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Abstract: Dimethyl ether (DME) is a versatile raw material and an interesting alternative fuel
that can be produced by the catalytic direct hydrogenation of CO,. Recently, this process has
attracted the attention of the industry due to the environmental benefits of CO; elimination from the
atmosphere and its lower operating costs with respect to the classical, two-step synthesis of DME
from syngas (CO + Hj). However, due to kinetics and thermodynamic limits, the direct use of CO,
as raw material for DME production requires the development of more effective catalysts. In this
context, the objective of this review is to present the latest progress achieved in the synthesis of
bifunctional /hybrid catalytic systems for the CO,-to-DME process. For catalyst design, this process
is challenging because it should combine metal and acid functionalities in the same catalyst, in a
correct ratio and with controlled interaction. The metal catalyst is needed for the activation and
transformation of the stable CO, molecules into methanol, whereas the acid catalyst is needed to
dehydrate the methanol into DME. Recent developments in the catalyst design have been discussed
and analyzed in this review, presenting the different strategies employed for the preparation of
novel bifunctional catalysts (physical /mechanical mixing) and hybrid catalysts (co-precipitation,
impregnation, etc.) with improved efficiency toward DME formation. Finally, an outline of future
prospects for the research and development of efficient bi-functional /hybrid catalytic systems will
be presented.

Keywords: CO, hydrogenation; dimethyl ether; DME; bifunctional catalyst; hybrid catalyst

1. Introduction

Despite the increasing use of renewable energy sources, fossil fuels (oil, coal, and
natural gas) continue to be used in the short and medium term [1]. Unfortunately, the
combustion of carbon-based fossil fuels is accompanied by huge emissions of CO, (in
2019, global energy-related CO, emissions reached around 33 gigatons (Gt)), disrupting the
Earth’s natural carbon cycle and causing global warming, ocean acidification, sea-level rise,
and climate change [2]. Therefore, the use of fossil fuels in the near future should include
their efficient transformation and the carbon capture and utilization (CCU) of the CO,
produced. By way of example, the 2014 European Council committed EU member countries
to achieve a national economy-wide target of at least a 40% reductions in greenhouse gas
(GHG) emissions by 2030, which is in line with a cost-effective path of reducing at least
80% of greenhouse gas emissions by 2050 [3]

In addition to the challenges to achieve effective CO, capture, its use as raw material
for the production of chemical building blocks and synthetic fuels is also a major techno-
logical challenge [4]. There are several C-rich chemical products that could be synthesized
from CO; (Figure 1). However, the industrial use of CO; in the synthesis of chemicals
is currently limited to a few processes, such as the synthesis of urea and its derivatives
and the synthesis of salicylic acid and carbonates, with an annual consumption of CO,
of around 140 MTm/year [5]. The conversion of CO, into chemicals can be achieved
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through carboxylation reactions, where the CO, molecule is used as a precursor of organic
compounds such as polymers, acrylates, and carbonates, or to produce methane, methanol,
and urea through reactions where C-O bonds are broken [6-8]. CO, can be used also as
raw material to obtain synthetic fuels via the Fischer-Tropsch process, direct dimethyl
ether (DME), or methanol-to-gas/diesel. The CO,-based fuels can offer benefits to achieve
a more cost-effective energy transition in relation to full electrification alternatives, as
demonstrated in the Study Integrated Energy Transition of the German Energy Agency [9],
whose conclusions revealed that decarbonization scenarios based on a technology mix with
CCU-CO;, fuels (80-95% emissions reduction) can help reach climate targets at a lower cost
than in the case of a full electrified scenario.
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DME is one of the most useful and versatile chemicals that can be produced from CO,
(Figure 1) [10,11]. The global production of DME is relatively high (around 5 MTm per year)
and is expected to grow steadily in the near future. The main market for DME is focused in
Asia (85% of the world market) where DME is currently used as a clean fuel for residential
use [12]. DME is also used as a refrigerant gas and is a key raw chemical for the production
of methylation agents used to produce alkyl-aromatics, aerosol propellants, polishing
products [13], dimethyl sulfate [13], methyl acetate [13], light olefins [14,15], aromatics,
ethanol [16], and other important chemicals [17,18]. Another more recent interest of
DME is related to its use as a “hydrogen carrier” for both storage and transportation of
hydrogen through two coupled chemical processes: The synthesis of DME through CO,
hydrogenation (H; storage) and the steam reforming of DME (H; production) [18].

DME is also a reliable alternative fuel for diesel engines because it exhibits a low steam
saturation pressure, high calorific value (Table 1), similar cetane number (55-60), and good
detonating properties (low ignition temperature). However, the lower heating value (LHV)
of DME is much lower than that of conventional diesel (27.6 vs. 42.5 MJ/kg), and it exhibits
low viscosity and solvent capacity. The advantages of dimethyl ether over conventional
diesel include decreased emissions of NOx, hydrocarbons, and carbon monoxide, and
its combustion does not produce soot [19]. Indeed, since 1995, DME has possessed the
certification of California Ultra Low Emissions Vehicle (ULEV) of a nonpolluting ultra-
clean fuel.
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Figure 1. Main chemical valorization routes for CO; as feedstock.
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Table 1. Physicochemical properties of dimethyl ether.

DME Property
Carbon content (Wt%) 52.2
Boiling point (°C 1 atm) —24.8
LHV (kJ/mol) —13284
Vapor pressure (20 °C) 5.1
Energy (MJ/L) 20.6

The industrial production of DME is a well-developed technology based on the
dehydration of methanol produced from syngas. In the first step, methanol is produced
from syngas (Equation (1)), and in a subsequent reactor, the methanol is converted to DME
(Equation (2)).

CO +2H; - CH30OH  AH°= —90.6 k]/mol 1)

2CH;0H — CH;0CH; + Hb,O  AHP = —23.5kJ/mol )

where AH" is the standard enthalpy of the reaction.

More recently, the direct synthesis in a one-step process has also been proposed as the
most efficient alternative to the two-step process. The one-step process is the combination
of the two reactions, methanol synthesis and the methanol dehydration to DME, in the
same reactor using hybrid/bifunctional catalysts under conditions close to those of the
methanol synthesis reaction. The hybrid/bifunctional catalysts needed for direct DME
production requires the combination of metal sites for the selective hydrogenation of CO
to methanol, and acid sites for the subsequent methanol dehydration to produce DME.
Excellent reviews of catalysts and reactor technologies for the direct synthesis of DME from
syngas have been published in recent years [20-27]. The direct synthesis of DME from CO,,
on the other hand, is a much less developed technology, and only a few short reviews of
the catalytic systems applied to this technology have been made [21,24-27].

The development of bifunctional /hybrid catalysts for the direct synthesis of DME
from CO;, is challenging because their metal and acid functions needed for the methanol
synthesis and dehydration, respectively, must be combined in a correct ratio with controlled
interaction. In this context, this paper contains a brief revision of the recent advances in the
direct synthesis of DME from CO,, with special attention paid to the design and strategy
that are followed for the development of active and selective heterogeneous catalysts for
the direct synthesis. To achieve this objective, this review will analyze the following areas
concerning the development of bifunctional /hybrid catalysts for the direct synthesis of
DME from CO;: (i) A comprehensive view of the challenges in thermodynamics and kinet-
ics of the direct hydrogenation of CO, to DME; (ii) the analysis of the latest developments
in metal and acid functions needed for the methanol synthesis from CO; and methanol
dehydration; (iii) the revision of the recent strategies for the construction of the bifunc-
tional/hybrid catalysts with emphases on their controlled contact and interaction between
metal and acid functions; (iv) the status on catalyst development for direct synthesis of
DME from CO;; and (v) the analysis of the future prospects of making this technology a
competitive process will be finally discussed.

2. Direct Synthesis of DME from CO;: Thermodynamic and Kinetic Considerations

Nowadays, DME is produced at large-scale from syngas (CO + H; mixture) by a
two-step process via methanol as an intermediate product. In the first reactor, the methanol
is produced from syngas over Cu/ZnO/Al,O;3 catalysts (Equation (1)). In a subsequent
reactor, the methanol is converted to DME over an acid catalyst (Equation (2)) [13].

CO+2H, -+ CH;OH  AH° = —90.6 kJ/mol 6)

2CH;0H — CH3;0CH; + H,O  AH° = —23.5 kJ/mol @)
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More recently, the direct synthesis in a one-step process has also been proposed as
an attractive alternative to the two-step process [28]. The one-step process is the combina-
tion of the two reactions, methanol synthesis (via CO hydrogenation) and the methanol
dehydration to DME, in the same reactor using hybrid bifunctional catalysts under con-
ditions that favor the synthesis of methanol. The hybrid catalysts needed for direct DME
production require the combination of metal sites for the selective hydrogenation of CO to
methanol and acid sites for the subsequent methanol dehydration to produce DME.

The direct synthesis of DME could be more efficient than the two-step process as
both reactions are performed in the same reactor, avoiding the intermediate purification
and transportation units that allows for lower operating costs [29]. The integration of
both reactions in the same reactor also makes the whole process more thermodynamically
favorable, leading to the enhancement of both CO conversion and DME selectivity [30].
However, the direct synthesis of DME from syngas is not suitable for commercial purposes,
because in the synthesis, the water—gas shift reaction is also simultaneously involved,
which means consumption of CO to form CO, (Equation (3)). Thus, the net reaction in the
direct conversion of CO to DME is represented by Equation (4).

CO+Hy0 = CO, +Hy,  AH° = —41.2 kJ/mol (5)

3CO + 3H; — CH30CHj3 + CO;, AH® = —245.8 k] /mol (6)

The thermodynamic and economic advantages associated with the direct synthesis
of DME can be exploited using CO, instead of syngas. Compared to the conventional
production of DME via syngas (Equation (4)), the formation of DME from the CO; requires
an extra amount of hydrogen to remove an oxygen atom from CO, through the formation
of water as a by-product (Equation (5)). In addition, the reverse water—gas shift (RWGS)
reaction may occur (Equation (6)):

CO, +3H, +» CH;0H + Hb,O  AH° = —49.4 k] /mol @)

CO, +Hy <3 CO+H,O  AH° =41.2 kJ/mol 8)

The thermodynamics for the CO,-to-DME process is not as favorable as that of the
CO-to-DME process, so the yield of DME is lower. The comparative studies of the direct
synthesis of methanol and DME from syngas and CO, + Hy made by Ateka et al. [31]
indicated that the low DME yield is associated with the lower equilibrium constant of the
methanol formation from Hj + CO; feed than for syngas, and its formation is controlled by
the participation of the RWGS reaction (Figure 2). Therefore, CO, hydrogenation must be
carried out near equilibrium to maximize yields of the produced DME.

Direct DME synthesis from CO; is favored at high pressure, because of a reduction
in the number of moles [32], and at lower temperature because high temperature favors
endothermic side reactions such as the reverse water—gas shift reaction that consumes
carbon dioxide and hydrogen (Equation (6)). However, the operation at low temperature
requires optimization of the reactor designs and innovations such as the in situ water
removal (via distillation or membranes) [33] or the development of more active CO,
hydrogenation catalysts.

