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Structured catalysts are strong candidates for the intensification of non-adiabatic gas-solid
catalytic processes thanks to their superior heat and mass transfer properties combined
with low pressure drops. In the past two decades, different types of substrates have been
proposed, including honeycomb monoliths, open-cell foams and, more recently, periodic
open cellular structures produced by additive manufacturing methods. Among others,
thermally conductive metallic cellular substrates have been extensively tested in heat-
transfer limited exo- or endo-thermic processes in tubular reactors, demonstrating
significant potential for process intensification. The catalytic activation of these
geometries is critical: on one hand, these structures can be washcoated with a thin
layer of catalytic active phase, but the resulting catalyst inventory is limited. More recently,
an alternative approach has been proposed, which relies on packing the cavities of the
metallic matrix with catalyst pellets. In this paper, an up-to-date overview of the
aforementioned topics will be provided. After a brief introduction concerning the
concept of structured catalysts based on highly conductive supports, specific attention
will be devoted to the most recent advances in their manufacturing and in their catalytic
activation. Finally, the application to the methane steam reforming process will be
presented as a relevant case study of process intensification. The results from a
comparison of three different reactor layouts (i.e. conventional packed bed,
washcoated copper foams and packed copper foams) will highlight the benefits for the
overall reformer performance resulting from the adoption of highly conductive structured
internals.
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1 INTRODUCTION

The continuous increase in environmental sustainability
awareness demands for an urgent and radical change in the
approach to chemical processes. In this view, process
intensification has been widely recognized as the most valuable
solution to improve the overall efficiency of energy intensive
chemical processes, as well as the most promising route for the
scale-down of processes for the distributed production of
chemicals and energy vectors, including e.g. H2 production.
However, the approach is not trivial and requires the design of
innovative catalytic reactor concepts. In this work, a detailed and
up-to-date review of these topics is proposed. After a preliminary
focus on the recent advances of the production processes of
geometric structured supports based on metallic materials, an
overview on their activation procedures will be presented. Finally,
a practical application of all the reported concepts and findings
will be provided by discussing the most recent approaches to the
intensification of the methane steam reforming (MSR) process.

2 METALLIC SUBSTRATES FOR PROCESS
INTENSIFICATION
2.1 Monolithic Three-Dimensional
Geometric Supports
In this paragraph, a review of the state of the art of monolithic
three-dimensional geometric supports for catalytic applications is
reported. We focus on metallic supports in form of honeycomb
monoliths, open cell foams and periodic open cellular structures
(POCS), and devote special attention to the case of highly
conductive materials (e.g. copper and aluminum).

2.1.1 Honeycomb Monoliths
Honeycomb monoliths supports are mechanically and thermally
continuous structures consisting of thin-walled, narrow and
parallel channels where reactants can flow; the channels have
usually a square cross section for ceramic honeycombs with
openings in the range of 0.5 up to few millimiters; other
shapes as triangles, hexagons and more complex geometries
are also available (Baharudin and Watson, 2018). When
dealing with metallic supports, sinusoidal channels are
produced via the rolling of shaped metallic foils; resulting
support show channels with 0.5–5 mm diameters. In various
applications, due to low Reynolds numbers, the flow is
laminar inside the channels and this results in limited pressure
drops, which are typically one or two orders of magnitude smaller
compared to packed bed configurations operated under the same
conditions. Since in these structures each channel is segregated,
no radial mixing occurs.

For the considered channel shape, it is possible to fully
characterize the monoliths by two key parameters, namely the
“CPSI”, i.e. the number of channels per square inch, and the
open-frontal area (OFA), that is the ratio between the area
available for gas flow and the whole cross section of the
monolith (Hosseini et al., 2020). Typically, CPSI varies
between 100 and 1,200, while the void fraction ranges from

0.5 to 0.9. Monoliths offer a high specific geometric surface
area in the range of 1,000–5,000 m−1 that enhances both mass
and heat transfer rates, thus enabling the design of compact
reactors (Baharudin et al., 2020).

Honeycomb monoliths have represented for decades the State
of the Art of heterogeneous supported catalysts, finding extensive
applications in several processes for environmental protection
such as exhaust gas treatment, selective catalytic reduction (SCR)
of NOx, catalytic combustion and abatement of volatile organic
compounds (Avila et al., 2005; Govender and Friedrich, 2017).
Very large surface area and the peculiar geometry of honeycombs
is also interesting in the case of GTL applications where, as an
example, a small film of liquid flows on the surface of the reactor
and the gas diffuses in the liquid film (Cybulski and Moulijn,
2006). Materials and production processes of metallic monoliths
are industrially well consolidated and restricted to a limited
number of technologies, i.e. extrusion or rolling of flat and
corrugated foils (see Figure 1). The corrugation method has
been widely studied and it allows creating a variety of complex
geometries. Because of the production process, however, those
supports display a worse effective radial thermal conductivity, if
compared to extruded metallic monoliths, due to the lack of
material continuity in the radial direction as documented by
Amalraj et al. (Amalraj et al., 2019). On the other hand, extruded
metallic monolith show excellent thermal conductivity if
manufactured in conductive metals (i.e. copper, aluminum), as
demonstrated by studies conducted in our group in the last
decades (Tronconi et al., 2004; Visconti et al., 2009) with
thermal conductivities in excess of 20W/m/K. Nevertheless,
the extrusion route for the production of metallic monoliths is
complex and discourages the adoption at industrial scale.

Despite the consolidated scenario of monoliths
manufacturing, the recent development of 3D-printing
techniques has paved the way to new routes for the
manufacturing of a large variety of structured supports. This
represents an opportunity for enabling a new production
approach for honeycomb monoliths. As an example, Davó-
Quiñonero et al. proposed a honeycomb-like structure
fabricated using a template prepared by 3D printing,
characterized by the presence of asymmetrical channels, with
the channels section decreasing along the monolith axis (Davó-
Quiñonero et al., 2019). Given the relative novelty of the topic,
only a limited number of studies are available in literature
concerning metallic supports. In this sense, Agueniou et al.
successfully produced stainless-steel honeycomb monoliths
that were tested in the dry reforming of methane, showing
competitive performance with respect to traditional cordierite
supports (Agueniou et al., 2021).

