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Abstract: Nowadays, global climate change is likely the most compelling problem mankind is facing.
In this scenario, decarbonisation of the chemical industry is one of the global challenges that the
scientific community needs to address in the immediate future. Catalysis and catalytic processes
are called to play a decisive role in the transition to a more sustainable and low-carbon future. This
critical review analyses the unique advantages of structured reactors (isothermicity, a wide range of
residence times availability, complex geometries) with the multifunctional design of efficient catalysts
to synthesise chemicals using CO; and renewable H; in a Power-to-X (PTX) strategy. Fine-chemistry
synthetic methods and advanced in situ/operando techniques are essential to elucidate the changes
of the catalysts during the studied reaction, thus gathering fundamental information about the
active species and reaction mechanisms. Such information becomes crucial to refine the catalyst’s
formulation and boost the reaction’s performance. On the other hand, reactors architecture allows
flow pattern and temperature control, the management of strong thermal effects and the incorporation
of specifically designed materials as catalytically active phases are expected to significantly contribute
to the advance in the valorisation of CO; in the form of high added-value products. From a general
perspective, this paper aims to update the state of the art in Carbon Capture and Utilisation (CCU)
and PTX concepts with emphasis on processes involving the transformation of CO, into targeted
fuels and platform chemicals, combining innovation from the point of view of both structured reactor
design and multifunctional catalysts development.

Keywords: CCU and PTX; CO;, valorisation; valuable chemicals; catalysts design; reactor architecture

1. Introduction

Nowadays, it seems evident that the average surface temperature of our planet has
the risk of increasing 6 °C by 2050 if the ongoing trend of CO, emissions is maintained [1].
The objective of keeping the global temperature increase below 2 °C necessarily implies
negative CO, emissions for the second half of the 21st century [2]. This will produce a
radical concept change since carbon dioxide must not longer be considered a by-product
but a raw material.

Nowadays, the use of CO; is restricted to around 200 megatons per year, mainly in
urea synthesis, mineral carbonates production, or methanol synthesis, which is negligible
in comparison to the global anthropogenic emissions of more than 30,000 megatons per
year [3], as depicted in Table 1. Moreover, this CO, was previously produced along
the production of the commodities and, therefore, has no effect on GHG (greenhouse
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gases) abatement. Considering the massive magnitude of the annual anthropogenic CO,
emitted, a reasonable estimation suggests that the potential use of CO, may be around two
gigatons per year [4]. Currently, carbon dioxide (CO,) transformation into valuable fuels
or chemicals is, in most cases, a challenge far from readiness. Most discussion panels on
Carbon Capture and Utilisation (CCU) agree on describing CO, transformation into fuels,
construction materials, or polymers as promising technologies [5,6]. The production of fuels
and chemicals are among the promising technologies for increasing the use of CO; in the
short and medium terms; however, in most cases, the Technology Readiness Level (TRL) is
quite low [5]. It seems obvious that the highest scientific and technological deficit is found
in the synthesis of chemical compounds, either intermediates or final products, of high
added value. The production of methanol, formic acid, or Fischer-Tropsch products allows
access to most products derived from the petrochemical industry; they have, therefore,
high added value, but, in some cases, the storage time for CO, may be short. To increase
the storage time, focus on platform chemicals is required. The concept of platform chemical
is addressed to potential intermediate molecules derived from biomass that possess a
structure able to be transformed into a long variety of products such as biofuels, sugars,
organic acids, alcohols, and amino acids. Considering factors as specific as the mass of
CO;, as a feedstock, CO, avoidance potential, relative added value, and independence from
fossil fuels reactants, Otto et al. [7] generated a ranking for 23 bulk chemicals indicating
the most favorable ones to be produced from CO,. Among them, formaldehyde, dimethyl
ether (DME), ethylene oxide, oxalic acid, acetic acid, methanol, salicylic acid, ethylene
carbonate or acrylic acid are widely used in the industry. According to this ranking, acetic
acid is within the top ten bulk chemicals most dependent on fossil fuels, the main penalty
despite its very high added value.

Table 1. Anthropogenic CO, emission by sector and conventional uses for producing chemicals.
Adapted from references [3,8].

Global Anthropogenic CO, Emission Current CO, Utilisation
Sector Emissions (%) Interest Products CO; Used (Mton/Year)
Energy (electricity, heat, and transport) 73.2% Urea . 14
Inorganic carbonates 70
Methanol 10
Agriculture, forestry, and land use 18.4% Formaldehyde 5
Dimethyl ether (DME) 1.5
. . . . Methyl tert-butyl ether (MTBE) 35
Direct industrial processes (construction, Lo .
: . 5.2% Algae for biodiesel production 2
chemicals, and petrochemicals)
Formic acid 0.9
Pol bonat 1.5
Waste (wastewater and landfills) 3.2% orycarbonates
Polymers 4
Total in Mton/year 32,189.7 (100%) Total 212.4

These pathways fit in the circular economy concept, in which materials at the end of
their lifecycle and wastes generated in the production of goods are fully recovered and
recycled, reducing the environmental impact. However, H; is required in most cases to
run the reactions, either directly or indirectly. This may be considered the main drawback
of the utilisation strategy, as energy must be consumed to produce Hj; hence, additional
CO; emissions would take place. Renewable routes for producing H, were investigated as
water electrolysers readily accessible for medium to high power requirements, although
they are not yet available at a very large scale [9,10]. A summary of possible utilisation
routes is shown in the scheme in Figure 1, which emphasises that Hy must be accessible
to utilise CO,. The Power-to-X (PTX) strategy allows the synthesis of a wide portfolio of
fuels and chemicals by using this electrolytic hydrogen produced from renewable sources
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(e.g., wind, solar photovoltaic) during periods of low demand (valley periods). It should
be emphasised that this strategy has the additional benefit of promoting the penetration
rate of renewables in the energy mix in line with the European Union’s long-term objective
of reducing greenhouse gas (GHG) emissions by 80-95% by 2050 when compared to 1990
levels [11].
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Figure 1. Schematic representation of CO, capture and possible utilisation routes.

The CCU and PTX concepts provide the framework for this approach that refers to the
transformation of CO;, either pure or diluted (flue gases), into fuels or platform chemicals
by using H; of renewable origin [12]. In this work review, we will explore the most attractive
routes presented in Figure 1 that allow the synthesis of fuels, FT hydrocarbons, CHy, and
DME (a second-generation fuel), and of platform chemicals such as CH;OH, HCOOH, and
CH3;COOH. It is worth noting that the successful development of biorefineries or solar
refineries depends on the valorisation of the whole set of processes involved that, therefore,
must consider the conversion of CO, to chemicals using renewable H, when moving to a
low-carbon economy.

To successfully achieve CO; transformation into the proposed set of fuels and chem-
icals, key catalytic and chemical reaction engineering aspects must be considered: the
design of multifunctional catalysts, the knowledge of the reaction from the molecular level
to the reactor architecture, and the advanced technologies for the design and synthesis of
nanostructured catalysts. Moreover, the control of the selectivity of multiple reactions in
series, required for most considered processes (see Figure 1), can be tuned by controlling
the reaction temperature, the residence time, a suitable catalyst formulation, and the reactor
configuration. Herein, all of these aspects will be discussed and analysed, offering a clear
definition of CO, transformation processes.

2. Carbon Capture and Storage (CCS)

Carbon capture and storage (CCS) is one of the potential solutions to decrease CO,
emissions from stationary sources. Among the different CCS technologies, Ca-looping
seems to be the best suited for the decarbonisation of flue gases due to its lower efficiency
penalty among the different technologies tested so far [13]. This process, initially pro-
posed by Shimidzu et al. [14], is based on the reversible reaction between calcium and
carbon oxides:

CaO(s) + COy(g) = CaCOs(s) 1)

Typically, the process is carried out using two connected fluidised beds, one operated
in the temperature range of 600-700 °C, which acts as a carbonator, and the other in the
range of 750-950 °C, acting as a cracker in which calcination takes place (Figure 2). The
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mechanical properties of the sorbent particles must be considered since they must present
the highest possible attrition resistance [15]. In a recent work, Han et al. [16] critically
reviewed all the fundamental aspects of calcium looping CO; capture technology, focusing
on the CaCOj calcination step. Among the different parameters that must be stressed:
reducing the calcination temperature, the injection of steam, the doping of salts, and the
reduction of crystallinity.

CaCoO, . —
750- 950 °C

Calcination

CO,-lean Flue gas

+«—— Steam/air

CO,-rich Flue gas

| | Carbonation
| | 600- 700 °C
]l —

Figure 2. Schematic representation of Ca-looping CO, capture process.

