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PtX technologies are one major building block of the future energy system based on renewables sources. Dimethyl ether
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applications lead to an increase of the global production and the optimization of the process efficiency, especially when
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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 (CO,) [1]. It is generally accepted that CO, 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
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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., H,,
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 CO, used as carbon source in PtX process
are not from fossil origin (consequently, renewable electric-
ity and CO, from biomass or direct air capture), the result-
ing PtX products can be considered as CO,-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. CO,
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/H,) 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(g) + 2Hy(g) = CH30H AH398.15K = —90.6 k] mol !
AGyg 15k = —25.2 k] mol !
(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, CO, 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 (ie., pro-
duced from electrolytic processes using renewable energy)
further adds value to the production of synthetic fuels from
CO; [18,19]. The hydrogenation of CO, to methanol (R2)
is less exothermic than the methanol synthesis from pure
syngas and it involves the water-gas-shift (RWGS, R3).

CO;(g) + 3Hy(g) =CH3O0H(g) + Hy Oy
AHY% 15 ¢ = —49.4 k] mol ! (R2)
AGlog 15 = +3.5 K mol ™!

CO(%) + HZO(g)ﬁcoz(g) + Hz(g)
AHjg 15 = —41.2 1J mol ™! (R3)
AGlyg 15 = —28.6 k] mol ™
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However, the use of CO, 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 CO,-rich syngas conditions
[17,20,21].

Both CO and CO, 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. CO, 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/Al,Oj5 catalysts typically have a metal
distribution in the range of 60wt% Cu, 30wt % Zn and
10wt % 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 Al,O; 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
Zn®* 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 ZnO, phase on the Cu active sites has also
been demonstrated on reduced industrial Cu-ZnO-Al,O4
catalysts [39]. The adsorption strength of relevant inter-
mediates such as HCO*, H,CO* and H;CO* 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/Al,O5 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.
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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 La,03, Nd,Os, [69] and CeO, [70] catalyze the formation
of methanol highly selectively. Existing oxygen vacancies
also favor CO, adsorption or activation, as shown for the
use of CeO, [71] and In,O3 [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/CO, 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
ZnOy 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

In,03- and Ga-Based Catalysts

In the past decade, In,O3-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-ZrO,), which increases the adsorp-
tion capacity towards CO,, 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 H, cleavage, which is low at
bulk In,Os5.

Gallium has already been used in various types of cata-
lysts for methanol synthesis [96]. For example, in Ga,03-
supported Pd catalysts it is proposed that gallium oxide
promotes CO, adsorption and Pd, similarly to the above
mentioned effect in In,Os, catalyzes dissociation of H,
mechanistically resulting in hydrogen spill over to the oxide
surface followed by the formation of formate [97]. Among a
number of alloys, the NisGa; 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/ZnOy catalyst prepared by the top-down method, [102]
as well as for the ZrO,-supported Cu/ZnOy 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,
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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 (CO, gas molecule vs.
adsorbate) as the occurrence of several combination bands
and overtones of CO, 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].

2CH;0H (5 =CH3;0CH; ) + H;O(g)
AHY% 15 ¢ = —23.4 k] mol ™! (R4)
AGYs 15 = —16.8 k] mol !

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 CO, and CH,4 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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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.

thermodynamic limitation of methanol formation in the 3.2 Direct Synthesis of DME

indirect process allows only a low gas conversion per pass

(15-25 %; see Fig.2) and leads to comparatively high capi- An alternative to the indirect process is the direct process
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also Sect. 2.1). dimethyl ether), in which both reactions, the methanol syn-
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tional catalyst system at condi-
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3CO+3H, nol formation [128,129]. The
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ing in experimental plants up to
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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 H,/CO ratio for DME
formation than methanol synthesis alone and appears par-
ticularly interesting for the conversion of syngas produced
from biomass [130].

3CO<g) + 3H2(g>:CH3OCH3(g> + COZ(g)
AHYgg 15« = —246.0 kJ mol ™" (R5)
AGlyg 15 = —95.7 kJ mol !

The direct hydrogenation of CO, or the conversion of
CO,-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 CO,. The synthesis of
methanol resp. DME from CO,-rich synthesis gas involves
the reverse water gas shift reaction (reverse reaction (R3)),
CO, resp. CO hydrogenation (R1, 2) and methanol de-
hydration (R4) yielding a net reaction (R6) for the direct
synthesis of DME from CO,/H, synthesis gas:

ZCOZ(g> + 6H2(g)\:CH3OCH3(g) + 3H20(g)
AHg 15« = —122.2 kJ mol ™! (R6)
AGlo 15 = —9.8 kJ mol ™!

Preferably, CO, 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 CO,
and H,. This also increases the H,O 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 H,/CO/CO,, 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

www.cit-journal.com
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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~ 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 H,/CO/CO, 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/Al,05-HZSM-5 catalyst. It is noted that increasing
catalyst loading leads to a less-uniform morphology. How-
ever, catalyst layer thicknesses from 20pum to 60pm are
reported and the authors observed that an increase of the
catalyst thickness (increases of the number of active sites)
up to 60 um 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

Chem. Ing. Tech. 2022, 94, No. 3, 1-17
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water, respectively, which also helps to protect the catalyst
from deactivation [148,149]. Improved CO, conversion
and high methanol yield were reported employing a zeolite-
based membrane reactor at different H,/CO, feed ratios
and temperatures compared to a conventional reactor
[150, 151].

By measuring the permeation of a H,, CO, and H,O 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 H,O 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 CO, hydrogenation catalyst
(Cu/ZnO/AlL,O3) and the methanol dehydration catalyst
(HZSM-5) are boosted 4- and 10-fold, respectively. More-
over, single-pass CO, 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
(TiO, vs. y-Al,O3) 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 y-Al,O; always exhibited a higher methanol conver-
sion as the TiO, supported membrane (see Fig. 3) revealing
an influence of the membrane support, correspondent to a
contributing effect induced of y-Al,O;, 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 CO, and CO,/CO mixtures equipped
with a hydrophilic LTA zeolite membrane to remove H,O.
It is noted that LTA zeolite has superior permeation proper-
ties among the studied zeolites (LTX and SOD). With a
mechanically mixed Cu/ZnO/ZrO,/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 CO, 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-
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Methanol conversion (%) as a function
of WHSV at different temperatures

a) ZSM-5/TiO2 membrane reactor
@200°C T 100

@230°C @220°C

b) ZSM-5/A1,03 membrane reactor
@150°C T 100

@220°C @200°C

Figure 3. Methanol conversion as a function of temperature
and WHSV in a catalytic membrane reactor with the zeolite
ZSM-5 membrane supported on TiO, (a) and Al,O5 (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.