2.1.2 Open Cell Foams
Open-cell solid foams are objects consisting of interconnected
ligaments (i.e. struts), which form a complex network of void
polyhedrons, defined as cells (Figure 2A). The repetition of
randomly oriented unit cells in the space provides self-
standing mechanical properties to the structure, while the
presence of pores, namely the communication windows
between two cells, allows fluid flow throughout the material in
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the three directions of space. While open cell foams are
commercially classified based on the number of pores per
linear inch (PPI), other parameters are crucial to precisely
characterize the properties of these supports. Cell size and
pore size, strut diameter and structure porosity (ε) are widely
considered the specifications of interest to characterize the
geometrical properties of open cell foams. Whereas the latter
is an average diameter taken over a representative elementary
volume (REV), typically a cube with at least a size equal to three
cell sizes, cells and pores are average values subject to a
distribution. Based on these parameters, several models are
available in literature to determine the geometric surface area
(Sv, m

−1) and other properties of interest (Inayat et al., 2011a).
Porosity and surface area can be also quantified performing
detailed µ-CT scans of the samples to provide a 3D
reconstruction of the foam geometry. Generally, for
commercial foams, cell sizes in the range [0.5–5 mm],
porosities in the range of [0.75–0.9] for ceramic substrates
[0.85–0.96] for metallic substrates and surface to volume ratios
in the range [300–5,000 m−1] have been reported. As already
reported for honeycombs, a high surface area of the support

promotes gas/solid heat and mass transport, at the expenses of
pressure drops (Das et al., 2018).

Metallic open cell foams are considered lightweight but stiff
structures, with excellent thermal, mechanical and acoustic
properties (Lu et al., 1998). Based on these features, these
materials are valuable candidates to be implemented in several
industrial applications (e.g. heat exchangers, thermal energy
absorbers, vaporizers, and etc.). In view of their high porosity
and high surface to volume ratio, open cell foams have gained
popularity as innovative internals in fiof heterogeneousxed bed
catalytic reactors (Bianchi et al., 2013), enabling high activity per
unit volume (Giani et al., 2005; Bracconi et al., 2018b). Moreover,
due to the complex support geometry that promotes interaction
with the fluid flow, external (fluid-solid) mass transfer resistances
are limited (Richardson et al., 2000) and, at the same time, radial
heat transfer is high thanks to the conductive and continuous
structure (Bianchi et al., 2012). Foams exhibit effective thermal
conductivities up to 10W/m/K if Aluminum is employed and up
to 20W/m/K for copper materials (Aghaei et al., 2017; Bracconi
et al., 2018a). This determines an improvement in gas/solid heat
and/or mass-transfer rates with respect to honeycombs, and a

FIGURE 1 | Example of monolith construction by rolling around a spindle (A) and piling up alternates flat and crimped foils (B) (adapted from (Avila et al., 2005)).

FIGURE 2 |High-magnification detail of the cell structure of an open cell foam (A) (Zhang et al., 2012)). Examples of open cell foams: Duocel
®
copper and aluminum

based foams (B), Incofoam
®
nickel foam prepared by replication technique (C) and titanium open porousmaterial prepared with the space holder approach (D) (Kränzlin

and Niederberger, 2015).
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boost in the effective heat transfer rates for non-adiabatic
processes that require heat exchange with reactor walls, with a
minimal increase in pressure drops. Thus, this results in limited
temperature gradients and reduced hot/cold spots in highly exo/
endothermic processes (Giani et al., 2005). For the case of mass
transfer limited applications, open cell foams, for the same
surface areas, grant higher gas/solid mass transfer rates at the
expense of higher pressure drops. Nevertheless, by comparing
samples with a dimensionless index, open cell foams with high
porosityexhibit similar performances providing additional
advantages in the design of compact devices. Applications of
foams also for GTL processes have been reported by Busser et al.
(Busser et al., 2020).

Open cell foams are typically produced in the form of
monolithic pieces which can be manufactured by different
production processes (Banhart, 2001; García-Moreno, 2016).
Among others, the use of a template structure is one of the
most popular manufacturing approach. The template is usually
made of polymeric materials and is used either for the
preparation of a castable mold (e.g. replication by investment
casting) or for the deposition of the metal directly onto the
polymeric sponge, followed by the removal of the polymeric
backbone (Goodall and Mortensen, 2014; Kränzlin and
Niederberger, 2015). In the casting process, at first polymeric
foam voids are filled with a ceramic compound; then, after
polymer removal, the ceramic structure is used as a mold, and
is infiltrated by the melted metal. When the ceramic material is
removed, a perfect metal copy of the starting polymeric foam is
thus obtained. On the contrary, straight metal deposition onto the
polymer surface is usually performed in two steps: first, the
polymeric foams is coated by using physical vapor deposition
(PVD), in order to make it conductive; then, a thick metallic layer
is formed by electroplating and, finally, the polymer is removed
by heating (Paserin et al., 2004). In the latter case, hollow struts
are typically obtained (Figure 2C).

More recently, an alternative approach has been proposed,
which consists in the combination of sponge replication and
freezing techniques using PU templates for the production of
porous open-cell copper foams using an aqueous copper
dispersion (Sutygina et al., 2021). Foams were effectively
produced, and the relevance of processing conditions
(temperature and atmosphere) on final structure properties
was thoroughly discussed. A simplified method was also
proposed by Sutygina et al., who reported the production of
aluminum open cell foams by the replica process using an
aqueous aluminum-based slurry (Sutygina et al., 2019) and
assisted by vacuum (Sutygina et al., 2020b).

Another method for open-cell foams production is based on
the use of space holders (Figure 2D). The latter are individual
particles of different shapes and materials (sodium chloride,
carbonates, sugar, or metals); they must provide a percolating
network throughout the body in order to be efficiently removed,
thus creating the strut pores. By using this technique,
macroscopic bodies with a controllable average cell size can be
produced (Kränzlin and Niederberger, 2015).