Since Shimidzu et al. [14] published their concept, bench-scale plants and, more
recently, pilot plant projects have been undertaken, and the Ca-looping process has success-
fully been demonstrated [13,17,18]. From these experiences, it must be concluded that the
presence of 15 wt.% water in the flue gases results in a capture efficiency curve fully adapted
to the equilibrium concentrations in the temperature range 700-740 °C, which implies CO,
capture efficiencies as high as ~85% [18,19]. The actual water concentration in flue gases,
up to 30%, opens the possibility of further efficiency improvements. Measurements of the
rate constant for the carbonation of commercial limestones in the absence and presence
of water have demonstrated the positive effect of water in the capture process [20,21], the
porosity associated with small macropores and mesopores being an important parameter
in the carbonation reaction [22]. The promoting effect of water on CO, capture is related to
the decreasing diffusion resistance and enhanced CO, adsorption kinetics. Enhancement of
the capture efficiency may be attained by different methods, among them doping of natural
limestone with different inorganic salts, usually chlorides or carbonates of sodium [23],
potassium [24], or a variety of inorganic chlorides, nitrates, or mineral acids [25]. All these
studies have been carried out using limestones as absorbents that, once spent, may be
reused in cement plants [26]. For instance, Telesca et al. [27] reported a successful produc-
tion of clinker using the spent lime of a pilot plant designed for the Ca-looping process.
Alternatively, the spent limestone may be recovered for the desulphurisation of flue gases
since it shows a high reactivity against SO, [28]. However, the presence of water at high
temperatures may favor the sintering behavior and, therefore, reduce the capture capacity.

Flue gases usually contain SO, and NOy as minor components, which may result in
the formation of CaSOy4 and nitrates, thus competing with the carbonation process. The
amounts of these contaminants depend on the fuel nature and the furnace temperature.
The decomposition of CaSOy in reducing environments allows a procedure for eliminating
it from the sorbents. However, the presence of metallic-based catalysts in subsequent
downstream steps raises the question of catalyst deactivation. Indeed, Muller et al. [29]
demonstrated that the catalytic activity in the Sabatier reaction continuously decreases in
the presence of 80 ppm of SO,.
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Limestone and dolomite are by far the most studied sorbents for CO, capture because
they are inexpensive and widely available and because of the favorable thermodynamic
constraints. However, industrial processes may result in abundant and inexpensive wastes
of basic character. Among the various processing routes for sequestering CO,, the direct
method seems to be the most adequate when using residues as sorbents [30]. Steel slags,
including metallurgical secondary slags and other mineral wastes of the steel industry
typically present high Ca content, making them suitable candidates for the capture pro-
cesses [31]. A panorama for the utilisation of steel slags for this process may be found in
the work reported by Yi et al. [32]. Moreover, iron and steel production worldwide result
in a considerable amount of basic mineral waste that might be used for the abatement of ca.
40% of the CO, emissions from electric arc furnaces (EAF) [33]. In general, these residues
are advantageous with respect to raw minerals since they require less energy-intensive
carbonation conditions. Moreover, mining is not required to have a much lower environ-
mental impact and present low prices being generally available near the CO; emission
location [34]. Considering just the UK industry, the available mineral waste resources sent
to landfill may account for 1 Mt of CO; captured per year [35].

Some authors claim that the kinetics of the carbonation reaction may be too slow
for practical purposes [34]. Pan et al. [36] proposed direct carbonation accelerated by the
presence of moisture, although the operation conditions must be optimised to make this
process economically feasible. Yu and Wang attempted to understand the fundamentals
of CO; capture by steel slags in the so-called direct process [37]. These authors found a
dependence of carbonation extent on temperature and CO, concentration. At low concen-
trations (<20%) high temperatures are more efficient, while at higher concentrations (>75%)
lower temperatures increase the capture efficiency. The main reason for this behavior
is that the carbonation rate decreases upon increasing the CO; concentration. However,
these fundamental studies that demonstrate the advantages of steel slag as a potential
feedstock for CO, capture have not resulted in a deeper insight into the process. The use
of steel slag for CO, capture under realistic Ca-looping conditions has been attempted
recently in a thermogravimetric device for analysing fundamental parameters [38,39]. After
modifying the slag with acetic acid, these authors found that the calcination residence
time for regeneration is smaller when using the steel slag instead of limestone and that the
furnace temperature is slightly lower than that required when using limestone.

A different approach consists in synthesising absorbents starting from industrial
residues [40]. The use of aluminum-containing residues with phosphogypsum, a calcium-
containing waste, allowed a highly efficient capture material. Although this procedure
seems to be unsuitable from an economic point of view, it provides some evidence of the
role of the formed carbonates in preventing the leaching of environmentally hazardous
metals contained in the phosphogypsum residue. In a similar approach, the use of the
bag house dust residue of the steelmaking process was considered [41], showing that the
residue carbonation leaching of heavy elements is drastically reduced, in particular for
Pb, Cr, and Zn. Although the capture seems to be very high (0.657 kg of CO, per kg of
dust), the complexity of the mixture may result in complex environmental issues associated
with heavy metal volatilisation in the capture/calcination cycles. As for the successful
implementation of CO, capture using steel slags, the first pilot plant showing effective
results was developed by Aalto University (Finland) in 2014 [42]. The plant simply makes
use of steel slags to produce precipitated calcium carbonate (PCC) via reaction with CO,.
According to these studies, if all the calcium in the slag could be used, approximately 13
Mt of PCC per year could be produced, simultaneously sequestering nearly 6 Mt of CO,
per year.

3. Catalytic CO;, Conversion: From Active Sites to Reactor Architecture

The concept of circular economy is addressed to reduce the potential CO, emissions by
transforming the CO, captured into added-value products so that the carbon dioxide must
not longer be considered a by-product but a building block. The production of fuels and
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chemicals are among the promising technologies for increasing the use of CO; in the short
and medium terms. Indeed, the production of methanol, formic acid, or Fischer-Tropsch
hydrocarbon fuels allows access to most products derived from the petrochemical industry;
they have, therefore, high added value, but, in some cases, the storage time for CO, may be
short. It seems obvious that the highest scientific and technological deficit is found in the
synthesis of chemical compounds, either intermediates or final products, of high added
value. To increase the storage time, focus on platform chemicals is required; among them,
one of the less explored are C2 compounds, such as acetic acid.

Despite the efforts made, carbon dioxide (CO,) transformation into valuable fuels
or chemicals is still, in most cases, a challenge far from being satisfactorily addressed.
Motivated by the desire to understand and improve the selectivity of catalytic CO, trans-
formation processes, numerous efforts have been involved in the development of heteroge-
neous catalysts that are more active and selective in energy-related reactions, as reflected in
diverse publications [43—46]. The careful design of the nature of the active site has been
the focus of multiple activities research over the last years. Furthermore, the use of solid
state chemistry and materials science concepts has allowed design synthesis methods for
the catalysts that enhance their stability by preventing the sintering of the active phase or
tailoring the nature of the active site [47]. The advanced characterisation of the designed
catalysts by in situ and operando techniques guides the catalyst design and aids in a better
understanding of the phenomena controlling the processes of interest at the microscopic
level [48-50].

On the other hand, the development of selective catalytic materials for carbon dioxide
conversion into desirable products also implies major chemical and chemical engineering
challenges, e.g., multifunctional active and selective catalysts and careful design of heat
and mass transport tailored reactors that allow a comprehensive valorisation of CO, and
result in zero emissions next-generation industries. In this context, reactors architecture
allowing flow pattern and temperature control, the managing of strong thermal effects, and
incorporating specifically designed materials as catalytically active phases are expected
to significantly contribute to the advancement in the valorisation of CO; in the form
of high added-value products [48]. Herein, microchannel reactor technology combines
innovation from the point of view of both structured reactor design and multifunctional
catalyst synthesis.

As illustrated in Figure 3, this review is driven by the ambition of discussing the
fundamental aspects that involve the control of material surfaces at the nanoscale for
optimizing the nature of the active sites to materials and chemical engineering to properly
control heat and mass transport mechanism in the catalytic reaction for transforming CO,
into added-value products.

3.1. Design of Nanoscale Catalysts with Atomic-Scale Precision

The control of nanoscale materials with atomic-scale precision, as well as the charac-
terisation and in situ probing of catalytic processes at the atomic level, is the first step in
designing processes to obtain high value-added chemicals from CO,. The process consists
of three main stages, which include the CO, activation, the formation of surface adsorbed
species, and the final reaction of the adsorbed species. These step processes can be con-
trolled either by designing a multifunctional system able to reduce the number of steps
or by designing systems that efficiently couple the three stages. Hence, the development
of nanoscale materials with atomic precision is the first step to achieving such a catalytic
system using the so-called “LEGO approach” illustrated in Figure 4. The main challenge of
this approach is to generate new synthetic protocols for the development of these materials
as well as to characterise in depth, at the atomic scale, their active surface and adsorbed
species during the catalytic process.
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Figure 3. Time-space multiscale approach: from fundamental level to reactor engineering.