A second difference in the direct synthesis of DME from CO, with respect to syngas is
kinetic in nature and is related to the high production of water associated with the strongly
competing reverse water—gas shift reaction that consumes CO, and H, and reduces the
selectivity toward DME. The production of water may also inhibit the production of
methanol on the hydrogenation sites of catalysts because water molecules tend to strongly
adsorb on the surface of catalysts, blocking the methanol production sites [34]. In addition,
water can also affect the acid catalysts responsible for methanol dehydration because water
can damage the structure of the acid catalysts.
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Figure 2. Effects of temperature and pressure on the yield of methanol and dimethyl ether (DME) in the thermodynamic
equilibrium of the direct synthesis of methanol and DME from syngas (A) and CO, (B) (adapted from [31] with permission
from Elsevier License No. 5015221187364).

3. Catalytic Functions in Bifunctional/Hybrid Catalysts for Direct Synthesis of DME
from CO,

As indicated in the previous section, catalysts for the CO,-to-DME process require
the combination of efficient metal and acids sites for the synthesis of methanol and its
subsequent dehydration to DME, respectively (Figure 3).

/ Bifunctional /hybrid catalyst \

CO,+H, CH,OH CH,0CH,
+

L
““f;%_‘_ : +
H,O H,0
Requirements co, Requirements
Active at low T hydrogenation Active at low T
Supression of rWGSs sites Selective to DME

Robustness to H,0 Robustness to H,0

Requirements
* Control of distance and contact degree

Figure 3. Scheme of bifunctional /hybrid catalysts and requirements for hydrogenation and dehydra-
tion functionalities for direct synthesis of DME from CO,,

The metal and acid functions of the catalysts can be adjusted according to the re-
quirements of the reactions involved (synthesis of methanol from CO, and dehydration of
methanol), as indicated in the previous section. Therefore, the catalyst function necessary
for the hydrogenation of CO, to methanol should have a high activity at low temperature to
counter the unfavorable thermodynamics of the hydrogenation of CO,. The hydrogenation
function must also minimize the formation of CO during hydrogenation by suppressing
the reverse water—gas shift reaction and must be resistant to inhibition and deactivation by
water [34,35]. Similarly, acid sites must also be stable in the presence of water, and their
number, nature, and strength should also be adjusted to obtain a high dehydration activity
at low temperatures compatible with the more thermodynamically favorable conditions
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-OH
n +2+H J +2:H

for the methanol synthesis step. However, high acidity should be avoided because it can
catalyze secondary dehydration reactions that produce hydrocarbons and carbon deposits.
To obtain a good synergy between both functionalities and to avoid their partial deacti-
vation, it is necessary to control the nature and characteristics of the metal and acid sites,
their balance, and their distance by maximizing the intimate contact between the metal
and acid sites [36].

3.1. Catalytic Function for CO, Hydrogenation to Methanol
3.1.1. Conventional Cu-ZnO Catalysts

The first step in the direct synthesis of DME from the mixture of CO,/H; requires
the catalytic function for the selective hydrogenation of CO; to methanol. Methanol is
industrially produced from syngas using conventional Cu/ZnO catalysts [37]. Despite the
large number of catalyst formulations explored for the synthesis of methanol from CO,, the
catalysts based on Cu/ZnO systems are most widely used as a starting point for designing
catalysts for the direct DME production from CO,. Recent studies on Cu/ZnO catalysts
indicate that CO, hydrogenation is related to Cu-Zn synergy in the active sites formed
by metallic or partially reduced CuOy that is in intimate contact with ZnO or partially
reduced ZnOy, [38-41]. Despite the complexity of the synthesis of methanol from CO,,
it is known that the Cu-Zn synergistic effect (electronic and structural) depends on the
interfacial contact between Cu and ZnO [21,42,43].

In addition to knowledge about the nature of the active sites of Cu-ZnO catalysts,
the understanding of the sequence of the elementary steps involved in the hydrogenation
of CO, to CH3OH is also a key factor for the improvement in the development of new,
more active catalysts for the synthesis of methanol from CO,. There are two main mech-
anisms proposed for this reaction: (i) Formate pathway, in which the hydrogenation of
CO; involves the formation and hydrogenation of reactive intermediate products such
as formaldehyde (H,CO) located on the Zn sites and vacancies [44]; and (ii) the reverse
water—gas-shift and CO, hydrogenation pathway, where the CO, is converted into CO
by the RWGS reaction and subsequently hydrogenated to methanol via the formyl and
formaldehyde sequence. One of the major mechanistic questions is related to whether
methanol synthesis and RWGS are parallel pathways or whether formation proceeds via
sequential RWGS and CO hydrogenation. In this respect, recent studies [44] suggest that
the formation of methanol from CO, does not occur via consecutive RWGS and CO,+H>
reactions with the limiting step being the formation of the reactive formiate intermediate
on the Zn sites and vacancies (Figure 4) [45,46].

(formiate) (metoxide) (i meﬂ'aﬂﬂﬂ

(CO,)™» H-COO = H,COOH == H,CO =) H,COH
ZnOx

Figure 4. Schematic representation of the elementary steps involved in the hydrogenation of CO, to methanol over
Cu/ZnO catalysts.

Assuming that the reactions of RWGS and the hydrogenation of CO, via formiate
follow the parallel mechanism, different active surface sites must be responsible for each
reaction in Cu-ZnO catalysts. The independent pathways of RWGS and methanol synthesis
pathways on Cu-ZnO catalysts make these catalysts promising candidates for modifications
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to increase the methanol yield through the increase in the Zn-promoted Cu active sites for
methanol synthesis, minimizing the unpromoted Cu sites active for RWGS.

As indicated above, despite the high activity of Cu-Zn sites for CO, hydrogenation,
these conventional Cu/ZnO catalysts are not optimal for CO, hydrogenation, because they
also catalyze the RWGS reaction, an undesired competing reaction that reduces conversion
and selectivity toward methanol in the direct hydrogenation of CO;. The inhibition of
the Cu/ZnO catalyst by water is due to its strong adsorption on active Cu-Zn sites which
promotes the oxidation and growth of the Cu and ZnO particles, leading to the lowering
of the activity of the Cu/ZnO catalysts in the low-temperature reaction [35]. Both factors
limit the application of the Cu/ZnO catalysts for CO, hydrogenation to methanol. To
enhance the catalyst effectivity of Cu/ZnO catalysts for methanol synthesis from CO,, an
increment in the concentration of the highly active Cu-Zn sites is required at the expense
of the unpromoted Cu sites catalyzing the RWGS reaction [46]. For the optimization of
Cu/ZnO catalysts, three main strategies are developed (Figure 5): (i) An increase in Cu
dispersion through new synthesis strategies [47]; (ii) optimized promotion through the
addition of modifiers; and (iii) the design of the new class of non-Cu-based catalysts. Some
of the most important developments that followed the last two strategies are summarized
in the following sections.

Strategies for the optimization of Cu/ZnO catalysts for
CO, hydrogenation

New classes of catalysts

New synthesis methods: Addition of modifiers: (non-copper):
* Increase Cu dispersion * Increase Cu dispersion *  Co-based
* Improve Cu-ZnO contacts * Modification of Zn0O reducibility +  Ni-based
* Modification of surface basicity + In,0,
* Modificacion of hydrophobicity + Intermetallic (Ni-Ga, In-Co,...)

L L/

Figure 5. Main strategies followed for the optimization of Cu/ZnO catalysts applied for methanol
synthesis from CO, hydrogenation.

3.1.2. Modified Cu-ZnO Catalysts

Recently, many attempts were made to modify the conventional Cu-ZnO catalysts to
enhance the CO; conversion and the selectivity toward methanol. As stated above, the
production of methanol from CO; hydrogenation is closely related to the formation of
Cu-ZnO contacts for methanol synthesis, decreasing the nonpromoted Cu sites active for
r-WGS. In this sense, several attempts have been made to enhance the activity of Cu-ZnO
catalysts by the addition of different modifiers to change the Cu dispersion, reducibility,
surface basicity, hydrophobicity, etc.

Cu-ZnO catalysts are usually promoted with Al,Os3 that act as a structural promoter,
improving the stability and thermal resistance [48]. In addition, the electronic modification
of the ZnO lattice by APt ions favor the reduction of ZnO, which in turn, favors the
formation of active Cu-ZnO sites [49]. In a similar strategy, different modifiers such as
Ga’* [50], Cr**, and Mn?* [51] have been studied as promoters of Cu-ZnO catalysts for
their use for direct DME production from CO,. For example, the promoter effect of Ga>*
was associated with its insertion into the ZnO lattice that facilitates the reducibility of
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Zn0O, which facilitates the Cu-Zn synergy in active sites formed by metallic Cu promoted
by an intimate contact with reduced ZnOy [52,53]. The enhancement of the reducibility
of ZnO by Ga®* ions is related to the electronic heterojunction between ZnGa,O, and
ZnO that also facilitates the adsorption of intermediates (HCO, H,CO, and H3CO) and
their transformation into methanol. In the case of the promotion of Cu-ZnO by Mn?*, the
improvement of the conversion of CO, was linked to the improvement of the dispersion
of Cu, favoring the contact of Cu with ZnO species, as well as to the decrease in the CuO
reduction temperature, leading to an increase in the specific surface and stability of the
Cu-ZnO active sites [54-56].

Another method to improve the activity of Cu-ZnO catalysts in the synthesis of
methanol from CO, was by forming an alloy between Cu and noble metals (Pt, Rh,
Pd) [57-60]. In general, the addition of small amounts of noble metals to Cu-ZnO re-
sulted in the higher development of Cu-ZnO active sites and a marked improvement
in the adsorption of H*/H™ and CO, on the catalysts surface that increased the rate of
methanol production from CO, hydrogenation reaction. Despite improvements in the activ-
ity /selectivity of Cu/ZnO catalysts after the incorporation of noble metals, this alternative
has limited practical use due to the high price associated with the use of noble metals.

One of the most studied modifiers for the improvement of the Cu-ZnO catalyst is
ZrO; [61-66]. In this sense, the Cu-ZnO-ZrO; catalytic system is considered more effective
than the traditional Cu—ZnO-Al,Os5 catalyst, showing relatively high CO, conversion (23%)
and high methanol productivity (331 gcrson kgeat + h™1) at mild reaction conditions
(280 °C, 50 bar, and gas hourly space velocity (GHSV) of 10,000 h—1) [64]. The enhanced
behavior of the Cu-ZnO-ZrO; system is related to both the weak hydrophilic character of
zirconium oxide that hinders the strong adsorption of water and the increase in the surface
basicity, which facilitates the CO, adsorption and, therefore, the methanol productivity.
It was hypothesized that ZrO, could also have the ability to activate the adsorbed CO,,
favoring the formation of CO,* species. These CO,* species could then react with the Hy*
species to form intermediate species (i.e., formate/dioxomethylene/methoxy) during the
time course of methanol synthesis [64]. In addition to that, ZrO, favors the formation
of oxygen vacancies during reduction that facilitates the Cu dispersion and increases
the Cu-ZnO contacts. The increase in the stability of the Cu®* sites by interaction with
zirconia explains both the improvement in Cu dispersion and the increase in the Cu-ZnO
contacts [65].