Some of the manufacturing methods reported so far (i.e.
investment casting and space holder techniques) have been

reviewed and compared to the sponge replica process, for the
production of aluminum and copper open cell foams (Sutygina
et al., 2020a). Recently, Liu et al. proposed an alternative
approach for the production of copper-based internals for the
manufacturing of methanol steam reforming micro-reactors (Liu
et al., 2019). It consisted in a laser processing method to fabricate
the copper foams with hole arrays, determining an improvement
of the radial distribution uniformity and an increase of the axial
flow rates of the reactants under reaction conditions.

The recent advances in additive manufacturing and in
computational capability allowed a change in the paradigm of
the investigation of the fundamental properties of open cell
foams. Accordingly, numerical methods for the generation of
virtual foam structures have been proven to reproduce the
geometrical properties of real foams samples, starting from a
few pieces of geometrical information, e.g. the cell diameter and
the void fraction (Bracconi et al., 2017). Thus, such models were
effectively 3d-printed and tested in a comprehensive investigation
of pressure drops, using a combined numerical (CFD)/
experimental approach. A very good agreement between the
simulations and experimental data was demonstrated,
revealing the individual effects of the geometrical properties
such as cell size, porosity and strut shape on the pressure
drop, which can be hardly isolated in experimental studies of
physical foam samples (Bracconi et al., 2019).

2.1.3 Additive Manufacturing of Geometric Supports
The recent advances in additive manufacturing technologies
paved the way as well to a new generation of structured
supports, namely periodic open cellular structures (POCS)
(Lawson et al., 2021). The building block of the structure
consists in a unit cell with well-defined three-dimensional
geometry (Figure 3A), which is periodically repeated in space
to form a self-standing ordered object. Examples of additively
manufactured POCS are shown in Figure 3B. At the present time,
the use of additive manufacturing for the production of geometric
supports with tailored properties is a hot research topic, which is
stimulating a strong research activity in the field. Detailed reviews
are available, providing general information on the stages of the
3D printing process, 3D printingmethods, and applications in the
field of heterogeneous catalysis (Hurt et al., 2017; Soliman et al.,
2020; Laguna et al., 2021; Lawson et al., 2021; Mooraj et al., 2021).

This innovative production approach enables a remarkable
freedom to operate in terms of management of the support
properties, which allows tuning cell shape, orientation and
size, as well as porosity, strut size, and overall dimension with
high accuracy (Inayat et al., 2011b; Bianchi et al., 2016). In
comparison to open cell foams, the design flexibility and the
accuracy in morphology control represent one of the major
advantages of POCS (Laguna et al., 2021). This enables the
possibility to tune the topology of the object aiming at solving
some of the most crucial issues of catalyst supports, namely mass
transfer and, thanks to the high thermal conductivity of the bulk
material, heat transfer (Busse et al., 2018; Papetti et al., 2018;
Bracconi et al., 2020; Ferroni et al., 2021). These structures can be
also used for GTL processes, as recently demonstrated by Littwin
and co-workers (Littwin et al., 2021).
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Among the large variety of geometries, triply periodic minimal
surfaces (TPMS) represent the latest advances in additive
manufacturing for the production of tailored geometric
supports (Al-Ketan et al., 2018). A TPMS can be defined as a
single, continuous, smooth and periodic arrangement of surfaces.
The architecture construction takes place from a single surface
that is replicated in the three-dimensional space until forming a
sample of the desired overall dimensions; due to the generation
approach, space is thus divided into two interwoven domains
(Pelanconi and Ortona, 2021). The mathematically-generated
and dimensionless TPMS is then converted into a proper
lattice, by means of either a strut-based or a sheet-based
approach (Kapfer et al., 2011). In the first case one domain is
filled with solid, while the other is left empty. In the second case,
the surface is thickened, thus determining the formation of two
separate empty domains (Pelanconi and Ortona, 2021). Such
supports have been proposed at first in ceramic form for catalytic
applications (Al-Ketan et al., 2019), but evidence of their
production in steel was reported by different research groups
(Zhao et al., 2018; Feng et al., 2019). Among others, Baena-
Moreno et al. demonstrated the effectiveness of TPMS in the
highly exothermic CO2 methanation process (Baena-Moreno
et al., 2021). In comparison to additively manufactured
monoliths with parallel channels, TPMS demonstrated
enhanced catalyst performance regarding CO2 conversion and
selectivity, thanks to the higher turbulence and the improved heat
transfer conductivities. Additionally, Zhou at el. (Zhou et al.,
2020) designed a functionally graded scaffold based on TPMS,
with programmable pore size distribution features. These
structures were effectively modelled and additively
manufactured using a titanium alloy.

In view of the large variety of available geometries, many
different additive manufacturing techniques have been

successfully tested for 3D printing metallic structures (Zhang
et al., 2018), such as selective electron beam melting (SEBM)
(Körner, 2016), selective laser melting (SLM), investment casting
(Anglani and Pacella, 2018), binder jetting, robocasting (Danaci
et al., 2016; Danaci et al., 2018), and combined 3D printing-
replica.

SEBM and SLM techniques enable the production of metallic
structures using a high-energy laser beam; the laser is pointed to a
powder bed and metallic particles are melted/sintered into a solid
structure (Zhou and Liu, 2017; Parra-Cabrera et al., 2018).
Various materials have been successfully tested, such as
stainless steel (Lefevere et al., 2013), FeCrAlY (Rombouts
et al., 2006; Stiegler et al., 2019), titanium (Klumpp et al.,
2014), copper (Guschlbauer et al., 2018), and aluminum
(Bastos Rebelo et al., 2018; Aboulkhair et al., 2019; Lind et al.,
2020). In particular, Klummp et al. produced Ti-6Al-V4 cubic cell
POCS by SEBM (Klumpp et al., 2014); structures of different
porosities were effectively produced, and the influence of cell
sizes, porosities and tilt angle on pressure drops was assessed. In a
similar way, Knorr et al. used the same process for the preparation
of POCS structures, which were tested for the catalytic
hydrogenation of ethane (Knorr et al., 2012). Steel alloy
structures produced by SEBM were also tested for the
investigation of heat transfer in liquid flow (Hutter et al.,
2011), as well as of mass transfer in gas/liquid applications
(Cai et al., 2016; Lämmermann et al., 2016). While the SEBM/
SLM techniques have been demonstrated to be industrially ready
for many materials (i.e. aluminum and titanium alloys, stainless
steel), some limitations are still present in the case of highly
conductive metals (e.g. copper), with constraints in terms of
printable details and geometries.