Figure 4. Rational design of efficient catalysts at atomic level: LEGO approach.

The challenges of converting CO; in high value-added chemicals are:

= To generate multifunctional catalysts formed by nanoscale particles of metals and
bimetallic alloys by fine-tuning of the interfaces.

= To understand the nature and composition of the active surface, its evolution with
time, and the role of the adsorbed species along the reaction time that may modify the
catalytic activity, as well as the selectivity of the reactions.

»  To selectively activate the very strong C=0O bonds of the CO, molecule at moderate
temperatures.

= To understand the reaction pathways that generate the desired products.

The control of the atomic scale of materials allows the control of the catalyst perfor-
mances. Metal nanoclusters on the surface of metal oxides create strong metal-support
interactions on providing higher metal-support interfacial surface area, thereby, prevent
sintering of active metal clusters and maintaining the active surface area of the catalyst and
its activity [51-53]. On the other hand, defects control the properties of all solid-state mate-
rials, their type and distribution, intentionally incorporated in metal oxides, and tailor and
optimise their catalytic behavior [54-56]. The metal nanocluster/nanoparticle-metal oxide
interface is of paramount importance in the catalytic process driving reactant activation and
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conversions [57]. CO, can adsorb on stoichiometric and non-stoichiometric metal oxides
mostly by the terminal oxygen atoms [58,59]. In the case of non-stoichiometric metal oxides,
the surface oxygen vacancies can act as a catalytic center for activation of the C=0 bond
by interacting with the terminal oxygen atom and may be activated by H-spillover from
the metal nanocluster /nanoparticle or by homo- or heterolytically dissociated Hy molecule
on stoichiometric and non-stoichiometric metal oxides [60]. The changes in electronic
properties of the interfacial atoms and the changes in the chemical state or oxidation state
of the active metal atoms of the catalysts will change the interaction and bonding mode of
CO; and the surface adsorbed species with the catalyst surface and with each other, which
will influence on the activation of CO, molecule, its hydrogenation/reduction, and C-C
coupling tendency. On interaction with Lewis acid/base centers, the C=0O bond of CO,
will weaken, and then the dissociation and hydrogenation of CO, will be much easier [46].
Therefore, metal oxides can activate H, and CO, molecules simultaneously, which makes
metal oxides appealing for CO, reduction/hydrogenation.

3.2. Structured Catalysts and Microreactors

Intensification of catalytic processes requires catalysts with high activity per unit of
reactor volume [61]. For this to be practiced, a suitable catalyst arrangement is required
in the reactor to ensure sufficient flow of reagents and products and heat transfer in the
proper direction. These flows can be controlled by the external diffusion processes (from
the bulk fluid phase to the catalyst surface or the inverse), internal diffusion (in the porous
network of the catalyst), and by heat transfer within the catalytic bed. Such processes
depend on both the properties of the fluid and the operating conditions as well as on
the characteristics of the catalyst, the substrate in the case of structured catalysts, and
the reactor itself in the case of structured reactors. Furthermore, to enhance the external
diffusion rate is convenient to increase the linear velocity of the fluid and the turbulence,
but looking for a trade-off with a pressure drop that is favored by the same conditions [62].

Microchannel reactors have unique advantages over conventional catalytic reactors, mostly
derived from their high surface area to volume ratio, e.g., reduced diffusion distance between the
reactants, excellent mass, and heat transfer. Moreover, in general, microreactors are particularly
well suited for fast, highly endo- or exothermic, and explosive reactions [63-66]. However,
despite these advantages, very scarce prototypes have been developed, particularly in
the field of high-temperature gas-solid catalytic reactions. Freunds’s group is particularly
interested in the heat transfer characteristics of the structured catalysts [67-70]. They anal-
ysed the heat transfer characteristics of different materials and their effect on the catalytic
activity and selectivity designing periodic open cellular structures (POCS) made out of
materials having different thermal conductivities, e.g., ABS, aluminum alloy, or titanium
alloy (Figure 5). They developed models for these materials finding that strut diameter,
window opening length, cell length, porosity, and specific surface area substantially affect
pressure drop and heat transfer characteristics.

Additive manufacturing has the potential to generate a breakthrough in chemical
reactor engineering since process intensification drives current advances in chemical engi-
neering. However, the number of catalytic reactors and processes being investigated taking
advantage of these technologies is still reduced and mostly reduced to low-temperature
processes, as highlighted by Parra-Cabrera et al. [71] in their review. Interestingly, additive
manufacturing (AM) allows new approaches as the one initially proposed by Coppens’
nature-inspired microreactors [72]. This approach is based on the recognition of the exis-
tence of hierarchical fractal architectures in many trees and mammalian networks. Reactors
based on these fractal structures have the advantages of low pressure drop and uniform
distribution of temperature, as well as rapid and direct scale-up. The most challenging
aspect of this approach is the design of optimised structures of 3D-tailored microstructured
reactors that allows for adapting mass and heat transport to the reaction requirements.
The combination of modelling, analysis of the material substrate behavior at the reaction
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conditions, and AM techniques is crucial to provide protocols for the designing tailored
prototypes that help in the development of distributed production plants.

Wall coupling

Ti6AI4V 50%

0%
\ 4 . 4

Figure 5. Periodic open cellular structures (POCS) made of different materials, with varying wall

coupling and morphologies. Adapted from reference [68].

At this point, we can conclude that the combination of atomic-scale design of multi-
functional catalysts together with the implementation of new tailored to function nature-
inspired chemical reactors opens a wholly new scientific avenue, as the only abundant
worldwide carbon source, carbon dioxide, can be transformed into long-life products
through and for catalysis. The major challenge is the discovery and development of strate-
gies for boosting process intensification by adapting reactors and structured catalysts to
the reaction requirements through the knowledge of the relationships between materials,
geometry, and transport properties.

3.3. Modelling and Simulation of Structured Catalytic Reactors

Modelling and simulation are essential steps in the analysis and design of structured
catalytic reactors. Modelling consists of their physicochemical and mathematical descrip-
tion, which is based on the mass, momentum, energy, and species conservation equations.
The first two are known as the Navier-Stokes equations, which are of great importance as
they provide the velocity and pressure fields that are needed for describing the residence
times distribution and species contact, and hence the reactor performance. As concerns
the structured reactors, the main challenge remains the modelling of the whole device [73].
Complexity mainly lies in the multi-scale character of the problem that involves dimensions
ranging from a few microns (catalytic layer) to millimeters (characteristic dimension of the
channel/microchannel), and finally several centimeters (complete device). As the model
resolution is performed using numerical methods based on finite elements (or volumes),
modelling the entire device would require an enormous amount of total elements with
sizes adapted to each scale, resulting in extremely high computational requirements that
are unmanageable in practice [74]. In the case of monolithic converters, the laminar na-
ture of the flow pattern significantly reduces the complexity. For that reason, one- and
bi-dimensional models have traditionally been used with either lumped or distributed
parameters, but considering a single channel that is assumed to be representative of the
ensemble [75,76]. These approaches have allowed us to advance and gain knowledge on
the modelling of structured reactors, but they are not always suitable. It should be noted
that the channels are isolated regarding mass transport but not as concerns heat transfer.
For that reason, in the case of reactions such as most of the ones considered in this review,
which are characterised by strong thermal effects, the single-channel models risk incorrect
descriptions of the reactor performance due to possible significant temperature profiles.
Moreover, flow maldistribution is another issue that may compromise the assumption
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of equivalent performance among the several channels. As a result, 3D simulations are
required in these cases, considering the ensemble of flow ducts.

At present, several computational fluid dynamics (CFD) software are developed and
commercially available. This fact, together with the remarkable recent advancement in
computer hardware capabilities, has allowed us to take a large step forward in chemical
reactor modelling and simulation [74,77-81]. However, even in these conditions, analyzing
the whole device remains a challenge. The implementation of CFD models in order to
simulate the performance of structured catalytic systems in CO, transformation processes
offers a huge potential for process intensification.

