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Abstract: The climate situation that the planet is experiencing, mainly due to the emission of
greenhouse gases, poses great challenges to mitigate it. Since CO2 is the most abundant greenhouse
gas, it is essential to reduce its emissions or, failing that, to use it to obtain chemicals of industrial
interest. In recent years, much research have focused on the use of CO2 to obtain methanol, which is a
raw material for the synthesis of several important chemicals, and dimethyl ether, which is advertised
as the cleanest and highest efficiency diesel substitute fuel. Given that the bibliography on these
catalytic reactions is already beginning to be extensive, and due to the great variety of catalysts
studied by the different research groups, this review aims to expose the most important catalytic
characteristics to take into account in the design of silica-based catalysts for the conversion of carbon
dioxide to methanol and dimethyl ether.
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1. Introduction

Deglaciation, global warming, increasingly frequent and devastating meteorological phenomena
(hurricanes, typhoons, torrential rains, earthquakes, etc.) are directly related to the climate change that
the planet is suffering, mainly as a consequence of emissions of greenhouse gases to the atmosphere [1].
Among these gases, it is estimated that CO2 causes around 70% of global warming [2], thus being
the main greenhouse gas. CO2 is a product of the combustion of hydrocarbons, coal and biomass,
and has long been considered a waste molecule. In combustion processes, large amounts of CO2 are
generated, which are emitted into the atmosphere, reaching values of 35.9 Gt of CO2 per year [3]
and causing the concentration of CO2 in the atmosphere to have increased from 280 ppm, before the
industrial revolution, up to values above 400 ppm in January 2020 [4]. The Intergovernmental Agency
for Climate Change (IPCC) has warned that, if the current trend in emissions continues, the planet’s
average global temperature is expected to increase between 1.8 and 4.0 ◦C by the end of the century [5].
Therefore, it is necessary to drastically reduce CO2 emissions into the atmosphere to avoid further
environmental damage that could be irreversible in a short period of time, as agreed at the United
Nations Climate Change Conference held in Paris in 2015, where the need to reduce greenhouse gas
emissions by at least 50% in 2050 was emphasized [6].

Although most governments are taking actions to reduce the environmental impact of CO2, such as
promoting the use of renewable sources, energy efficiency programs, or the implementation of palliative
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strategies in various facilities, such as thermal power plants or industrial facilities, that minimize
massive CO2 emissions to the atmosphere, there is a long way to go for renewable energies to replace
fossil fuels, thus, it is necessary to approach the issue of greenhouse gases from another point of view.
There are three ways to reduce CO2 production: reduce the amount of CO2 produced, store CO2 and
use the CO2 produced [7]. The first option does not seem very realistic since the global energy model
is dominated by energy derived from fossil resources. Nonetheless, in recent years, CO2 storage and
capture technologies have been developed that are capable of capturing at least part of the carbon
dioxide emitted into the atmosphere. However, in this regard, some problems arise that are currently
difficult to solve, such as the long-term stability of underground storage [8,9]. Therefore, from the
scientific community, CO2 has gone from being a waste molecule to an important resource/raw material,
which is why the CO2 molecule has begun to be considered as a resource to produce products and
fuels with high added value.

Considering CO2 as a raw material also has certain advantages, such as that, being a waste material,
its cost as a raw material is zero. In addition, recycling and/or using CO2 directly at the production
sites avoids additional costs derived from transport, which can represent up to 35–40% of the total
cost of the CO2 capture and storage processes [10]. Last but not least, another important advantage
is that CO2 recycling/use is socio-politically accepted. Currently, CO2 used as a chemical feedstock
in the industry only represents about 1/3 of the annual atmospheric emissions [3]. Therefore, it is
necessary to develop new economic processes that utilize CO2 to reduce emissions [11]. The scientific
community has proposed a wide range of possibilities to use CO2 to produce high-value-added products
through catalytic processes, such as dry reforming of methane [12], copolymerization reactions [13],
oxidative dehydrogenation (ODH) of light alkanes [14], methanation [15], oxidative coupling of
methane [16] or hydrogenation of carbon dioxide, among others, so that a CO2 closed cycle can be
established, where “spent carbon” such as CO2 is converted into “working carbon” that is present in
valuable chemicals or fuels. However, the CO2 molecule has a high oxidation state and is also very
thermodynamically stable (∆Gf = −396 kJ·mol−1), it must be combined with high-energy reagents,
together with effective catalysts and at the conditions of thermodynamically favorable reaction [1] to
obtain high value-added or combustible products. Therefore, the development of processes and/or
products that are less harmful to the environment and mainly focused on reducing global warming is
one of the main challenges facing the scientific community.

Among the conversion of CO2 into chemicals, the synthesis of dimethyl carbonate [17], urea [18]
and light olefins [19] should be highlighted. Besides, there is another option in which CO2 is
transformed into reduced forms, that is, oxidation states 2, −2 and −4, leading to the formation of CO
and hydrogenated products such as methanol (MeOH), dimethyl ether (DME), methane, hydrocarbons,
etc. [20–23], through several reactions, being one of the most studied forms of CO2 hydrogenation,
which is regarded as the most effective way to approach the environmentally friendly synthesis of
sustainable chemicals and fuels [24–27], which have much greater relevance.

CO2 Hydrogenation to Methanol and Dimethyl Ether

Annual global methanol production in 2018 was 79 million metric tons [28]. Today, methanol is
produced almost exclusively from syngas and is of great importance in the chemical industry,
as it is a raw material for the synthesis of several important chemicals such as chloromethane,
acetic acid, methyl tert-butyl ether, alkyl halides, formaldehyde and dimethyl ether. The latter can
be used in fuel cells and diesel engines [29,30]. Hydrogenation of CO2 to MeOH (Equation (1)) is
thermodynamically favorable but requires the use of catalysts to overcome the high-activation energy
barrier. However, it leads to the formation of other by-products during the hydrogenation of CO2,
such as CO, hydrocarbons and even higher alcohols. For this reason, highly selective heterogeneous
catalysts are necessary to enhance methanol production by CO2 hydrogenation.

Thermodynamically, both a decrease in the reaction temperature and an increase in the reaction
pressure can favor the synthesis of methanol (MeOH) [23,31,32]. At temperatures higher than 240 ◦C,
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the activation of CO2 and, consequently, the formation of methanol, is facilitated [22]. However, it has
been observed that high temperatures also lead to a low MeOH production, as side reactions towards
hydrocarbons and higher alcohols can take place.