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 CO, 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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CO/CO, 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. CO, 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/CO, 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

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.

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.
CO; 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

Consecutive bed

Hybrid system
on reactor level

Syngas

Proximity of
the catalysts

Synergetic
effect on STD

Complexity

< €
v ¢ eL Methanol

Hybrid system Consecutive order

on catalyst level

Syngas t"t
- — DME®
20® R co
29 co, ™
" 9 2 p0
’
e &%
fk Methanol

Hierarchical system

esp. high selectivity

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
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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/ZrO,-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 CO,
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. Sanchez-Contador et al. [185] prepared a bifunc-
tional Cu/ZnO/ZrO,-core@SAPO11-shell type catalyst,
which showed both higher CO resp. CO, 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/
Al,O3 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/ZrO,
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 CO,
conversion. Ding et al. [208] used a 1D heterogeneous
model to simulate diffusion and reactions within a
Cu/ZnO/Al,O;-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-CO,-neutral products. Increasing
CO, emissions has encouraged the use of CO, as carbon
source for the production these carbon containing chemi-
cals. Especially when converting CO,-rich synthesis gas,
tailored catalysts and advanced reactor concepts are re-
quired to overcome the thermodynamic limitations allow-

www.cit-journal.com
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ing to implement efficient processes. Decentralized CO,
sources and the fluctuating availability of H, 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 CO,-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.

The authors from IMVT would like to acknowledge
funding by the German Research Foundation (DFG
priority program 1570 “Porous Media with Defined Pore
Structure in Process Engineering - Modelling,
Application, Synthesis”; Grant No. DI 696/9-3 and
SCHW 478/23-3) and the Vector Foundation
(“CO,mpactDME”). The authors acknowledge the finan-
cial support from the Helmholtz Research Program
“Materials and Technologies for the Energy Transition
(MTET), Topic 3: Chemical Energy Carriers”. Open
access funding enabled and organized by Projekt DEAL.

Soudeh Banivaheb studied
Chemical Engineering at
the Shahid Bahonar Uni-
versity of Kerman, Iran, for
her Master’s degree. After
her Master’s, she worked as
a Research Associate at
Technical University of
Munich. Currently, she is a
PhD student of Micro
Process Engineering at
Karlsruhe Institute of
Technology. Her research
interests include process intensification and catalyst
integration.

Chem. Ing. Tech. 2022, 94, No. 3, 1-17



Chemie
Ingenieur
Technik

Review Article

These are not the final page numbers! \\

11

Stephan Pitter studied
chemistry at the Ruprecht-
Karls-University, Heidel-
berg, and received his PhD
in 1993 at Institute for In-
organic Chemistry. From
1994 to 1996 he was fellow
of the Max Planck Society
in the group “CO, chemis-
try” in Jena, Germany, and
continued his studies as
research scientist until 1999. Since 2000 he has been in
different positions at the former Karlsruhe Research
Center and the Karlsruhe Institute of Technology
(KIT), respectively. His research interest has been in
the field of homogeneous catalysis, multiphase catalysis
and chemical processes in supercritical CO,. Presently,
he is working at the KIT-Institute of Catalysis Research
and Technology (IKFT) as scientific manager and is
heading the group “Catalysis and processes for CO,
fixation”.

Karla Herrera

Delgado studied chemistry
at the University of Costa
Rica (UCR). In 2014 she
obtained her PhD at Karls-
ruhe Institute of Technolo-
gy. She joined the Institute
of Catalysis Research and
Technology (IKFT) at
Karlsruhe Institute of Tech-
nology in 2015 and became
team leader in the group
“Catalysis and processes for
CO, fixation”. Her research is focused on heteroge-
neous catalysis in the field of PtX technologies, experi-
mental kinetic studies, simulation, development of
kinetic models (e.g., multiscale modeling) and optimi-
zation of chemical reactors.

Chem. Ing. Tech. 2022, 94, No. 3, 1-17

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

Michael Rubin (neé
Klumpp) studied chemical
engineering at the Univer-
sity Erlangen-Nuremberg
and obtained his PhD in
2017. He joined the Insti-
tute for Micro Process
Engineering at Karlsruhe
Institute of Technology in
2016 and became leader of
the catalytically active coat-
ings group one year later.
His research is focused on
process intensification via advanced reactors and
catalyst integration concepts especially in the field of
PtX. In 2020 he was awarded the Hanns Hofmann
Prize of the Process Net Reaction Engineering
Division.

Jorg Sauer is full professor
and director Institute of
Catalysis Research and
Technology (IKFT) at
Karlsruhe Institute of
Technology since 2012. His
research interest includes
the development of process
chains, new catalysts for the
production of synthetic
liquid fuels based on renew-
able sources, process simu-
lation and techno-econom-
ic evaluation of production processes, as well as for the
application of fuel components in internal combustion
engines.

Roland Dittmeyer is full
professor and director of
the Institute for Micro Pro-
cess Engineering at Karls-
ruhe Institute of Technolo-
gy since 2009. His research
interest includes materials
for catalysis and inorganic
membranes, novel fabrica-
tion techniques for ad-
vanced chemical reactors
and other devices for pro-
cess engineering.

www.cit-journal.com



¢ These are not the final page numbers!

12

Chemie

Review Article Ingenieur
Technik

I Symbols used

AG [kJ mol™] Change in Gibbs free energy
AH [k] mol™!] Enthalpy of reaction

p [bar] Pressure

T [°C] Temperature

WHSV [h™] Weight hourly space velocity
X [%] Conversion

I 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

I References

(1]

www.cit-journal.com

T. Bouman, M. Verschoor, C. J. Albers, G. Bohm, S. D. Fisher,
W. Poortinga, L. Whitmarsh, L. Steg, Global Environ. Change
2020, 62, 102061. DOLI: https://doi.org/10.1016/
j.gloenvcha.2020.102061

Climate Change 2021: The Physical Science Basis (Eds: V. Mas-
son-Delmotte et al.), Intergovernmental Panel on Climate
Change, Cambridge University Press, Cambridge, in press.