4. Chemical Routes for CO, Conversion

The production of fuels (methane, DME, liquid fuels, etc.) and chemicals (methanol,
syngas, acetic acid, formic acid, etc.) are among the promising chemical applications for
increasing the use of CO; in the short and medium terms. Table 2 depicts a wide range of
the valuable products that can be obtained from CO; conversion available and competitive
in the current market [82]. Because CO; can be transformed into a long variety of valuable
chemicals, not every possible product can be mentioned. This section will highlight the
most common routes of CO, conversion for producing valuable products that could have
a major impact not only on climate change mitigation but also on diverse sectors such as
industry, agriculture, and transportation.

Table 2. Chemical reactions and usages for some relevant valuable products derived from CO, as
chemical feedstock. Adapted from reference [82].

Promising Products

Chemical Reaction Process Uses and Applications

Syngas

Methane
Formic acid

Acetic acid
DME

Higher HCs

Polycarbonates and
cyclic carbonates

Inorganic carbonates
Urea

Methanol

Polyurethanes

Hydrogenation (riWGS) :
CO, + Hp = CO + H,O
Reforming (rWGS) :

COy 4+ CHy =2CO+2H,
Methanation :

COy +4Hy = CHy + 2H,0

Gas mixture used for synthesis of larger
hydrocarbons via FTS

Synthetic natural gas used for syngas production
and ammonia synthesis

Production of chemicals in textile and rubber
industries. Utilisation as hydrogen carrier and
energy vector

Hydrogenation :
CO; + Hy = HCOOH

Carboxylation : Food industry, cosmetics, manufacturing of

CO, + CHy = CH3COOH plastics, additives, synthesis of acetic anhydride
Hydrogenation : Fuel alternative for diesel engines, energy vector,
CO, + 6Hy = CH3COCHj3 + 3H,0O cosmetics, synthesis of olefins and aromatics
FTS hydrogenation : Production of synthetic liquid transportation
nCOy + (3n +1)Hp = CyHpy o + 2nHy0O fuels and additives

Carboxylation :

O
R o /\
O.
o (¢}
CO, + &R%MA% +
O O
n |
R

Mineralization :
MO+ CO; = MCO3 (M = Ca, Mg)

Plastics, electrolytes in batteries, electronic
devices, automotive and aircraft components

Construction materials, drying agents,
detergents, fire extinguishers, dusting powder,
CO;, sequestering agents

%gf?yzl]f]t;?:': NHyCONH, + HyO Production of fertilisers, plastics, and resins
Alternative transportation fuel, production of
valuable chemicals (acetic acid, formaldehyde,

and DME), H; storage

Hydrogenation :
COy 4+ 3H, = CH30H + H,O

Carboxylation :

o
O HO OH
Co, + I>R —
2 OH-starter Ol O7 /4

Production of elastomers, rubbers, adhesives,
foams, coatings, and sealants
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4.1. Reverse Water—Gas Shift (r-WGS) Reaction

The hydrogenation of CO, to produce CO is a thermodynamically limited reaction
favored at high temperatures because of its endothermicity. This reaction competes with
the methanation (Sabatier reaction) of carbon oxides, which are highly exothermic reac-
tions [83]. The equilibrium constant at 400 °C for the transformation into CO is just 0.1 for
stoichiometric Hy /CO; mixtures; it is necessary to reach 800 °C to attain an equilibrium
constant equal to 1 [84,85].

CO,(g) + Ha(g) = CO(g) + HyO(g) AH%gx = 42.1 k] mol ! )

Overcoming the high temperature required for r-WGS and, at the same time, increasing
the selectivity to CO membrane reactors has been proposed [86]. On the other hand,
microchannel reactors may be an attractive alternative to membrane reactors as an option
to enhance the selectivity of r-WGS against the methanation. An early but unfortunately
isolated study by Tonkovich’s group at PNNL (USA) uses Ru catalysts in microchannel
reactors at temperatures ranging from 500-540 °C and atmospheric pressure. Under
these conditions, the equilibrium conversion is attained (~90% and 100% selectivity to
CHy). However, on decreasing the residence time to 30-60 ms, the equilibrium conversion
decreases to 30%, as expected, but a selectivity to CO of 70% is attained [87]. More recently,
ceramic monoliths washcoated with Ru(Ce)-ZrO, have been described by Gaudillere
et al. [88] for the same reaction at similar space velocities, concluding that by structuring
the catalyst the selectivity of the r-WGS is improved. It is important to note that elevated
H,/CO; molar ratios favor methanation and, therefore, mass transport limitations may
affect the selectivity due to the higher diffusivity of H, compared to CO,; therefore, the
thickness of the catalytic layer may also play a relevant role. On the other hand, the
Sabatier reaction is exothermic while the r-WGS is endothermic, which leads to the need
to pay special attention to the management of the thermal effects and the control of the
temperature as a powerful strategy for controlling the selectivity of the process.

Typically, the r-WGS reaction is carried out using supported metallic catalysts, with
Cu, Pt, and Rh being the most frequently used over a panoply of supports, but reducible
supports are able to produce oxygen vacancies upon reduction (TiO,, Fe;O3, ZnO, or
CeO;) and are at the forefront of the preferences [83]. The role of oxygen vacancies at the
metal-support interface was recently highlighted for Au/TiO; catalysts [55]. In general,
for selecting the active phase, the reaction temperature and the active phase ability for
methanation are key issues. For instance, the use of copper reduces the r-WGS temperature
to values as low as 165 °C, keeping an elevated selectivity to CO [89,90], but the H, /CO,
molar ratio must be quite high to favor CO, dissociation on the copper surface [91]. On the
other hand, the nature of the support is also a determinant factor in the selectivity of the
CO; hydrogenation. Almost atomically dispersed Pd catalysts supported either on Al,O3
or carbon nanotubes (MWCNT) drive the CO, hydrogenation in different pathways. The
AlyO3 supported catalyst presents a high selectivity to CO, but these atomically dispersed
Pd phases show no activity in this reaction. However, by adding LayO3 to the carbon
support, the observed activity and selectivity resemble those of the Pd/Al,O3 catalyst [92].
Herein, the support basicity modifies the interaction of CO, with the support surface.
A weak interaction must be expected in interacting with y-Al,O3 mostly resulting in
bicarbonate species, while more stable carbonates are formed upon adsorption on the more
basic lanthanide oxides. In any case, surface hydroxyls determine the nature of the species
formed. Moreover, all these species may result in the formation of adsorbed formate species
by Hj-reduction through a well-documented spillover mechanism. Therefore, adding
alkaline promoters to the support alters the stability of the formed carbonate species and
increases the CO; adsorption capacity through electrostatic interactions [93]. Additionally,
the alkaline promoters affect the sintering behavior of the active phase or in the metal
dispersion [93-95].
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The reaction mechanism is far from being universally accepted. Although the CO,
activation mechanism is not yet well established, there is agreement ast to the effect of the
active phase dispersion. The CO, conversion increases upon increasing the dispersion.
This effect has been described for Cu [96,97], Co [98], Ru [99], Rh [100], PdZn [101], Pt [102],
or generally for all noble metals, although remarkably Pt and Pd favor the -WGS while
Rh and Ru favor methanation [103]. Panagiotopoulou relates the enhancement of activity
and selectivity in the r-WGS on decreasing particle sizes with the activation of CO; at the
perimeter of the metal particles [103]. On the other hand, an increase in the particle size
favors the methanation reaction as observed for Ru/TiO, and Ru/Al,Os3 catalysts with
100% selectivities to CHy for particle sizes above 2.5 nm and 1.5 nm, respectively [103]. In
an interesting study, Matsubu et al. [104] found a positive correlation between the r-WGS
turnover frequency (TOF) and the number of isolated Rh sites in Rh/TiO; catalysts. The
importance of the metal-support interface in the activity and selectivity has been a recurrent
conclusion in the last few years. The presence of Ti** at Pt-TiO, interface determines
the catalyst behavior [105]. These authors proposed the Hj-reduction of the support
generating oxygen vacancies Pt-Oy-Ti*>* (Equation (3)) that will further be reoxidised by
COg, resulting in CO formation. Bobadilla et al. [55] proposed, for Au/TiO; catalysts, a
change in the mechanism as a function of the reaction temperature. At high temperatures,
decomposition of the adsorbed formate species on the support formed by the reduction
of adsorbed carbonates upon H; spillover will take place, whereas, at low temperatures,
the Ti**-OH groups at the metal-support interface will play a key role in the formation of
hydroxycarbonyl (HOCO) intermediates.