Along with the production of methanol, the production of dimethyl ether (DME) from CO2

has attracted great interest. DME can be produced from different sources such as biomass, coal
and natural gas. It is generally produced directly from syngas with a small amount of CO2 or by
dehydration of methanol derived from syngas. The separation of products (DME, water, methanol) is
carried out via distillation and leads to products with high purity [33]. In 2010, 6.7 Mt of DME was
produced worldwide, of which 8% came from this process [34,35]. The influence and demand of DME,
obtained from sustainable sources, will continuously increase in the coming decades: approximately
5 million metric tons were produced in 2016 and global production is expected to exceed 20 million
metric tons in 2020 [36]. Therefore, the development of efficient processes and catalysts are the basic
requirements to satisfy this growing demand [35]. The use of DME as fuel has several advantages,
among others: DME is neither toxic nor carcinogenic [37]. Its physical–chemical properties are close to
liquefied petroleum gas (LPG), which allows the technologies employed in LGP to be easily adapted
for DME [38]. Apart from its use as a fuel, DME is also used to obtain other products of great industrial
interest, such as dimethyl sulfate, methyl acetate and light olefins [39]. During the combustion of DME,
low emissions of particles, CO and NOx are generated whereas SOx is not produced, and the lack of
C–C bonds in DME molecules limits the formation of carbon soot during the combustion of the fuel,
which is a typical problem for diesel engines [40,41]. DME has a high cetane number, higher than
diesel fuel (ULSD is 40–55) [41,42], which, together with its low boiling point (−25 ◦C), make it have a
lower ignition delay and improves the fuel–air mixture, reducing cold start problems.

However, using DME as fuel has some drawbacks that need to be addressed before it can replace
fossil fuels. DME has low lubricity and high volatility, so its direct use in current engines is not feasible,
so it is necessary to adapt current engines to DME [41,43]. Another disadvantage of DME is that
it has half the energy density of diesel, so it is necessary to use fuel tanks twice as large as diesel.
The synthesis of DME from CO2 can be carried out in two stages, as mentioned above, first forming
methanol with a metal catalyst (Equation (1)) and followed by dehydration with an acid catalyst
(Equation (2)).

Step 1: CO2 + 3 H2→ CH3OH + H2O ∆H298K = −49.5 kJ·mol−1 (1)

Step 2: 2 CH3OH→ CH3OCH3 + H2O ∆H298K = −23.4 kJ·mol−1 (2)

It is also possible to synthesize DME in a single stage, using a bifunctional catalyst that produces
methanol and causes its dehydration in the same reactor (Equation (3)) [44]. As in the case of MeOH,
the one-step reaction is thermodynamically favorable (Equation (3)).

2CO2 + 6H2 = CH3OCH3 + 3H2O ∆H298K = −122.2 kJ·mol−1 (3)

The one-step process is more interesting since it reduces investment and operating costs, as only
one reactor is required [45,46], and it is possible to eliminate the accumulation of methanol in the reactor,
which generally avoids the CO2 conversion to reach thermodynamic equilibrium. In any case, the need
to use an efficient catalyst to obtain a high production of MeOH and DME is essential. Currently,
bifunctional catalysts for the synthesis of DME have been oriented to copper-based catalysts or noble
metal catalysts as the hydrogenation component, and solid acid catalysts such as HZSM-5, HZSM-22,
SAPO-34, SAPO-57, SAPO-59 and HSSZ-13 for the dehydration component [47,48]. Copper-based
catalysts have been widely used for the CO2 to methanol hydrogenation process because they can
operate at relatively high temperatures and pressures [49]. Given the studies that have been carried out
in recent years on the production of methanol and dimethyl ether from the hydrogenation of carbon
dioxide, this review tries to bring together the main studies on the use of silica-based catalytic supports
(although they are not very abundant), due to its good properties and low cost.
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2. Two-Step Synthesis of DME

In the CO2 hydrogenation reaction to obtain MeOH (Equation (1)), there are two key factors in
designing a good catalyst. On the one hand, the high temperatures required to obtain a good yield
towards MeOH lead to sintering and agglomeration of the active phase [50] and, on the other hand,
one of the three hydrogen molecules necessary for the hydrogenation of CO2 is consumed in the
formation of water, which is a strong oxidant, resulting in the oxidation of the metallic phases present
in the catalyst [51]. The same occurs in the second step (Equation (2)) of dehydration of MeOH to
obtain DME. In any case, the deactivation of the catalyst usually occurs.

A wide variety of active phases in the CO2 hydrogenation reaction to obtain MeOH and DME
has been studied, mainly based on transition metals for their ability to accept or donate electrons.
However, the support used in the catalyst formulation is also of paramount importance for the proper
functioning of the catalyst. In heterogeneous catalysis, the main objective of the support is to improve
the dispersion of the active phase. One of the most studied supports in the CO2 reaction to obtain
MeOH and DME is silica (SiO2), either in the form of pure silica or silicon atoms forming part of
zeolites or clays. Among others, mesoporous silicas have been widely studied due to their high
dispersion capacity, thermal stability and high superficial area. Regarding the active phase, copper is
one of the most used metals for this reaction and, although it is highly active, its catalytic capacity
is notably improved with the help of promoters. When working with copper, the Cu+/Cu2+ ratio
is one of the determining factors in the proper functioning of this catalyst; the higher the Cu+/Cu2+

ratio, the better the catalytic performance due to the formation of Cu+ species, so that there are redox
pair sites available. Instead, the presence of Cu2+ species is detrimental to the formation of MeOH
and DME [52–54]. Regardless of the catalyst configuration, whether or not metal phases are used,
the strength of the acid–base pairs and their nature (Lewis or Brønsted) is one the most determining
factors for its appropriate functioning. Although a relationship between the rate of dehydration of
methanol and the number of Brønsted acid sites has not yet been established [55], it is well known that
the stronger the Brønsted acid sites, the lower the reaction temperature required to achieve a good
catalytic performance. However, Brønsted acid sites have been reported to promote DME reactions
to form olefins if they are strong enough, as suggested by A.M. Bahmanpour et al. [55], while Lewis
acid sites tend to favor the dehydration of methanol to DME but not to hydrocarbons [55–57]. If the
Brønsted acid sites are not strong enough, the formation of olefins does not occur and less carbon
deposits are observed on the surface, improving the catalyst stability. Therefore, Brønsted/Lewis
ratio, as well as its strength, is a determining factor in the MeOH conversion and the selectivity to
DME [55,58–61].