The high intensity energy issues related to SEBM/SLM
techniques are typically overcome by the binder jetting

FIGURE 3 | Examples of different unit cells (A) and steel-based 3D printed (B) POCS based on the same unit cells (adapted from (Al-Ketan et al., 2018))
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process, which applies the paradigms of the traditional 2D
printing to the development of three-dimensional objects. In
this process, the final object is obtained by a layer-by-layer
selective deposition of a liquid binder onto a powder beds of
precursors materials, such as ceramics (Lv et al., 2019), stainless
steel (Mirzababaei and Pasebani, 2019; Lecis et al., 2021) and
copper (Bai and Williams, 2015). Thanks to the powder-liquid
interaction, the cross section of the object is produced; after the
removal of excess powder, the final structure is obtained by
thermal treatment, to remove the binder components and to
sinter the metal framework (Ziaee and Crane, 2019).

The aforementioned powder-based printing methods use a
layer-by-layer methodology that is characterized by critical issues,
namely the presence of large amounts of powder, which imply
safety issues fort materials handling, and the transition through a
molten metal phase. In the first case, post-build powder removal
from the empty volumes of the structures may be complex, due to
powder agglomeration and to the ductility of the metal.
Moreover, the presence of small sized metal particles calls for
special handling and storage procedure, due to the high sensitivity
to oxidation which may also determine the release of remarkable
quantities of energy in relatively short time (i.e. explosive dust
aerosols) (Tran et al., 2019). As far as metal melting is concerned,
critical issues may arise, especially when highly conductive metals
are used. High local thermal gradients may be present due the
high thermal conductivity, and this may determine the generation
of local defects, such as layer curling and delamination (El-
Wardany et al., 2018). Moreover, a significant shrinkage may
occur in the sintering process, since powder grains need to melt to
form a continuous matrix; in this regards, the design of the
sample is subject to a careful preliminary study of the potential
shrinkage in the three directions.

Investment casting is an alternative manufacturing approach
to overcome such technological limits. In literature, 3D structures
with struts diameters ranging from 0.4 to 1 mm were effectively
produced, with porosities up to 93% (Anglani and Pacella, 2018).
Due to the use of molten metals, investment casting allows
decreasing the residual roughness of printed object, which is
usually in the same range of metal particle size for powder-based
techniques. Despite the overall good printing performance, the
maximum object dimensions and minimum printable strut size
represent the most remarkable constraints of this technique.

Robocasting is another powder-free approach to 3D-printing
of metallic structures, which is based on the extrusion of a metal/
metal oxide paste through a nozzle. The thus obtained self-
standing structure is thermally treated to remove solvents and
binders, and to promote the sintering of metal powders. Copper
and stainless steel structures were successfully printed by
robocasting (Danaci et al., 2018); nevertheless, the
methodology provides clear limitations in the geometry of the
samples that can be printed, as well as in the resolution of details.

An alternative approach that allows overcoming many of these
limitations consists in the combination of 3D printing and replica
techniques in a two-steps approach. First, additive
manufacturing, namely stereolithography (SLA), is used to
produce high resolution resin structures, with details up to
25 µm and fibers in the range 200–500 µm (Bracconi et al.,

2019). Then, the replica process is used: the polymeric
structure is coated with a powder slurry of the final desired
material and, subsequently, the polymeric template is removed by
thermal treatment. This approach represents a good compromise
between cost, time and effectiveness, especially when the
production of small batches is required. Recently, this
procedure has been investigated successfully for the
production of copper POCS with controlled geometry,
demonstrating the possibility to produce almost defect-free
materials with a strut size of 500 μm (Balzarotti et al., 2020b).

Despite the interesting possibilities enabled by 3D printing
towards optimization of the catalyst supports, still limited
applications are found in the literature. This may be due
partly to the lack of confidence of major industrial players
towards these technologies and to the still limited possibilities
in terms of size that can be allowed by 3D printing. Instead, for
small scale systems, 3D printing is starting to offer interesting
potential as an enabling technology, as recently presented by
Grande and coworkers (Grande and Didriksen, 2021).

2.2 Strategies for the Catalytic Activation of
Structured Supports
All the structured supports reported so far are typically not
catalytically active. Thus, activation strategies are required to
disperse effectively the catalytic active phase on the surface of the
supports. Among others, electrochemical deposition, spray-based
techniques, chemical vapor deposition (CVD) and slurry coating
have been extensively studied and reported in recent reviews
(Mehla et al., 2019; Palma et al., 2019).

Electrochemical-based deposition processes allow depositing a
metallic coating on a substrate by using an ionic solution under
electric current. This method was found to be particularly
effective for the functionalization of high porosity open cell
foams (Ho et al., 2019). In chemical vapor deposition (CVD),
the support is coated by chemical reaction with a gas-phase
precursor of the material to be deposited and the process is
typically run at low pressure and high temperature (Serp et al.,
2002). More in general, spraying-based methods employ
dispersion liquids containing the catalytic medium in form of
nanoparticles, which are deposited by spraying onto different
supports to obtain catalytically active structured catalysts.
Spraying the liquid with active nanoparticles onto different
supports is a relatively facile method, but the preparation of
the “active” liquid based on catalyst nanoparticles is complicated
and expensive (Wang Z. et al., 2019).