Mesoporous silica and carbonaceous materials have also been reported as less con-
ventional promoters of Cu-ZnO catalysts for CO, hydrogenation to methanol [27,67,68].
The combination of Cu-ZnO with SBA-15 allows for the confinement of the Cu-ZnO active
sites within the mesoporous structure of SBA-15, which improves the inter-particle spacing,
distribution, and stability of Cu-ZnO sites with respect to unpromoted Cu-ZnO [67]. The
confinement in the mesoporous structure also improves the contact of the Cu-Zn active
sites with H, and CO,, resulting in better activity and selectivity to methanol production
(376 mgcrzom) h ™! geat 1, 50 bar, 280 °C, GHSV = 6000 h~!) compared with the conven-
tional Cu-ZnO catalyst. Carbon nanotubes, graphene oxides, or coordination polymers
are also studied as carbonaceous modifiers to enhance the activity of Cu-ZnO catalysts
in the methanol synthesis from CO, [69-71]. The use of carbon nanotubes reduces the
dimensions of the Cu-ZnO nanoparticles, facilitating its surface exposition and reducibility
that allows for the increase in its activity and stability during the hydrogenation of CO, to
methanol [70]. A similar improvement was reported for Cu-ZnO particles when highly
dispersed on reduced graphene oxide aerogel (2950.4 umolcHson gcat’l h~! at 250 °C and
1.5 MPa) [71]. Carbonaceous coordination polymers combined with Cu-ZnO catalysts is
also a strategy that is followed to obtain evenly distributed Cu-ZnO nanoparticles that
generate a high number of Cu-ZnO interfacial sites stabilized by the coordination poly-
mers. This makes it possible to inhibit the strong adsorption and deactivation of the active
sites of Cu-ZnO by water while maintaining the catalyst activity and the selectivity to
methanol [70].
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TiO; has also been explored as a promoter of the Cu-ZnO catalysts for CO; hydro-
genation to produce methanol according to the results of Xiao et al. [71]. The use of TiO,
allows for the formation of oxygen vacancy sites for CO, activation and interaction with the
Cu-ZnO active sites. The catalytic activity exhibited a volcano curve trend with increasing
TiO, content. The methanol yield increased linearly with the TiO; loading due to the
improved adsorption of CO, on the surface of catalysts and its reaction on the active sites
of Cu-ZnO. The addition of TiO; affected CO, adsorption only without modifying the
intrinsic activity of the Cu-ZnO sites [71].

3.1.3. Alternative Non-Copper Catalysts

As stated above in addition to the low activity, the Cu-ZnO catalysts also show poor
stability during the hydrogenation of CO; due to Cu sintering and the mobility of ZnO
accelerated by the generated water [35]. Therefore, non-Cu-based catalysts are being
studied as alternative systems to Cu-ZnO catalysts. As compared with Cu-based catalysts,
the studies on methanol synthesis from CO; over non-copper-based systems are scarce. In
general, most of the non-copper catalysts are based on noble metals, mainly Pd/ZnO [72],
Pd/InyO3 [73], and Au/ZrO; [74]. However, from a practical point of view, the most
interesting are those that do not have noble metals in the formulation as they can compete
in cost with the conventional Cu-based catalysts. Therefore, we will focus in this section
only on catalysts based on nonnoble metals (Co, Ni, In-Ni, In-Ga, In-Co, etc.). Readers
interested in noble metal-based catalysts applied to CO, hydrogenation may consult some
excellent reviews recently published in the area [44,75].

Nonnoble catalysts based on cobalt show promising performance for methanol synthe-
sis from CO, hydrogenation [76,77]. The high performance of those catalysts was attributed
to the CoO phase, which improves the selectivity to CH3OH by inhibition of the reverse
water—gas shift reaction. Despite the interesting results obtained on the Co-based catalysts,
the mechanism of the active sites operating on these Co-based catalysts (inhibiting RWGS)
is not yet determined and needs to be clarified. Ni-based catalysts were also proposed
as effective nonnoble methanol synthesis catalysts for the hydrogenation of CO, [77].
Interesting activity results were reported for Ni particles supported on 3-Ga,O3 tested
at 0.5 MPa [78]. Small Ni NPs with an average size of about 3.3 nm exhibited the best
catalytic response, which was associated with their large perimeter contact with the Ga,O3
support. However, an enhanced selectivity toward methanol formation was achieved on
the catalysts with the largest Ni nanoparticles (10.2 nm) deposited on the 3-Ga,O3 support.
The smaller nanoparticles of Ni promote the FWGS reaction, while the larger ones in contact
with gallium oxide facilitate the stabilization and hydrogenation of intermediate species
(formate/dioxomethylene) during the time course of methanol synthesis.

In recent years, In,O3 has received considerable attention as a catalyst for the synthesis
of methanol from CO, due to their excellent behavior in the temperature range between 200
and 320 °C [79]. At a low CO, conversion of 5.5% (300 °C, 5.0 MPa, 20,000 mLg~! h=1), the
In; O3 cubic phase exhibited almost a 100% selectivity to methanol [80]. Defective oxygen
vacancies on In, O3 are considered the active sites for CO, activation and stabilization of
the HCOO, H,COO, and H,CO intermediates. The high selectivity of In,O3 to methanol
was also suggested to be related to the fact that InyO3 might inhibit the rtWGS reaction [80].
The activity and stability of InpO3 improve when it is combined with ZrO, [81]. It was
suggested that the better activity of the In,O3/ZrO; catalysts was related with the interac-
tion between both components that change the reaction pathway [81]. The formation of
surface oxygen vacancies on InyO3 was reported to be beneficial for the selective synthesis
of CH3OH [82]. In,O3 modified with Ga was another catalytic system efficient for the
selective hydrogenation of CO; to methanol at high temperature (300-400 °C) [83]. The
insertion of Ga into the In,Oj3 lattice promotes the generation of surface oxygen vacancies
in Iny O3 that produces changes in the surface adsorption of the key intermediates (HCOO,
H,COO, and H,CO), promoting by this way the selective formation of methanol. The con-
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centration of surface oxygen vacancies in InyOj3 is controlled by the Ga/In ratio, achieving
the maximum methanol yield for the Ga/In ratio of 0.4/1.6 [83].

Various non-noble intermetallic compounds (Ni-Ga [84], In-Co [85], and In-Ni [86]
have also been studied as new formulations for the synthesis of methanol from CO,.
Among these, Ni-Ga intermetallic catalysts (NisGas) supported on SiO; were reported as
more active and selective for the hydrogenation of CO, at ambient pressure than conven-
tional Cu/ZnO/Al,O3 catalysts [84]. Selective methanol production in these intermetallic
catalysts was associated with Ni-Ga sites that promoted CO, activation. Other interesting
intermetallic catalysts are those based on Ni-In supported on SiO; [86]. In these system:s,
small Ni-In-Al intermetallic particles were prepared from phyllosilicate precursors with an
Ni/In ratio between 0.4 and 0.7. Catalysts showed a higher activity and selectivity toward
methanol compared to those obtained on the conventional Cu/ZnO/Al,O3 catalyst (0.33
against 0.17 mole CH3OH (moleetal catalyst)_l h~1) [86].

3.2. Catalytic Function for the Dehydration of Methanol

Generally, it is accepted that the dehydration of methanol to DME (2CH3;O0H <
CH30OCHj3 + HyO) might occur either on Brensted acid sites or Lewis acid-base sites.
However, the observed increase in the reaction rate with the increase in the surface Lewis
acid sites strongly suggest that this reaction mainly occurs on Lewis acid sites [87,88],
although the involvement of the Bronsted acid sites is also important. In general, the most
active catalysts are those that possess stronger acid sites; however, the strength of Brensted
sites must be controlled in order to prevent the formation of undesired hydrocarbons [87,88].
The catalysts used for the methanol dehydration to DME are based on acid solids such
as crystalline alumina-silicates, y-Al,O3 [87-89], the H-form of zeolites, sulfated zirconia,
and clays [13,27]. Among the great variety of solid acid catalysts, recently reviewed by
Bateni and Able [90], the most commonly used are the H-form of zeolites and y-Al,O3
because of their optimal acid strength (weak- and medium-strength acid sites) needed for
the methanol dehydration.

In general, the mechanism for methanol dehydration can be described as the reac-
tion between two molecules of methanol adsorbed on acid sites that, depending on the
temperature and methanol pressure, can follow two different routes: (i) Associative or
(ii) methoxy-mediated dissociative route, which needs Brensted acid sites [91]. A schematic
illustration of both routes during the methanol dehydration is shown in Figure 6. In the
dissociative mechanism, methanol adsorbs on acid sites, losing a water molecule and trans-
forming into a surface methoxy group. Subsequently, nucleophilic attack on the surface
methoxy by a second methanol molecule leads to the formation of DME. By contrast, in
the associative mechanism, DME and water molecules are formed from two methanol
molecules co-adsorbed at acid sites [91].

/ CH,OH CH,OH \
2 CH,0H N/

( H <+ ocid site - Hzo
Ny A ) 1y —_— j

NN NS

Al Si Al

Pt ~ | VLN DME
i H M i
] 6 (l} i associative pathway W
ET . T2
] i

L N/N/N CH,
\_ Acidcatalyst ¢ 0 ‘IJ
e NAN/ NS

| i Al
CH:,OH /a\ /s\/ ~ h——"r
~—

) ~=*CH,0H
\ . HZO dissociative pathway

Figure 6. Scheme showing the associative and dissociative routes of the methanol dehydration on

acid sites.
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Regardless of the nature of the acid sites, the dissociative mechanism must be domi-
nant under specific reaction conditions employed, as was recently demonstrated in a DFT
study conducted by Ghorbanpour et al. [91]. However, at higher temperatures where en-
tropic contributions are high, the mechanism changes from associative to dissociative due
to the change in temperature requirements for each active site. At high methanol partial
pressure, the adsorbed methanol becomes stabilized through dimer formation, which un-
dergoes subsequent dehydration to DME. At such conditions, dissociation of the H-bonded
methanol became less favorable due to the enhancement of dimers formation [92]. In the
case of the H-form of zeolites, both pathways, associative or dissociative, are catalyzed
by Brensted acid sites. In the reaction mechanism based on the Lewis acidity, the reaction
between the adsorbed methanol molecule on an acidic site and an adsorbed alkoxide anion
on a basic site is assumed. In such a case, the presence of adjacent acid-base pair sites on
the catalyst surface is needed [93].