2.1. Catalysts Based on Pure or Doped Silica

Mesoporous silicate structures (MCM family, SBA, etc.) have been widely employed as a support
or promoter component of a heterogeneous catalyst for CO2 hydrogenation. MCM and SBA materials
are mesostructured silicas that were discovered in the early 1990s by the Mobil 1–3 Corporation and
that have been widely used in heterogeneous catalysis and as adsorbents because their properties,
such as their high surface area (>600 m2/g) and narrow pore size distribution, in the range of mesopores
(2–50 nm), according to the IUPAC classification [62], what facilitates mass transfer through pores.
Likewise, to selectively produce DME, optimal acidity is required, which can be achieved either by
incorporating metal ions into the structure or by changing the preparation process, although the
presence of strong acid sites causes side reactions and coke formation which decreases the useful life of a
catalyst [63–65]. Several researchers have tried to increase the acidity of MCM-41 type silica. Therefore,
a composite molecular sieve like the one studied by Tang et al. [66], consisting of MCM-41 and ZSM-5,
has shown remarkable catalytic activity and selectivity to DME in the methanol dehydration (see Table 1)
thanks to the combination of MCM-41 mesoporosity and the ZSM-5 acidity and stability. Other research
groups have attempted to improve the catalytic properties of MCM-41 SiO2 by incorporating metal
ions such as Fe, Ga, Al, Mn, Ni, Co, etc., [67] capable of providing the mesoporous support with the
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acidity required in the dehydration of methanol to DME. Sang et al. [68] prepared MCM-41 doped
with various types of metal ions (Al, Ga, Sn, Zr and Fe). Their results show that aluminum is the
metal with the best performance among the cations studied. Although Sn and Zr are more acidic
ions than aluminum, their higher ionic radius hinders their incorporation into the MCM-41 structure,
which leads to lower catalytic performance. Much of the effort has been focused on the use of SBA-15
as a mesoporous support for CO2 hydrogenation. Many studies have shown that SBA-15 perform
well as a catalyst support due to its flexible pore structure and large specific surface area [69–71],
as well as its hydrothermal stability. As already mentioned, the type of acidity (Lewis or Brønsted) is
important to obtain a higher selectivity towards methanol or DME. Herrera et al. [72] used tungsten
oxide as the active component (due to its stronger Brønsted acid sites compared to other transition
metal oxides [73–75]), supported on SBA-15 for methanol dehydration. However, the preparation
method and the W/Si ratio can affect its structure and catalytic performance, reporting that a small W/Si
ratio leads to less Brønsted acid sites and calcination temperatures higher than 400 ◦C cause a decrease
in the Brønsted acidity and, consequently, the selectivity towards DME [63].

Table 1. Silica-based catalysts for MeOH dehydration to DME.

Catalyst T (◦C) P (Bar) MeOH
Conversion (%)

DME
Selectivity (%) Ref.

ZSM-5/MCM-41 (SiO2/Al2O3 = 20) 210 1 86.7 100 [66]
Al/MCM-41 (SiO2/Al2O3 = 10) 300 1 50 100 [68]

STA a/SiO2 (W/Si = 0.33) 250 1 60 99 [63]
Al-MCM-41 (SiO2/Al2O3 = 30) 260 50 73 97 [64]

a Silicotungstic acid.

Cu-based catalysts have been extensively used for the carbon dioxide hydrogenation to methanol.
Their catalytic activity has been related to large copper surface area, high dispersion and good
interaction between copper and the oxide support [76–78]. Tasfy et al. [79] prepared a series of Cu/ZnO
supported on SBA-15 with different metal loadings and observed that higher metal loadings favor
the formation of agglomerates that worsen the catalytic activity and methanol selectivity due to the
improvement in the water gas shift reaction rate, forming more CO and water. In another study,
Min et al. [80] investigated the addition of Zr and Mn on Cu-ZnO/SBA-15 samples in the catalytic
performance of the CO2 hydrogenation to methanol. The presence of oxides improved the catalytic
performance by increasing the copper dispersion, leading to an easier reduction in CuO species.
Moreover, Zr additive showed better methanol selectivity and yield by increasing the catalyst acidity
and the oxygen vacancies concentration. Based on these results, Koh et al. [67] used different transition
metal oxides (Cr, Mn, Fe, Co, Ni) to promote the catalytic performance of Cu-ZnO/SBA-15 in the
same reaction. Their results showed that not only the copper crystallites size but also the degree
of interactions between copper oxide and other oxide species in the catalyst can affect the catalytic
performance. Table 1 summarizes some of the silica-based catalysts that have been used in the synthesis
of methanol and dimethyl ether from the hydrogenation of CO2.

2.2. Clay-Based Catalysts

Clay-based materials have attracted great attention as catalysts, due to their abundance in
nature, low cost, and environmentally friendly properties [81–84]. Furthermore, they show a unique
combination of characteristics such as high ion exchange capacity, porosity, Lewis and Brønsted acidity
and a wide variety of compositions, textures and layered structures, which make these aluminosilicates
very interesting to apply in a variety of catalytic reactions. The main advantage of clays is that their
structural, textural and acidic properties can be modified by incorporating cations or metallic oxides
in their structure. However, clay intercalation methods have a relatively high cost and also lead to
irreproducibility issues, which could explain the scarce research focused on these materials to obtain
MeOH and DME from CO2 hydrogenation. Despite this fact, it is possible to treat the clay directly
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without incorporating other metallic phases, taking advantage of the fact the deposited minerals
naturally contain many cations such as Si, Al, Fe, Mg or Ca, for example, subjecting it to thermal and/or
acid treatments that modify its acidity, structural and textural properties, and is also a way to reduce
costs [85–88]. Montmorillonite has been one of the most investigated clay materials as a catalyst for the
dehydrogenation reaction of methanol to dimethyl ether. This clay, which belongs to the smectites
group, has relevant intercalation properties and can be inserted relatively easily between its metallic
oxide sheets that form pillars so that it is possible to control the pore structure and, with it, the catalytic
properties of the system. One of the most used montmorillonite modifications is the insertion of
aluminum cations in its lamellar structure, since it provides acidity (Lewis and Brønsted sites of strong
nature) and thermal stability, and it also increases the specific surface area [89]. Although alumina by
itself does not offer the best catalytic results in this reaction, the increase in surface area and porosity
that alumina provides gives an opportunity to introduce other more catalytically active metal phases.
According to L. Chmielarz et al. [90], the deposition of aluminum with tetrahedral coordination takes
place mainly on the surface, minimizing the loss of porosity, increasing pore size and avoiding pore
blockage caused by the intercalation of montmorillonite and, in addition, the surface concentration
of acid sites increases significantly with the formation of stronger acid sites, mainly Lewis-type.
The same conclusions can be drawn from the study carried out by W. Pranee et al. [88], where they
argue that Al4+ are associated with increased methanol conversion because they do not induce water
molecules’ formation, allowing methanol molecules to be closer each other. The formation of water
blocks methanol formation and inhibits its adsorption on the active sites because water competes with
methanol for Lewis acid sites [59], and this occurs when there is a higher concentration of Al5+ and Al6+.

The incorporation of Nb [91], Ti or Zr [59,92] in clay-based catalysts substantially reduces the
amount of Lewis acid sites and, in the case of Ti and Zr, giving rise to Brønsted acidity, that does not
favor MeOH dehydration to DME.