In all the methodologies reported so far, the complexity of the
process induces some limitations to large-scale production. In
this view, activation procedures based on slurry coating are
widely considered the best compromise in terms of versatility,
scalability, cost-effectiveness, and flexibility. In this procedure,
the catalytic material is first dispersed in a liquid medium, aiming
at obtaining a stable catalytic slurry. Then, the slurry is deposited
onto the surface of the structured support. Dip coating is typically
used in this stage, resulting in a consolidated methodology for flat
surfaces. As far as porous supports are concerned, liquid
entrainment into the pores of the material may be a
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detrimental issue, which may lead to a non-optimal control of
washcoat thickness and, in the most severe cases, to clogging.
Several procedures have been reported in literature to overcome
these issues, such as e.g. gas blowing. In this case, the coating
thickness depends on the balance between viscous forces and
shear stresses induced by air flow throughout the structure
(Cristiani et al., 2012). Spin coating represents a valid
alternative to blowing. While this technique is well
consolidated in the field of flat surfaces functionalization
(Sahu et al., 2009), only in recent years has it been
technologically transferred to complex geometry supports
(Zhang et al., 2012), with promising results reported both for
honeycomb monoliths (Balzarotti et al., 2019b), open cell foams
(Ambrosetti et al., 2018) and POCS (Balzarotti et al., 2021).
Finally, slurry-based processes require a series of thermal
treatment stages after wet coating deposition, in order to
complete the washcoating process and to obtain the
morphological and mechanical resistance properties of the
final catalytic washcoat (Meille, 2006; Montebelli et al., 2014).

More recently, a radically different “activation” approach was
reported in literature to overcome the heat/mass transfer
limitations of traditional packed bed configurations, while still
taking advantage of the presence of an interconnected metallic
matrix (Visconti et al., 2016; Fratalocchi et al., 2018). In this view,
the concept of packed foams was introduced, which consists in
filling the empty cavities of structured cellular supports with
catalytic pellets (Vervloet et al., 2013; Visconti et al., 2016). This
new reactor layout has several advantages with respect to
washcoated catalysts, such as higher catalyst inventory and
higher productivity per reactor volume, moreover preventing
the issues related to the complexity of the washcoating
process. The packed foam concept was further investigated by
a combined experimental and numerical approach, which
demonstrated the dependency of the packing efficiency on the
pore to pellet size ratio. In these configurations, pressure drops
are similar to the ones displayed by packed bed reactors and can
be estimated by an Ergun-like correlation, accounting for the total
porosity and the total wetted area of the system (pellet and foam)
(Ambrosetti et al., 2020b).

Aluminum open cell foams were effectively packed and tested
in a lab-scale tubular reactor; the highly-exothermic and strongly
temperature-dependent Fischer-Tropsch synthesis (FTS) was
operated in the new configuration, and compared with a
traditional packed bed reactor layout under the same
industrial process conditions, using an active Pt-promoted Co/
Al2O3 catalyst (Fratalocchi et al., 2018). Results validated the
superior performance of the new reactor layout over the packed
bed system, opening a new perspective for the intensification of
the FTS process. The concept resulted in enhanced heat transfer
performances without any detrimental effect on catalyst
inventory and pressure drops. Using a similar approach, the
concept of “packed-POCS” was numerically investigated
(Ambrosetti et al., 2020c), and experimentally validated in the
same FTS fixed-bed reactor, evidencing further improvements in
terms of overall process performance and heat transfer rates
(Fratalocchi et al., 2020). An additional experimental campaign
performed by the same research group highlighted the relevant

contribution of near-wall heat transfer resistances, which were
significantly reduced by packed POCS additively manufactured
with a continuous outer metallic skin (Fratalocchi et al., 2022).

Towards the industrial application of the concept, attention
should be devoted to packing and unpacking procedures. Based
on our experience, when the“window/pellet” diameter ratio is
larger than 1.5/2 it is possible to easily pack the system applying
conventional approaches already used for the loading of packed
beds. Moreover, the possibility of using structured supports that
have a limited size in length and diameter also in the case of very
large/long tubes forces to work with cartridges positioned one
atop the other. Is then possible to pack these supports externally
from the reactor tubes and then load the samples one by one.
Unloading the catalyst supports may be necessary if the catalyst
lifetime is shorter than the plant lifetime. It is possible to depack
the system with vibrations or by removing the ensemble catalyst/
catalyst support and then re-load the system.

3 TOWARDS THE INTENSIFICATION OF
METHANE STEAM REFORMING PROCESS
3.1 Perspectives for a Multiscale Reforming
Process
Hydrogen is one of the most important chemicals, which is
directly involved in many production processes of key
chemical products, such as ammonia, methanol, as well as in
refining processes. Accordingly, chemical and petrochemical
applications account for more than 95% of pure hydrogen and
70% of the total hydrogen demand (Hydrogen - Fuels and
Technologies - IEA, 2021). These processes are characterized
by an economy of scale and require large and centralized reactor
units (Zohuri, 2019). At the industrial scale, hydrogen is mainly
produced by steam reforming of methane (MSR) and other light
hydrocarbons (Baharudin and Watson, 2017), using multi-
tubular packed bed reactors. In the process, two main
reactions occur, namely the endothermic methane steam
reforming (Eq. 1) and the water gas shift reaction (Eq. 2).

CH4 + H2O↔ 3H2 + CO ΔH0
r � 206 kJ/mol (1)

CO + H2O↔H2 + CO2 ΔH0
r � − 41 kJ/mol (2)

Due to the strong endothermicity of the reforming reaction,
heat is provided by external burners, where a fraction of the
hydrocarbon feed is burnt in a radiant furnace (Figure 4)
(Dybkjaer, 1995). At the industrial scale, high flow velocities
are used in the reformer tubes to maximize the convective heat
transfer from the tube walls to the catalyst and the tubes/burners
layout is optimized to manage the heat flux along the tubes (Sanz
et al., 2016).

In addition to the consolidated and constantly growing
production for industrial applications, hydrogen is gaining
more and more consideration for promoting the sustainable
development of society worldwide (Falcone et al., 2021).
Among the many properties, it is a potentially sustainable
energy vector, which could play one of the main roles in the
fulfillment of the requirements of many of the United Nations’
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Sustainable Development Goals. This perspective determines an
increasing demand for low cost, small-scale devices for distributed
hydrogen production. This target could be reached by the
assessment of clean, sustainable and cost-competitive
production processes (Kolb, 2013; Specchia, 2014; Ambrosetti
et al., 2020a), as well as by the effective management of a new
kind of hydrogen demand, characterized by the strong fluctuations
of fuel and energy markets (Ahmed and Krumpelt, 2001). While
long term, sustainable and fossil-free solutions are set to be
designed for a sustainable future, in the short-term MSR is still
the best compromise between cost, effectiveness, and process
know-how. Moreover, the existing methane supply chain could
be exploited for a distributed hydrogen production, which could
benefit from the available expertise in the industrial applications of
the process (Ambrosetti et al., 2020a).

