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PtX technologies are one major building block of the future energy system based on renewables sources. Dimethyl ether

(DME) is an important PtX product that can be used as intermediate the production of CO2-neutral base chemicals. New

applications lead to an increase of the global production and the optimization of the process efficiency, especially when

considering decentralized synthesis. This review article puts some spotlights on recent developments in methanol and the

direct DME synthesis with a special focus on the modeling and bifunctional catalyst. This study is expected to provide a

foundation for future works in the field of catalysis research based on catalysts design and kinetic modeling.
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1 Introduction

It is well-known that the excessive use of fossil resources
such as coal, oil, and natural gas results in adverse climate
changes due to inadequately regulated large emission of the
so-called greenhouse gases such as methane and carbon
dioxide (CO2) [1]. It is generally accepted that CO2 emis-
sions need to be drastically reduced to net-zero, even to
net-negative in the second half of the 21st century in order
to limit human-induced global warming. Very recently, the
Intergovernmental Panel on Climate Change, IPCC, con-
cluded in their sixth assessment report, that global warming
of 1.5 �C could already be exceeded in the early 2030s unless
deep reductions in carbon dioxide occur in the coming
decades [2]. This effort would also include major changes to
power generation, mobility, and other industrial sectors
such as chemical and construction industry as well as agri-
culture [3].

The use of synthetic carbon-neutral hydrocarbons and
oxygenated hydrocarbons would significantly contribute to
the future energy system [4]. In this context, it is of utmost
importance to establish alternative production processes
through innovative schemes such as the Power-to-X (PtX)
approach, coupling the sector of renewable electrical energy
with chemical transformations. However, by nature, corre-
sponding renewable sources (e.g., from solar and wind
power) are fluctuating in their availability and usually not
accessible in large quantities (rather up to the MW than
GW scale) at a certain location [5, 6]. Therefore, decentral-
ized and load-flexible PtX technologies are promising
options to efficiently convert renewable electricity into

chemical compounds, which can be easily stored, trans-
ported, and used in multiple applications. These PtX prod-
ucts can be either gaseous (potentially liquefied), e.g., H2,
synthetic methane, dimethyl ether (DME), or liquid, e.g.,
Fischer-Tropsch hydrocarbons and methanol [4]. When
both, the electricity used for generating hydrogen via elec-
trolysis and the CO2 used as carbon source in PtX process
are not from fossil origin (consequently, renewable electric-
ity and CO2 from biomass or direct air capture), the result-
ing PtX products can be considered as CO2-neutral [7–9].

Taking into account the diverse conceptual considera-
tions, methanol and DME are promising PtX products for
chemical industry and heavy-duty transportation (direct
methanol fuels cells, blended with gasoline for combustion
engines, diesel replacement) [10]. Considering decentralized
Power-to-Fuel (PtF) approaches, simplified and efficient
processes are required. Not methanol synthesis itself, but
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the combination with the dehydration of methanol to DME
[11] is a particular example of how the whole process can
be made more compact by (i) increasing the CO resp. CO2

conversion of the methanol synthesis through direct dehy-
dration and (ii) reducing the number of reactors and the
need for a large recycle stream [4, 9].

In this overview article, we summarize current develop-
ments in direct DME synthesis and provide an outline of
the synthesis processes, new findings in the field of catalyst
development and kinetic modeling approaches, some of
which are closely linked to scientific progress in the field of
methanol synthesis.

2 Methanol Synthesis and Recent
Development

Conventionally, methanol (MeOH) is synthesized from syn-
thesis gas (CO/H2) streams in the presence of a copper-
zinc-based catalyst, according to the stoichiometric reaction
(R1, STM: syngas to methanol). Traditionally, the complete
process includes syngas production and purification, the
methanol synthesis, and the rectification of crude methanol
[4].

CO gð Þ þ 2H2 gð Þ Ð CH3OH gð Þ DH0
298:15 K ¼ �90:6 kJ mol�1

DG0
298:15 K ¼ �25:2 kJ mol�1

(R1)

Currently around 110 Mt of methanol are produced per
year, mainly from natural gas oxidation and/or reforming
[8] and coal gasification using low and medium pressure
processes [12, 13]. However, the syngas can be also derived
from a variety of feedstocks such as crude oil, residual oil
and bio-waste products being available all around the
world, e.g., agriculture residues, forestry or landscaping and
paper waste [14]. Recently, CO2 from the air or from inevi-
table industrial emissions comes into focus as carbon source
for the production of methanol, as it allows for considerable
mitigation of the environmental impact caused by green-
house gases and offers the opportunity to use a low-cost
carbon source [15–17]. Using green hydrogen (i.e., pro-
duced from electrolytic processes using renewable energy)
further adds value to the production of synthetic fuels from
CO2 [18, 19]. The hydrogenation of CO2 to methanol (R2)
is less exothermic than the methanol synthesis from pure
syngas and it involves the water-gas-shift (RWGS, R3).

CO2 gð Þ þ 3H2 gð ÞÐCH3OH gð Þ þH2O gð Þ

DH0
298:15 K ¼ �49:4 kJ mol�1

DG0
298:15 K ¼ þ3:5 kJ mol�1

(R2)

CO gð Þ þH2O gð ÞÐCO2 gð Þ þH2 gð Þ

DH0
298:15 K ¼ �41:2 kJ mol�1

DG0
298:15 K ¼ �28:6 kJ mol�1

(R3)

However, the use of CO2 as (co-)feed in the production
of methanol causes additional challenges, associated with
loss of catalyst activity [17]. Various studies are being car-
ried out in order to develop catalysts with higher service
lifetime especially at high CO2-rich syngas conditions
[17, 20, 21].

