell metal
foams: FeCrAlY and

aluminum

Find a correlation for the
wall heat transfer model

2D pseudo-homogeneous
heat transfer model [83]

Aluminium open-cell foams

Estimation of the heat
transfer coefficients for

different reactor’s
configurations

3D model coupled with
X-ray micro-computed

tomography
[84]

γ-alumina open-cell foams
washcoated by

palladium oxide

Simulation of catalytic CO
combustion and description
of CO conversion under both

kinetic- and
diffusion-controlled regimes

Computational Fluid
Dynamics (CFD)

modelling, based on the
open-source finite volume

code OpenFOAM®

[85]

Virtually reconstructed
foams

Evaluation of the foam
geometry influence on the

transport phenomena

Computational Fluid
Dynamics (CFD)

modelling
[86,87]

Foams with a wide range
of porosities

Estimation of the specific
surface area of open-cell

foams as a function of either
cell diameter and porosity or
pore diameter and porosity.

An analytical
Geometical model [88]

Four types of open-cell
foams, characterized by

almost the same void fraction
but different PPI values

Evaluation of the material
tortuosity influence on the

heat transfer.

Discretized
mathematical model [89]

An aluminum metal foam
and an aluminum

metal monolith

Study of isothermal
adiabatic WGS process.

An analytical model based
on power law rate

equation for the reaction
kinetics description.

[90]

Noble metals foam
structured catalysts

Evaluation of the influence
of flow geometry on the

WGS performances.
Experimental tests [91]

Aluminum foams
Description of the pressure

drops profile along
the catalyst.

Computational fluid
dynamics simulations [92]

Virtually generated models
with different porosities,
different cell sizes and

circular struts

Estimation of the effect of the
geometrical properties (e.g.,
cell size, porosity and strut

shape) on the
pressure drops.

A virtually generated foam
model and 3D

printed replicas.
[93]
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As it can be seen from Figure 7, while the differences between the outlet temperatures of 100%
alumina and aluminum foams of both gas and solid phase are almost the same, a significant reduction
in the difference between 100% alumina and aluminium foams is obtained in the gas phase compared
to the solid phase. Indeed, a higher porosity value, meaning of a higher exchange area, resulted in
an enhancement of tortuosity and gas-solid heat exchange area. A CFD modelling study of WGS
single stage process in adiabatic condition has been done with the use of COMSOL Multiphysics 5.0®,
two types of reactor configurations have been tested: A packed bed reactor with powder catalyst and a
structured foam catalytic reactor. The investigation results revealed that the use of highly conductive
carrier allows to have a more uniform temperature profile along the catalytic bed, as a result of a
reaction heat back diffusion from the output to the input of the bed. The heat redistribution origins
an input temperature increase that improves the kinetic and, an outlet temperature decrease that
promotes the thermodynamics of the system, resulting in a promising WGS process intensification [81].
The advantages achievable with the use of a structured catalyst compared to the powder one, in the
WGS reaction, have been also remarked in an evaluation of a Pt/Re based catalyst supported on
CeZrO4 [52]. In this study a highly heat conductive foam washcoated with a primer of alumina was
firstly impregnated with a ceria and zirconia salts precursors solution and then with the salt precursors
of platinum and rhenium. The obtained results, validated with CFD simulations, evidenced an increase
in the CO conversion in the case of the structured catalyst, due to the back diffusion of the reaction heat
along the catalyst. Van Dijk et al. [90] achieved an isothermal adiabatic WGS process by dissipating the
reaction heat through the catalyst support structure; two types of reactor configurations were tested,
an aluminum metal foam and an aluminum metal monolith. The developed model, based on power
law rate equation for the reaction kinetics description, was in good agreement with the experiments
done with the monolithic reactor while, for the catalytic foam, some problems were found because
of its large 3D structure. Moreover, a comparative study between monoliths and foams as carriers
for the WGS reaction has been made by Palma et al. [51] by experimental tests and CFD simulation
through COMSOL Multiphysics®. Two Pt/CeO2/Al2O3 based structured catalysts with a flow-through
aluminum monolith and an open-cell aluminum foam used as carriers have been tested in stressful
conditions (WHSV = 10.32 gCO/gCAT/h−1, tc = 107 ms and without any dilution), with the aim of
minimizing the thermal dispersions. Both the monolith-based catalysts (PtCeWM) and the foam-based
catalyst (PtCeWF10) showed, along the catalyst bed, a firstly zone characterized by a rapid temperature
increase and a second one with an approximate isothermal profile. Also, the simulations confirmed the
obtained experimental temperature profiles, with the presence of a first zone in which the low kinetics
leads to a small increase of CO conversion and a rapid increase of the temperature, and a second zone,
characterized by a high kinetics, where the CO conversion drives to the maximum value at an almost
constant temperature value.