E. Catizzone, G. Bonura, M. Migliori, F. Frusteri, G. Giordano,
Molecules 2018, 23 (1), 31. DOLI: https://doi.org/10.3390/
molecules23010031

V. Dieterich, A. Buttler, A. Hanel, H. Spliethoff, S. Fendt, Energy
Environ. Sci. 2020, 13 (10), 3207-3252. DOI: https://doi.org/
10.1039/DOEE01187H

C. Jung, D. Taubert, D. Schindler, Energy Convers. Manage.
2019, 188, 462-472. DOL: https://doi.org/10.1016/
j.enconman.2019.03.072

A. Berrada, K. Loudiyi, Renewable Sustainable Energy Rev. 2016,
59, 1117-1129. DOI: https://doi.org/10.1016/j.rser.2016.01.048

S. Michailos, S. McCord, V. Sick, G. Stokes, P. Styring, Energy
Convers. Manage. 2019, 184, 262-276. DOL: https://doi.org/
10.1016/j.enconman.2019.01.046

Renewable capacity statistics 2021, International Renewable
Energy Agency (IRENA), Abu Dhabi 2021.

P. Styring, G. R. M. Dowson, 1. O. Tozer, Front. Energy Res. 2021,
9. DOL: https://doi.org/10.3389/fenrg.2021.663331

M. Yang, in Towards Sustainable Chemical Processes (Eds: ]. Ren,
Y. Wang, C. He), Elsevier, Amsterdam 2020, 379-398. DOI:
https://doi.org/10.1016/B978-0-12-818376-2.00015-6

(17]

(18]

(19]

[21]

[22]

(23]

[25]
[26]

[27]

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

G. Baracchini, M. Klumpp, P. Arnold, R. Dittmeyer, Chem. Eng.
J. 2020, 396, 125155. DOI: https://doi.org/10.1016/
j.cej.2020.125155

L.-W. Su, X.-R. Li, Z.-Y. Sun, Energy Policy 2013, 63, 130-138.
DOIL: https://doi.org/10.1016/j.enpol.2013.08.031

G. A. Olah, A. Goeppert, S. Prakash, Beyond Oil and Gas: The
Methanol Economy: Chapter 12 - Production of Methanol: From
Fossil Fuels and Bio-Sources to Chemical Carbon Dioxide
Recycling, Wiley-VCH Verlag, Weinheim 2009. DOI: https://
doi.org/10.1002/9783527627806.ch12

J. R. Rostrup-Nielsen, Catal. Today 2000, 63 (2-4), 159-164.
DOL: https://doi.org/10.1016/S0920-5861(00)00455-7

M. Behrens, Angew. Chem., Int. Ed. 2014, 53 (45), 12022-12024.
DOT: https://doi.org/10.1002/anie.201409282

M. Bui, C. S. Adjiman, A. Bardow, E. J. Anthony, A. Boston,

S. Brown, P. S. Fennell, S. Fuss, A. Galindo, L. A. Hackett, J. P.
Hallett, H. J. Herzog, G. Jackson, J. Kemper, S. Krevor, G. C.
Maitland, M. Matuszewski, I. S. Metcalfe, C. Petit, G. Puxty, J.
Reimer, D. M. Reiner, E. S. Rubin, S. A. Scott, N. Shah, B. Smit, J.
P. M. Trusler, P. Webley, J. Wilcox, N. Mac Dowell, Energy Envi-
ron. Sci. 2018, 11 (5), 1062-1176. DOI: https://doi.org/10.1039/
C7EE02342A

M. Bukhtiyarova, T. Lunkenbein, K. Kéhler, R. Schlogl, Catal.
Lett. 2017, 147 (2), 416-427. DOI: https://doi.org/10.1007/
$10562-016-1960-x

A. A. Tountas, G. A. Ozin, M. M. Sain, Green Chem. 2021, 23
(1), 340-353. DOL: https://doi.org/10.1039/DOGC03115A

A. Buttler, H. Spliethoff, Renewable Sustainable Energy Rev.
2018, 82, 2440-2454. DOI: https://doi.org/10.1016/
jrser.2017.09.003

M. Behrens, F. Studt, I. Kasatkin, S. Kiihl, M. Havecker, F. Abild-
Pedersen, S. Zander, F. Girgsdies, P. Kurr, B.-L. Kniep, M. Tovar,
R. W. Fischer, J. K. Norskov, R. Schlogl, Science 2012, 336 (6083),
893-897. DOI: https://doi.org/10.1126/science.1219831

S. Polierer, J. Jelic, S. Pitter, F. Studt, J. Phys. Chem. C 2019, 123
(44), 26904-26911. DOI: https://doi.org/10.1021/
acs.jpcc.9b06500

J.-P. Lange, Catal. Today 2001, 64 (1-2), 3-8. DOL https://
doi.org/10.1016/50920-5861(00)00503-4

F. Dalena, A. Senatore, M. Basile, S. Knani, A. Basile, A. Tulianel-
li, Membranes 2018, 8 (4), 98. DOI: https://doi.org/10.3390/
membranes8040098

J. Artz, T. E. Miiller, K. Thenert, J. Kleinekorte, R. Meys, A.
Sternberg, A. Bardow, W. Leitner, Chem. Rev. 2018, 118 (2), 434-
504. DOI: https://doi.org/10.1021/acs.chemrev.7b00435

M. M.-]. Li, S. C. E. Tsang, Catal. Sci. Technol. 2018, 8 (14),
3450-3464. DOI: https://doi.org/10.1039/c8cy00304a

M. Bowker, ChemCatChem 2019, 11 (17), 4238-4246. DOLI:
https://doi.org/10.1002/cctc.201900401

X. Jiang, X. Nie, X. Guo, C. Song, J. G. Chen, Chem. Rev. 2020,
120 (15), 7984-8034. DOI: https://doi.org/10.1021/
acs.chemrev.9b00723

J. Zhong, X. Yang, Z. Wu, B. Liang, Y. Huang, T. Zhang, Chem.
Soc. Rev. 2020, 49 (5), 1385-1413. DOI: https://doi.org/10.1039/
c9cs00614a

K. Stangeland, H. Li, Z. Yu, Energy Ecol. Environ. 2020, 5 (4),
272-285. DOL: https://doi.org/10.1007/s40974-020-00156-4

J. C.J. Bart, R. P. A. Sneeden, Catal. Today 1987, 2 (1), 1-124.
DOL: https://doi.org/10.1016/0920-5861(87)80001-9

K. C. Waugh, Catal. Today 1992, 15 (1), 51-75. DOLI: https://
doi.org/10.1016/0920-5861(92)80122-4

C. H. Bartholomew, R. J. Farrauto, Fundamentals of Industrial
Catalytic Processes, 2nd ed., John Wiley and Sons, Hoboken, NJ
2006.