Both CO and CO2 hydrogenation process are strong
reversible exothermic reactions and therefore controlled by
the kinetics and the thermodynamic equilibrium, which
limits the syngas conversion. For this reason, the optimum
process temperature of 200–300 �C has to be kept by effi-
cient heat removal. Recently, once-through process with
interstage [22] and in situ methanol removal [23] have been
proposed to avoid the gas recycle, in order to improve the
CO resp. CO2 conversion and, thus, process yield. Details
about the process will not be discussed within this review;
however, an overview of reactor designs and technologies
applied for methanol synthesis has been summarized and
published recently in the literature [4, 23].

2.1 Recent Developments in Catalyst Design

In line with the high importance, a large number of review
articles exist on catalysts for methanol synthesis. In this
context, reference should be made to some recent review
articles on the relevant research topics ‘‘Conversion of
Carbon Dioxide’’, [24–29] ‘‘Bimetallic Catalysts’’ [25],
‘‘Methanol Production’’ [26]. The following sections sum-
marize current developments on the most important cata-
lyst groups for application in fundamental research and
process development for methanol synthesis.

2.1.1 Transition Metal-Based Catalysts

Commercial Cu/ZnO/Al2O3 catalysts typically have a metal
distribution in the range of 60 wt % Cu, 30 wt % Zn and
10 wt % Al. This type of catalyst was developed since the
1960s – initially by Imperial Chemical Industries (ICI) – to
operate methanol synthesis under milder reaction condi-
tions (5–10 MPa, 220–300 �C) [30–32]. The effect of ZnO in
Cu-based multicomponent catalysts is generally based on
two features resulting from the combination of favorable
stoichiometry and optimized production method: On the
one hand, ZnO assumes the function of a geometric spacer
between the Cu centers in the nm-size range, thus improv-
ing Cu dispersion and the accessibility of the specific Cu
surface [33, 34]. On the other hand, ZnO also has a modu-
lating effect with regard to the electronic properties due to
specific metal/support interaction (SMSI). In contrast, the
function of Al2O3 is exclusively that of a structural promot-
er, which favors a uniform distribution of Cu and, in partic-
ular, improves the mechanical stability of the catalyst.

Active Sites and Structure – Activity Relationships

Essentially, two possible active sites at the interface are dis-
cussed. One possibility (a) results from the synergy between
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Cu and ZnO at their interface [35]. The second possibility
(b) is the presence of Cu-Zn surface alloy sites, [36] which
is related to the partial reduction of ZnO particles towards a
Znd+ state or favors the modification of the surface Cu by
metallic Zn [29, 37–39]. Recent research results regarding
possibility (a) have been published through experimental
data and simulations, which give clear indications about the
nature of the top layer of the catalyst surface in Cu/ZnO
catalysts [40, 41]. Possibility (b) is supported by findings
suggesting that Cu steps occupied by Zn atoms are the
active sites where coexistence of defined bulk defects and
surface species exists [20]. The SMSI-induced formation of
a metastable ZnOx phase on the Cu active sites has also
been demonstrated on reduced industrial Cu-ZnO-Al2O3

catalysts [39]. The adsorption strength of relevant inter-
mediates such as HCO*, H2CO* and H3CO* is also
enhanced via Cu-Zn interaction according to DFT calcula-
tions [20]. Control of the nanoscale properties of catalysts
for methanol synthesis is therefore generally an essential
element in catalyst development.

Recently, inverse oxide/metal catalysts with metastable
‘‘graphite-like’’ ZnO layers in Cu/ZnO/Al2O3 catalysts have
also attracted considerable interest due to the metal-support
interaction, [39, 40, 42, 43] with ZnO sites being considered
as hydrogen reservoirs to favor methanol formation.

Preparation Methods

Amongst a variety of preparation methods to optimize the
catalytic activity [44], the co-precipitation of metal salt pre-
cursors with a precipitating agent in aqueous medium, fol-
lowed by aging, calcination, and reduction is the most
widely used synthesis process [45, 46]. Accurate control of
the synthesis conditions, in particular temperature, pH val-
ue, mixing and aging procedure is important [44]. Many
improvements have been achieved to prevent metal agglom-
eration and sintering during the calcination, which is cru-
cial for the metal dispersion and the catalytic performance,
such as nitrate-free synthesis from a basic formate or ace-
tate precursor, [47, 48] surfactant-assisted coprecipitation,
[49] reverse co-precipitation, [50, 51] reverse co-precipita-
tion with ultrasound irradiation [52, 53] and continuous
co-precipitation [21].

In addition, there are various other synthesis methods,
such as deposition-precipitation, [54] sol-gel synthesis, [55]
citrate decomposition, [56] combustion synthesis, [57] solid
state synthesis, [58] ammonia evaporation, [59] organome-
tallic synthesis, [53, 60] and flame-spray pyrolysis [61–63].

2.1.2 Precious Metal-Based Catalysts

Unfavorable factors in Cu-based catalysts are the increased
mobility of ZnO when water is formed, the limited stability
due to sintering and agglomeration, and partly pyrophoric
properties [64, 65]. Amongst many others, [66] precious
metal-based catalysts are a general alternative to this [67] as
they have high stability and often better resistance to sinter-
ing and poisoning.