As mentioned above, copper is by far the most studied and applied metal in this reaction.
F.C.F. Marcos et al. [91] prepared Cu-Nb and Cu-Ce bimetallic catalysts by impregnating montmorillonite
with the alumina pillars. They observed that the incorporation of Nb and specially Ce improves the
Cu+/CuO ratio, which favors higher conversions and selectivities. Table 2 summarizes some of the
clay-based catalysts that have been used in the synthesis of methanol and dimethyl ether from the
hydrogenation of CO2.

2.3. Zeolites Based Catalysts

γ-Al2O3 has traditionally been used as the benchmark catalyst for the methanol dehydration
thanks to its high activity and selectivity to DME [93]. However, the need for a high reaction temperature
over 300 ◦C and its sensitivity to the presence of water, a reaction by-product, has promoted the
quest for different catalysts for this reaction [94], such as Al2O3-B2O3 [95], clay [55] or zeolite-based
materials [96–98]. Zeolites have been one of the most studied catalysts thanks to their unique properties
that allow a high activity and selectivity towards DME formation even at relatively low temperatures
(below 300 ◦C). Zeolites are crystalline inorganic silicate-based materials that can be both natural
and synthetic. Their well-defined microporous structure consists of a framework of TO4 tetrahedra,
with vertex-sharing aluminate [AlO4]- and silicate SiO4 and cations out of the framework to balance
the negative charge. These tetrahedral structures can be arranged in secondary building units that,
in turn, can form cages and channels which confer them great 3-D shape selectivity and also high
specific surface area [99], which are key factors in catalysis. Likewise, thanks to their composition,
zeolites present both Lewis and Brønsted acidity which is essential in many catalytic processes, such as
oil cracking. Although acidity in zeolites is indicative of remarkable catalytic performance, strong acid
sites have been reported to promote the DME conversion to by-products such as aromatic species,
lessening the yield of methanol dehydration to the DME process and promoting the coke formation,
the latter being the main reason for the zeolites deactivation, since they can be adsorbed on active sites
of the catalyst, provoking pore blockage. Guisnet et al. [100] explained this fact by relating the role
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of the strength and density of acid sites in zeolites in the coke formation with the rate of chemical
steps taking place in the reaction. The faster these steps, the more prone to the formation of heavy
molecules, and the higher the density of acid sites, the greater the number of chemical steps along the
diffusion path, which facilitates condensation reactions that promote coke formation. Many approaches
have been studied to control the zeolites’ acidity and optimize the methanol dehydration reaction,
such as the modification of the Si/Al ratio [101], as seen hereafter, or metal impregnation, which has
been shown to reduce strong acidity and, therefore, enhance its catalytic performance and reduce
coke formation. In fact, H-ZSM-5 impregnated with Zr has been reported to show a 16% increase
in methanol conversion and a 31% increase in DME selectivity thanks to the weaker acidity of the
impregnated zeolite [102]. It is also well-known that the zeolites’ topology, including both channel
opening and channel orientation, also influences the coke formation. As a general rule, it could be
said that zeolites with larger pores, such as those with BEA frameworks (three-dimensional zeolite),
CHA (SAPO-34, large channel intersections with narrow openings) or AFI types (mono-dimensional,
aluminophosphate AlPO-5 zeolite) with a 12-ring structure, are more susceptible to deactivation by
coke than those of medium pore, such as the MFI type with a 10-ring structure (ZSM-5) [94,103,104].
Finally, the reaction temperature has been proved to strongly influence the composition of carbon
deposits. At temperatures below 300 ◦C, coke mainly consists of light aromatic compounds, whereas
at higher temperatures polycyclic compounds are formed [105]. Thus, a trade-off reaction temperature
must be achieved to minimize coke formation and maximize conversion and selectivity to DME. Table 3
summarizes some of the zeolite-based catalysts that have been used in the synthesis of dehydration
from methanol to dimethyl ether.

Table 2. Clay-based catalysts for MeOH dehydration to DME.

Catalyst T (◦C) P (Bar) MeOH
Conversion (%)

DME
Selectivity (%) Ref.

Allophane pure 275 1 77 97 [60]
Palygorskite treated with HNO3 275 1 38 98 [60]

Sepiolite treated with HNO3 275 1 18 96 [60]
(V/S/Al)oxalic acid 450 1 30 100 [59]
(V/S/Ti)oxalic acid 450 1 3 78 [59]

Vermiculite (PILC) 250 1 18 100 [92]
PILC-Al a 250 1 55 99 [92]

(PILC-C-Al) a
citric acid 250 1 70 99.5 [92]

(PILC-O-Al) a
oxalic acid 250 1 50 98 [92]

PCH b-Si 250 1 77 100 [90]
PCH b-Al 250 1 85 100 [90]
PCH b-Ti 250 1 68 100 [90]
PCH b-Zr 250 1 73 100 [90]

Montmorillonite 250 1 15 - [90]
DM c

sulfuric acid 300 1 10 100 [88]
DM c

hydrochloric acid 300 1 16 95 [88]
DM c

nitric acid 300 1 35 80 [88]
DM c 300 1 10 98 [88]

K10-C300 d 300 1 80 100 [55]
a Al/vermiculites ratio = 10 mmol Al per 1 g of clay mineral. b PCH: Intercalation of montorillonite with silica pillars.
c DM: diatomite. d Montmorillonite K10 calcined at 300 ◦C.

ZSM-5 zeolite is one of the most studied catalysts for methanol dehydration. It consists of
pentasil (eight five-membered rings) units linked by oxygen bridges creating the MFI cavity. Besides,
a 10-ring opening is formed, giving rise to 3-D microporous channels [104,110]. Because of its high
acidity and microporous channels structure, the diffusion and removal of large molecules is difficult,
and conventional ZSM-5 zeolite is quickly deactivated by coke deposition. This drawback can be
overcome by modifying some of the physicochemical properties of the zeolite, such as the Si/Al ratio,
porosity, crystal size or its framework by introducing an ion into it [111]. Regarding the Si/Al ratio
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modification, it is usually carried out through a post-synthesis treatment. Aloise et al. [109] reported
that acidity of the desilicated ZSM-5 increased by 42% after a 60 min desilication treatment, due to both
new Brønsted and Lewis acid sites created thanks to the partial extraction of Al from tetrahedra to
extra-framework positions. The mesoporosity was induced in the zeolite, creating a hierarchical system
that facilitated accessibility to the zeolite microporous structure which, together with the increase in
acidity, led to better catalytic performance while maintaining ZSM-5 high product selectivity to DME.
Likewise, Catizzone et al. [94] reported that a higher aluminium concentration in FER-type zeolites
led to a higher methanol conversion at low temperatures (160–240 ◦C) thanks to the increase in Lewis
acid sites that are more active at lower temperature than that of Brønsted ones [112]. Reducing the
size of the crystal is another option that has been studied to avoid diffusion problems and is also a
strategy to control the product distribution. Yang et al. [113] proved that SAPO-34 zeolites (CHA type
structure) with a nanometric crystal size were more resistant to deactivation due to coke deposition.
Likewise, Catizzone et al. [114] have studied nanosized FER-type zeolites, reporting that crystal
sizes below 300 nm presented a methanol conversion of 89% and total selectivity to DME at 240 ◦C,
which, together with the higher concentration of Lewis acid sites of ferrierites (which improves
catalytic effectiveness) reduce coke deposition due to the smaller crystal size and lower regeneration
temperature needed for zeolite recovery, makes them a promising catalyst to methanol dehydration.
Regarding the porous structure of zeolites, the narrow and slender microporous structure of many
zeolites such as ZSM-5, similar in size to the guest molecule, hinders DME diffusion, thus inhibiting
secondary reactions. To overcome diffusion limitations, several approaches have been proposed,
the basic strategies being either to shorten the length of the micropores channel or to widen the
pore diameter [115], creating hierarchical zeolites that present mesoporosity but minimize the loss
in microporosity.