Chem. Ing. Tech. 2022, 94, No. 3, 1-17



These are not the final page numbers! \\

Chemie
Ingenieur  Review Article 13
Technik
[33] R van den Berg, G. Prieto, G. Korpershoek, L. I. van der Wal, [54] J. Liu, J. Shi, D. He, Q. Zhang, X. Wy, Y. Liang, Q. Zhu, Appl.
A.J. van Bunningen, S. Laegsgaard-Jorgensen, P. E. de Jongh, K. Catal., A 2001, 218 (1-2), 113-119. DOI: https://doi.org/10.1016/
P. de Jong, Nat. Commun. 2016, 7, 13057. DOI: https://doi.org/ $0926-860X(01)00625-1
10.1038/ncomms13057 [55] C. L. Carnes, K. J. Klabunde, J. Mol. Catal. A: Chem. 2003, 194
[34] R. Dalebout, N. L. Visser, C. L. Pompe, K. P. de Jong, P. E. de (1-2), 227-236. DOI: https://doi.org/10.1016/S1381-
Jongh, J. Catal. 2020, 392, 150-158. DOI: https://doi.org/ 1169(02)00525-3
10.1016/j.jcat.2020.10.006 [56] J. Sloczynski, R. Grabowski, P. Olszewski, A. Kozlowska, J. Stoch,
[35] J.Nakamura, T. Uchijima, Y. Kanai, T. Fujitani, Catal. Today M. Lachowska, J. Skrzypek, Appl. Catal., A 2006, 310, 127-137.
1996, 28 (3), 223-230. DOI: https://doi.org/10.1016/0920- DOIL: https://doi.org/10.1016/j.apcata.2006.05.035
5861(95)00240-5 [57] X.Guo, D. Mao, G. Lu, S. Wang, G. Wu, J. Catal. 2010, 271 (2),
[36] T. Fujitani, J. Nakamura, Appl. Catal., A 2000, 191 (1-2), 111- 178-185. DOI: https://doi.org/10.1016/j.jcat.2010.01.009
129. DOI https://doi.org/10.1016/S0926-860X(99)00313-0 [58] X.Guo, D. Mao, G. Lu, S. Wang, G. Wu, Catal. Commun. 2011,
[37] J. Nakamura, Top. Catal. 2003, 22 (3/4), 277-285. DOLI: https:// 12 (12), 1095-1098. DOI: https://doi.org/10.1016/j.cat-
doi.org/10.1023/A:1023588322846 com.2011.03.033
[38] S. Kuld, C. Conradsen, P. G. Moses, I. Chorkendorff, J. Sehested, [59] Z.-Q. Wang, Z.-N. Xu, S.-Y. Peng, M.-]. Zhang, G. Lu, Q.-S.
Angew. Chem., Int. Ed. 2014, 53 (23), 5941-5945. DOL: https:// Chen, Y. Chen, G.-C. Guo, ACS Catal. 2015, 5 (7), 4255-4259.
doi.org/10.1002/anie.201311073 DOI: https://doi.org/10.1021/acscatal. 5b00682
[39] T.Lunkenbein, J. Schumann, M. Behrens, R. Schlogl, M. G. Will- [60] N.J.Brown, A. Garcia-Trenco, J]. Weiner, E. R. White, M. Allin-
inger, Angew. Chem., Int. Ed. 2015, 54 (15), 4544-4548. DOIL: son, Y. Chen, P. P. Wells, E. K. Gibson, K. Hellgardt, M. S. P.
https://doi.org/10.1002/anie.201411581 Shaffer, C. K. Williams, ACS Catal. 2015, 5 (5), 2895-2902. DOI:
[40] S.Kattel, P. J. Ramirez, J. G. Chen, J. A. Rodriguez, P. Liu, Science https://doi.org/10.1021/cs502038y
2017, 355 (6331), 1296-1299. DOL: https://doi.org/10.1126/ [61] J.Jensen, J. Catal. 2003, 218 (1), 67-77. DOL https://doi.org/
science.aal3573 10.1016/S0021-9517(03)00047-2
[41] D. Grofimann, K. Klementiev, I. Sinev, W. Griinert, ChemCatCh- [62] S.Lee, K. Schneider, J. Schumann, A. K. Mogalicherla, P. Pfeifer,
em 2017, 9 (2), 365-372. DOL: https://doi.org/10.1002/ R. Dittmeyer, Chem. Eng. Sci. 2015, 138, 194-202. DOI: https://
cctc.201601102 doi.org/10.1016/j.ces.2015.08.021
[42] R. M. Palomino, P. J. Ramirez, Z. Liu, R. Hamlyn, I. Waluyo, [63] R. Ahmad, M. Hellinger, M. Buchholz, H. Sezen, L. Gharnati,
M. Mahapatra, I. Orozco, A. Hunt, J. P. Simonovis, S. D. Sena- C. Woll, J. Sauer, M. Déring, J.-D. Grunwaldt, U. Arnold, Catal.
nayake, J. A. Rodriguez, . Phys. Chem. B 2018, 122 (2), 794-800. Commun. 2014, 43, 52-56. DOLI: https://doi.org/10.1016/
DOT: https://doi.org/10.1021/acs.jpcb.7b06901 j.catcom.2013.08.020
[43] I Orozco, E. Huang, M. Mahapatra, J. Kang, R. Shi, S. Nemsak, [64] O. Martin, J. Pérez-Ramirez, Catal. Sci. Technol. 2013, 3 (12),
X. Tong, S. D. Senanayake, P. Liu, J. A. Rodriguez, J. Phys. Chem. 3343. DOI: https://doi.org/10.1039/C3CY00573A
C 2021, 125 (12), 6673-6683. DOLI: https://doi.org/10.1021/ [65] M. B. Fichtl, D. Schlereth, N. Jacobsen, I. Kasatkin, J. Schumann,
acs.jpcc.1c00392 M. Behrens, R. Schlégl, O. Hinrichsen, Appl. Catal., A 2015, 502,
[44] S. Schimpf, M. Muhler, Methanol Catalysts, in Synthesis of Solid 262-270. DOLI: https://doi.org/10.1016/j.apcata.2015.06.014
Catalysts (Ed: K. P. de Jong), Wiley-VCH, Weinheim 2009. DOI: [66] F.Sha, Z. Han, S. Tang, ]. Wang, C. Li, ChemSusChem 2020, 13
https://doi.org/10.1002/9783527626854.ch15 (23), 6160-6181. DOI: https://doi.org/10.1002/cssc.202002054
[45] C. Baltes, S. Vukojevic, E. Schuth, J. Catal. 2008, 258 (2), 334— [67] O. A. Ojelade, S. F. Zaman, Catal. Surv. Asia 2020, 24 (1), 11-37.
344. DOL: https://doi.org/10.1016/j.jcat.2008.07.004 DOT: https://doi.org/10.1007/s10563-019-09287-z
[46] M. S. Frei, M. Capdevila-Cortada, R. Garcia-Muelas, C. Mondel- [68] M. L. Poutsma, L. F. Elek, P. A. Ibarbia, A. P. Risch, J. A. Rabo,
li, N. Lopez, J. A. Stewart, D. Curulla Ferré, J. Pérez-Ramirez, J. Catal. 1978, 52 (1), 157-168. DOI: https://doi.org/10.1016/
J. Catal. 2018, 361, 313-321. DOI: https://doi.org/10.1016/ 0021-9517(78)90131-8
j.jcat.2018.03.014 [69] M. Ichikawa, Patent US4393144A, 1983.
[47] M. Behrens, S. Kissner, F. Girsgdies, I. Kasatkin, F. Hermersch- [70] Y. Matsumura, W.-J. Shen, Y. Ichihashi, M. Okumura, J. Catal.
midt, K. Mette, H. Ruland, M. Muhler, R. Schlégl, Chem. 2001, 197 (2), 267-272. DOLI: https://doi.org/10.1006/
Commun. 2011, 47 (6), 1701-1703. DOI: https://doi.org/10.1039/ jcat.2000.3094
COCC04933F [71] O. A. Ojelade, S. E Zaman, M. A. Daous, A. A. Al-Zahrani, A. S.
[48] N. Phongprueksathat, A. Bansode, T. Toyao, A. Urakawa, RSC Malik, H. Driss, G. Shterk, J. Gascon, Appl. Catal., A 2019, 584,
Adv. 2021, 11 (24), 14323-14333. DOI: https://doi.org/10.1039/ 117185. DOL: https://doi.org/10.1016/j.apcata.2019.117185
DIRA02103F [72] N.Rui, Z. Wang, K. Sun, J. Ye, Q. Ge, C.-j. Liu, Appl. Catal., B
[49] L.Li, D. Mao, J. Yu, X. Guo, J. Power Sources 2015, 279, 394-404. 2017, 218, 488-497. DOL: https://doi.org/10.1016/
DOI: https://doi.org/10.1016/j.jpowsour.2014.12.142 j-apcatb.2017.06.069
[50] F. Arena, G. Italiano, K. Barbera, G. Bonura, L. Spadaro, F. Frus- [73] H. Sakurai, M. Haruta, Appl. Catal., A 1995, 127 (1-2), 93-105.
teri, Catal. Today 2009, 143 (1-2), 80-85. DOI: https://doi.org/ DOIL: https://doi.org/10.1016/0926-860X(95)00058-5
10.1016/j.cattod.2008.11.022 [74] Y. Hartadi, D. Widmann, R. J. Behm, Phys. Chem. Chem. Phys.
[51] S. Natesakhawat, J. W. Lekse, J. P. Baltrus, P. R. Ohodnicki, B. H. 2016, 18 (16), 10781-10791. DOI: https://doi.org/10.1039/
Howard, X. Deng, C. Matranga, ACS Catal. 2012, 2 (8), 1667— C5CP06888F
1676. DOI: https://doi.org/10.1021/cs300008g [75] S. Chen, A. M. Abdel-Mageed, C. Mochizuki, T. Ishida, T. Mur-
[52] G.Bonura, M. Cordaro, C. Cannilla, E Arena, E. Frusteri, Appl. ayama, J. Rabeah, M. Parlinska-Wojtan, A. Briickner, R. J. Behm,
Catal., B 2014, 152-153, 152-161. DOI: https://doi.org/10.1016/ ACS Catal. 2021, 11 (15), 9022-9033. DOI: https://doi.org/
j.apcatb.2014.01.035 10.1021/acscatal.1c01415
[53] O. Martin, C. Mondelli, D. Curulla-Ferré, C. Drouilly, R. Hauert, [76] P.Liu, J. K. Norskov, Phys. Chem. Chem. Phys. 2001, 3 (17),