Monometallic Catalysts

Supported catalysts of Pd and Pt are known to be active for
methanol formation by CO hydrogenation already at low
temperatures [68]. Especially Pd catalysts on supports such
as La2O3, Nd2O5, [69] and CeO2 [70] catalyze the formation
of methanol highly selectively. Existing oxygen vacancies
also favor CO2 adsorption or activation, as shown for the
use of CeO2 [71] and In2O3 [72] as supports in Pd-based
catalysts. Besides, Au-based catalysts on different supports
[73–75] as well as Pt-based catalysts [67] demonstrated cat-
alytic activity for methanol formation.

Alloy Catalysts

Pd and Pt form various alloys with metals that are active
themselves in CO/CO2 hydrogenation. In such alloys, the
surface properties are altered compared to the pure metals,
so that new active sites can be created, [76] such as in
Pd-Cu, Pd-Zn and Pt-Co alloys, among others.

In Pd-Zn alloys, the SMSI effect between metallic Pd and
ZnO at high temperatures ensures the formation of a stable
alloy, although the nature of the active sites is the subject of
scientific debate [77]. On the one hand, the formation of
PdZn alloys often correlates with catalytic activity and
methanol selectivity, [78–81] however, Pd decorated with
ZnOx islands are partly discussed as active sites [82]. In this
context, PdZn alloys could stabilize formate intermediates
and inhibit the RWGS reaction at the same time [82, 83].

2.1.3 Other Catalysts

In2O3- and Ga-Based Catalysts

In the past decade, In2O3-based catalysts have been intro-
duced as a new class of highly selective methanol catalysts
[84–87]. A key effect is that the competing reaction pathway
via the reverse water-gas shift reaction (reverse reaction
(R3)) is restrained [84, 88].

In combination with suitable support materials such as
monoclinic zirconia (m-ZrO2), which increases the adsorp-
tion capacity towards CO2, good long-term stabilities are
achieved [89–91]. Recent developments include doping
with hydrogenation-active metals, such as palladium,
[92, 93] platinum, [94] rhodium [95] or nickel [92], among
others, to increase the rate of H2 cleavage, which is low at
bulk In2O3.

Gallium has already been used in various types of cata-
lysts for methanol synthesis [96]. For example, in Ga2O3-
supported Pd catalysts it is proposed that gallium oxide
promotes CO2 adsorption and Pd, similarly to the above
mentioned effect in In2O3, catalyzes dissociation of H2,
mechanistically resulting in hydrogen spill over to the oxide
surface followed by the formation of formate [97]. Among a
number of alloys, the Ni5Ga3 composition proved to be par-
ticularly active in terms of methanol selectivity [98].

MOF/ZIF-Based Catalysts

Due to the structure sensitivity of methanol catalysts, met-
al-organic frameworks (MOFs) and zeolitic imidazolate
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frameworks (ZIFs) are highly interesting classes of materials
that exhibit tailored surface accessibility, pore functionalities
and reactive open metal sites [99]. The basic concept is that
such frameworks enable the confinement of encapsulated,
catalytically active metal NPs and minimize their aggrega-
tion and/or agglomeration [100].

Preparation methods are generally divided into bottom-
up and top-down approaches. The bottom-up approach
resembles impregnation, exemplified in the preparation of
the composite ZIF-8-supported Pd catalyst, among others
[79]. Similarly, a ZIF-8-supported Cu catalyst is synthesized,
for which considerable methanol productivity has been
demonstrated [101]. In contrast, the top-down approach
requires encapsulation of the NPs in the framework, for
which suitable precursors must be selected. High activity in
methanol synthesis was shown for the MOF-supported
Cu/ZnOx catalyst prepared by the top-down method, [102]
as well as for the ZrOx-supported Cu/ZnOx catalyst [103].
A related approach utilizes the MOF directed synthesis of a
Cu catalyst highly dispersed in graphene [104].

2.2 Process Modeling of Methanol Synthesis

The methanol synthesis has been studied for years, however,
a comprehensive understanding of the reaction mechanism
and recovery phenomena for typical Cu-based catalyst has
still not been fully achieved. A full elucidation of the mecha-
nism would allow for precise optimization of input parame-
ters and reaction conditions, further improving the process
efficiency and economic feasibility [105]. Several formal
kinetic models have been proposed for the methanol syn-
thesis [106–110]. Each model has its particular considera-
tions and rate determining steps (RDS), as well as different
parameters lumped and fitted to experimental data at differ-
ent conditions. Due to these assumptions and fitting of
unknown parameters, different effects may be merged with
the kinetic model and may cause its divergence to the exper-
imental data.