PO — 0 — M"t + %Hz =P — 0, — M" "Vt + OH ©)

Although the interface has been emphasised by many authors when using reducible
supports [55,105,106], the elevated mobility of oxygen vacancies in Cu/CeO; [97] or
Co/CeO;y [107] proposes that the whole support surface is active in the r-WGS. DFT
studies point to the formation of HOCO species either at the active phase surface [108] or
at the metal-support interface with the participation of both the metal and the support in
the transition state [109]. These studies clearly show that a sequential route is the most
probable in the CO, hydrogenation. The hydrogenation of CO species assisted by adsorbed
H* and OH* species in the active phase would result in the formation of formyl (HCO) as a
first step [110] for CH, formation. Therefore, this route must be inhibited to increase the
production of CO.

4.2. CO, Methanation: Sabatier Reaction

The catalytic CO; hydrogenation for producing methane (Equation (4)) was first
described by Sabatier and Senderens in 1902 [111]. Despite being thermodynamically
favored [112,113], CO, methanation is still far from being industrially implemented. The
main problem is related to the high chemical stability of CO, molecule, in which the C=O
double bond breaking is disfavored, considering both entropy and enthalpy [114]. At
2000 °C, just 2% dissociation into CO and O; is estimated to occur [115]. Nevertheless,
the resulting slow kinetics may be overcome by using catalysts resistant to deactivation
and impurities.

CO, +4H, = CHy +2 Hy,O AH%%gx = —165 k] mol 4

There are a number of relevant reviews on the catalytic hydrogenation of carbon
dioxide into methane [116,117]. The efficiency of the different active phases tested for CO,
methanation follows the order Ru > Ni > Co > Fe > Mo [118]. Suitable supports have been
compared, resulting in the efficiency order CeO, > Al,O3 > TiO, > MgO [117]. Although Ru-
based catalysts are stable under operating conditions and more active, Ni-based catalysts
are preferred for industrial applications due to the metal cost [112,119]. However, Ni-based
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catalysts suffer rapid deactivation mainly due to the sintering of metallic particles, which
occurs through the formation of volatile Ni(CO)4 molecules [120], and the formation of
carbon deposits that decrease the number of nickel-active sites for the adsorption of CO,
and H, dissociation. Among the different strategies to restrain the deactivation, resistance
to sintering can be improved by strengthening the metal-support interaction [121], while
the addition of water may prevent the carbon deposits [113], although the latter influences
the sintering behavior of the catalyst.

In a comprehensive review, Jalama analyses all the aspects that affect the kinetics of
CO, hydrogenation, including active phase, support, promoters, and even pore size and
particle shapes [119]. The nature of the support plays a crucial role in the high activity
of CO, methanation. This has resulted in a considerable amount of work that considers
the effect of supports and promoters on the catalyst efficiency. The addition of alkaline
or alkaline-earth cations promotes dissociation and helps gasifying carbon deposits. The
high oxygen storage capacity of reducible oxides as CeO, or Ce,Zr;_,O, mixed oxides, the
easiness of the reducibility of the active phase, and the metal dispersion or the support
basicity are key factors in the catalyst activity [122-124]. Concerning the redox properties,
perovskite-type materials have been successfully tested as promissory materials for CO,
methanation [125]. Although there are certain discrepancies, it is generally accepted that
CO, methanation is a sensitive reaction to the structure of the catalyst [126], its preparation
method, and conditions [127,128], and the composition has a significant influence on its
performance [129,130]. Therefore, to improve the catalyst activity, efforts must be devoted
to the synthesis conditions, the selection of high surface area supports with tailored pore
sizes and optimised basicity and a careful selection of the active phase, including bimetallic
or multimetallic active phases. In general, most studies have been carried out in relatively
simple systems, and, in consequence, there is a strong need to develop a fundamental
understanding of this reaction. In such a way, the application of the LEGO approach to
generate multifunctional catalysts could satisfy this challenge. For instance, perovskite-
based materials have tunable basic and redox properties that can be adjusted to design
optimal catalytic materials for CO, methanation.

From a mechanistic point of view, two main reaction pathways have been proposed
for CO; methanation. The first involves the formation of CO as an intermediate, which,
depending on the reaction conditions, becomes dissociated into C* and O* species that
are both hydrogenated to generate CHy and H,O, respectively. In the second proposed
path, CO is formed and hydrogenated without C-O bond scission forming formate or
other oxygenated intermediates, such as formyls which are finally hydrogenated, forming
methane and water. Recent operando spectroscopic study catalysts have shown that the
nature of the support and the density of surface hydroxyls influence the CO, hydrogenation
mechanism [131,132]. In general, adsorbed CO and formate species are nowadays accepted
to form on Ni- and Ru-based catalysts, acting as active intermediate species in the hydro-
genation of CO;. In some cases, CO may be formed through formate decomposition, and
both mechanisms are simultaneously participating in the reaction. The relative proportion
of the active intermediate species is determined by the physicochemical properties of the
support and, therefore, active supports influence the reaction mechanism.

It is well known that the process efficiency is controlled by the configuration of the
catalytic reactor due to the reaction’s high exothermicity, but it is also controlled by the
catalyst activity throughout its lifetime [133]. The activity and selectivity of the catalysts
for CO, methanation are drastically influenced by heat and mass transfer in the reactor. To
avoid these limitations, several reactor concepts were proposed. Among them, cascades
of fixed bed reactors with limited conversion, wall-cooled fixed bed reactors, fluidised
bed reactors, or slurry bubble reactors are used or currently investigated [118]. However,
very few studies reported process intensification for this reaction using microchannel
structured reactors, which is an alternative concept allowing the effective reaction heat
removal because of their advantageous surface-to-volume ratio. By structuring the catalyst
on proper metallic substrates, the temperature hot spot is reduced to moderate values,



Chemistry 2022, 4 1263

and the lifetime of the catalyst is extended by decreasing the activity loss with time. In
our recently published critical reviews, the recent advances in structured reactors and
microreactors in the Sabatier reaction are analysed in detail [134].

Over the last decade, the rapid evolution of 3D printing and additive manufacturing
technologies, as well as the consolidation of knowledge in the structing of catalysts, enabled
the development of a wide range of possibilities in the fabrication of microreactors with the
optimal properties for Sabatier reaction [135]. For instance, Danaci and coworkers generated
a tridimensional structure by 3D printing a metallic paste that, after calcination, is wall-
coated with the desired catalyst [136-138]. Pressure drop and heat transfer using these
structured catalysts for the Sabatier reaction depend on the microreactor architecture (strut
stacking and fiber diameter as well as macroporosity), with the macroporosity of the 3D-
printed structure being the main parameter influencing the effective thermal conductivity
of the structured device.

In a recent collaboration of our research group [139,140], we assessed, for the first
time, the impact of the geometric variations of gyroid-based metal substrates on the CO,
methanation catalytic performance using NiRu bimetallic catalysts. In comparison to
traditional honeycomb monoliths, the tailored 3D gyroid geometries metal substrates
promote the mass and heat diffusion processes, boosting overall process efficiencies, as
shown in Figure 6. This promising work reveals that tailored G-3D-printed monoliths are
promising for designing advanced microreactors for low-carbon technologies.
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Figure 6. Comparison of the catalytic performance between conventional honeycomb monolith and
different tailored 3D gyroid geometries metallic substrates on CO, methanation. Adapted from
references [139,140]. Reprinted with permission from reference [140]. Copyright 2021 American
Chemical Society.

4.3. Synthesis of Formic Acid (FA) as Energy Vector

The utilisation of hydrogen as an alternative energy carrier requires a carefully de-
signed infrastructure satisfying all safety conditions and easing its storage, transport, and
handling. Those requirements can be easily satisfied by using chemically bounded hy-
drogen, allowing its delocalised availability via hydrogenation/dehydrogenation cycles.
This scenario conducts the hydrogen economy towards the use of organic compounds
able to absorb and release free hydrogen, known as liquid organic hydrogen carriers (LO-
HCs). The LOHCs present a safe alternative for H, storage and handling, allowing the
use of the existing fuel infrastructure and reassuring society about the negative concerns
of directly employing hydrogen gas as a fuel [141]. A successful LOHC should possess
sufficiently high gravimetric energy density and should easily allow reversible hydrogena-
tion/dehydrogenation cycles. A large variety of LOHCs were evaluated based on their
chemical properties and compared to each other by applying different evaluation criteria
based on energy storage, energy transport, and mobility application [142]. In comparison



Chemistry 2022, 4

1264

to other LOHCs, such as dibenzyltoluene or N-ethylcarbazole, formic acid (FA) is espe-
cially attractive as a hydrogen vector due to its relatively high gravimetric energy density
(4.4 wt.%), specific energy (5.3 MJ kg~ '), and volumetric energy density (6.4 MJ L) [143].
Although lower than what is established by the US Energy Agency, the FAs gravimetric en-
ergy density is as high as that of several chemical hybrids and presents additional benefits,
such as simplicity, stability, low toxicity, inflammability, and high biodegradability [144].
Formic acid comes with an important advantage as a hydrogen vector: H, storage can
be achieved by CO; captured hydrogenation into formic acid, and H; production from FA
is considered zero CO, emission due to the fact that the CO; liberated during the dehydro-
genation cycle can be reused in another hydrogen storage cycle (Figure 7). The complete
dehydrogenation/hydrogenation cycle is an environmentally friendly technology within
the CCU concept, allowing hydrogen storage and liberation in delocalised applications.
Both involved processes in the cycle (hydrogenation of CO, and dehydrogenation of formic
acid) are catalytic reactions. In fact, a recent techno-economic study of the market and
the use of CO, for the production of formic acid reveals that this technology will only be
economically viable if decreasing the operating costs is linked to the use of catalysts [145].
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Figure 7. Hydrogenation/dehydrogenation cycle established by using formic acid as a liquid organic
hydrogen carrier (LOHC).