3.2.1. Al,O3-Based Catalysts

As indicated in the previous section, Al,O3z-based materials (y-Al,O3 [87] and n-
Al,O3 [88]) are considered the benchmark catalysts for the dehydration of methanol to
DME. This is because both substrates are typical Lewis acid catalysts with mainly weak-
and medium-strength acid sites. In addition, the alumina-based catalysts are interesting
for the DME production because of their low cost and interesting properties such as high
surface area, mechanical strength, and excellent thermal stability. The reaction mechanism
on y-Al,Oj3 is based on the interaction between the methanol molecule adsorbed on an
acidic Lewis site (Figure 7) with an alkoxide anion adsorbed on an adjacent basic site [93].
The reaction mechanism in the case of n-Al, O3, investigated recently by Osman and Abu-
Dahrieh [94], undergoes a Langmuir-Hinshelwood mechanism in which the methanol
molecules adsorb dissociatively on the Lewis acid sites of the surface.

Figure 7. Schematic illustration of the methanol dehydration to DME on Lewis acid sites of y-Al,Os.

The main drawback for the application of Al,O3-based acid catalysts in the direct
CO; conversion to DME is the need for a high reaction temperature (>300 °C not compat-
ible with the temperature for CO, hydrogenation of 250-300 °C) and the loss of activity
due to the adsorption of water, which implies the need to develop alternative formula-
tions [95]. To avoid Al,O3 deactivation by water adsorption, it is necessary to modify its
superhydrophilic properties. Among various factors influencing the hydrophilic behavior
of y-Al,O3, those linked with their synthesis conditions are most decisive. Therefore, to
modify the hydrophilic behavior and to enhance the specific surface area of Al,O3-based
acid catalysts, different synthesis [96] and structure modification methods [97] have been
explored. The influence of synthesis conditions on the activity and physico-chemical prop-
erties of y-Al,O3 catalysts was studied by Yaripour et al. [98]. Using the fractional factorial
design, the authors optimized the conditions of catalyst preparation by precipitation. The
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activity results in the dehydration of methanol indicated that the behavior of y-Al,O3 is
mainly influenced by the pH of the precipitation solution, type of precipitant, and mix-
ing rate. The best results were obtained with the optimized catalyst possessing the pure
v-alumina crystallite phase and high specific surface area (251.5 m? g~!) that achieves
high methanol conversion (78.2%) [98]. Recently, the study by Carvalho et al. [97] showed
that the Cu-ZnO supported on alumina modified by Si exhibited high performance in the
direct hydrogenation of CO, to DME (T = 270-290 °C, P = 30-50 bar). The improvement in
activity was associated with changes in the acid strength of the alumina derived from the
Si insertion into the Al, O3 structure [97].

The modification of the amount of weak Lewis acid sites in Al,O3-based catalysts
was also studied by its modification with Group 11 elements, such as Ag, Au, and Cu,
which act as electron acceptors. The modification of n-Al,O3 with different Ag loadings
(1%, 10%, 15% w/w) and its effect on the production of DME via methanol dehydration
were investigated by Osman et al. [88]. The Ag/n-Al,Os3 catalysts were evaluated in a
fixed-bed reactor at a temperature range of 180-300 °C and WHSV of 48.4 h—!. It was found
that the catalyst activity was improved with the Ag loading of 10% w/w as the optimum
silver loading. The enhancement of the catalyst activity was linked with an improvement
in the Lewis acidity and of the bulk surface properties by changing the surface from
superhydrophilic to hydrophilic [88]. Similarly to Ag/n-Al,O;3 catalysts, the alumina
modification with Cu was found to be beneficial for the methanol dehydration reaction,
as it was demonstrated by Chiang et al. [99]. The catalytic response of Cu-Al,Oj3 catalysts
was evaluated in the methanol-to-DME reaction in a temperature range of 150-350 °C
and 50 bar. It was found that the nature of the copper entities had a marked impact on
the product distribution. Interestingly, under the conditions they used, the formation
of CuAL,Oy spinel mixed oxide occurred. According to Chiang et al. [99], methanol
dehydration might occur on the CuAl,Oy sites, whereas CuO and metallic Cu species could
be responsible for the decomposition of methanol and the production of both methanol
and formic acid, respectively.

The formation of DME via catalytic dehydration of methanol was also achieved by
the promotion of Cu/y-Al,Oj catalyst with hematite (Fe;O3), as it was demonstrated by
Olivas and co-workers [100,101]. The possible reaction mechanism proposed by authors
is shown in Figure 8. Upon the reaction conditions employed (290 °C and atmospheric
pressure), the methanol conversion over the Cu-Fe,O3/v-Al,O;3 catalyst was found to be
70%, which is similar to other catalytic systems tested in harsh conditions. Noticeably, this
bimetallic catalyst exhibited a 100% selectivity toward the DME production. The spent
catalyst exhibited an absence of changes in the chemical oxidation states of Cu and Fe after
the reaction confirmed by XPS. The methanol conversion was maintained after catalyst
regeneration at 600 °C for 2 h in air, showing the reusability of the Cu-Fe;O3/v-Al,O3
catalyst [101].

3.2.2. Zeolite-Based Catalysts

Zeolites are porous aluminosilicates with a high specific surface area and a regular
crystalline framework structure comprising silicates (5iO4) and aluminates (ions) linked
in tetrahedral positions via oxygen atoms. Both natural and synthetic zeolites have great
potential for producing DME from methanol at suitable reaction conditions. However,
their activity, selectivity, and stability strongly depend on their physicochemical properties.
Noticeably, zeolites exhibit a better tolerance to the adsorption of water in comparison
to Al,O3-based catalysts and, in consequence, they showed better catalytic activity [102].
However, zeolites possess various inherent strong acid sites that usually create unex-
pected products, which might cause the formation of coke deposits. The product distri-
bution in methanol dehydration is strongly affected by the zeolite morphology (shape
and dimensions of the internal channels and cages) and acidity [102,103], whereas their
hydrophilic/hydrophobic behavior is known to be affected by the SiO, / Al, O3 ratio [104].
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DME

Figure 8. The possible reaction mechanism of methanol dehydration to DME over Cu-Fe,O3/v-Al,O3 catalyst (adopted
from [102] with permission from Elsevier License No 5015231376777).

The comparison of the catalytic behavior of BEA, MFI, and FER zeolites with the same
Si/ Al ratio and different pore sizes and topology clearly demonstrated the best results over
the largest-pore 3-D framework zeolite (BEA) [102,103]. However, this zeolite exhibited
deactivation at short times on stream due to the fast coke formation favored by the large
channel size and topological connection spaces. In comparison with BEA, a lower coke
formation was observed for MFI zeolite with medium pores and a 3D framework structure.
As compared with BEA and MFI zeolites, the small 2-D pores of FER zeolite showed the best
stability and a good selectivity toward DME at high temperature [102,103]. Other zeolites
(ZSM-5, ferrierite, HY, clinoptilolite, and mordenite) were also deeply investigated for use
in the dehydration of methanol to DME and usually used in the H-form (H-ZSM-5, H-Y,
and H-mordenite). Despite the large number of zeolites explored for the dehydration of
methanol to produce DME, those based on ZSM-5 and FER structures are most commonly
used because of their suitable texture and acidity.

The H-ZSM-5 is the most studied zeolite as an acid catalyst for methanol dehydration.
This is mainly because of its large amount of Brensted acid sites and its hydrophobic
characteristic, making this zeolite more resistant toward the poisoning of acid sites by
water (Figure 9). There is a controversial discussion between the use of y-Al,O3 and
H-ZSM-5 for DME synthesis, as HZSM-5 presents stronger acidic sites, which lead to the
formation of undesired light hydrocarbons as by-products, and the catalyst deactivation
by coke formation [105]. The smaller crystallite size of H-ZSM-5 zeolite and the lower
concentration of Brensted acid sites on the zeolite external surface with respect to those
of alumina could be beneficial for the activity [106]. However, the optimization of Si/ Al
ratio in HZSM-5 zeolites is essential to adjust its acidity before its application as acid
catalysts for the dehydration of methanol with high activity and good stability against
water deactivation. The effect of the Si/ Al ratio of HZSM-5 zeolites on its activity and
selectivity to DME by dehydration of methanol has been studied in the literature [107].
An enhancement of the catalyst activity was observed with the increase in the aluminum
content explained by the increase in the amount of strong acid sites.
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Figure 9. Schematic illustration of the methanol dehydration to DME on hydrophobic ZSM-5 zeolite.

The chlorination and fluorination of zeolites were demonstrated to be effective meth-
ods to tune the catalytic acidity [108,109]. The effects of the zeolite halogenation and
ultrasonication of HZSM-5 zeolites on their physicochemical properties and catalytic be-
havior in the dehydration of methanol were investigated by Aboul-Fotouh et al. [109]. The
chlorinated and fluorinated HZSM-5 zeolites showed enhanced catalytic activity with the
chlorinated zeolite catalysts being more active and selective toward DME production than
their respective fluorinated versions. An additional enhancement in the catalytic activity
for DME formation was achieved over chlorinated ZSM-5 zeolites prepared by ultrasonic
irradiation. This enhancement was explained as due to positive changes in the textural and
acidic properties occurring upon ultrasonic irradiation [109]. Similar effects were described
for the sonicated and fluorinated H-MOR zeolites. Another way to control the acidity of
HZSM-5 is related with its desilication. Aloise et al. [110] observed an improvement in the
methanol dehydration activity and stability associated with the desilication of the ZSM-5
zeolite. The improved catalytic performance was related to modifications in the acidic
and textural properties of the ZSM-5. The increase in the Bronsted acid sites and average
mesopore diameter with desilication allow the formation of a larger amount of accessible
active sites, which favored the DME production and minimization of the formation of coke
deposits [110]. The selectivity toward DME of ZSM-5 catalysts could also be enhanced
by adding low amounts of methyl mono- and dicarboxylate esters as additives, as it was
recently demonstrated by Dennis-Smither et al. [111]. The process was easily reversible
and the DME yield depended on the additive concentration [111].

The study by Magzoub et al. [112] demonstrated that the use of the H-ZSM-5-structured
catalyst in the form of the monolith considerably enhanced the selectivity to DME with
respect to H-ZSM-5 powder. The achieved DME selectivity was 96% with a methanol con-
version close to 70% at 180 °C. Monolithic conformation produced alterations in the acidity
and porosity properties. The zeolite monolith exhibited a slight reduction in the number of
the strong and Brensted acid sites, and a higher micro/mesoporosity that facilitates the
methanol and DME diffusion [112].