Detailed theoretical models have been also proposed for
methanol synthesis derived from first principles density
functional theory (DFT) calculations [111–117]. In these
models, different surface reaction paths are considered, and
all reactions are potentially rate limiting. It is considered
that these theoretical-based models are more suitable to
extrapolations than empirical models with several experi-
mentally fitted parameters [115, 118]. Nevertheless, the
implementation is more complex, and the simulations
require higher computational effort, when compared to
simplified kinetic models [119]. Previous theoretical
[21, 38, 116] and experimental studies, [120–122] performed
on methanol catalysts showed a synergistic effect of the
metallic components in the methanol catalysts, thus causing
reversible structural changes depending on the reaction
conditions; this also has a strong effect on the active centers
at the catalyst surface, hence affecting the catalytic activity
(see also Sect. 2.2). Although these changes are known,

modeling of the dynamic behavior is challenging and has
not been fully achieved yet [123]. This highlights the impor-
tance of transient mechanistic studies coupled with funda-
mental in situ catalysis studies for kinetic model develop-
ment. Powerful analytical methods such as X-ray diffraction
and absorption spectroscopy (XRD, XAS) [120] and diffuse
reflectance IR spectroscopy (DRIFTS) [124, 125] have
become increasingly available for in situ or operando
analysis and allow for the development of more sophisti-
cated models based on fundamental understanding of in-
dividual steps. For the latter however, as highlighted by
Fehr and Krossing [125] for studies at technically relevant
conditions, particular attention should be paid on the cor-
rect assignment of the IR-bands (CO2 gas molecule vs.
adsorbate) as the occurrence of several combination bands
and overtones of CO2 molecules entails the risk of misin-
terpretations.

Recently, detailed models based on multiscale modeling
have been published in order to better describe the chemis-
try behind the methanol synthesis [109, 115, 126]. These
models consider surface reaction kinetics, important inter-
mediates, different active sites, and in some cases structural
changes are also considered (see an example in Fig. 1).
Nevertheless, additional improvements are still required to
accurate describe the behavior of the methanol catalyst by
kinetic and surface activity models.

3 DME Synthesis

3.1 Two-Step Synthesis of DME

The large-scale production of DME is based on the dehy-
dration of methanol (MTD: methanol to dimethyl ether).
The first process step is the production of methanol from
synthesis gas on Cu/ZnO-based catalysts at 240–280 �C and
3–7 MPa following reaction equation (R1). After a purifica-
tion stage in a subsequent reactor, methanol is converted
into DME via an acid catalyst (R4) [127].

2CH3OH gð ÞÐCH3OCH3 gð Þ þH2O gð Þ

DH0
298:15 K ¼ �23:4 kJ mol�1

DG0
298:15 K ¼ �16:8 kJ mol�1

(R4)

The overall process is referred to as the indirect process.
Upstream, the generation of synthesis gas is the initial step
for the subsequent conversion processes. The composition
of the synthesis gas is primarily a function of the carbon
content of the carbon source and ideally leads to a compo-
sition that corresponds to the stoichiometry of the metha-
nol synthesis. Technical synthesis gas compositions usually
contain proportions of CO2 and CH4 of <5 % each. Exo-
thermic methanol dehydration in the indirect process typi-
cally takes place at lower temperatures of around 200 �C,
which at the same time also largely avoids the formation
of by-products such as higher hydrocarbons and coke. The
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thermodynamic limitation of methanol formation in the
indirect process allows only a low gas conversion per pass
(15–25 %; see Fig. 2) and leads to comparatively high capi-
tal and operating costs at increased recirculation rates (see
also Sect. 2.1).

3.2 Direct Synthesis of DME

An alternative to the indirect process is the direct process
(also known as the one-stage process, STD: syngas to
dimethyl ether), in which both reactions, the methanol syn-
thesis and the dehydration of methanol to DME, take place

in the same reactor on a bifunc-
tional catalyst system at condi-
tions that favor primary metha-
nol formation [128, 129]. The
direct process is currently still
undergoing non-commercial test-
ing in experimental plants up to
pilot demonstration scale. Eco-
nomic advantages are often dis-
cussed for the direct process, as
only one reactor is required and
the conversion during methanol
formation can basically be in-
creased by the parallel methanol
dehydration (see Fig. 2). Conse-
quently, a lower pressure is re-
quired, and methanol synthesis
can take place at a higher temper-
ature and, thus, a higher reaction
rate. On the other hand, however,
higher reaction temperatures are
considered unfavorable for the
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Figure 1. Reaction network of the carbon-containing species in the methanol synthesis and the WGSR. Adapted from Ref. [115] with
permission from the Royal Society of Chemistry.

Figure 2. Thermodynamic equilibrium conversion of CO as a function of temperature and pres-
sure for methanol and direct DME synthesis from CO/H2 = 2/1 and stochiometric feed according
to net reactions (R1, R5) and (R2, R6), respectively.
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formation of DME. With water being formed during dehy-
dration, in the direct DME synthesis the RWGS reaction
(reverse reaction (R3)) takes place. Thus, stoichiometrically
the direct process requires a lower H2/CO ratio for DME
formation than methanol synthesis alone and appears par-
ticularly interesting for the conversion of syngas produced
from biomass [130].