Inoue et al. [146] were pioneers in reporting the direct synthesis of formic acid from
CO, and H; under mild conditions using homogeneous catalysts based on group VIII
transition-metal coordinated with phosphines. Since then, a large variety of homogeneous
catalysts based on complexes of Ru, Rh, Pd, Ir, Fe, Co, Ni, Ti, and Mo have been successfully
tested [147]. These efforts in the study of homogeneous catalysts for this reaction resulted
in the development of very efficient catalytic systems achieving turnover frequency (TOF)
values greater than 200,000 h~! [148]. However, the large-scale production of formic acid
from CO, hydrogenation is still restricted due to the difficulties encountered in separating
the homogeneous catalyst from the final product. Moreover, the decomposition of part of
the formic acid formed may also occur during the recovery stage, limiting even further
the process [149]. Because of such limitations, diverse solid catalysts which can be eas-
ily separated from the FA produced have been reported within the last decade. Among
the most successful heterogeneous catalytic systems tested, supported catalysts based on
dispersed Pd, Au, Rh, and Ru are predominant [149-159], although Ni-based catalysts
have also been described [160,161]. Metal oxides [151,158,159,162], layered-double hydrox-
ides [153-155], and carbon-based materials [150,163-165] are commonly used as supports.
It must be emphasised that the role of the support is still controversial. Some authors
propose that hydroxyl groups in oxidic supports play a fundamental role in the reaction
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mechanism [153-155], while other researchers suggest that hydrophobic carbonaceous
supports with high surface area are beneficial for the FA production [150,151].

The chemically stored H; in the formic acid platform must be liberated in a controlled
manner in the presence of the appropriate catalyst. To increase the efficacy of FA as a
hydrogen storage material, one must follow the desired hydrogenation reaction pathway
(Equation (5)) preferentially against the unwanted dehydration reaction (Equation (6)). The
use of water as a solvent instead of organic solvents, as well as the choice of temperatures
equal or lower than 50 °C, favor the dehydrogenation against dehydration reaction [166].

HCOOH = CO, + Hy (Dehydrogenation) AG9gx = —48 k] mol ! ®)

HCOOH = CO + HyO (Dehydration) AGsx = —285kmol™'  (6)

Among the heterogeneous catalysts reported for hydrogen production via FA dehy-
drogenation, predominate are those based on noble metals (Pd, Au, Rh, and Ru), with
Pd being the most frequently used [166-169]. In a recent work, Santos et al. [168] demon-
strated the size-activity dependence of Pd-based catalyst in FA dehydrogenation reaction.
As shown in Figure 8, an optimal size of Pd particles exists, and it is controlled by the
preparation conditions. The catalytic performance is influenced more strongly by the low
coordinated states than by the total number of available atoms. Nevertheless, the use of
Pd-based catalysts for FA dehydrogenation presents some drawbacks, such as the high
price and important rate of deactivation along time on stream. Therefore, some efforts
must be oriented towards noble-metal-free catalytic technologies. The use of Ni, Cu, or
bimetallic compounds has been reported [170]. Despite the higher energy barrier found for
Ni in comparison to Pd for this reaction, the catalyst’s behaviour can be modulated either
by the addition of a second metal (such as Cu or Co) or the right choice of support [171].
Furthermore, the use of carbonaceous supports produced from lignocellulosic biomass with
high specific surface area and easiness of modification were recently reported as beneficial
for the hydrogenation and dehydrogenation reactions [166,172].
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Figure 8. Illustration of structure-sensitivity character of formic acid dehydrogenation over Pd
nanoparticles dispersed on active carbon as support. Adapted from reference [168].

The crucial challenge for implementing such an advanced energy storage approach
lies in the development of economically feasible and reliable catalytic systems that do
not only store H; at high energy density but can also operate reversibly under realis-
tic working conditions [165]. A “hydrogen battery” requires a suitable catalyst able to
efficiently produce FA from CO; hydrogenation and release H; reversibly via dehydro-
genation of FA, both under mild conditions. In general, the performance of solid catalysts
in both hydrogenation/dehydrogenation reactions depends on three factors: (i) compo-
sition, dispersion, and morphology of the metallic particles, (ii) nature of the support,
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and (iii) the presence of additives. At this point, the LEGO approach plays a key role in
optimal catalyst design. Typically, most of the catalysts reported in the literature require
extra basic additives and/or elevated temperatures (above ambient temperature) to achieve
optimal catalytic performance in both reversible reactions [173,174]. A more sustainable
approach involves the use of heterogeneous catalysts in the absence of additives at room
temperature [163,165,175,176]. So far, the most successful catalytic systems are constituted
by dispersed Pd nanoparticles over graphite oxide or active carbon as supports, and the
H,; storage/release cycles are based on the bicarbonate/formate redox equilibrium at near
ambient conditions (Equation (7)) [163,165]. The catalytic performance obtained is com-
parable to that of the homogeneous counterpart system owing to high volumetric energy
density and occurs in an aqueous medium avoiding the utilisation of organic solvents
and/or additives.

HCOO™ + H,O = HCO; + Hp (7)

Bath reactors are usually used for the hydrogenation/dehydrogenation of FA. How-
ever, the lifetime of the catalysts as a key performance indicator can hardly be evaluated in
this type of reactor [177,178]. In order to establish the true potential of this technology, it is
mandatory to study the formic acid hydrogenation/dehydrogenation in continuous flow
reactors. In an interesting study, Caiti et al. [177] compared the production of hydrogen
via FA decomposition over Pd/C catalysts in a continuous stirred tank reactor (CSTR) and
a plug-flow reactor (PFR). Detailed kinetics studies and mechanistic insights allowed the
establishment of a structure-activity-lifetime relationship. Although the CSTR presented
lower activity-specific rates than the analogous PFR, the relevant overall high stability
(35-fold more stable) resulted in a more productive and favorable process for the continuous
production of hydrogen.

The application of microreactors for continuous process presents important advantages
in terms of process control, security, simplified operations, shorter residence time, heat
exchange control, and enhanced reaction selectivity [179]. In this context, the multiple
advantages of microreactors and process intensification make these systems suitable for
FA synthesis and reversible decomposition reactions. Although microreactors have been
applied for fuel synthesis and on-line H, production for polymer electrolyte membrane
fuel cells (PEMECs) [65], the number of papers found in the literature for FA is still very
scarce. Thus, it is necessary to explore innovative microreactor configurations for FA
decomposition and reversible hydrogenation to obtain optimal yields and high stability
in continuous mode. Very recently, Haffez et al. [178,180] published the first studies in
which membrane, packed-bed, and coated-wall microreactor configurations are compared
in FA decomposition using commercial Pd-based catalysts. By means of computational
fluid dynamics (CFD) models, the authors provided innovative insights into the formic
acid decomposition reaction, revealing that internal and external mass transfer limitations
for all microreactor configurations were insignificant. The coated-wall and membrane
microreactors presented superior performance than the packed-bed configuration. This
pioneering work offers a practical basis to implement microreactors for the current reaction
working in continuous mode.

4.4. Direct Synthesis of Dimethyl Ether (DME)

The transformation of methanol into higher hydrocarbons using the appropriate acid
catalysts, such as zeolites, includes an initial dehydration step to produce dimethyl ether
(DME). Subsequently, DME is transformed into the corresponding hydrocarbons.

As an oxygenated compound, dimethyl ether (DME) is an excellent fuel that does
not generate particles during combustion [181,182]. Its toxicity is very low, and it is not
known to contribute to global warming or the stratospheric ozone layer depletion [183].
The conventional manufacturing process starts from the synthesis of gas and consists of
two stages: the first produces methanol, while the second dehydrates the methanol into
DME. The synthesis of methanol has two clear limitations in temperature. On the one
hand, the catalyst using Cu as an active phase is very sensitive to deactivation by sintering,
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and, above all, it is a reaction limited by thermodynamic equilibrium due to its reversible
exothermic character. Therefore, low temperatures favor the stability of the catalyst and
increase the maximum conversion obtainable but penalize the process kinetics [184].