Chem. Ing. Tech. 2022, 94, No. 3, 1-17

]. Pérez-Ramirez, ACS Catal. 2015, 5 (9), 5607-5616. DOI:
https://doi.org/10.1021/acscatal. 5b00877

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

3814-3818. DOL: https://doi.org/10.1039/b103525h

www.cit-journal.com



¢ These are not the final page numbers!
14

Chemie

Review Article Ingenieur
Technik

[77] M. Zabilskiy, V. L. Sushkevich, M. A. Newton, F. Krumeich,
M. Nachtegaal, J. A. van Bokhoven, Angew. Chem., Int. Ed. 2021,
60 (31), 17053-17059. DOI: https://doi.org/10.1002/
anie.202103087

[78] H. Bahruji, M. Bowker, G. Hutchings, N. Dimitratos, P. Wells,
E. Gibson, W. Jones, C. Brookes, D. Morgan, G. Lalev, J. Catal.
2016, 343, 133-146. DOI: https://doi.org/10.1016/
j.jcat.2016.03.017

[79] Y. Yin, B. Hu, X. Li, X. Zhou, X. Hong, G. Liu, Appl. Catal., B
2018, 234, 143-152. DOI: https://doi.org/10.1016/j.ap-
cath.2018.04.024

[80] J. Diez-Ramirez, J. L. Valverde, P. Sanchez, F. Dorado, Catal. Lett.
2016, 146 (2), 373-382. DOI: https://doi.org/10.1007/s10562-
015-1627-z

[81] J. Diez-Ramirez, P. Sdnchez, A. Rodriguez-Gomez, J. L. Valverde,
F. Dorado, Ind. Eng. Chem. Res. 2016, 55 (12), 3556-3567. DOL:
https://doi.org/10.1021/acs.iecr.6b00170

[82] J.Xu, X. Su, X. Liu, X. Pan, G. Pei, Y. Huang, X. Wang, T. Zhang,
H. Geng, Appl. Catal., A 2016, 514, 51-59. DOL https://doi.org/
10.1016/j.apcata.2016.01.006

[83] H. Bahruji, M. Bowker, W. Jones, J. Hayward, J. Ruiz Esquius,
D.J. Morgan, G. J. Hutchings, Faraday Discuss. 2017, 197, 309-
324. DOI: https://doi.org/10.1039/C6FD00189K