3CO gð Þ þ 3H2 gð ÞÐCH3OCH3 gð Þ þ CO2 gð Þ

DH0
298:15 K ¼ �246:0 kJ mol�1

DG0
298:15 K ¼ �95:7 kJ mol�1

(R5)

The direct hydrogenation of CO2 or the conversion of
CO2-rich synthesis gas in the direct process is thermo-
dynamically less favorable, hence the DME yield is lower
[131]. On the other hand, one key driver of current process
technology development is to significantly reduce the car-
bon footprint of peak power generation from CCU fuels
through the use and recycling of CO2. The synthesis of
methanol resp. DME from CO2-rich synthesis gas involves
the reverse water gas shift reaction (reverse reaction (R3)),
CO2 resp. CO hydrogenation (R1, 2) and methanol de-
hydration (R4) yielding a net reaction (R6) for the direct
synthesis of DME from CO2/H2 synthesis gas:

2CO2 gð Þ þ 6H2 gð ÞÐCH3OCH3 gð Þ þ 3H2O gð Þ

DH0
298:15 K ¼ �122:2 kJ mol�1

DG0
298:15 K ¼ �9:8 kJ mol�1

(R6)

Preferably, CO2 hydrogenation should be carried out near
equilibrium to maximize the yield of DME produced, i.e., at
high pressure or at lower temperatures [132]. High temper-
atures enhance the RWGS reaction, consuming more CO2

and H2. This also increases the H2O content, which in turn
hinders the formation of DME, on the one hand for ther-
modynamic reasons and on the other hand due to the com-
peting adsorption on the active centers of the methanol cat-
alyst [133] and on the acidic centers of the dehydration
catalyst [134]. The direct process is currently still under-
going non-commercial testing in experimental plants up to
pilot demonstration scale [4].

3.2.1 Process Development

In the context of decentralized, yet highly efficient direct
synthesis of DME from H2/CO/CO2, several reactor con-
cepts have been proposed and investigated for process
intensification. In the following, focus is laid on microstruc-
tured and membrane reactors being two approaches for
process intensification [135], also promising for the direct
synthesis of DME.

Microstructured Reactors

The term ‘‘microstructured reactor’’ describes reactor con-
cepts whose key features are the tailored structuring of the
reaction and/or cooling section of the reactor. Due to the

microstructuring, both, heat and mass transport character-
istics can be improved. It is worth mentioning that the term
‘‘microstructured’’ (a) does not refer to the size of the reac-
tor itself, and (b) is also commonly used for structures in
the dimension of 10–3 m [136]. While most microstructured
devices are based on stacking prefabricated foils, recent
developments in additive manufacturing allow for addition-
al degree of freedom in terms of the design of the internal
structure inaccessible with conventional microfabrication
techniques such as milling, slotting or etching.

In general, for the implementation of the catalyst in such
microstructures, two main concepts are applied. Besides a
packing of the catalyst, coatings on the inner wall of the
microchannels is reported. For the latter, tailored (multi-
functional) coatings not only allow for a low pressure drop
and improved heat transfer from the reaction volume to the
reactor wall [137] but can add additional features to the
reactor system (see Sect. 4). As a third (and rare) case, the
manufacturing of the complete reactor out of the catalyti-
cally active material, e.g., Rh [138], Cu or Ag [139] is
reported.

In the context of H2/CO/CO2 conversion, microstruc-
tured reactors with tailored cooling concepts have been
demonstrated for the synthesis of hydrocarbons (methana-
tion [140], Fischer-Tropsch synthesis [141]) and oxygen-
ates, such as methanol synthesis [95] and DME [142]. Alla-
hyari et al. [143] have described the performance of
microreactors with different coatings (washcoating) of
Cu/ZnO/Al2O3-HZSM-5 catalyst. It is noted that increasing
catalyst loading leads to a less-uniform morphology. How-
ever, catalyst layer thicknesses from 20 mm to 60 mm are
reported and the authors observed that an increase of the
catalyst thickness (increases of the number of active sites)
up to 60 mm even reduces the microreactor performance,
which was assigned to mass transport limitations and the
reduced residence time at a given flow rate.

Membrane Reactor

The key feature of a membrane reactor is directed to the
coupling of a chemical reaction and product separation
within one single unit. The ‘‘in situ’’ removal of the product
or by-product from the reaction zone via the membrane
allows to increase the conversion affecting the thermo-
dynamic equilibrium by withdrawal of the (by)product, and
also in the case of selective product separation, to receive
the product with increased purity [144, 145].

A general challenge, however, is to integrate the mem-
brane (porous, organic, or inorganic) into the reactor, main-
taining a high selectivity (defect free membrane) also under
reaction conditions. Here, systems with the catalyst inside a
tubular membrane or planar systems are usually applied
[146, 147].

For methanol and direct DME synthesis, the removal of
the by-product water using a membrane is discussed to
increase product yield by increasing and decreasing the par-
tial pressure of the reactants and the inhibiting by-product

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 3, 1–17

6 Review Article
Chemie
Ingenieur
Technik

’’ These are not the final page numbers!



water, respectively, which also helps to protect the catalyst
from deactivation [148, 149]. Improved CO2 conversion
and high methanol yield were reported employing a zeolite-
based membrane reactor at different H2/CO2 feed ratios
and temperatures compared to a conventional reactor
[150, 151].

By measuring the permeation of a H2, CO2 and H2O mix-
ture, within the range of interest for methanol synthesis
(160–240 �C, 10–27 bar), Gorbe et al. [152] have quantified
the capability of a zeolite A membrane to selectively sepa-
rate water and methanol. The authors have compared the
water partial pressure in permeate and retentate sides. The
temperature has been selected as 160-260 �C in retentate
side and the pressure of H2O in feed has been 10-18 kPa.
They have reported a ‘‘surprisingly high’’ water partial pres-
sure in the permeate, which was attributed to the radial
temperature in the experimental system.