4.4.1. One-Step Process

Throughout the last few decades, the interest in carrying out the process of synthesis
of DME in a single stage from synthesis gas has become evident. The idea is to arrange in
a single reactor the two catalytic functions of interest and to dehydrate the methanol as
it is produced. This achieves a simpler system, a single reactor versus two, but above all,
the thermodynamic limitation of methanol synthesis is overcome. Numerous industrial
groups have shown their interest and have begun their development. Among them, we can
mention the JFE Group (Japan) [185-187], Haldor Topsee (Denmark) [188,189], Air Products
(USA) [190,191], Snamprogetti S.p.a. (Italy) [192], Shell Oil Company (Holland) [192], and
Mobil Oil Corporation (USA) [193]. Both the stage of methanol synthesis and dehydration
are exothermic, as is the WGS reaction, which is also fundamental in this process. Most of
the proposed processes are performed in a slurry reactor to enhance the heat of reaction
elimination and thus achieve good temperature control.

4.4.2. Catalysts for the One-Step Process

The one-step process uses a bifunctional catalytic system with activity for the synthesis
of methanol from synthesis gas and with dehydrating properties of the methanol pro-
duced [194]. The catalysts cited in the literature and patents are all inspired by the methanol
synthesis catalyst developed by ICI in the 1960s. It is a copper/zinc oxide/alumina catalyst
that is prepared by precipitating the Cu, Zn, and Al nitrates with sodium carbonate [195].
The most commonly used dehydration catalyst in this process was alumina, although
recently the use of zeolites has arisen. The role of the dehydrating phase of the catalyst is
really very important and complex because it controls the final selectivity of the process
since the DME can also be dehydrated to produce hydrocarbons. Therefore, if there is
little dehydrating capacity, the selectivity to DME will be low because a lot of methanol
remains. However, if the dehydrating activity is excessive, the selectivity to DME will also
be low because it dehydrates to hydrocarbons. This low or high dehydrating capacity can
be related, in a simplistic way, to low or high acidity [196,197], but a more detailed analysis
must also take into account the type of acidic center (Lewis or Brensted) that is involved
in the reaction and its influence or lack thereof in the methanol synthesis reaction when
using hybrid catalysts with both functionalities. A. Martinez et al. [198-202] have made
an excellent systematic study of this problem, reflecting the confusing starting situation
existing in the previous bibliography (see for example reference [201]) due largely to the
complexity of the problem but also to the fact that many of the studies were probably
conducted under conditions in which dehydration was not the process controlling step.
The main conclusions of A. Martinez’s group, based on their experimental results and
the bibliographic review carried out, can be summarised as follows: (i) zeolite ZSM-5 is
considered to be more suitable than y-alumina as the dehydrating phase of the hybrid
catalyst; (ii) in the case of zeolites, both strong Brensted and Lewis centers play important
roles [201]; (iii) the stability of the hybrid catalyst with zeolites depends on the preparation
mode or contact between the active phases. A final important aspect of the hybrid catalyst
is how the two phases are contacted to manufacture the final catalyst. Catalysts were
proposed in which the Cu phase is precipitated on an alumina core [187,203], and a Cu-Zn
nanoalloy is formed, generating cooperative sites [204] or mixtures with some binders to
carry out pelletisation [193,197]. Finally, as already mentioned, the works by Martinez’s
group show that excessively intimate contact between both phases can be negative if it
promotes the mechanism of deactivation of Cu by migration of the extra-framework Al of
the zeolite.
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4.4.3. Dimethyl Ether from CO,

The direct hydrogenation of CO, to DME is a possible reaction that adds to the global
decarbonisation strategy and the reinforcement of renewable energies via the production
of hydrogen. Saravanan et al. [205] recently reviewed this reaction confirming its viability
but highlighting its critical points, such as the significant production of H,O by the r-WGS
reaction that negatively affects the process introducing thermodynamic limitations and
causing catalyst deactivation. Therefore, these authors conclude that new catalytic systems
and new contact strategies for the two involved phases must be explored: the phase active
in the synthesis of methanol and the dehydrating phase.

4.4.4. Production of DME in Compact Systems

The structured catalytic systems allow substantial improvements in the one-step DME
production process. On the one hand, they allow taking advantage of the thermal conduc-
tivity improvements of a substrate using catalysts structured on metals [206,207]. Moreover,
the use of microchannel reactors provides additional improvements associated with the in-
tensification of processes [208,209]. These reactors offer high surface/volume ratios, which
increase heat and mass transfer rates while increasing volumetric productivity (process in-
tensification). In addition, the microchannel reactors are organised in a hierarchical way by
means of blocks that are replicated until reaching the desired production capacity, avoiding
problems associated with the scale-up (rapid development) and offering the flexibility to
assume changes in production capacity using more or fewer blocks connected in parallel.
Finally, the dimension of the channels means that the pressure drop is very low and the pro-
cesses are intrinsically safe. There are few works in the literature that explore the potential
of microchannel technology in the direct synthesis of DME. These studies show that this
technology is highly promising because it allows excellent temperature control (a key point
of this process), good catalyst stability, and a much higher volumetric productivity than
conventional technology [210-214]. For instance, Hu et al. [210] demonstrated that DME
space-time yield is three times superior for microchannel reactors over conventional ones.

4.5. The Synthesis of Acetic Acid Using CO;-Rich Feedstocks

Acetic acid is one of the most important fine chemicals whose production of 6.5 Mt
per year worldwide creates thousands of jobs, and it is used to produce added-value
products that we use in our daily life, such as plastics, pesticides, polymers, textiles, and
pharmaceuticals.

The hydrogenation of CO; to acetic acid is an exothermic process that is thermody-
namically favoured [215] (Equation (8)), although the kinetic constraints associated with
the formation of C-C bonds have avoided obtaining high acetic acid yields.

1
CO, +2Hy = 5CH;COOH + Hp0 AGsx = —21.6 Kf mol™!; AH9gg, = —64.8 kJ mol ! (8)

In an early work, Noriyuki et al. [216] observed the production of acetic acid on Ag-
promoted Rh/SiO; catalysts at 190 °C. At such low temperatures, these authors suggested
that previous reduction to CO is not required for the formation of acetic acid. Direct
carboxylation reactions are of great importance since they allow the synthesis of highly
demanded products such as acetic acid. However, the catalytic carboxylation of C-H bonds
is still challenging and deserves more effort to design simpler and more C-efficient routes
than the ones currently set up in industry [217].

In a patent issued in June 2014, BP researchers disclosed a multistep gas phase proce-
dure for producing acetic acid using CO,-enriched syngas for the synthesis of methanol that
uses CuZn/Al,Oj3 catalysts (Katalco, Johnson, Matthey) that is further dehydrated to DME
(dimethyl ether) in a second unit and this is, in a third unit, carbonylated to acetic acid using
the previously obtained syngas [218]. Different zeolitic materials are used in these pro-
cesses, mordenite being (MOR) the preferred catalyst for DME carbonylation. Among the
advantages announced by BP: the separation problem of the homogeneous precious metal
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complexes is eliminated as well as the expensive and corrosive liquid halides. However,
most of the examples reported in the patent refer to product distribution estimated using
ASPEN Plus software, and just the methanol production is experimentally exemplified.

Recently, Somiari and Manousiouthakis conceptually designed a process for pro-
ducing acetic acid from CHy using standard technologies that are techno-economically
feasible [219]. They propose a reaction cluster that leads to a conceptual process organised
into six subsystems that realises the overall reaction. The subsystems are a partial methane
oxidation unit that produces CO and H,O; a methane steam reforming unit resulting in CO,
CO;,, and H,O; a subsystem for the r-WGS that uses pure Hj; a gas separation system for
H; and CO;; the methanol synthesis unit; and finally, a methanol carbonylation subsystem.
This scheme allows the production of acetic acid and H; at zero CO; emissions.