Table 3. Zeolite-based catalysts for MeOH dehydration to DME.

Catalyst T (◦C) MeOH Conversion (%) DME Selectivity (%) Ref.

Na modified H-ZSM-5 230 80 100 [106]
Commercial γ-Al2O3 320 80 100 [106]

2-DFER zeolite (Si/Al = 8.4) 240 55 100 [94]
H-Mordenite, MCDH-1 300 84 99 [107]

FER channel system 180 61 95 [103]
MFI channel system 180 30 96 [103]

1-D channels ZSM-22 240 65 98 [108]
Desilicated ZSM-5 (Si/Al = 22.5) 200 86 97 [109]

Wang et al. [116] studied composite zeolites with Beta zeolite cores and Y zeolite polycrystalline
shells (BFZ) and overgrowing Beta zeolite on the core Y crystal (FAU-BEA), showing that the acidity
(as Lewis/Brønsted ratio) of the composites, and hence their activity and selectivity, can be tuned by
controlling the synthesis conditions. In addition, they stated that the increase in methanol conversion
could also be due to the composite’s unique crystal structure, which facilitated not only mass but
also heat transfer in the exothermic reaction of methanol dehydration, as previously reported by
Dimitrova et al. [117].

Nonetheless, the porous size is not the only crucial parameter to take into consideration,
also channel opening and orientation are key factors in zeolite’s catalytic performance. It is widely
accepted and supported by DFT and experimental studies that methanol is preferentially adsorbed on
12-membered rings channels than on eight-membered ones [118,119]. Regarding orientation, it has
been reported that one-dimensional zeolites such as ZSM-12 (MTW type) or mordenite (MOR) present
a remarkable DME selectivity at a low temperature (240 ◦C), and that those with smaller pores rapidly
formed coke deposits, whereas those with medium pore 1-D zeolites like ZSM-22 (TON type) are more
resistant to coke deactivation thanks to its particular shape selectivity that inhibits the formation of
aromatic species deposits responsible for coke formation [108]. On the other hand, 3-D zeolites like
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SAPO-34 or ZSM-5 (MFI type) with similar channel intersection and opening sizes, are less likely to
present with coke deactivation and also present high stability and selectivity to DME [94,120].

3. Direct Synthesis: CO2 to DME

Although the DME synthesis from syngas and the obtention via the indirect method,
previously described in this review, are widely established in the industry, they present considerable
disadvantages: the former method entails the release of CO2, that contributes to the greenhouse
effect, and the latter involves methanol dehydration, with this being reaction thermodynamically
disfavoured [27]. To overcome these limitations, the direct synthesis of DME from CO2 arises as the
most feasible option because it uses CO2 as a feedstock in the synthesis of DME, a highly valuable
product, and also it is a more economical process since all reactions take place jointly and the operating
conditions are milder [121].

To carry out the DME direct synthesis, bifunctional catalysts that combines both components are
necessary to accomplish methanol synthesis and dehydration. On the one hand, the CO2 catalytic
hydrogenation to produce methanol is a pivotal step in the DME direct synthesis, so the catalysts active
in the direct water–gas–shift (WGS) reaction could also be used in the reverse case, given the reversible
nature of this reaction, such as CuO-ZnO, and derivatives with Al2O3, CrO3 or TiO2-ZrO2 [122–124].
On the other hand, γ-alumina, clays or zeolites of proton and non-proton forms, ferrierite, zeolite-Y or
mordenite have been studied as acid catalysts for the methanol dehydration, as mentioned in the
previous section devoted to DME indirect synthesis method [55,93,96,97]. HZSM-5 zeolite has been
used for direct hydration of CO2 to DME (Equation (3)) due to its acidic properties. However,
other systems, also based on silica (clays, SBA-15 or SiO2) and with acidic properties such as zeolites
are considered alternatives to the latter and this could be target of future research. However, the direct
synthesis of DME from CO2 has not yet been sufficiently studied. Moreover, most of the research that
has been carried out has focused almost exclusively on the use of copper as the active phase.

3.1. Catalysts Based on Pure or Doped Silica

It is known that copper leads to a higher catalytic performance in the CO2 hydrogenation when it
is accompanied by some other metal that acts as a promoter and/or prevents copper sintering. Based on
the catalysts used industrially in the synthesis of MeOH and DME from syngas, Wang et al. [125]
have studied the effect of Al2O3 on the catalytic performance of the Cu-ZnO-Al2O3-SiO2 catalyst
in CO2 hydrogenation to DME. Their results show that when adding alumina to the silica support,
a high dispersion of copper species and an increase in surface acidity are observed, since alumina
is incorporated into the SiO2 structure and forms useful acid-base sites for obtaining the ether.
They demonstrated that when the alumina content is less than 1.4%, the CO2 conversion is promoted,
and with an alumina content of 4% a better synergistic effect is achieved between the formation of
methanol and the active sites of the bifunctional catalyst, achieving an optimal DME selectivity.