In the work by Li et al. [149], a Na+-gated water-conduct-
ing membrane was incorporated into the direct DME
synthesis reactor to generate a dry reaction environment.
According to the authors, due to the absence of water,
the activities of the CO2 hydrogenation catalyst
(Cu/ZnO/Al2O3) and the methanol dehydration catalyst
(HZSM-5) are boosted 4- and 10-fold, respectively. More-
over, single-pass CO2 conversion of up to 73.4 %, which is
by far beyond the thermodynamic equilibrium of the bare
methanol synthesis, and DME yields of up to 54.5 % have
been reported. In addition, a reduced catalyst deactivation
was demonstrated. In the work by Brunetti et al. [153],
ZSM-5 type zeolite supported membranes are used as cata-
lytic membrane reactors for DME synthesis via MeOH
dehydration. The effect of two different support structures
(TiO2 vs. g-Al2O3) for the zeolite membrane is assessed as a
function of the temperature and feed pressure, spanning a
wide range of accessible feed compositions. ZSM-5 support-
ed on g-Al2O3 always exhibited a higher methanol conver-
sion as the TiO2 supported membrane (see Fig. 3) revealing
an influence of the membrane support, correspondent to a
contributing effect induced of g-Al2O3, which further
enhanced the methanol dehydration. In addition, both
membrane reactors showed exclusive formation of DME.

Rodriguez-Vega et al. [154] studied a packed bed mem-
brane reactor (PBMR) for direct DME synthesis by the
hydrogenation of CO2 and CO2/CO mixtures equipped
with a hydrophilic LTA zeolite membrane to remove H2O.
It is noted that LTA zeolite has superior permeation proper-
ties among the studied zeolites (LTX and SOD). With a
mechanically mixed Cu/ZnO/ZrO2/SAPO-11 catalyst sys-
tem, feed and sweep gas (permeate side) are identical in
terms of composition and flow rate. It was shown that with-
in the temperature range studied, the CO2 conversion
achieved with the PBMR exceeds the conversion in the con-
ventional PBR (without membrane) by up to 37 % at
325 �C.

For a further discussion on the state of the separation and
on the reaction mechanism in the catalytic membrane reac-

tors, the interested reader is referred to the recent review
article by Li et al. [155] discussing various high temperature
water/gases separating membranes and their applications in
MR for CO2 utilization.

3.2.2 Process Modeling DME

Identification and quantification of dependencies between
process parameters and process performance of DME syn-
thesis is fundamental to the entire process efficiency, using
a suitable mathematical description and accurate derived
predictions of all relevant chemical and physical processes
[156].

Numerous investigations have been carried out to
describe and simulate the influence of feeds with variable
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Figure 3. Methanol conversion as a function of temperature
and WHSV in a catalytic membrane reactor with the zeolite
ZSM-5 membrane supported on TiO2 (a) and Al2O3 (b). Dashed
lines connect the equilibrium MeOH conversion at the tempera-
tures indicated. Feed pressure = 120 kPa. MeOH concentration =
100 % molar. Reproduced with permission [153] Further permis-
sions related to the material excerpted should be directed to
the ACS.
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CO/CO2 content and different catalyst bed compositions,
based on the thermodynamics and kinetic data. Accord-
ingly, models have been proposed to quantitatively describe
the process of direct DME synthesis and to derive predic-
tions [131, 157, 158]. Model-based optimization studies on
the composition of the dual catalyst bed revealed that an
optimized distribution with an increased amount of metha-
nol catalyst enhances the catalytic performance, allowing a
significant shift towards the equilibrium CO resp. CO2 con-
version [156, 158, 159].

Different modeling approaches have been used to model
the direct DME synthesis, the coupling of methanol forma-
tion models [106, 107, 110] and its dehydration [160, 161]
is one of the first approaches used, however, in the last
years, lumped kinetic models based on prior knowledge on
the direct CO/CO2 conversion to DME are being devel-
oped [157, 158, 162]. These simplified models suffer from
difficulties associated to possible model shortcomings caused
by assumptions and uncertainties of the mathematical de-
scription, especially outside the fitted operation conditions.
Although formal kinetic models have been widely used, their
limitations in describing important changes on the catalyst
during the time on stream have motivated a microkinetic
modeling approach [119, 163]. Some theoretical microkinetic
studies have been published for the methanol dehydration to
DME [163–166] but to the best of our knowledge none for
the direct DME synthesis, yet. Recent approaches such as the
use of artificial neural networks (ANNs) have been applied,
due to their flexibility and robustness [167–171]. Studies re-
garding the application of ANNs to optimize process condi-
tions and predict performance for the direct DME synthesis
have also been reported [167, 172–174]. Fig. 4 illustrates how
the elementary units (neurons) can be organize into layers in
a multilayer feedforward ANN for the DME synthesis. Here,
‘‘N’’ refers the input layer, ‘‘M’’ the hidden layers and ‘‘K’’ the

output layer, a detailed description can be found in the litera-
ture [157]. The ANN-based models are flexible in adapting
new data, their accuracy is higher, and they proved to be ap-
plicable to extrapolations outside known experimental con-
ditions.

4 Concepts on Catalyst Application for Direct
DME Synthesis

As mentioned in Sect. 3.2, the combination of methanol
synthesis and its dehydration allows to exceed the CO resp.
CO2 equilibrium conversion of the bare methanol synthesis.
However, in order to achieve such a synergetic effect, the
two catalysts involved (i.e., methanol synthesis catalyst, see
Sect. 2.2, and the solid acid catalyst for methanol dehydra-
tion) have to be implemented accordingly. Here, different
concepts depicted in Fig. 5 are discussed.