The dehydration of methanol was also studied over other zeolite types as the H-form
of FER-type and MFI-type zeolites [113]. To obtain evidence of the influence of acidity,
both zeolites were prepared with different Si/ Al ratios. It was found that both the zeolite
structure and Si/ Al ratio strongly affected the methanol dehydration reaction, with the
Si/ Al ratio of 10 as the most optimized one. The FER-type zeolite showed higher activity
and selectivity for the dehydration of methanol to DME than the FER-type counterpart. The
water tolerance of FER-type zeolites in the methanol dehydration to DME was investigated
by Catizzone et al. [113]. FER-type zeolites were synthesized with different Si/ Al ratios to
obtain catalysts with different acidic functions. FER-type zeolites with a crystal size in the
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range of nanometers exhibited enhanced accessibility to the acid site. As a consequence,
ferrierites showed a higher mass transfer capacity than y-Al,Os in reaction at temperatures
below 200 °C. In another study by the same authors, the larger ability of the Lewis acid
sites of FER and MFI zeolites than Brensted acid sites was confirmed for the methanol
dehydration to DME. The highest DME yield was achieved at 180 °C with FER zeolite
(Si/ Al = 10) possessing Lewis acid sites and higher acidity [113]. However, zeolites showed
a decrease in the selectivity to DME at temperatures above 200 °C, and this decrease is
more pronounced as acidity and temperature increase. The incorporation of water into
the feed caused an insignificant decrease in the conversion of methanol over ferrierites, as
opposed to y-Al,Os, which showed a notable inhibition. In addition, FER zeolites showed
a lower tendency to form coke when the water was co-fed with methanol [113].

H-Mordenite and H-Beta zeolites were also acid catalysts studied for the dehydration
of methanol. For example, the effects of the physical and chemical treatments of H-
Mordenite and H-Beta zeolites on their efficiency in the reaction of methanol dehydration
to DME were investigated by Solyman et al. [114]. The physical modification of both
zeolites was performed via ultrasonication, whereas their chemical modification was
made by impregnation with aluminum nitrate. The characterization of modified zeolites
demonstrated that the physical modification of H-Mordenite and H-Beta by ultrasonication
led to a two-step transformation into small crystals followed by a compaction process.
In the case of the chemical treatment, both zeolites exhibited alumina species decorating
the surface of zeolite and located within their inner structure. From the catalyst acidity—
activity correlation, the enhancement of the catalyst efficiency toward DME over modified
H-Mordenite and H-Beta was concluded to be due to the formation of medium- and
strong-strength acid sites on the catalyst surface. Regardless of the catalyst modification
method and the reaction contact time, the methanol conversion and DME selectivity over
all catalysts were found to be 100% at 200 and 225 °C, respectively.

3.2.3. Heteropolyacids (HPAs)-Based Catalysts

To avoid the disadvantages of the use of zeolites in the reaction of the dehydration of
methanol, a promising alternative could be the use of heteropolyacids (HPAs) immobilized
on high surface supports. Heteropolyacids are widely used in acid catalytic reactions
due to their exceptionally strong Brensted acidity, thermal stability, and ability to operate
under milder conditions than those required by alumina or zeolite. Heteropolyacids have
different structures and their general formula is H,XM;j,04, in which n is the number of
acidic protons, X is a heteroatom (often PV, Si'V), and M is a transition metal (typically
MoVYl, WYI). The most acidic HPAs, namely H3PW1,040 and H4SiW1,049, studied for
the CH3OH-to-DME reaction exhibit Keggin’s three structured levels (Figure 10): (i) The
primary structure is of the heteropolyanion itself; (ii) the secondary structure consists of a
three-dimensional organization with H* and H,O; and (iii) the tertiary structure possesses
the arrangement of particles responsible for the surface of HPA [115]. Both the structuration
level of HPA (primary, secondary, and tertiary) and its water content determine the location,
number, and strength of its acid sites [115]. The flexibility of the HPA structures to absorb
polar molecules such as methanol and dehydrate it in its bulk structure (pseudo-liquid
behavior) could enhance the dehydration capacity of HPAs because it could dehydrate
at surface and bulk levels. Thus, the water content in HPA is one of the main factors
influencing the activity of HPAs, as it determines the strength and accessibility of its acid
sites to react with methanol [116].
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Figure 10. Keggin structure of heteropolyacids.

The HPAs show a low surface area (around 5-10 m?/g) and is therefore helpful for
supporting the HPAs on different substrates (TiO,, SiO,, ZrO,, carbon nanotubes, boron
nitrides, etc.) as a strategy to enhance the activity of HPAs in the methanol dehydration
reaction [117-120]. In particular, silicotungstic acid (H4SiW1,049, HSiW) supported on
TiO,, SiO;y, and ZrO, showed a high activity in this reaction, being more active than bulk
HSiW [121]. This enhancement of catalytic activity was associated with the improvement in
the accessibility of the methanol to the acid sites due to an improvement in the interchange
between methanol and crystallization water. Operation at temperatures above 180 °C limits
the access of the methanol to the bulk structure and, therefore, means the loss of the pseudo-
liquid behavior of HPAs [121]. TiO,-supported heteropoly acids (HPAs) also exhibited very
high catalytic activities for the dehydration of methanol [118]. For both TiO;-supported
HPW and HSiW, it was found that the production of DME per acid site increases with
the HPAs loading, reaching a maximum for the catalyst containing 2.3 HPA units-nm 2
(Figure 11). At this optimum loading, both HPW and HSiW were well dispersed onto
the support surface, permitting the easy access of methanol to the active acid sites. The
effect of supporting tungstophosphoric acid (H3PW1,049, HPW) on TiO; on the activity
of a hybrid catalyst containing Cu-ZnO(Al) and HPW/TiO, as metal and acid functions,
respectively, was investigated recently in the direct CO, hydrogenation to DME [122]. In
good agreement with the study by Ladera et al. [123], it was found that the amount of
HPW employed for TiO, modification should be optimized. The best catalytic result was
achieved with the catalyst having TiO, decorated with 2.7 monolayers of heteropolyacid.
Noticeably, the activities of this catalyst was higher than that of the reference hybrid Cu-
ZnO(Al)/HZSM-5 catalyst, typically employed for DME production. However, the catalyst
modified with an optimized amount of HPW exhibited some kind of catalyst deactivation
under the reaction conditions employed [122].

The study by Kornas et al. [124] examined the effect of the type of HPA (H3PW1,04
(HPW) and H3PMo1,049 (HPMo) supported on montmorillonite K10 on the activity of the
hybrid catalyst combined with CuO/ZrO; in the direct CO; hydrogenation to DME. Due
to the higher acidity of HPW compared to HPMo, the HPW-modified catalyst proved to be
more active and stable under the reaction conditions employed than its HPMo-modified
counterpart. The acidity of the catalyst and its thermal stability were the main factors
influencing the catalytic activity [124].
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Figure 11. Influence of heteropoly acids (HPAs) loading on TiO; on the DME formation rate (adapted
from [118] with permission from RSC License No 1099726).

Phosphotungstic and silicotungstic acid salts (CuPW, CuSiW, FePW, FeSiW) were also
studied in the reaction of dehydration of methanol [125]. Copper salt catalysts showed
a high DME selectivity (100%) at low temperature (100-250 °C), while the FeSiW and
FePW salts showed similar DME selectivity at higher temperature (250 °C). The silico-
tungstic acid salts were most stable under the reaction conditions (120 h lifetime) than the
phosphotungstic counterparts.

3.2.4. Other Acid Catalysts

Alternative acid catalysts based on silicoaluminophosphates (SAPO, such as SAPO-11,
SAPO-34, and SAPO-18) are also the subject of study for application in the DME synthesis
via methanol dehydration. SAPO-11 is of particular interest because it is a medium-
pore silicoaluminophosphate molecular sieve with a structure of regularly alternating
tetrahedral AlOg4, POy, and SiOj. Its one-dimensional channel topology with an elliptical
pore aperture of 0.4 nm x 0.6 nm minimizes the retention of heavy molecules and their
subsequent condensation to form coke. In addition, SAPO-11 mainly possesses weak
acid Lewis sites, which are known to be active for the dehydration of methanol without
promoting the formation of coke [126,127].

Nano-sized SAPO-11 with improved properties was synthetized by Chen et al. [126]
by the solvothermal-assisted (a seed-induced) process. The catalyst synthetized by this
method had nano-sized particles (average size about 200 nm), which implies a decrease
in acidity and an increase in the specific surface and mesoporosity between crystals. As
a result of improved diffusion, the nano-sized SAPO-11 showed better activity in the
dehydration of methanol than y-Al,Os and micro-SAPO-11 [126]. Catizzone et al. [103]
analyzed the effect of the topology and channel size of some zeolites and the SAPO-34
on the DME production from methanol dehydration at 200-240 °C. Zeolites showed a
higher methanol conversion and DME selectivity, although the topology and channel size
influenced the catalysts’ stability and coke formation. 1-D zeolites with open structures
and side pockets exhibited an important deactivation due to the high formation of coke
deposits. On the other hand, ZSM-5 zeolite channels with a 3-D topology and medium
pore size showed lower coke formation. For the SAPO-34 that contains large channel
intersections and narrow openings, the deactivation was also pronounced as the large
molecules remained in the channels blocking the pores.

The application of silicoaluminophosphate (SAPO) catalysts as acids in the direct
synthesis of DME from CO; was intensively studied by Bilbao and co-workers [63,127].
SAPO-based catalysts are industrially used for the conversion of methanol, and their
activity depends heavily upon their physical characteristics, such as crystal size and
morphology. Sanchez-Contador et al. [127] tested SAPO-11, SAPO-18, and HZSM-5 zeolites
with different acid characteristics, whereas Ateka et al. [63] used SAPO-18 as an acid
function in combination with CuO-ZnO-ZrO, and CuO-ZnO-MnO catalysts. The SAPO-11
sample displayed a DME yield higher than 80%. The acid sites” density and their optimized
strength were found to be key factors favoring the selectivity toward DME instead of the



Catalysts 2021, 11, 411

18 of 34

formation of the hydrocarbons. Moreover, the 2-D pores” framework made the formation
of polyaromatic coke species difficult [127].

Natural clays have also been studied as catalysts for methanol dehydration [27], due
to their porosity and tunable Lewis and Brensted acidity. The representative example is
the use of diatomite, porous natural clay, investigated by Pranee et al. [128]. This natural
clay with a silica-alumina skeleton was treated with different acids (H,SO4, HCl, and
HNO:3). A relationship was found between the aluminum ions coordination in the clay
and methanol conversion [128]. It was discovered that the methanol dehydration rate
increased with the amount of Al(IV) ions in the pre-treated clay. The Al (IV) ions were
more active to methanol dehydration than Al (V) and Al (VI) ions. After modification with
sulfuric acid, the clay exhibited a high selectivity toward DME (x99% at 250-350 °C), a
diminished adsorption of water molecules, and an inhibition of secondary reactions [128].
The development of S042-ZrO, acid catalysts admixed with CuO-ZnO-ZrO, for the direct
synthesis of DME via CO, hydrogenation was also investigated [129,130]. The yields of
DME from the direct hydrogenation of CO, over SO4%~-ZrO, were higher than those over
the benchmark H-ZSM-5, but the stability of the former catalyst was poorer [129].