Nevertheless, the downscale of large industrial reactor layout is
not feasible immediately, and strong R&D efforts are still needed
to run efficiently the MSR process at the small scale. At these
conditions, the reduction in reactants feed would induce heat
transfer limitations, which are detrimental for the overall process
efficiency, if the traditional packed bed configuration of industrial
reformers would be used (Gascon et al., 2015). According to this
scenario, innovative approaches to intensify the process are in fact
required (Ryu et al., 2007). Several approaches have been followed
in order to effectively run the reforming process at small scale,
thus enabling a distributed and distributed hydrogen production
(Kapteijn and Moulijn, 2022); the latter can be summarized in 1)
the use of PGM-based catalysts, 2) the improvement of heat and
mass transfer by using structured catalysts and reactors, and 3)
the electrification of the reforming process. In the following, a

FIGURE 4 | Schematic representation of a traditional reformer tube (left (Mortensen et al., 2017)) and tubes/burners arrangements in fire radiant furnaces (A–D)
(Ferreira-Aparicio et al., 2005).

FIGURE 5 | Schematic representation of the layout and size of microchannel reactors (Murphy et al., 2013).
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resume of the state of the art of each of these strategies will be
reported.

3.2 PGM-Based Catalysts for MSR
Intensification
Typical methane reforming catalysts consist of transition metal
nanoparticles dispersed on a high surface area ceramic support,
such as high surface area alumina (Simakov et al., 2015). Due to its
low price and good catalytic activity in a broad temperature range,
nickel has been selected as the metal of choice for MSR at the
industrial scale. A recent review reports the most recent advances in
Ni based catalysts for MSR, with special attention devoted to their
use in structured catalysts (Meloni et al., 2020). Nevertheless, several
aspects strongly limit the adoption of nickel-based active phases,
such as coking at low steam-to-carbon ratios and insufficient
activity at low temperature. Another relevant problem of Ni-
based catalysts is the high risk associated with pyrophoric nature
of the catalysts that reduces the possibility of safely operating the
reactor at small scale. Moreover, from the process intensification
point of view, miniaturization and improvement of heat transfer
rates is not sufficient to achieve optimal overall performance.
Accordingly, “catalyst-intensification” is also needed to prevent
hot spots and guarantee optimal catalytic performance in small
sized devices (Stefanidis and Vlachos, 2010).

When dealing with kinetic investigations, structured catalysts
provide an additional option reducing risks of mass transport
limitations and temperature gradients in the system—and also
reducing pressure drops with respect to powdered bed catalysts.
Either when dealing with washcoated systems (Palma et al., 2015)
or packed foam systems (Ambrosetti et al., 2021b), structured
catalysts allow to perform kinetic investigations in concentrated
conditions and high conversions with respect to other approaches
present in the literature (diluted beds, annular reactors). Testing
the catalyst in more controlled conditions allows also to reduce the
risk of coking as demonstrated by Palma et al. (Palma et al., 2015).

The adoption of noble metals to improve catalyst effectiveness is
widely established in the literature and was reviewed by Farrauto
et al.(Farrauto, 2014) as a valuable approach to improve the activity
of small scale reformes. The use of PGM elements as catalytic active
phase allows a significant enhancement of the reactions kinetics,
which results in a reduction of the overall catalyst inventory. PGMs
such as Ru, Rh, Ir, Pt, and Pd have been extensively investigated for
reforming applications and their role has been fully addressed in
literature reviews (Amjad et al., 2013; Angeli et al., 2014; Chen et al.,
2020), also including bimetallic catalysts based on nickel and
promoted with a noble metal (Simakov et al., 2015). In addition
to the use of PGM, catalyst intensification can be obtained also by
modification of the ceramic support (Palma et al., 2020), aiming at
reducing coking and sintering.

3.3 Improvement of Heat and Mass Transfer
Rates
The improvement of heat and mass transport phenomena in
chemical processes is a hot research topic for catalysis, which is at
the basis of a variety of process intensification strategies. Among

others, the use of microchannel reactors has been extensively
investigated as a possible solution to run strongly non-adiabatic
processes (such as MSR) at the small scale (See Figure 5). In
microchannel reactors, the reactants feed flows in small diameter
channels (typically in the 50–5,000 μm range), which enhances
both heat andmass interphase transfer rates. In this view, a multi-
flow layout was proposed coupling the endothermic MSR with
exothermic reactions, which were run in segregated adjacent
channels (Chen et al., 2018). More recent applications of the
same reactor concept have been reported in (Ashraf et al., 2021),
where also the dynamic behavior of the system has been
considered. FeCrAl was used as bulk material for the reactor
(Kolb et al., 2006; Avci et al., 2010), while different active phase
were evaluated for the catalytic media (Farrauto et al., 2007).

The presence of thin washcoated catalytic layers allows good
thermal regulation and control of chemical processes, which are
further enhanced by the use of conductive metallic materials (e.g.
aluminum, copper, and stainless steel), according to the
requirements of the specific application. Furthermore,
microchannel reactors offer the possibility to develop modular
systems, as the total reactor volume can be achieved by adding
many small reactors with the same dimension. All the properties
reported so far enable many degrees of freedom in terms of
reactor design.