With increasing proximity of the two catalysts involved
not only potential synergy is affected, but also the design
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Figure 4. Structure of a multilayer feedforward artificial neuro-
nal network for the DME synthesis. Adapted from Ref. [157]
with permission from Wiley-VCH GmbH.

Figure 5. Schematic depiction of different catalyst integration strategies for the direct synthesis of DME.
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and the preparation of the catalyst system. The simplest sys-
tem would be mixing the particles or pellets physically on
the reactor level (hybrid catalyst bed) [63, 133, 175]. A phys-
ical mixture on the particle level increases the proximity of
the active sites for the two reactions and, thus, decreases the
probability for the intermediate (MeOH) to leave the reac-
tor without getting dehydrated to DME [176–182]. For the
aforementioned scheme, one could utilize mixing the dried
STM- and MTD catalysts [177, 180, 182]. Furthermore, this
can be facilitated by preparing a suspension of the two cata-
lysts followed by filtering, washing, drying and calcination
before pelletizing [178, 183]. Besides, co-precipitation of the
STM catalyst in an MTD-catalyst-containing suspension
[63] resp. self-assembly of the metallic and acidic function-
alities has been reported [184]. Both methods allow to fur-
ther enhance – and to some extend also tailor – the proxim-
ity of the two constituents. Even though these preparation
approaches allow for an adjustment of, e.g., a desired
STM-/MTD-catalyst weight ratio, often the arrangement of
the two catalysts within the pellet cannot be controlled pre-
cisely. To compensate for this possible disadvantage synthe-
sis of hierarchically structured bifunctional catalysts is a
promising alternative. The aim is to achieve a desired pre-
defined arrangement of the two catalysts by synthesizing at
least one catalyst in the presence of the other as for example
in a STM-@MTD-catalyst core@shell system. Such an
arrangement has been reported to be very promising in
terms of increasing the DME selectivity, as the methanol
formed at the core of the core@shell catalyst by nature has
to diffuse through the shell with dehydration functionality
[185–188]. It is worth mentioning that the concepts
described above for particulate systems (hybrid bed, hybrid
particle, core@shell particle) are also applied to planar
counterparts resulting in, e.g., bifunctional wall coatings
[143, 189].

4.1 Synthesis Methods and Performance of
Advanced Bifunctional Catalyst Systems

While a physical mixture of the two catalysts on the reactor
level or on the particle level by physical mixing and pelletiz-
ing is rather simple to implement, for the synthesis of
hybrid catalysts a large matrix of different parameters is to
be considered with each parameter potentially having an
influence on the individual catalyst as well as on the inter-
play between the two catalyst constituents. Investigated
methods are co-precipitation, impregnation, coprecipita-
tion-sedimentation, sol-gel, sol-gel impregnation and
liquid-phase syntheses [190, 191]. More recently, for STD
synthesis, there have been reports on advanced methods
like colloidal approach [178, 192] and ultrasound-assisted
co-precipitation [193].

The hybrid configuration on the catalyst level is of para-
mount important due to the fact that the intimate contact
between the methanol synthesis and methanol dehydration

active sites can be tailored. However, a possible disadvant-
age is that hybrid catalysts can suffer from deactivation
under reaction conditions due to the proximity of the meth-
anol forming catalyst to the acidic sites of the dehydration
catalyst [192, 194, 195] like the migration of Si to a CZA cat-
alyst [194], the pore blockage caused by carbonaceous spe-
cies deposition [196–198] or the sintering of Cu nanoclus-
ters due to contact with aluminosilicates [196, 199]. Migliori
et al., [200] investigated the role of metal-acid interaction in
methanol dehydration over hybrid Cu/ZnO/ZrO2-zeolite
(FER and MFI) catalysts. The authors conclude that there is
a paramount effect as the dehydration catalyst showed a
higher degree of deactivation over time on stream, accom-
panied with a decrease in DME selectivity in favor of
by-product formation (methyl formate and dimethoxyme-
thane). These effects are attributed to the migration of
active metal to the acid sites as well as to sintering support-
ed by the water being formed at the dehydration catalyst.

The simplest way to avoid issues as previously discussed
is the minimization of the contact between the active metal-
lic and acidic phases, e.g., by applying a physical mixture on
the reactor level. This, however, also reduces the potential
synergetic effect to be expected from a bifunctional system
(see Sect. 4.1), however, has been reported to improve CO2

conversion in direct DME synthesis [201].
The use of hierarchically structured catalysts has been

considered as a promising approach for optimization the
catalyst performance in the direct STD reaction by achiev-
ing both, bringing together the two catalysts involved, while
the aforementioned deactivation phenomena are reduced.
Synthesis and testing of both possible configurations,
namely DME synthesis function in the core and methanol
synthesis function in the shell or vice versa have been syn-
thesized, characterized, and tested in detail) [185, 202–205].
Additionally, in the core@shell configuration an intermedi-
ate inactive layer can be applied to avoid direct contact
between the two active phases [206].