A deeper investigation of the heat transfer in both catalysts has also been made by the authors;
the results are shown in Figure 8, in which A and C parts are related to the foam and B and D to the
monolith; in particular, in A and B parts is depicted the surface plots of the axial and radial total heat
flux (W/m2), while in C and D parts the temperature distributions are shown. Moreover, in Figure 8A,B
the top scale reports the radial total heat flux values and the bottom scale the axial total heat flux
values. As regard the foam, a negative axial flux was observed in the first zone and a positive axial
flux in the second zone, while the radial flux was positive in the first zone of the foam and it became
lower along the foam length. The foam temperature profile has been found to be homogeneous in
both axial and radial directions, possibly originating by the tortuous flow field that allows both axial
and radial dispersions. In the monolith, besides, a negative total axial flow was obtained in the first
zone and a positive one in the last part, and a radial heat flux almost equal to zero was detected along
the monolith. As concern the monolith temperature profile, a higher temperature in the gas phase
was obtained at the beginning of the catalytic zone compared with the solid phase, due to a high heat
transfer resistance at the solid-gas interface caused by the flow field developed in its channel. In order
to evaluate the influence of flow geometry on the WGS performance, different reactor assemblages
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(axial and radial configurations) with noble metals foam structured catalysts have been made by
Palma et al. [91]. The investigation showed a significant difference between the two configurations;
in particular, higher performances were achieved in the case of radial reactor. Moreover, radial flow
through the catalytic bed has also been tested as centripetal or centrifugal configuration, leading to
the conclusion that the choice between them depends on the catalyst intrinsic activity and the reactor
operating conditions.
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Furthermore, another important characteristic for choosing an optimal catalyst’s carrier is
represented by the resistance offered to the gas flow, several studies have been devoted to the
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investigation of pressure drops across structured catalysts. Otaru et al. [92] compared experimental
measurements of the pressure drops across porous aluminum foams with computational fluid dynamics
simulations, finding a reliably prediction of the pressure drops behaviour within the Forchheimer
regime. Also, Bracconi et al. [93], due to the presence of large discrepancies in the literature between
experimental results and predictions by models, developed a virtually-generated foam model and
3D printed replicas, in order to diminish the structural differences between the CFD models and the
real foams. The results of the study pointed out the effect of the geometrical properties (e.g., cell
size, porosity and strut shape) on the pressure drop; in particular, they found that an increase of
the cell diameter or of the void fraction lower the pressure drop across the support, and moreover,
the average strut size is the key factor affecting the pressure losses. A specific engineering Ergun-like
correlation was also developed by the authors, which has shown a satisfactory agreement with the
experimental data.

5. Conclusions and Outlook

This short review has reported the recent advances in structured catalysts preparation and the use
in water-gas shift reaction. The first part of the article has provided an overview of the most diffused
preparation methods for the structured supports, of the most used coating techniques and of the
mechanical and thermal stress evaluation techniques. In the second part of the review article, the results
of a series of works were reported, on the catalytic activity and on the kinetics of structured catalysts for
the water gas shift reaction. Finally, a review about some works concerning the studies and modelling
of the transport in structured catalysts have been reported, with particular reference, but not exclusive,
to the water gas shift reaction. The diffusion of new technologies for the design and preparation
of complex structures, such as additive manufacturing techniques, coupled with the optimization
of transport, mass and heat phenomena, constitute the premise for the design of innovative reactor
configurations. In this regard, various catalytic formulations were proposed, deposited on both foam
and monoliths. The choice of the carrier material appears crucial, being privileged the metallic supports
having high thermal conductivity. Moreover, Pt-based catalyst displayed the highest conversion and
the lowest activation energy. As a result, the structured catalyst seems to be the most promising way
to realize a strong intensification of the water gas shift process, and the only feasible way to use this
process in distributed production of hydrogen. In this regard, the future research will be focused on
the development of less expensive formulations, having structures even more optimized under the
point of view of heat and mass transfer.
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