The design of structured catalyst based on conductive
internals is another valuable approach to boost the heat and
mass transfer performance of many processes. Many efforts have
been spent for the investigation of the beneficial effects associated
with the introduction of thermally conductive internals
(Tronconi et al., 2014; Baharudin and Watson, 2018). As
reported in the previous section, the metallic structures are
catalytically activated either by depositing a thin washcoat
layer of catalytic material onto the geometric surface of the
support (Montebelli et al., 2014) or by filling the porosity of
the supports with catalytic pellets. Steel-based materials have
been extensively investigated as bulk material constituent of
cellular matrices in view of their chemical inertness and
resistance at high temperature. Among others, Yu et al.
proposed steel-based supports in the methanol reforming,
which were activated using copper-based catalysts (Yu et al.,
2007), while other works report similar materials for the dry
reforming of methane, using Ni and Ru-based catalysts (Sang
et al., 2012). A similar approach was used for the performance
optimization of biogas reforming reaction, with a detailed
experimental investigation of catalyst formulation and
washcoat process optimization (Roy et al., 2014; Roy et al.,
2015). Despite the large use and availability of steel-based
supports, significant limitations are present due to the low
thermal conductivity of this material. While aluminum has a
significantly higher thermal conductivity, its low melting point
(approx. 660°C) limits the application to milder processes (i.e.
water gas shift (Palma et al., 2016) and methanol steam reforming
(Echave et al., 2013)). Some research groups investigated nickel
and nickel-alloys as bulk materials for open cell foams (Park et al.,
2013; Park et al., 2014). The higher thermal conductivity with
respect to steel-based structures was found to be beneficial for the
process performance in the CO2 steam reforming of CH4, as
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improved radial heat transfer rates were observed with respect to
catalytic alumina pellets.

Copper represents the best compromise in term of thermal
conductivity and resistance at relatively high temperature (up to
900°C). Nevertheless, this material has not found extensive
application for the production of supported catalysts in the
reforming processes. Structured copper catalysts have been
applied in the solar reforming of methane for supporting Ni-
based Mg/Al oxides catalysts (Jang et al., 2014; Qi et al., 2015),
and some other works have been reported dealing with the
methanol reforming process (Shen et al., 2013; Zhou et al.,
2017). In all cases, the beneficial role of the highly conductive
internal matrix on the heat transfer properties was evidenced,
resulting in milder cold spots across the catalytic bed.

One of the most recent works based on copper internals
focuses on a synergetic approach to MSR process
intensification (Balzarotti et al., 2019a), as the strategy
included both the adoption of a highly active Rh/Al2O3

catalyst and the use of highly conductive copper foams. 40
PPI copper foams (Figure 6A) were catalytically activated by
washcoating a thin layer of Rh/Al2O3 catalyst onto the support
surface (Figure 6B). A packed bed configuration was also tested
as a benchmark of the traditional process layout, using home-
made egg-shell pellets based on the same catalyst composition.

The authors compared the different reactor layouts in the
600–800°C range, at atmospheric pressure, using two different
space velocities, namely 5,000 and 10,000 h−1. The results of the
experimental campaign demonstrated smoother temperature
profiles across the catalytic bed, with significantly reduced
radial temperature gradients, in the case of the washcoated
Cu-foam configuration, thus confirming the beneficial role of
the solid conductive matrix in the radial heat transfer. Based on
the reported results, washcoated copper foams are valuable
candidates for the enhancement of the performance in
methane reformers. For the same oven temperature, the
improved temperature profile and heat transfer determined

FIGURE 6 |Optical microscopy analysis of the bare copper foam (A), Rh/Al2O3 washcoated samples (B) and copper foam packed with Rh/Al2O3 pellets loaded in
the tubular reactor (C) (adapted from ref. (Balzarotti et al., 2019a) and (Balzarotti et al., 2020a)).

FIGURE 7 | Schematic representation of reactor scale and temperature profiles in conventional reformers (A) and in the electrified reformer (B) (Wismann et al.,
2019a).
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better results in terms of methane conversion with respect to the
packed bed benchmark layout both in the equilibrium-limited
and in the kinetic controlled regime, thanks to a higher and more
evenly distributed temperature across the reactor. The same
copper substrates were also tested in the packed foam
configuration (Figure 6C (Balzarotti et al., 2020a)), using a
similar approach to that previously reported for the FTS
synthesis (Fratalocchi et al., 2018). In particular, different
metallic supports were tested, namely 12 PPI FeCrAl foams,
and copper foams with 10 and 40 PPI. While the low-
conductive FeCrAl internals did not bring any improvement
in process performance, remarkable enhancements of the heat
transfer performance were reported using highly conductive
internals (Cu foams). The latter allowed a reduction of the
maximum radial temperature difference across the catalytic
bed and, thus, higher methane conversions were obtained.
Furthermore, the authors proposed a model for the estimation
of the global heat transfer coefficient of the system, reporting
good accordance with the experimental results. The model
elucidates the effect of the foam morphology (porosity, cell
size) on the heat transfer properties, which have a strong
impact on process performances. In addition to the promising
developments at the industrial/production scale, the
enhancement of heat transfer in strongly non-adiabatic system
opens new experimental approaches also from the research point
of view. The use of copper packed foams layout allowed in fact the
investigation of previously untested highly concentrated reactant
feeds in the MSR process, enabling a kinetic study with
minimized temperature gradients (Ambrosetti et al., 2021b).
Based on this approach, a more robust kinetic model could be
developed under concentrated conditions which are more
representative of industrial large-scale applications.

3.4 Decarbonization of MSR by
Electrification
Towards the reduction of CO2 footprint, the use of a larger amount
of energy from non fossil fuel feedstock is one of the main trends
observed worldwide. In the process industry this may lead to the
use of electric energy for pre-heating purposes or to run the process
compressors. The transition scenarios to the low-carbon energy in
chemical industries are commonly based on the so-called power-
to-X concept, which consists in the use of renewable electricity to
run chemical processes (Stankiewicz and Nigar, 2020) with the use
of hydrogen typically produced by H2O electrolysis. Another
approach is represented by switching the heat supply to
endothermic reactors from combustion heat to electric heating,
with a positive effect induced by the replacement of fossil fuels with
low-carbon electricity (Madeddu et al., 2020). In a chemical reactor,
the conversion of electricity into heat to sustain endothermic
processes can be performed either directly or indirectly. While
the first case is mainly covered by the Joule heating process, the
latter case offers more options, such as microwaves and induction
heating (Stankiewicz and Nigar, 2020). In the first case, the
challenge is represented by the inclusion of electrically heated
elements in the reactor or by the heating of the reactor shell,
whereas in the other cases the challenges are related to the presence

of materials that can be inductively heated/irradiated by
microwaves, the design of reactor walls where induction/
microwaves can be transmitted through. This relatively new
approach to reactor design calls for a comprehensive re-
consideration of the traditional reactor layouts in order to take
into account the new energy supply methods. Also in this case, the
presence of a structured catalyst facilitates the electrification with
micro-wave and induction heating, whereas it is also possible to
exploit the structured reactor for Joule-heating as reported by
Badakhsh and co-authors (Badakhsh et al., 2021).