[84] O. Martin, A. J. Martin, C. Mondelli, S. Mitchell, T. F. Segawa,
R. Hauert, C. Drouilly, D. Curulla-Ferr¢, J. Pérez-Ramirez, An-
gew. Chem., Int. Ed. 2016, 55 (21), 6261-6265. DOI: https://
doi.org/10.1002/anie.201600943

[85] J. Wang, G. Zhang, J. Zhu, X. Zhang, F. Ding, A. Zhang, X. Guo,
C. Song, ACS Catal. 2021, 11 (3), 1406-1423. DOLI: https://
doi.org/10.1021/acscatal.0c03665

[86] T.P. Araujo, A. Shah, C. Mondelli, J. A. Stewart, D. Curulla
Ferré, J. Pérez-Ramirez, Appl. Catal., B 2021, 285, 119878. DOI:
https://doi.org/10.1016/j.apcatb.2021.119878

[87] J.Ye, C. Liu, D. Mei, Q. Ge, ACS Catal. 2013, 3 (6), 1296-1306.
DOI: https://doi.org/10.1021/cs400132a

[88] S.Dang, B. Qin, Y. Yang, H. Wang, J. Cai, Y. Han, S. Li, P. Gao,
Y. Sun, Sci. Adv. 2020, 6 (25), eaaz2060. DO https://doi.org/
10.1126/sciadv.aaz2060

[89] T.-y. Chen, C. Cao, T.-b. Chen, X. Ding, H. Huang, L. Shen,
X. Cao, M. Zhu, J. Xu, J. Gao, Y.-F. Han, ACS Catal. 2019, 9 (9),
8785-8797. DOL https://doi.org/10.1021/acscatal. 9b01869

[90] M. S. Frei, C. Mondelli, A. Cesarini, F. Krumeich, R. Hauert, J. A.
Stewart, D. Curulla Ferré, J. Pérez-Ramirez, ACS Catal. 2020,
10 (2), 1133-1145. DOL: https://doi.org/10.1021/acscatal. 9b03305

[91] A. Tsoukalou, P. M. Abdala, A. Armutlulu, E. Willinger, A. Fe-
dorov, C. R. Miiller, ACS Catal. 2020, 10 (17), 10060-10067.
DOI: https://doi.org/10.1021/acscatal.0c01968

[92] J.L. Snider, V. Streibel, M. A. Hubert, T. S. Choksi, E. Valle, D. C.
Upham, J. Schumann, M. S. Duyar, A. Gallo, F. Abild-Pedersen,
T. F. Jaramillo, ACS Catal. 2019, 9 (4), 3399-3412. DOI https://
doi.org/10.1021/acscatal.8b04848

[93] M.S. Frei, C. Mondelli, R. Garcia-Muelas, K. S. Kley, B. Puérto-
las, N. Lopez, O. V. Safonova, J. A. Stewart, D. Curulla Ferré, J.
Pérez-Ramirez, Nat. Commun. 2019, 10 (1), 3377. DOL https://
doi.org/10.1038/s41467-019-11349-9

[94] Z.Han, C. Tang, J. Wang, L. Li, C. Li, J. Catal. 2021, 394, 236-
244. DO https://doi.org/10.1016/j.jcat.2020.06.018

[95] M.M.-]. Li, H. Zou, J. Zheng, T.-S. Wu, T.-S. Chan, Y.-L. Soo,
X.-P. Wu, X.-Q. Gong, T. Chen, K. Roy, G. Held, S. C. E. Tsang,
Angew. Chem., Int. Ed. 2020, 59 (37), 16039-16046. DOI: https://
doi.org/10.1002/anie.202000841

[96] C.Liu, J. Kang, Z.-Q. Huang, Y.-H. Song, Y.-S. Xiao, J. Song, J.-X.
He, C.-R. Chang, H.-Q. Ge, Y. Wang, Z.-T. Liu, Z.-W. Liu, Nat.