In order to avoid harsh synthesis conditions usually
applied for enwrapping a STM-catalyst core with a zeolite
shell physical coating was also investigated for generating
the shell. Sánchez-Contador et al. [185] prepared a bifunc-
tional Cu/ZnO/ZrO2-core@SAPO11-shell type catalyst,
which showed both higher CO resp. CO2 conversion and
DME selectivity as compared to the hybrid reference cata-
lyst, prepared by physical mixture of the individual compo-
nents. Phienluphon et al. [188] enwrapped a Cu/ZnO/
Al2O3 STM-catalyst core likewise with a SAPO11 dehydra-
tion catalyst using the physical coating method and
observed enhanced performance in terms of CO conversion
and DME selectivity. For the implementation of planar
bifunctional systems in microstructured reactors, methods
such as washcoating [143] or screen printing [189] have
been described. To the best of our knowledge, with hier-
archically structured catalyst layers (e.g., double layer)
experimental results for the direct synthesis of DME have
not been published in open literature.
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4.2 Modeling Design of Different Catalyst
Configurations

Several studies have been directed to analyze the effects of
the design approach resp. the configuration in bifunctional
catalyst systems, such as hybrid beds, pellets, and hierarchi-
cal structures, both in particulate and planar application on
a theoretical basis [11, 189, 207–209].

Through using mathematical modeling, Gufftani et al.
[207] concluded from investigations on the active phase dis-
tribution at the pellet scale in catalytic reactors that a signif-
icant impact of the different spatial distribution of the active
phases on the reactor performance exists. According to the
authors, intraparticle diffusion limitations within the cata-
lyst bed result in lower DME yield compared to hybrid sys-
tems on the pellet level. However, for the latter system the
authors found a more pronounced hotspot formation. This
effect in turn was less pronounced in STM-catalyst cor-
e@MTD-catalyst shell systems, which showed comparable
yields of DME as the hybrid catalyst system.

To describe the DME synthesis over a Cu/ZnO/ZrO2

based core@SAPO11-shell catalyst Ateka et al. [209] have
proposed a micro kinetic model. This model enables quanti-
fying the influence of particle size on the reaction perfor-
mance metrics and predicts that increasing catalyst particle
size up to 4 mm (interesting for its use in fixed bed reactors
on a larger scale) has little impact on DME yield and CO2

conversion. Ding et al. [208] used a 1D heterogeneous
model to simulate diffusion and reactions within a
Cu/ZnO/Al2O3-based core@zeolite-shell catalysts and
showed that thickness and activity of shell have significant
influence on the catalytic performance. Baracchini et al.
[11, 189] compared hybrid catalysts with the two catalysts
in either close or medium proximity vs. double layer config-
uration. The simulation results for the catalyst configura-
tions of the given material properties investigated reveal
that, at a given STM catalyst to MTD catalyst weight ratio,
the hybrid system with the catalysts being in close proximi-
ty allows for remarkably higher CO conversions compared
to the double layer system, while DME selectivity is compa-
rable. The low conversion rate of the core@shell system was
attributed to the fact that the highly intergrown zeolite shell
opposes mass transport limitations while resulting in high
selectivity to DME.

5 Conclusion and Future Perspective

Decentralized and load-flexible ‘‘Power-to-X’’ (PtX) tech-
nologies are promising options to efficiently convert renew-
able electricity into PtX-CO2-neutral products. Increasing
CO2 emissions has encouraged the use of CO2 as carbon
source for the production these carbon containing chemi-
cals. Especially when converting CO2-rich synthesis gas,
tailored catalysts and advanced reactor concepts are re-
quired to overcome the thermodynamic limitations allow-

ing to implement efficient processes. Decentralized CO2

sources and the fluctuating availability of H2 from electro-
lytic process leads to new challenges, hence, the dynamic
operation of PtX technologies is increasingly the subject of
current research. Particularly, methanol and DME will
increase in importance for the future chemical industry.

Under fluctuating conditions, the direct synthesis of
DME is considered to be more practical than the more con-
ventional but established indirect synthesis via methanol as
an intermediate product. It has been shown that not only
the two catalysts involved but also the reactors and process
parameters need to be adjusted when converting CO2-rich
synthesis gas facing increased thermodynamic limitations.
This summary contribution highlights advances in both cat-
alyst synthesis and kinetic modeling for further increasing
the technology readiness level of the direct DME synthesis.
However, technical improvements (e.g., reactor concepts
and customized product separation) are still necessary to
achieve a significant increase in the overall process perfor-
mance. Future studies should also be directed towards long-
term stability of promising bifunctional catalyst systems, as
well as on progress in model-based optimization of cata-
lysts, process conditions and reactor designs, based on theo-
retical and experimental mechanistic studies.
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Symbols used

DG [kJ mol–1] Change in Gibbs free energy
DH [kJ mol–1] Enthalpy of reaction
p [bar] Pressure
T [�C] Temperature
WHSV [h–1] Weight hourly space velocity
X [%] Conversion

Abbreviations

ANN Artificial neural network
DFT Density functional theory
DME Dimethyl Ether
MeOH Methanol
MOF Metak-organic framework
MR Membrane reactor
PBMR Packed bed membrane reactor
PBR Packed bed reactor
PtX Power-to-X
RWGS Reverse water-gas-shift
SMSI Specific metal/support interaction
STD Syngas to dimethyl ether
STM Syngas to methanol
ZIF Zeolitic imidazolate framework
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C. Wöll, J. Sauer, M. Döring, J.-D. Grunwaldt, U. Arnold, Catal.
Commun. 2014, 43, 52–56. DOI: https://doi.org/10.1016/
j.catcom.2013.08.020
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