The synergistic effect between zirconium and copper has been extensively studied by the group of
Atakan et al. [126]. They synthesized a hybrid catalyst incorporating Cu nanoparticles in the porous
network of Zr-SBA-15, and to study the influence of the chemical state of the catalysts, they used
different silica precursors: tetraethyl orthosilicate (TEOS) or sodium metasilicate (SMS). They also
used different methods for the Cu incorporation: infiltration (INF) and evaporation-induced wetness
impregnation (EIWI). The synthesis procedure affected both the CO2 conversion and the product
selectivity. Catalysts synthesized by EIWI exhibited a higher selectivity for methanol formation, while
catalysts made via INF produced more DME during the CO2 hydrogenation. A silica-based catalyst
synthesized from Si alkoxide precursor and with a higher Zr and acid site contents displayed a higher
catalytic activity. They also found that selectivity was affected by medium acid sites, since stronger acid
sites are more selective for DME and weaker ones for methanol. Their results showed that the presence
of both Cu and Zr ions in the framework improved the adsorption of CO2 and H2, in which Cu controls
the chemisorption of H2 and Zr controls the chemisorption of CO2 [65]. In another study [127], the same
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research group proposed another route for the DME formation, by fixing methoxy-groups. When the
methoxy-groups’ concentration is low, only methanol is formed, whereas at high concentrations of
methoxy-groups, DME is formed. Hengne et al. [128] have used gallium as a promoter for mesoporous
silica supported copper catalysts. They reported that adding Ga to a Cu/SiO2 system increased acidic
sites, and improved the Cu reducibility and dispersion, which led to a more active and selective catalyst
compared to a Cu/SiO2 catalyst. The higher acidic strength of Cu-Ga supported by SBA-15 was found
to play a key role in the dehydration of MeOH to DME. These researchers have also studied the effect
of operating conditions like temperature, contact time and pressure. They found that increasing the
temperature from 200 to 250 ◦C increased CO2 conversion and DME selectivity, whereas selectivity to
methanol decreased. Besides, they reported that longer contact times could lead to an increase in DME
selectivity at the expense of MeOH selectivity. Likewise, they also found that increasing the pressure
from 1 to 25 bar increased conversion and selectivity to DME.

Regarding the studies with an active phase other than copper, a study carried out by Naik et al. [64]
reported a series of Al-MCM-41 catalysts prepared using tetrapropyl ammonium hydroxide (TPAOH)
as a co-surfactant, which favors the incorporation of Al species in the framework, modifying the acidic
and catalytic properties of the Al-MCM-41 catalyst, and hexadecyltrimethylammonium bromide (CTAB)
as the structure-directing agent. Catalysts with different amounts of co-surfactant were investigated in
the methanol dehydration and the best (MC-4) was mechanically mixed with a commercial catalyst
(MK-121) used in the synthesis of methanol, to produce a bi-functional catalyst for the direct DME
synthesis from CO2/H2. These catalysts were used as dehydration components on bifunctional catalysts.
According to their results in the bifunctional catalyst, the MC-4 sample as a superior acidic component
because more acidic sites showed better CO2 conversion, stability and DME selectivity. Table 4
summarizes some of the supported silica-based catalysts studied for direct CO2 hydrogenation to DME
in recent years.

Table 4. Silica-based catalysts for direct CO2 hydrogenation to DME.

Catalyst T (◦C) P (bar) Conversion CO2 (%)
Selectivity (%)

Ref.
MeOH DME

CuGa/SBA-15 250 25 3 71 29 [128]
CuO-ZnO/SBA-15 250 30 8.7 19.5 [80]
10Cu/ZnO-SBA-15 250 22.5 12.7 78.4 10 [79]
Cu/ZnO-SBA-15 250 22.5 14.2 92.1 < 3 [79]

20Cu/ZnO-SBA-15 250 22.5 12.1 81.9 < 3 [79]
Cu/ZnO/SBA-15 180 40 7.7 97.3 - [67]

Mn-Cu/ZnO/SBA-15 180 40 10.5 98.6 - [67]
Cr-Cu/ZnO/SBA-15 180 40 8.7 97.1 - [67]

CuO/ZnO/Al2O3/ SiO2 260 26 20.2 27.1 - [76]
CuO/ZnO/Al2O3/ TiO2 260 26 16.1 25.3 - [76]

CuO/ZnO/Al2O3/ SiO2-TiO2 260 26 40.7 41.2 - [76]
Cu-Zn-Zr/gel-oxalate 240 30 18 51.2 - [77]

Cu/SBA-15 180 40 8.6 74.6 - [78]
Cu/ZnO 180 40 5.7 93.9 - [78]
Cu/MnO 180 40 1.8 98.8 - [78]

Cu/ZnO/SBA-15 180 40 7.7 97.3 - [78]
Cu/MnO/SBA-15 180 40 7.9 87.0 - [78]

Cu/ZnO/MnO/SBA-15 180 40 10.7 98.0 - [78]
Cu-ZnO-Al2O3-SiO2 250 30 11 10 40 [125]

3.2. Clay Based Catalysts

Currently, studies of clay-materials in the synthesis of DME from CO2 in one step are very few.
Again, copper-based catalysts have been studied extensively in the CO2 hydrogenation to obtain high
value-added products such as DME or MeOH. However, it has not yet been possible to synthesize a
copper-containing catalyst that gives rise to a high selectivity towards DME or MeOH, mainly due
to the agglomeration that this metal undergoes during the reaction [129,130]. Therefore, much of
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the current research are focused on the study of bimetallic and bifunctional catalysts (with acidic
and hydrogenation sites) for one-step reactions [131,132]. Small amounts of Fe have been reported
to prevent copper agglomeration, inhibit oxidation of surface copper, and thus improve its surface
area [131]. Based on this idea, F.C.F. Marcos et al. [133] synthesized bimetallic CuFe and CuCo catalysts
supported on a montmorillonite-type clay with aluminum pillars for the CO2 hydrogenation reaction
to obtain methanol and dimethyl ether. In fact, they verified that Fe and Co display a synergistic effect
on Cu that increases the surface area of exposed Cu and that it also induced the formation of strong
basic sites, something that did not happen with the same monometallic Cu catalyst. Furthermore,
with respect to the Cu and CuCo catalysts, Fe increased the presence of acid sites of a mainly weak and
medium nature, which favored the selectivity towards DME. However, the basic sites of a medium
and strong nature favored selectivity towards methanol, and in this case, the presence of Fe in the
catalyst formulation showed greater selectivity towards methanol than towards DME. Still, the CuFe
catalyst is more selective to DME than the CuCo catalyst. More recently, A. Kornas et al. [134] have
also studied the direct hydrogenation of CO2 to dimethyl ether with CuO/ZrO2 catalysts supported on
montmorillonite K10 modified with heteropolyacids with Keggin structure (XM12O40