Reports on the direct synthesis of oxygenates from CO, are quite scarce. Dagle
et al. [220] report a multifunctional catalytic system formed by mixing several catalysts
accounting for different functions. By mixing an Fe-based FTS catalyst, and CuZn-based and
PdZn-based methanol synthesis catalysts in a 1:1:1 weight ratio around 500 g Leat 1 h1
total STY to oxygenates (methanol, ethanol, and acetic acid) was obtained at 350 °C, 80 bar,
and 50,000 h~!. Factors such as temperature, nature of the methanol synthesis catalysts,
or relative amount of each catalyst were investigated, being especially relevant to the
results concerning the method of mixing the different catalysts that significantly alter the
total STY to oxygenates as well as their product distribution. By pelletising each catalyst
(70-100 mesh) separately, the total STY increases, and C2 oxygenates are favoured over C1
ones. These results indicate that ethanol and acetic acid formation occur by carbonylation
of initially formed methanol precursors; therefore, their formation can be facilitated by
the proximity of methanol synthesis sites and chain growth sites. This synthesis requires
either a series of catalysts or the efficient design of a multifunctional catalytic system
including Fischer-Tropsch, methanol, r-WGS, and hydrogenation functions. The interest in
developing catalysts for the direct synthesis of C2+ products is an area of current interest
challenged by a precise control of different functionalities that must work together. Active
sites for CO, reduction, either in the r-WGSR or methanol synthesis, must be present.
A detailed analysis of the reaction mechanisms allows for identifying adsorbed formate
species at the beginning of the transformation pathway from CO; to CO or CH3OH [221].
The pathway to any of these products mainly depends on pressure and Hy /CO, molar ratio.
Once activated, these C1 primary products need a second active site for chain propagation.
CO insertion into noble metal adsorbed methyl species [222] at high pressures or into
methoxy groups at low/moderate pressures [109] may drive the reaction to adsorbed acyl
intermediates that further evolve to acetic acid.

Early work demonstrated the feasibility of the acetic acid one pot synthesis starting
from CO using Rh catalysts [222]. Two main factors favour acetic acid production on Rh-
based catalysts, the presence of cationic Rh* species and small metal nanoparticles [223,224].
Alternatively, acetic acid may be produced by gas-phase carbonylation of methanol or
DME using acidic zeolites [225] or polyoxometalate [226] catalysts at low temperatures and
pressures, the acylation of adsorbed methoxy species being the key step in the proposed
reaction mechanism. This mechanism is similar to the one proposed for DME formation,
the methylation of the adsorbed methoxy groups. On the other hand, methanol is formed
at low temperatures and high pressures by hydrogenation of CO and/or CO,. The reaction
mechanism implies, in the first stage, the formation of adsorbed HCO or HCOO species
that are further hydrogenated up to adsorbed methoxy species [109]. Therefore, it may be
possible to shift the reaction to the desired products by modifying the reaction conditions
(temperature, pressure, and reactant concentrations) once the catalyst active sites have
been carefully designed. In the conventional Cu/ZnO/Al,Os catalyst for the synthesis of
methanol, the active site has been postulated to be partially oxidised Zn cations decorating
step edges of Cu (211) facets pointing to the Cu and ZnO synergy and the presence of
defects in the Cu surface for designing active catalysts for methanol synthesis [227]. The
presence of Zn strengthens the binding energy of intermediate species to the copper surface
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while decreasing the activation barriers. The active sites for methanol carbonylation are
Bronsted sites inside the zeolitic cavity; when placing Cu* close to these sites, the catalyst
activity increases, and the catalyst is less prone to deactivate by water [228]. Brensted sites
are located in both eight-membered rings (8MRs), connected to 12- or 10-membered ring
channels, in mordenite and ferrierite, respectively. However, the carbonylation of methanol
to acetic acid occurs selectively in the 8MR pockets, while hydrocarbon formation resulting
in deactivation is easier in 12MR pockets [229-231]. Considering DME carbonylation,
the existence of a synergic effect between Cu and Zn in the carbonylation reaction has
been shown. Zn cations are preferentially located in T3 sites of the 8MR pockets, but
exchanging H-MOR with Zn and Cu results in the presence of Cu in these sites while Zn?*
is now located in the T4 sites of the 12MR pockets [232]. Finally, it should be mentioned
that a similar mechanism has been proposed for the polyoxometalate-based catalysts,
where methoxy groups adsorbed con acid sites react with cationic species that hold CO
molecules [233].

A complete understanding of the reaction mechanism and catalyst dynamics during
the reaction provides extremely useful information for refining the catalyst formulation
and boosting the catalytic performance. However, along with high catalytic activity, the
catalyst’s stability is of paramount importance for commercial applications. In this regard,
the main culprit of zeolites is that they suffer from rapid deactivation because their channels
are easily blocked by the formation of coke deposits. The stability of the catalysts is com-
promised by the formation of coke in the zeolitic cavities since zeolite is also active in the
transformation of methanol into hydrocarbons. By controlling the acidity, the dehydration
rate may be enhanced with respect to coke formation. The careful design of the nature of
the active sites and the application of solid-state chemistry concepts have allowed design
synthesis methods for the catalysts that enhance their stability by preventing coke depo-
sition [234]. Moreover, the temperature control of the reaction also plays a key role since
the hydrocarbon formation occurs at higher temperatures than the dehydration process;
therefore, the control of hot spots should improve the selectivity. It is well-known that the
presence of hot spots at the reactor compromises the activity as well as the selectivity of the
catalytic process; moreover, mass transport effects play a substantial role in the selectivity.
In this regard, the utilisation of microstructured catalytic reactors instead of conventional
reactors can not only improve the quality of obtained products it but also reduces energy
consumption and minimises the production of wastes. Temperature control and flow
pattern regulation are crucial to run the process safely and maximise the selectivity towards
the desired products [235]. Indeed, safety is another added value of microchannel reactor
technology since they can cope with high pressures, hot spots are ruled out, and explosive
reactions cannot be propagated within the microchannels. Microchannel reactors represent
a step ahead in fine chemicals manufacturing, and, to the best of our knowledge, they
have never been applied for acetic acid production. Boosting the selectivity of methanol
carbonylation to acetic acid by implementing microchannel reactors could certainly have a
remarkable impact on the current acetic acid synthesis technologies.

5. Concluding Remarks and Future Trends

CO; emissions resulting from fossil fuel use and their contribution to global warm-
ing have raised serious environmental concerns, and they have oriented the current EU
policy towards a circular economy where products, materials, and resources are main-
tained as long as possible. The circular economy is expected to promote economic growth
(job creation and business opportunities) by implying policies of material cost savings,
waste control, greenhouse gas emission reduction, and material loops (use, conversion,
and reuse).

The production of fuels and chemicals are among the promising technologies for
increasing the use of CO; in the short and medium terms. The production of methane, DME,
synthesis gas, or acetic acid allows access to most products derived from the conventional
industry; they have, therefore, high added value, but in some cases, the storage time for CO,



Chemistry 2022, 4

1271

References

may be short. However, in most cases, the technology readiness level (TRL) is quite low.
Therefore, it is mandatory to advance basic and applied sciences to cope with the challenges
of the utilisation and valorisation of CO, emissions. It seems obvious that the highest
scientific and technological deficit is found in the synthesis of chemical compounds, either
intermediates or final products, of high added value. This review has shortly analysed the
current state of the art on the carbon capture and utilisation (CCU) and Power-to-X (PTX)
concepts with an emphasis on processes involving the valorisation of CO; in the form of
fuels and platform chemicals.

As for future development, advances in heterogeneous catalysis are required to re-
veal fundamental phenomena (such as strong metal-support interactions, spillover, and
structure-sensitivity relations) that are very useful for understanding the microscopic per-
formance of supported metallic catalysts and as a guide for optimal catalyst design. The
reductive C-O bond breaking to activate the stable CO, molecule requires the design of
catalysts at the nanoscale with as close as possible atomic position precision, taking into
consideration the careful design of the metal particle size and their interaction with the
supports where the number and acidity of surface hydroxyls determine the reaction path
and the presence of promoters determine the resistance to sintering and the adsorption
capacity of CO,. This is the essence of the LEGO approach concept. Furthermore, the
requirements for sustainable development also include the use of waste and economic
precursor materials for the synthesis of added-value chemicals.

On the other hand, microchannel reactor technology opens a new scientific avenue,
as reaction selectivity can be tailored by controlling residence time and heat and mass
transport properties. 3D printing is particularly useful in reactions where diffusion, mass
and/or heat transport are key limitations for the desired performances. The combination
of the unique advantages of structured reactors (isothermicity, a wide range of residence
times availability, and complex geometries) with a multifunctional design of the catalyst is
fundamental to efficiently synthesise chemicals using CO, and renewable H, in a Power-to-
X strategy. The possibility of obtaining a kinetic model and its eventual use in the modelling
of the device by CFD must be explored.

Currently, the application of microchannel reactors is still an immature technology
for CO; scale-up valorisation at the industrial scale due to its high manufacture cost.
Nevertheless, the important advantages shown by these devices can compete with their
price in the near future.
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