WO, /Al,O3 acid catalysts were also studied as acid components in bifunctional cat-
alysts applied in the direct synthesis of DME from CO, [131]. The WO, /Al,Oj3 catalysts
were prepared by impregnation of alumina supports with different amounts of W [131,132].
As expected, the experimental results demonstrated that the catalyst activity was deter-
mined by both the pore size of Al;O3 and the W surface dispersion. The catalyst with small
pores and WO3 nanoparticles on the support surface exhibited the maximum yield of DME.
The yields of DME exhibited a volcano curve trend as a function of W surface density. The
improvement of the alcohol dehydration rate with the increase in WO, surface density was
attributed to the higher acidity and the formation of Brensted acid sites as it was proposed
by Macht et al. [133]. This is in good agreement with the study of Ladera et al. [134],
which demonstrated that there is a relationship between the catalytic performance of the
WO, /TiO; catalysts in dimethyl ether formation via methanol dehydration and the acid
properties of the catalysts. It was found that the increase in the surface density of W led to
an increase in stronger Lewis and Brensted acid sites derived by the structure density of
the W species that defined the molecular structure of WO, surface species [134].

As a final example of another acid catalyst active and selective for the methanol
dehydration, Nb-doped TiO, materials can be pointed out in which the acidity can be
tuned with the Nb loading [135]. In these systems, the activity of the Nb-doped TiO,
catalysts increases with the Nb content, which was linked to the higher strength of Lewis
acid sites and the increase in the amount of Brensted acid sites. Interestingly, the catalysts’
characterization by the temperature-programmed desorption of NH3 demonstrated that
the amount of Lewis acid sites decreases with Nb content, but their strength follows the
opposite trend. It was concluded that the catalytic activity in the methanol dehydration
reaction is governed by the strength of acid sites and the presence of Brensted acid sites,
with the catalysts, which are more active, having strong-strength acid sites and possessing
a higher amount of Brensted acid sites.

4. Methods of Preparation of Bifunctional/Hybrid Catalysts for Direct Synthesis of
DME from CO,

The optimization of the bifunctional/hybrid catalysts for the direct synthesis of DME
requires a clear strategy in their design and preparation. First, the catalytic functions for
methanol synthesis and for methanol dehydration should have adequate kinetic char-
acteristics to work under reaction conditions for the direct synthesis of DME from CO,
(250-280 °C, 20-50 MPa). Second, the metallic and acidic components of the hybrid or
bifunctional catalysts should be optimally mixed to obtain the final catalyst with control in
the contact between both metal and acid sites.

The catalytic systems currently employed for the direct synthesis of DME from CO,
are bifunctional or hybrids. Both types of catalysts differ in the contact between acid
and metal sites: Bifunctional catalysts possess separate metal and acid sites, whereas an
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intimate contact between them exists in hybrid catalysts. The control of the contact between
both metal and acid catalysts is one of the key factors determining the efficiency of the
catalyst for the direct production of DME [113]. The general scheme of the preparation of
bifunctional /hybrid catalysts is shown in Figure 12. Bifunctional catalysts are prepared
by the physical or mechanical mixing of the methanol synthesis catalyst (metal function)
with the solid acid catalyst, not achieving an intimate contact between both functionalities.
By contrast, the contact between the metallic and acid functions is closer in the hybrid
catalysts because they are prepared by one-pot synthesis employing chemical methods,
such as co-precipitation (sol-gel), sequential precipitation, chemical metal deposition,
impregnation, sonochemical-assisted impregnation, and physical sputtering, that allow for
a more intimate mixing of the components.

...............................................................................................................
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Figure 12. General scheme of the preparation of bifunctional /hybrid catalysts for direct CO, hydro-
genation to DME.

Whatever the method of preparation used for the preparation of hybrid /bifunctional
catalysts, the objective of the preparation is to control the active phases’ (metal and acid)
dispersion and to control the contact between metal and acid sites. In any case, the use of
hybrid /bifunctional catalysts showed a higher DME formation in a single fixed-bed reactor
than the DME synthesis on catalysts spatially segregated in two fixed beds [136].

4.1. Precipitation

It is commonly believed that the control in the distribution and size of the active
phases is difficult to achieve by employing the co-precipitation method. Despite this, the
precipitation method is frequently used for the preparation of bifunctional catalysts applied
in the direct synthesis of DME (Figure 13).

For example, the local integration of the methanol-synthesis and methanol-dehydration
functionalities was successfully achieved during gel-oxalate co-precipitation of the Cu-
Zn-Zr precursors in solutions containing zeolite [137]. Besides the catalyst preparation
method, the catalyst chemical composition is crucial to ensure suitable textural and surface
properties of Cu-Zn-Zr catalyst [63]. High CO, conversion and methanol selectivity were
observed on catalysts prepared by the co-precipitation (gel-oxalate) of Cu, Zn, and Zr
precursors (Cu loading as high as 57 wt%). By coupling different zeolites with copper-
based catalysts via the co-precipitation method, Bonura et al. [138] and Frusteri et al. [104]
demonstrated the superiority of FER zeolite over classical MFI, MOR, and Y-type zeolites
during CO, conversion to DME. An excellent DME production was achieved over Cu-Zn-
Zr /FER hybrid systems prepared by the co-precipitation (gel-oxalate) method [104]. The
hybrid catalysts prepared by this gel-oxalate co-precipitation method were found to be
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very effective catalysts, leading to a final space-time-yield as high as 600 gDME/kgc,:/h at
5.0 MPa and 200-260 °C. In those catalysts, the availability of the active sites over the zeolite
surface was maximized by controlling the co-precipitation of CuZnZr methanol synthesis
precursors. The physicochemical characterization of hybrid catalysts demonstrated that the
nature of Cu-ZnO active sites and its surface exposition formed by co-precipitation strongly
depends on the morphology of zeolite. In this sense, the morphology of the FER zeolite
favors the availability of Brensted acid sites and it also produces better surface exposition
of the Cu-ZnO active sites and the formation of Lewis basic sites for CO, activation [104].
The same authors showed new evidence on the interaction between metal and acid sites of
H-form FER-type and MFI-type zeolites (5i/ Al ratio = 10) on bifunctional CuZnZr/zeolite
catalysts prepared via gel oxalate co-precipitation [113]. The catalysts exhibited a good
DME yield and resistance to coke formation in the direct CO,-to-DME reaction carried
out at 260 °C and 30 bar because of the adequate crystal size of zeolites (in the range of
nanometers) and intimate contact with Cu-Zn sites that favors the mass transfer between
the acid and metal sites, leading to a more rapid dehydration of methanol toward DME. In
addition, by comparison of the DME selectivity achieved with dual-bed and single-bed
reactors, it was concluded that the better efficiency of the bifunctional catalyst is achieved
in the case in which intimate interaction between metallic and acid sites is attained [113].
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Figure 13. Scheme of the preparation of Cu-ZnO-Al,O3/zeolite catalysts for direct synthesis of DME

using co-precipitation method.

The importance of the variables in the co-precipitation was demonstrated in the
preparation of bifunctional catalysts based on CuO/ZrO, and montmorillonite K10 [51].
The metallic CuO/ZrO, function was varied by employing different co-precipitation
methods: Citric method, and NaOH or Na,CO3; methods. Among all synthetized catalysts,
the best result in the reaction of CO, hydrogenation (a fixed-bed reactor, 40 bar of hydrogen
pressure) was obtained with the CuO/ZrO; catalyst precipitated using the citric method,
because this preparation leads to the better interaction between the metallic and acid sites
involved in the process.

Recently, Zhang et al. [139] studied CuO-ZnO-ZrO, /HZSM-5 hybrids modified with
Lay O3 prepared by co-precipitation. It was found that the catalyst modification with La,O3
enhanced its performance in direct CO, hydrogenation to DME (270 °C and 30 MPa).
Considering the previous study of Guo et al. [140] on the effect of La doping on Cu/ZrO,
catalysts, this enhancement is associated with an increase in the amount of basic sites that
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enhance the adsorption of CO, and the selectivity toward methanol formation [140]. The
best CO, conversion (34.3%) and selectivity toward DME (57.3%) was achieved with the
catalyst modified with 1% LayO3, which was linked to the optimization of the adsorption
of CO; and the formation of the smaller Cu active species [139].

The sequential precipitation method was employed by Jeong et al. [141] for the prepa-
ration of hybrid Al,O3/Cu/ZnO catalysts with different amounts of Al. Using the se-
quential precipitation method, the complete precipitation of Al>* was achieved using a
high concentration of precipitation agent. After calcination, the catalyst with the highest
Al content and acidity exhibited the best performance in the direct CO;, conversion to
DME (CO; conversion of 25% and DME selectivity of 75% at 300 °C and 50 bar, close to
equilibrium values).

4.2. Physical Mixing

The most used method for the combination of metallic and acid catalytic functions in
catalysts for the direct synthesis of DME is the physical mixing [136]. The hybrid catalysts
prepared by the physical mixing of CuZnAlZr, CuZnZr, or CuZnAl with HZSM-5 or vy-
AlyO3 exhibited a higher DME formation in a single fixed-bed reactor than the methanol
synthesis and solid acid catalysts spatially segregated in two fixed beds [136]. Among
the physical mixtures, the results suggest that the HZSM-5 is the more effective acid
component than y-Al,O3 [104]. In addition, within the hybrid catalysts with HZSM-5,
those mixed with the quaternary CuZnAlZr work better than ternary CuZnZr or CuZnAl
catalysts, reaching a STY close to 400 gDME/kgcat/h. The results presented by Jiang
et al. [142] provided an understanding of the differences in the nature and strength of the
metal-acid interaction in the hybrid catalysts prepared by co-precipitation and physical
mixing methods. The hybrids were formed by the metallic Cu/ZnO-ZrO, catalyst in
combination with an amorphous mesoporous aluminosilicate substrate as an acid catalyst
for methanol dehydration (Figure 14). It was found that the physical mixing of the CuO-
ZnO-ZrO; catalyst with aluminosilicate led to a higher DME production (41 g kgcat_1 h!
at 260 °C and 20 bar) than in the case of the co-precipitated counterpart [142]. The lower
activity observed in the case of the sample prepared by co-precipitation is due to the
close contact between the Cu and the Brensted acid sites that allows for the stabilization
of Cu nanoparticles and their incorporation into the siliceous structure losing the active
Cu-ZnO contacts. The hydroxyl sites associated with the incorporation of Al atoms into
the framework of aluminosilicate act as anchoring sites for Cu species as confirmed by
theoretical DFT simulations.

The bifunctional CuO-ZnO-Al,O3/HZSM-5 catalyst modified with different promot-
ers (Zr, Mg, Ce, Y) prepared by physical mixing were studied by Lu et al. [143]. The
methanol synthesis catalysts were prepared from hydrotalcite-like precursors formed by
the simultaneous co-precipitation of Cu, Zn, Al, and the promoter ions (Zr, Mg, Ce, Y). The
promoted bifunctional catalysts show high activity in the direct synthesis of DME at 260 °C
and 30 bar. The best results were obtained with the catalyst modified with Y achieving a
CO; conversion of 40.7% and selectivity toward a DME of 54.7%.