n−), with X = P
and M = W or Mo. The incorporation of metal oxides and heteropolyacids into the K10 clay structure
leads to a considerable decrease in the specific surface area, volume and pore size. The authors have
reported that the W-containing catalyst was thermally more stable and had a higher concentration
of acid sites (mainly of a medium and strong nature) than the Mo catalyst (with medium and weak
acidity). With all these catalysts, the CO2 conversion increased with temperature and selectivity to
DME decreased because the RWGS reaction was favored at higher temperatures (higher production of
CH4 and CO, especially). The increased acidity of the clay provided by the heteropolyacids improved
the conversion compared to that of the unmodified montmorillonite K10, which had too low a surface
concentration of acids sites to completely dehydrate the methanol to DME. Lastly, concerning P-Mo
and P-W, the latter more efficiently dehydrated methanol towards DME, due to its higher concentration
of acid sites. However, considerable amounts of CO were formed as a by-product. The direct
hydrogenation of CO2 to obtain DME in a single step has been investigated more extensively with
acid catalysts based on zeolites, especially HZSM-type and SAPO-type zeolites, as will be discussed in
the next section. However, the synthesis of these materials requires a high cost. Seeking to reduce
costs and improve the catalytic properties of CuO/ZnO metal phases that are used industrially in the
synthesis of DME from syngas, Wang et al. [135] synthesized SAPO-34 from kaolin to prepare various
CuO-ZnO catalysts supported on kaolin (k) and SAPO-34-kaolin (Sk). They designed four bifunctional
catalysts: CZ/S, CZ/Sk, CZ-k/S, and CZ-k/Sk (C = CuO, Z = ZnO, S = SAPO-34, k = kaolin). From this
research, the authors concluded that kaolin produced a significant increase in the specific surface area
of SAPO-34, causing it to acquire a lamellar structure in which neither the volume nor the pore size
varied. Kaolin also favored a smaller metal oxide particle size compared to samples that did not use
kaolin in their formulation. All this, together with the acidity generated by the hydroxyl-groups (P-OH,
Si-OH and Si-OH-Al) in Sk catalysts, gave the catalysts greater specificity and also provided them with
a greater number of contacts with active sites, which resulted in a better performance with respect
to the S catalysts. In addition, the lamellar structure of the Sk catalysts gave them greater volume
and pore diameter than the S catalysts, which facilitated the heat dissipation and avoided the coke
formation, resulting in a longer catalyst life. Table 5 summarizes some of the clay-based catalysts used
for direct CO2 hydrogenation to dimethyl ether.
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Table 5. Clay-based catalysts for direct CO2 hydrogenation to DME.

Catalyst T (◦C) P (Bar) CO2 Conversion (%)
Selectivity (%)

Ref.
MeOH DME CO CH4

Cu/V-Al PILC a 250 40 5 25 23 2 50 [91]
Cu-Ce/V-Al PILC a 250 40 6 40 50 1 9 [91]
Cu-Nb/V-Al PILC a 250 40 7 47 39 1 13 [91]

(Cu/ZrO2)NaOH + K10 240 40 4.4 31.4 11.3 57.1 0.2 [134]
(Cu/ZrO2)NaOH + HPW-K10 240 40 4.6 8.9 24.6 66.2 0.3 [134]

(Cu/ZrO2)NaOH + HPMo-K10 240 40 5.4 18.5 15.8 64.7 1.0 [134]
(Cu/ZrO2)citric + K10 240 40 3.4 43.1 19.2 37.1 0.6 [134]

(Cu/ZrO2)citric + HPW-K10 240 40 2.7 14.5 46.5 36.9 2.1 [134]
(Cu/ZrO2)citric + HPMo-K10 240 40 2.6 34.2 19.6 39.2 7.1 [134]

CuO-ZnO/SAPO-34 400 30 33.2 - 21.7 8.1 11.3 [135]
CuO-ZnO-kaolin/SAPO-34 400 30 50.4 - 22.3 7.5 12.6 [135]
CuO-ZnO/SAPO-34- kaolin 400 30 41.3 - 21.5 9.3 11.8 [135]

CuO-ZnO-kaolin/SAPO-34- kaolin 400 30 57.6 - 21.4 9.6 11.4 [135]
CuFe/V-Al PILC 250 40 5 23 41 21.5 14 [133]
CuCo/V-Al PILC 250 40 7.5 12.5 19 15 52 [133]

a V-Al-PILC: Volclay Al-pillared.

3.3. Zeolites Based Catalysts

For the CO2 direct hydrogenation to DME, zeolites are especially considered given their acidity,
negligible sensitivity to water, shape selectivity and high specific surface area [44]. As in the case of
catalysts based on clays and mesoporous silicas, the most used active phase with zeolites has been copper.
However, as mentioned in previous sections, copper by itself does not achieve entirely satisfactory
results, which is the reason why most authors also add other metallic phases in the form of oxides,
such as zinc and aluminum. This is the case of the study carried out by Naik et al. [121], who studied
two sets of bifunctional catalysts containing 6CuO-3ZnO-Al2O3 (CZA) for the methanol synthesis and
γ-alumina or H-ZSM-5 as methanol dehydration catalysts. The hybrid catalyst containing H-ZSM-5
showed a better performance in CO2 conversion and DME selectivity than the system containing pure
Cu. However, the catalyst with γ-alumina showed severe deactivation and detriment when operating
in a slurry reactor, due to its hydrothermal instability. Likewise, the zeolite-containing catalyst attained
a higher conversion (32%) and selectivity to DME (75%) when operated in a fixed-bed reactor system,
as the water removal from the catalyst surface is more effective. The precursors used for the catalyst
preparation also play a significant role in the catalytic performance.

Allahyari et al. [136] launched an investigation into a similar catalytic system containing the
same components CZA and HZSM-5 derived from different precursors (acetate or nitrate metal
salts) prepared by a novel co-precipitation method involving ultrasound. The catalysts were tested
under similar conditions to those reported by Naik’s et al. [121], but using syngas as feedstock.
The synthesized catalyst showed a CO conversion of nearly 60% and DME selectivity of about 52%
suggesting that the precursor exerts a significant influence in the catalytic performance since it affects
CuO crystallinity.

CuO combined with TiO2 and/or ZrO2 mixed oxides and HZSM-5 have also been reported for
DME direct synthesis [44]. The use of mixed oxides is preferred to single oxides, since the former
present higher specific surface areas and better thermal stabilities [137]. It was stated that the Ti/Zr
ratio was decisive in the catalysis, attaining the best catalytic performance with a Ti/Zr atomic ratio
of 1/1, with a ca. 16% CO2 conversion and 48% DME selectivity. The combinations of CuO-ZnO
catalytic systems with different types of zeolites have been thoroughly investigated, in order to find a
catalytic system that is active, selective and stable. Regarding the latter, ferrierite (FER) and mordenite
(MOR) type zeolites have shown remarkable superior activity and stability [114,138] and also an
appropriate acidity for the methanol dehydration, related to the high concentration of Lewis acid
sites [139]. Bonura et al. [140] have tested the CuO-ZnO system combined with several types of zeolites.
In the case of CuO-ZnO combined with an MOR-type zeolite, the CO2 conversion was ca. 23% with a
DME selectivity of 30%, maintained for 90 h on stream, revealing that a lower framework density of
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the zeolite structure provides a lower mass transfer limitation and a higher interface area with metal
sites. Likewise, it was stated that the CO2 conversion depends more on the surface acidity than on the
surface area of Cu. However, very high acid catalysts are also more prone to deactivation not only
by the coke deposition, but also by the loss of weak acid sites due to water presence, that releases
Brønsted acid sites during the reaction inducing the sintering of copper particles [141]. Thus, a trade-off