www.cit-journal.com

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

Commun. 2021, 12 (1), 2305. DOI: https://doi.org/10.1038/
s41467-021-22568-4
[97] S. E. Collins, M. A. Baltanas, A. L. Bonivardi, J. Catal. 2004, 226
(2), 410-421. DO https://doi.org/10.1016/j.jcat.2004.06.012
[98] E. Studt, I. Sharafutdinov, F. Abild-Pedersen, C. F. Elkjer, J. S.
Hummelshgj, S. Dahl, I. Chorkendorff, J. K. Norskov, Nat. Chem.
2014, 6 (4), 320-324. DOI: https://doi.org/10.1038/nchem.1873
[99] M. Ding, R. W. Flaig, H.-L. Jiang, O. M. Yaghi, Chem. Soc. Rev.
2019, 48 (10), 2783-2828. DOI: https://doi.org/10.1039/
C8CS00829A
[100] B. Liang, J. Ma, X. Su, C. Yang, H. Duan, H. Zhou, S. Deng, L. Li,
Y. Huang, Ind. Eng. Chem. Res. 2019, 58 (21), 9030-9037. DOI:
https://doi.org/10.1021/acs.iecr.9b01546
[101] B. Hu, Y. Yin, Z. Zhong, D. Wu, G. Liu, X. Hong, Catal. Sci.
Technol. 2019, 9 (10), 2673-2681. DOI: https://doi.org/10.1039/
C8CY02546K
[102] K. Li, J. G. Chen, ACS Catal. 2019, 9 (9), 7840-7861. DOLI:
https://doi.org/10.1021/acscatal. 9b01943
[103] T. Liu, X. Hong, G. Liu, ACS Catal. 2020, 10 (1), 93-102. DOI:
https://doi.org/10.1021/acscatal.9b03738
[104] X. San, X. Gong, Y. Hu, Y. Hu, G. Wang, J. Qi, D. Meng, Q. Jin,
ChemistrySelect 2021, 6 (24), 6115-6118. DOI: https://doi.org/
10.1002/slct.202101179
[105] S.S. Iyer, T. Renganathan, S. Pushpavanam, M. Vasudeva Kumar,
N. Kaisare, J. CO, Util. 2015, 10, 95-104. DOLI: https://doi.org/
10.1016/j.jcou.2015.01.006
[106] G. H. Graaf, E. ]. Stamhuis, A. A. C. M. Beenackers, Chem. Eng.
Sci. 1988, 43 (12), 3185-3195. DOL: https://doi.org/10.1016/
0009-2509(88)85127-3
[107] K. M. V. Bussche, G. F. Froment, J. Catal. 1996, 161 (1), 1-10.
DOI: https://doi.org/10.1006/jcat.1996.0156
[108] C. Seidel, A. Jorke, B. Vollbrecht, A. Seidel-Morgenstern,
A. Kienle, Chem. Eng. Sci. 2018, 175, 130-138. DOI: https://
doi.org/10.1016/j.ces.2017.09.043
[109] Y. Slotboom, M. J. Bos, J. Pieper, V. Vrieswijk, B. Likozar, S. R. A.
Kersten, D. W. F. Brilman, Chem. Eng. J. 2020, 389, 124181.
DOI: https://doi.org/10.1016/j.cej.2020.124181
[110] E. Nestler, V. P. Miiller, M. Ouda, M. J. Hadrich, A. Schaadt, S.
Bajohr, T. Kolb, React. Chem. Eng. 2021, 6 (6), 1092-1107. DOI:
https://doi.org/10.1039/D1RE00071C
[111] L. C. Grabow, M. Mavrikakis, ACS Catal. 2011, 1 (4), 365-384.
DOIL: https://doi.org/10.1021/cs200055d
[112] J. Park, J. Cho, Y. Lee, M.-]. Park, W. B. Lee, Ind. Eng. Chem. Res.
2019, 58 (20), 8663-8673. DOI: https://doi.org/10.1021/
acs.iecr.9b01254
[113] D. Xu, P. Wu, B. Yang, J. Phys. Chem. C 2019, 123 (14), 8959-
8966. DOI: https://doi.org/10.1021/acs.jpcc.8b12460
[114] M. Hus, D. Kopad, N. S. Stefantié, D. L. Jurkovié, V. D. B. C. Da-
sireddy, B. Likozar, Catal. Sci. Technol. 2017, 7 (24), 5900-5913.
DOIL: https://doi.org/10.1039/C7CY01659]
[115] B. Lacerda de Oliveira Campos, K. Herrera Delgado, S. Wild,
F. Studt, S. Pitter, J. Sauer, React. Chem. Eng. 2021, 6 (5), 868—
887. DOL: https://doi.org/10.1039/D1RE00040C
[116] E. Studt, M. Behrens, E. L. Kunkes, N. Thomas, S. Zander, A. Tar-
asov, J. Schumann, E. Frei, J. B. Varley, E. Abild-Pedersen, J. K.
Norskov, R. Schlégl, ChemCatChem 2015, 7 (7), 1105-1111.
DOT: https://doi.org/10.1002/cctc.201500123
[117] Y.-M. Liu, J.-T. Liu, S.-Z. Liu, J. Li, Z.-H. Gao, Z.-]. Zuo,
W. Huang, J. CO, Util. 2017, 20, 59-65. DOI: https://doi.org/
10.1016/j.jcou.2017.05.005
[118] L. P. de Oliveira, D. Hudebine, D. Guillaume, J. J. Verstraete, Oil
Gas Sci. Technol. 2016, 71 (3), 45. DOL: https://doi.org/10.2516/
0gst/2016011

Chem. Ing. Tech. 2022, 94, No. 3, 1-17



Chemie

Ingenieur  Review Article
Technik

These are not the final page numbers! \\
15

[119] M. Salciccioli, M. Stamatakis, S. Caratzoulas, D. G. Vlachos,
Chem. Eng. Sci. 2011, 66 (19), 4319-4355. DOLI: https://doi.org/
10.1016/j.ces.2011.05.050

[120] J.-D. Grunwaldt, A. M. Molenbroek, N.-Y. Topsee, H. Topsoe,
B. S. Clausen, J. Catal. 2000, 194 (2), 452-460. DOL: https://
doi.org/10.1006/jcat.2000.2930

[121] Y. Choi, K. Futagami, T. Fujitani, J]. Nakamura, Catal. Lett. 2001,
73 (1), 27-31. DOI: https://doi.org/10.1023/A:1009074219286

[122] L. Pandit, A. Boubnov, G. Behrendt, B. Mockenhaupt, C. Chowd-
hury, J. Jelic, A.-L. Hansen, E. Saraci, E.-J. Ras, M. Behrens,

F. Studt, J.-D. Grunwaldt, ChemCatChem. 2021, 13 (9), 4120~
4132. DOL: https://doi.org/10.1002/cctc.202100692

[123] K. F. Kalz, R. Kraehnert, M. Dvoyashkin, R. Dittmeyer, R. Gldser,
U. Krewer, K. Reuter, J.-D. Grunwaldt, ChemCatChem 2017, 9
(1), 17-29. DOI: https://doi.org/10.1002/cctc.201600996

[124] J. Schumann, J. Krohnert, E. Frei, R. Schlogl, A. Trunschke, Top.
Catal. 2017, 60 (19), 1735-1743. DOI: https://doi.org/10.1007/
$11244-017-0850-9

[125] S. M. Fehr, I. Krossing, ChemCatChem 2020, 12 (9), 2622-2629.
DOIL: https://doi.org/10.1002/cctc.201902038

[126] A. Pavlisi¢, M. Hus, A. Prasnikar, B. Likozar, J. Clean. Prod.
2020, 275, 122958. DOI https://doi.org/10.1016/j.jcle-
pro.2020.122958

[127] T. H. Fleisch, A. Basu, R. A. Sills, J. Nat. Gas Sci. Eng. 2012, 9,
94-107. DOL https://doi.org/10.1016/j.jngse.2012.05.012

[128] A. Akhoondi, A. I. Osman, A. Alizadeh Eslami, Synth. Sinter.
2021, 1 (2), 105-125. DOI: https://doi.org/10.53063/
synsint.2021.1229

[129] I Kiendl, H. Schmaderer, N. Schodel, H. Klein, Chem. Ing. Tech.
2020, 92 (6), 736-745. DOI: httpS://dOi.Org/lO.lOOZ/
cite.201900164

[130] W. P. M. van Swaaij, S. R. A. Kersten, W. Palz, Biomass power for
the world, 1st ed., Pan Stanford Publishing, Singapore 2015.