Physical mixing of the Cu-Fe-Ce and Cu-Fe-La catalysts with HZSM-5 was investi-
gated by Qin et al. in the direct synthesis of DME from CO; [144]. The Cu-Fe-Ce and
Cu-Fe-La methanol synthesis catalysts were prepared by the homogeneous precipitation
of three metal precursors and mechanically mixed with HZSM-5 zeolite to obtain the
bifunctional catalysts. As compared with the Cu-Fe-La catalyst, the Cu-Fe-Ce catalyst
was found to be more active and selective toward DME, which was ascribed to a greater
specific surface area and lower CuO crystallite size. However, under the reaction conditions
employed (T = 260 °C, P = 30 bar), the activity of the Cu-Fe-Ce/HZSM-5 catalyst was
relatively low: CO, conversion of 18.1% and DME selectivity of 52%.
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Figure 14. Schematic visualization of hybrid catalysts based on CuO-ZnO-ZrO; + mesoporous
alumino-silicate prepared by the physical mixing method and co-precipitation deposition (reproduced
from [142] with permission from Elsevier License No 5015270559789).

A series the hybrid catalysts formed by CuO-ZnO-ZrO; and CuO-ZnO-MnO as a
metallic function and SAPO-18 as an acid function were prepared by physical mixing
in the study performed by Ateka et al. [63]. The bifunctional catalysts were active for
the direct synthesis of DME from CO; at 175-250 °C. The bifunctional SAPO-18-based
catalysts exhibited better catalytic performance than the y-Al,Os-based counterpart, which
was associated with their greater amount of acid sites, the presence of strong acid sites,
and its low affinity to adsorb water molecules on the acid sites. Although the CuO-ZnO-
71O, /SAPO-16 catalyst exhibited higher CO, conversion, the lower preparation cost of the
CuO-ZnO-MnO/SAPO-18 catalyst could be an incentive for the use of Mn as a dopant [63].

Interesting results were obtained by using SrCrCOj as an additive of bifunctional
catalysts formed by CuZnAl combined with ZSM-5 [68]. The catalysts were prepared using
the SrCrCOj as a carrier of the CuZnAl catalyst previously prepared by the hydrothermal
method, and physically mixed with H-ZSM-5 zeolite. The CO; conversion and yield of
DME on these bifunctional catalysts were relatively high, 30.3% and 27.8%, respectively.
The catalyst was relatively stable during 150 h of reaction time and only a small decrease
in activity was observed. The enhancement of activity was linked to changes in the catalyst
structure due to the formation of a tridimensional frame that facilitates the access to the
acid sites and also the modification of the Cu methanol active sites by electron transfer
with the SrCrO; additive [68].

4.3. Nanostructuration (Core=Shell Capsule Catalysts)

Conventional methodologies (precipitation and physical mixing) do not allow the
fine control of the size and distribution of active metal and acid sites, producing catalysts
that exhibit an open structure for the access of CO, and Hj to the active sites. This kind
of structure makes it difficult the control the product selectivity in the reaction of CO,
hydrogenation. In this sense, the catalyst selectivity can be more controlled by assembling
the metal and acid functions of the hybrid catalyst into the nanostructures such as the
core—shell-structured capsule catalyst. The space-confined reaction environment associated
with the structured capsule catalyst could favor the control of the selectivity to DME in
the direct hydrogenation of CO, [145,146]. In addition, the bifunctional nanostructured
capsule catalysts enhance the synergetic effect between metal and acid sites and allow
some changes in their surface properties (hydrophobicity). In fact, capsule catalysts demon-
strated excellent catalytic performance in the tandem syngas-methanol-DME reactions,
and therefore, they are also promising for direct DME production via CO, hydrogenation.
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Recent developments in the design of multifunctional capsule catalysts and their use in
heterogeneous catalytic reactions were recently reviewed by Bao and Tsubaki [147], and
Gao et al. [146].

A schematic visualization of the direct CO, hydrogenation on a bifunctional capsule
catalyst is shown in Figure 15. In this scheme, methanol synthesis occurs in the core of
the catalyst (metal function), while methanol dehydration occurs in the shell around this
core (acid function). In the one-step DME synthesis from CO, and H; using the capsule
catalyst, the “synergy” of the chemical transformation was combined with the heat transfer
from the core catalyst to the zeolite shell. The capsule catalyst can be prepared employing
various methods, such as the dual-layer method, hydrothermal synthesis, single-crystal
crystallization, or physically adhesive method. However, zeolite shell preparation needs
high temperature and alkaline pH, limiting its application in combination with Cu/ZnO
methanol synthesis catalysts. Using the hydrothermal method for the zeolite synthesis, it is
easy to lose the active phase of the core Cu/ZnO methanol synthesis catalyst during the
zeolite shell incorporation [145]. This core corrosion can be avoided using the methods
proposed by Bao and Tsubaki [145] for the zeolite shell incorporation: A direct liquid
membrane crystallization method and a dual-layer synthesis approach under a close-to-
neutral condition.
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Figure 15. Illustration of direct CO; hydrogenation on a bifunctional capsule catalyst.

The first tailor-made bifunctional capsule catalyst for direct synthesis of DME had
Cu/Zn/Al,O3 in the core and H-ZSM-5 in the zeolite shell [147,148]. The micro-sized
H-ZSM-5 shell was prepared using two different methods: The conventional synthesis of
H-ZSM-5 zeolite and a close-to-neutral silicate-1 zeolite synthesis method in which the
core catalyst is used simultaneously as the aluminum supplier. In the latter method, the
aluminum migrated from the core Cu/Zn/Al,Os catalyst was incorporated into the zeolite
framework forming the interface between the zeolite shell and the core catalyst [147,148].
The activity results showed that the capsule catalyst prepared by close-to-neutral silicalite-1
zeolite synthesis exhibited a significantly improved activity with respect to the counter-
part prepared using the hydrothermal method [147,148]. This is because, contrary to
the hydrothermal method, the aluminum migration method favors the formation of the
defect-free zeolite shell.

The relatively simple and scalable physical coating method was employed by Phien-
luhon et al. [149] for the preparation of the zeolite CuZnAl/SAPO-11 capsule catalyst
without hydrothermal synthesis. This catalyst possesses Cu/ZnO/Al,Oj3 in its core struc-
ture and silicoaluminophosphate SAPO-11 in its shell. The catalyst activity was consid-
erably better than that of the same catalyst prepared by physical mixing. The excellent
catalytic performance of the CuZnAl/SAPO-11 capsule catalyst was explained as due to
its core-shell-like structure that favors the syngas conversion to DME and suppresses the
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over-dehydration of DME to by-products [149]. A reverse capsule formed by a core of
Cu/AlyO3 for methanol synthesis and a shell of Al;O3; for methanol dehydration was
prepared by Tan et al. [150] by the surface infiltration method. Owing to well-matched
reactions of methanol synthesis on the Cu-Al;Oj3 shell and its dehydration to DME on the
Al O3 core, the catalyst exhibited a much higher CO, conversion and DME selectivity than
the conventional powdered Cu/Al,Os catalyst [150].

The effect of the silica precursor (tetraethyl orthosilicate (TEOS) and sodium metasil-
icate (SMS)) on the catalytic behavior of the hybrid capsule Cu/Zr-SBA-15 catalyst was
studied by Atakan et al. [151]. The Cu nanoparticles were deposited on the Zr-SBA-15
carrier by the infiltration or wetness impregnation method. From the activity—structure
correlation, it was concluded that the type of silica precursor and Cu loading method
affected the catalytic activity and selectivity, respectively. Better activity results were ob-
tained with the catalyst prepared using TEOS as the silica precursor. This was linked to
the more favorable Zr dispersion and its bonding to the silica surface. Interestingly, it was
found that Cu incorporation by evaporation and infiltration-induced wetness impregnation
favored the selectivity for the synthesis of methanol and methanol dehydration to DME,
respectively, which was ascribed as due to the higher Zr content and better reducibility of
Cu on the catalysts prepared by impregnation of Cu [151].

4.4. Other Methods (CVD and Grafting)

Eschewing the common use of Cu-based catalysts for DME production, there are few
works exploring the catalytic use of noncopper-based systems for direct CO, hydrogena-
tion to DME [152]. These works are mainly focused on the use of PdZn alloy nanoparticles
as active sites for methanol synthesis. For example, Bahruji et al. [152] studied the deposi-
tion of PdZn alloy nanoparticles onto ZSM-5 zeolite via the chemical vapor impregnation
method. This hybrid catalytic system exhibited a dual functionality: The PdZn alloy for
the CO, hydrogenation to methanol and the ZSM-5 zeolite for the methanol dehydration
to DME. In the reaction at 270 °C, the hybrid catalyst exhibited a high DME synthesis
rate (546 mmol kgeor ' h™1). Interestingly, its catalytic behavior was similar to that of the
catalyst prepared by the physical mixing of the metallic component (5% Pd-15% Zn/TiO,)
with acidic zeolite (H-ZSM-5) [152]. However, the TiO,-containing catalyst prepared by
physical mixing produced higher yields of oxygenated products than the PdZn/ZSM-5
catalyst prepared by the chemical vapor deposition method [152]. The comparison of the
catalytic behavior of PdZn and H-ZSM-5 catalysts prepared by physical mixing and by
chemical vapor impregnation (surface organometallic chemistry grafting) demonstrated
that the contact achieved in the sample prepared by physical mixing improves the func-
tionality and efficiency of the hybrid catalyst [153]. Besides the formation of the PdZn alloy
phase in both catalysts, the catalyst prepared by physical mixing was more active in CO,
hydrogenation than its grafted analog. From the catalyst characterization, it was concluded
that the lower activity of the latter catalyst was due to the exchange of Brensted acid sites
in H-ZSM-5 by Zn(Il), leading to the formation of inactive species.

5. Status on Catalyst Development for Direct Synthesis of DME from CO,

There are many factors influencing the catalytic activity of the bifunctional /hybrid
catalysts for direct synthesis of DME. As stated above, they are hugely affected by the
catalyst preparation method because it determines the porosity, active metal surface area,
acid strength and nature, as well as distribution and contact between both functionali-
ties [154]. The comparison of catalysts prepared in different laboratories is difficult due to
the different chemical compositions of catalysts and the reaction conditions used in their
testing. Among the different catalytic systems explored so far in the direct DME synthesis
from CO,, Table 2 shows a comparison among the most active catalysts formulations based
on Cu catalysts with similar metal-to-acid weight ratios (around 2) and tested under similar
reaction conditions. The results presented in Table 2 show that the best performance and
selectivity toward DME were obtained using CuO-ZnO-Al,O3/ZSM-5 catalyst formula-
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tion [155,156]. Using this catalyst formulation, the higher DME yield was obtained for the
catalyst prepared by co-precipitation followed by the mechanical mixing of both methanol
synthesis and methanol dehydration catalysts [155] than for the bifunctional catalyst pre-
pared by gel oxalate co-precipitation in solution containing finally dispersed zeolite [156].
The excellent catalytic behavior of this catalyst was attributed to its microstructure formed
during the catalyst preparation. The deactivation of this catalyst during 100 h was relatively
high: The CO, conversion decreased from 25.6% to 21.4%. The catalyst deactivation was
due to coking, Cu sintering, and the decrease in the specific surface area. The DME yield of
the CuO-ZnO-Al,O3/ZSM-5 catalyst prepared by co-precipitation and physical mixing by
Hu et al. [156] was significantly higher than that reported for the catalytic system prepared
by a fast urea—nitrate combustion method and then mixed physically with HZSM-5 (18.5%
against 15.1%) [154]. Therefore, besides the chemical composition and mixing method, the
method selected for the preparation of the methanol synthesis catalyst has a great influence
on the final DME production. Besides this, the importance of the metal-to-acid mass ratio
is obvious when comparing the activity results of the CuO-ZnO-ZrO, /HZSM-5 catalyst
prepared with different metal/acid ratio [157]. The lower activity of the catalysts with
high metal/acid ratio with respect to other catalysts prepared with the mass ratio of 1:1
(Table 2) can be most likely due to its small acid function. Finally, the comparison of the
efficiency of bifunctional and hybrids tested under similar experimental conditions (5 MPa
and 260 °C) demonstrated that physical mixtures of mixed oxides and acidic materials
exhibited a lower DME yield than hybrid single-grain catalysts [104].