between catalytic activity and catalyst deactivation must be achieved. Core-shell structures are
also noteworthy, as they allow the separation of reactants, suppress hydrocarbon-producing side
reactions, and avoid deactivation. This behaviour is inherent to the structure, since the acid sites for
the methanol synthesis are more accessible in the shell and present less resistance to transport and
diffusion, as well as prevent deactivation by sintering of Cu species in the core [142]. In this regard,
it has been proved that CuO-ZnO-ZrO2@SAPO-11 achieves higher CO2 conversion and DME selectivity
than the same components with a hybrid structure obtained by mixing the single components [143].
The authors reported that the best catalytic performance was related to two main facts. On the one
hand, the suppression of the pelletization step avoids pore blockage so that the core-shell catalyst
presented a higher specific surface area and also increased the availability of acid and metallic sites. On
the other hand, the separation of the methanol synthesis and dehydration reactions, which take place
in the core and the shell, respectively, favors the catalytic performance and limits water presence in the
metallic core. Therefore, methanol is forced to pass through acid sites to diffuse out of the catalyst,
enhancing the dehydration reaction that takes place at acid sites [144]. CZA catalysts hybridized with
zeolites can also be tuned to rare earth metals, as they are suggested to act as promoters to enhance
metal dispersion and as thermal stabilizer [145,146]. Wengui et al. [147] studied the DME synthesis
from the CO2 hydrogenation using a bi-functional La-modified CZA/HZSM-5 catalyst, reporting that an
appropriate La addition, around 2 wt%, improved the reducibility and dispersion of the metallic phases
due to a decrease in the crystallite size of Cu [148]. Qin et al. [149] tested bifunctional Cu-Fe/HZSM-5
catalysts with 1 wt% La or Ce doping at 3 MPa and 260 ◦C and showed that Ce doping had a greater
effect on smaller crystallite size and reducibility of Cu, and also presented a higher specific surface
area than the La-modified catalyst. Cu-Fe-La/HZSM-5 and Cu-Fe-Ce/HZSM-5 improved the CO2

conversion of the undoped bifunctional catalyst by ca. 40% and 50%, respectively, and the DME
selectivity was enhanced by almost 100% with both doped catalysts. The catalysts’ stability on stream
was also boosted from 6 to 15 h when Ce-modified. The authors suggested that this outstanding
catalytic performance was due to the formation of Cu+ species entering into the CeO2 lattice, forming a
solid solution and decreasing the CuO particle size. Another strategy to boost DME direct synthesis
comprises the use of noble metals. Pd has shown a remarkable promoting effect on Cu-ZrO2 mixed
with HZSM-5 catalyst [150]. The experiment, carried out in a fixed-bed reactor at 5 MPa and 250 ◦C,
showed that the Pd-decorated CNT presented an excellent capability to adsorb hydrogen and CO2,
so that the CO2 hydrogenation rate was increased up to 26% when both zeolite HZSM-5 and Pd-CNT
were present in the catalyst formula. In addition, the combination of both noble and rare earth metals
is another approach that is considered to enhance DME direct synthesis. Ruizhi et al. [151] reported
that bifunctional Pd/HZSM-5 catalyst could enhance its catalytic performance if CeO2-CaO promoters
were added. The results indicated that the promoters improved the catalytic activity, avoided the
coke deposition and increased the sulphur resistance and, therefore, upgraded thw catalyst’s stability,
thanks to the high acidity and the greater Pd dispersion. It was also suggested that the CaO promoter
reduces strong acid sites and weakens CO2 adsorption. Table 6 summarizes some of the zeolite-based
catalysts that have been used for direct CO2 hydrogenation to dimethyl ether.
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Table 6. Zeolite-based catalysts for direct CO2 hydrogenation to DME.

Catalyst T (◦C) P (Bar) CO2 Conversion (%)
Selectivity (%)

Ref.
MeOH DME CO CH4

CZA/γ-Al2O3 260 50 15.0 15.0 3.0 82.0 - [121]
CZA/HZSM-5 260 50 29.0 2.0 65.0 33.0 - [121]

CuO-TiO2-ZrO2/HZSM-5 275 30 15.6 13.0 47.5 39.2 - [44]
CuZnZr-FER 220 30 10.7 14.4 53.2 32.4 - [142]
CuZnZr-FER 260 30 22.0 14.0 38.5 47.5 - [142]

CuO-ZnO-ZrO2/SAPO-11 275 30 8.7 17.0 80.0 3.0 - [144]
CuFe/HZSM-5 260 30 12.3 0.9 18.3 30.5 50.3 [149]

CuFeZr/HZSM-5 260 30 17.3 1.9 39.9 21.3 36.9 [149]
CuFeLa/HZSM-5 260 30 17.2 1.5 51.3 30.3 16.9 [149]
CuFeCe/HZSM-5 260 30 18.1 2.1 52.0 25.4 20.5 [149]

4. Conclusions

Due to the environmental problem that involves the emission and accumulation of CO2 in the
atmosphere, the elimination of this gas, either by capturing or using it in some industrial processes,
becomes of paramount interest. Thus, the hydrogenation of CO2 to obtain high value-added chemicals
and fuels is doubly significant. However, some crucial issues need to be addressed before applying
CO2 hydrogenation in the industry to make it competitive, such as reducing the cost of hydrogen
production, or finding the ideal reaction conditions to obtain high CO2 conversions and high methanol
and dimethyl ether selectivities. Currently, copper-based catalysts are presented as the best approach
from a technological point of view. However, they suffer from sintering problems at high temperature
and also the influence of the water produced in the reaction process results in low CO2 conversions.
In recent years, a wide variety of active phases and catalytic supports based on silica have been studied,
from mesoporous silicas of SBA-15 type, to natural clays or zeolites. According to the investigations
carried out to date, it seems that the catalytic behavior of copper improves when the Cu+/Cu2+ ratio
increases, and also improves substantially if other metals or oxides (Fe, Zn, Zr, Ga, etc.) are added
as promoters. Among the supports used, clays and natural zeolites can be considered as the best
alternatives to silica base supports given their low cost, high abundance and, due to their porous
structure, the great variety of structural, textural and acid modifications to which they can be subjected,
and especially due to their considerable content of alumina in their structure, which is revealed as
an essential component in this type of reaction. Properties such as acid strength, controlled by the
SiO2/Al2O3 ratio, type of acidity, necessary porosity to host the active phases or the high specific
surface area, seem essential in the design of an optimal catalyst capable of achieving high conversions
of CO2 in low-temperature and pressure operating conditions.
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