Based on this scenario, several research groups have proposed
different solutions. The investigation reported by Rieks et al. is one
of the first examples of the application of direct Joule heating to the
methane reforming process. In particular, the high thermal duty of
the dry reforming process was fulfilled by directly washcoating
heating elements consisting of a FeCrAl alloy with a
LaNi0.95Ru0.05O3 catalyst, at different washcoat thicknesses
(Rieks et al., 2015). Wismann et al. applied the same approach
in a more disruptive way by integrating an electrically heated
catalytic structure directly into a methane steam reforming reactor
(Wismann et al., 2019a). Current flow was forced in the walls of a
50 cm long and thin FeCrAl tube, whose inner walls were made
catalytically active by depositing a catalytic washcoat layer
(Wismann et al., 2019b). The proposed reactor layout is
represented in Figure 7. Results demonstrated how the direct
contact between heat source and catalyst changes the heat transfer
dynamics, thus reducing the temperature gradients with respect to
fired reformers. The flexibility of electrically heated systems was
further validated by a combination of CFDmodelling and lab scale
reactor tests (Wismann et al., 2021). In a similar way, Renda et al.
tested direct Joule heating by using commercial silicon carbide
heating elements (Renda et al., 2020), demonstrating the feasibility
of heating up the system to high temperature (i.e. 800°C) and to
sustain the reaction, with methane conversions as high as 85%, in
the case of both steam and dry reforming. In a recent paper
Ambrosetti et al. performed a mathematical model analysis
addressing the potential of SiC foams with the dual role of
resistive elements and catalyst substrates in methane steam
reforming (Ambrosetti et al., 2021a). The simulation results
showed that very high efficiencies and specific H2 productivities
can be achieved.

In addition to the reported studies of the reforming process,
similar approaches have been effectively applied to other energy
demanding processes, such as methanol production
(Delikonstantis et al., 2021), ammonia cracking for hydrogen
production (Badakhsh et al., 2021) and CO2 methanation (Dou
et al., 2020).

As far as indirect heating is concerned, microwave-assisted
catalysis is gaining relevance in view of finding new routes for
modular and environmentally friendly energy supply in energy
intensive processes. Accordingly, Meloni et al. attempted to
overcome the heat transfer limitations of the methane steam
reforming reaction by microwave heating (Meloni et al., 2021).
Ni-based catalysts were prepared and tested, showing promising
methane conversions at gas hourly space velocities (GHSV) of
about 5,000 h−1. Similarly, Marin et al. demonstrated the same
heat supply approach for the dry reforming of methane, using a
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Mn doped lanthanum strontium cobaltite (LSC) material, which
was used as both microwave absorber and catalyst (Marin et al.,
2021). Promising single-pass conversions in the 80–90% range
were obtained, with stable operation for over 10 h. Together with
hot spots, catalyst stability is one of the main constraints of
microwave-heated processes, especially under increased catalyst
inventory. In order to try and overcome these limitations, Chen
et al. engineered a new reactor layout consisting of a packed
monolith configuration, in which the monolith acted as
microwave absorbing material while monolith channels were
filled with catalytic pellets (Chen et al., 2021). The proposed
system was tested for the dry reforming of methane over a
commercial Rh/Al2O3 catalyst, achieving stable methane
conversions in the range of 90% at high temperature.

In the context of indirect heating, induction heating represents
a valuable alternative to microwave assisted heating (Wang W.
et al., 2019). One of the first experimental investigations was
published by Pérez-Camacho et al., who reported an induction
heating system for performing the conversion of biogas to
synthesis gas using renewable energy (Pérez-Camacho et al.,
2015). Vinum et al. proposed binary and ternary alloy
nanoparticles to be used both as susceptors (for induction
heating) and as catalytic active phase for the steam reforming
of methane (Vinum et al., 2018). CoNi and CuCoNi-based
materials were tested, showing that the overall performance is
limited by chemical reactivity, in opposition to the traditional
externally heated reformers, which are limited by heat transport.
Materials based on the same composition were tested by other
authors (Varsano et al., 2019; Almind et al., 2020; Scarfiello et al.,
2021), paving the way to further process optimization that would
enable the technology to be competitive with other electricity
driven routes to hydrogen production.

4 CONCLUSION

This literature survey of the state of the art of new materials and
approaches for process intensification has highlighted the most
recent trends in this research field. While apparently many
different approaches have been proposed for meeting the
target of efficient management of non-adiabatic catalytic

processes, a common guideline can be identified, which calls
for a continuous improvement of the knowledge regarding the
management of heat and mass transfer in heterogeneous catalytic
systems. With vastly superior ranges of degrees of freedom for
their design, spatially structured catalysts and reactors clearly
emerge as the protagonists of such new developments.

In this view, the recent advances in additive manufacturing
technologies promise to provide new effective tools to overcome
many structural constraints of past and current reactor layouts,
thus enabling to debottleneck key heat-transfer limited industrial
processes, as urgently needed for the upcoming Energy
Transition. The enhanced heat transfer properties of thermally
conductive open-cell foams and POCS are of paramount
importance in this perspective.

Finally, disruptive synergies can be expected in the near
future from the direct or indirect electrification of
endothermic catalytic processes, including not only the
steam and dry reforming of methane, but in perspective
also other H2-related reactions like the Reverse Water Gas
Shift, the ammonia and methanol decomposition, and other
dehydrogenation reactions.
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