Table 2. Activity of selected hybrid and bifunctional catalysts based on Cu for direct DME synthesis from CO;,

Preparation GHSV T P SPDME Yield

Catalyst ® Method? (mLg1h-1) ()  (bap  xco2 (%) %)  DME %) Xt
CuO-ZnO-Al,03/ZSM-5 (A) 1525 260 42 30.5 72.0 21.9 [155]
Zroz_Li“OC;'(@?/'ZSM_S (B) 4200 270 30 34.3 57.3 19.6 [139]
CuO-ZnO-Al,03/ZSM-5 (B) 1500 260 30 27.3 67.1 18.3 [156]
CuO-ZnO-Al,03/ZSM-5 ()P 3600 250 30 21.3 63.4 13,5 [157]
CuO-ZnO-Al,03/ZSM-5 (D) 4200 270 30 30.6 49.2 15.1 [154]
CuO-ZnO-Al,03/ZSM-5 (B) 8800 260 30 21 35 7.4 [158]

CuO-ZnO-ZrO, /FER (E) 8800 280 50 29 62 18.0 [138]
CuO-ZnO-ZrO, /MOR (E) 8800 280 50 26 51 13.0 [138]
CuO-Zn0-ZrO, /ZSM-5 (B) 8800 260 50 21 41 8.6 [104]
CuO-ZnO-Ga,03/ZSM-5 (B) 8800 260 30 21 36 7.6 [158]
CuO-ZnO-La,O3/FER (B) 8800 260 30 18 34 6.1 [158]
CuO-ZnO-CeO, /FER (B) 8800 260 30 14 36 5.0 [158]
CuO-ZrO, + K10 € +3% Mn (F) 1800 260 40 7 22 15 [51]
CuO-ZrO, + K10 € + 3% Ga (F) 1800 260 40 7 20 1.4 [51]
Cu-Fe-La/ZSM-5 (G) 1500 260 30 17.2 51.3 8.8 [144]
Cu-Fe-Ce/ZSM-5 (G) 1500 260 30 18.1 52.0 9.4 [144]

2 Metal-to-acid phase weight ratio of 1.  Metal-to-zeolite weight ratio of 10. ¢ K10: Montmorillonite. ¢ Method of the catalyst preparation:
(A) Co-precipitation + mechanical mixing with zeolite; (B) gel oxalate co-precipitation in solution containing finally dispersed zeolite;
(C) solid state reaction + physical mixing with zeolite (metal-to-zeolite weight ratio of 10); (D) combustion route + physical mixing
with zeolite; (E) co-precipitation in zeolite solution; (F) co-precipitation by NaOH + physical mixing with zeolite; (G) homogeneous
co-precipitation + mechanical mixing with zeolite.

Despite the advances in the development of catalysts with high activity and selectiv-
ity to DME, an important challenge in the catalytic behavior of the bifunctional /hybrid
catalysts for direct DME from CO; is the prevention or limitation of deactivation. The
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hybridized bifunctional catalysts can be deactivated by the detrimental interaction between
the metal and acid sites, such as ion exchange between hydrogenation and dehydration
catalysts. The deactivation during long-term testing was demonstrated by Ren et al. [155]
for the CuO-ZnO-ZrO,-Al,03/ZSM-5 (CZZA / ZSM-5) catalyst tested in direct CO, hydro-
genation to DME. A significant decrease was observed in the specific BET surface area and
an increase in coke in the spent CZZA /ZSM-5 catalyst after 100 h of DME synthesis. There-
fore, it was concluded that the presence of zeolite has a detrimental effect on the catalyst
stability. Observed changes in the structural properties of the catalyst (e.g., the specific BET
surface area and crystallinity) suggested that zeolite-induced coking might be responsible
for deactivating the catalyst. In particular, the dehydration of methanol to DME favors the
formation of methane and coke as by products [156,157]. The formation of methane occurs
due to the strong bonding of methoxy species on the acid sites, leading to the formation
of surface formats, that decompose forming CO, H;, and CHy [89]. Long-term tests on
CuO-ZnO-Al,O3/ZSM-5 hybrid bifunctional catalysts also show deactivation.

As discussed in Section 2, the hydrogenation of CO; led to the formation of a high
concentration of H;O in the reaction medium. Water generated can be adsorbed on the
bifunctional hybrid catalysts, which could accelerate its deactivation, such as the ion ex-
change between hydrogenation and dehydration catalysts. The study by Frustrei et al. [104]
showed that a progressive deactivation of the CuZnZr-FER catalyst in the direct hydro-
genation of CO, to DME was not due to the deposition of coke or sintering of metals, but
mainly to the formation of water. The adsorption of H>O on the catalyst surface negatively
affected the functionality of the metal and acid catalysts [104,158]. In this sense, the FTIR
characterization of the fresh and spent Cu-ZnO-ZrO, /ferrierite catalysts indicated that
the loss of activity in the bifunctional catalyst in the CO,-methanol-DME reaction can
be related to acidity loss due to H* /Cu?* ion exchange and the sintering of Cu particles,
leading to a decrease in the CO, hydrogenation toward methanol [159]. To increase the
water resistance of hybrid catalysts, the use of ZrO; as a promoter is a good solution,
because zirconium oxide showed excellent water tolerance and could also prevent the
water-induced growth of the CuOy crystals [157]. In fact, a long-term stability test indicated
that the ZrO,-modified hybrid had superior stability during methanol and DME synthesis,
as compared to the ZrO;-free hybrid counterpart [157]. However, the DME yield achieved
in the ZrO;-modified hybrid catalyst was low (18.3% at 240 °C and 27.6 bar). Despite
the improvements in the stability achieved with the ZrO, addition, the low product yield
achieved has been a significant challenge in this type of bifunctional catalyst.

Therefore, it can be concluded from the studies published in the literature that the de-
velopment of hybridized /bifunctional catalysts has achieved remarkable improvements in
catalysts with high activity and selectivity in the transformation of CO; to DME. However,
the stability of the catalysts for CO; hydrogenation has not been sufficient, and therefore,
more research is needed for the development of new bifunctional/hybrid catalysts that
show better performance in terms of stability toward the fast deactivation induced by
water generated during the hydrogenation of CO, toward methanol.

6. Conclusions and Future Perspectives

Dimethyl ether is a very promising fuel and chemical molecule whose direct synthesis
from CO; has been attracting considerable interest in recent years because of the higher
efficiency and lower operational costs with respect to the conventional two-step syngas
process. However, the direct synthesis of DME from CO; has significant kinetics and
thermodynamic limitations that require the development of effective hybrid /bifunctional
catalysts. For catalyst design, this process is challenging, because to obtain a good synergy
between both functionalities, it is necessary to control their nature, balance, contact, and
distance between the metal and acid site. Despite the strong requirements for catalyst
development, this review demonstrated that there is great progress in the development
of hybrid /bifunctional catalysts for the direct conversion of CO, to DME. To date, a large
number of bifunctional catalysts have been studied for the direct synthesis of DME from
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CO;, reaching conversion and DME selectivity values of 20-30%, and 20-70%, respectively.
Among the hybrid /bifunctional formulations studied to date, the combination of Cu/ZnO
with H-ZSM-5 stands out as most effective in terms of its optimal activity/cost ratio.
Despite the progress achieved, important advances in the development of bifunctional
catalysts must be made in terms of activity and, most importantly, resistance to deactivation
by water.

Despite the large number of catalyst formulations explored for the synthesis of
methanol from CO,, those based on Cu/ZnO systems are most widely used. Cu/ZnO
catalysts should be optimized for this application, and issues related to the improvement
in its low-temperature activity, deactivation behavior with water, and selectivity to CO
need to be solved. Making smaller Cu particles by new synthesis strategies, improving
the interaction of Cu-ZnO by ZnO doping, and increasing the defects of the Cu phase are
excellent strategies to develop successful CO, hydrogenation catalysts based on Cu-ZnO.
Novel catalysts are expected to be developed and, among the alternative formulations
explored to date, those based on Pd and InyO3 have the greatest potential to overcome the
limitations observed in the most widely used catalysts based on the classic Cu-ZnO system.

New acid catalysts are expected to be developed with an optimized number, nature,
and strength of acid sites (Brensted /Lewis) to obtain high dehydration activities at low
temperatures compatible with the thermodynamically more favorable conditions for the
methanol synthesis step. As the Lewis acid sites are reported to be more active than
Brensted counterparts for methanol dehydration, improvement in hybrid catalysts for
DME production should be made by an increased amount of Lewis acid sites. In this sense,
it is necessary to investigate the possible interconversion of Lewis/Brensted sites in the
presence of water.

As shown in this literature survey, the strategies for the preparation of hybrids/
bifunctional catalysts are core aspects in the control of the dispersion and the contact
between metal and acid sites, and they determine the final activity and selectivity of the
catalysts. Conventional methodologies (precipitation and physical mixing) used in most of
the analyzed studies do not allow fine control of the size and distribution of active metal
and acid sites, and produce catalysts that exhibit an open structure for the access of CO,
and Hj to the active sites. This kind of structure makes the control of the product selectivity
difficult in the reaction of CO, hydrogenation. Structured hybrid /bifunctional catalysts
with a space-confined reaction environment in the form of a capsule or core—shell could
improve both the selectivity to DME and the stability. Therefore, the nanostructuration
in the form of a capsule or core-shell should be more deeply investigated as an efficient
strategy to obtain a good synergy between both functionalities and to avoid their partial
deactivation in direct DME synthesis.

In summary, a broader adoption of direct CO,-to-DME synthesis technology requires
significant progress in the development of bifunctional catalysts in terms of activity, se-
lectivity, and most importantly, resistance to water deactivation. In this sense, advanced
spectroscopic “operando” techniques could be very useful in elucidating the structure and
interaction between metal and acid sites in working conditions. The information obtained
from these techniques could help us to understand the mechanisms that operate in the
selective hydrogenation of CO, to DME and the process involved in the deactivation of
active sites. In addition, this information is needed to design catalysts that have maximized
the number of active/selective catalytic sites for DME synthesis under working conditions.
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