[131] A. Ateka, P. Pérez-Uriarte, M. Gamero, J. Erefia, A. T. Aguayo,
J. Bilbao, Energy 2017, 120, 796-804. DOI: https://doi.org/
10.1016/j.energy.2016.11.129

[132] G.Jia, Y. Tan, Y. Han, Ind. Eng. Chem. Res. 2006, 45 (3), 1152
1159. DOI: https://doi.org/10.1021/ie050499b

[133] F. Dadgar, R. Myrstad, P. Pfeifer, A. Holmen, H. J. Venvik, Catal.
Today 2016, 270, 76-84. DOI: https://doi.org/10.1016/
j.cattod.2015.09.024

[134] M. Sanchez-Contador, A. Ateka, M. Ibafez, J. Bilbao, A. T.
Aguayo, Renewable Energy 2019, 138, 585-597. DOI: https://
doi.org/10.1016/j.renene.2019.01.093

[135] E.J. Keil, Rev. Chem. Eng. 2018, 34 (2), 135-200. DOI: https://
doi.org/10.1515/revce-2017-0085

[136] Micro process engineering - A comprehensive handbook (Eds:

V. Hessel, A. Renken, J. C. Schouten, J.-I. Yoshida), Wiley-VCH,
Weinheim 2009.

[137] P. Pfeifer, Application of Catalysts to Metal Microreactor Sys-
tems, in Chemical Kineticts (Ed: V. Patel), InTech, London 2012.

[138] M. Fichtner, J. Mayer, D. Wolf, K. Schubert, Ind. Eng. Chem. Res.
2001, 40 (16), 3475-3483. DOL: https://doi.org/10.1021/
1000967b

[139] A. Kursawe, D. Honicke, Catal. Commun. 2001, 2 (11-12), 347~
351. DOL: https://doi.org/10.1016/S1566-7367(01)00057-7

[140] P. Liu, B. Zhao, S. Li, H. Shi, M. Ma, J. Lu, F. Yang, X. Deng, X.
Jia, X. Ma, X. Yan, Ind. Eng. Chem. Res. 2020, 59 (5), 1845-1854.
DOT: https://doi.org/10.1021/acs.iecr.9b05951

[141] H. Kirsch, N. Lochmahr, C. Staudt, P. Pfeifer, R. Dittmeyer,
Chem. Eng. ]. 2020, 393, 124553. DOLI: https://doi.org/10.1016/
j.ej.2020.124553

Chem. Ing. Tech. 2022, 94, No. 3, 1-17

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

[142] J. Hu, Y. Wang, C. Cao, D. C. Elliott, D. J. Stevens, J. F. White,
Ind. Eng. Chem. Res. 2005, 44 (6), 1722-1727. DOI: https://
doi.org/10.1021/ie0492707

[143] S. Allahyari, M. Haghighi, A. Ebadi, Chem. Eng. J. 2015, 262,
1175-1186. DOI: https://doi.org/10.1016/j.cej.2014.10.062

[144] S. Baroutian, M. K. Aroua, A. A. A. Raman, N. M. N. Sulaiman,
Bioresour. Technol. 2011, 102 (2), 1095-1102. DOL: https://
doi.org/10.1016/j.biortech.2010.08.076

[145] R. Bedard, C. Liu, Annu. Rev. Mater. Res. 2018, 48 (1), 83-110.
DOT: https://doi.org/10.1146/annurev-matsci-070317-124605

[146] S.-]. Kim, P. S. Lee, M.-]. Park, D.-W. Lee, Y.-I. Park, S.-E. Nam,
K.-H. Lee, Sep. Sci. Technol. 2016, 51 (12), 2062-2069. DOI:
https://doi.org/10.1080/01496395.2016.1198378

[147] H. H. Koybasi, A. K. Avci, Catal. Today 2022, 383, 133-145.
DOIL: https://doi.org/10.1016/j.cattod.2020.10.020

[148] I. Iliuta, . Larachi, P. Fongarland, Ind. Eng. Chem. Res. 2010,
49 (15), 6870-6877. DOI: https://doi.org/10.1021/ie901726u

[149] H. Li, S. Ren, S. Zhang, S. Padinjarekutt, B. Sengupta, X. Liang,
S. Li, M. Yu, J. Mater. Chem. A 2021, 9 (5), 2678-2682. DOI:
https://doi.org/10.1039/D0TA10417E

[150] M. A. Scibioh, B. Viswanathan, Carbon dioxide to chemicals and
fuels, Elsevier, Amsterdam 2018.

[151] F. Gallucci, L. Paturzo, A. Basile, Chem. Eng. Process. 2004, 43
(8),1029-1036. DOI: https://doi.org/10.1016/j.cep.2003.10.005

[152] J. Gorbe, J. Lasobras, E. Francés, J. Herguido, M. Menéndez,

I. Kumakiri, H. Kita, Sep. Purif. Technol. 2018, 200, 164-168.
DOI: https://doi.org/10.1016/j.seppur.2018.02.036

[153] A. Brunetti, M. Migliori, D. Cozza, E. Catizzone, G. Giordano,
G. Barbieri, ACS Sustainable Chem. Eng. 2020, 8 (28), 10471-
10479. DOL: https://doi.org/10.1021/acssuschemeng.0c02557

[154] P. Rodriguez-Vega, A. Ateka, I. Kumakiri, H. Vicente, J. Erefia,
A. T. Aguayo, J. Bilbao, Chem. Eng. Sci. 2021, 234, 116396. DOI:
https://doi.org/10.1016/j.ces.2020.116396

[155] Z. Li, Y. Deng, N. Dewangan, J. Hu, Z. Wang, X. Tan, S. Liu, S.
Kawi, Chem. Eng. Sci. 2021, 420, 129834. DOI: https://doi.org/
10.1016/j.cej.2021.129834

[156] N. Delgado Otalvaro, M. Kaiser, K. Herrera Delgado, S. Wild,

J. Sauer, H. Freund, React. Chem. Eng. 2020, 5 (5), 949-960.
DOI: https://doi.org/10.1039/DORE00041H

[157] N. Delgado Otalvaro, G. Sogne, K. Herrera Delgado, S. Wild,

S. Pitter, J. Sauer, RSC Adv. 2021, 11 (40), 24556-24569. DOI:
https://doi.org/10.1039/D1RA03452A

[158] R. Pelaez, P. Marin, S. Ordonez, Fuel Process. Technol. 2017, 168,
40-49. DOL: https://doi.org/10.1016/j.fuproc.2017.09.004

[159] S. Guffanti, C. G. Visconti, G. Groppi, Ind. Eng. Chem. Res. 2021,
60 (18), 6767-6783. DOI: https://doi.org/10.1021/
acs.iecr.1c00521

[160] G. Bercic, J. Levec, Ind. Eng. Chem. Res. 1993, 32 (11), 2478-
2484. DOI: https://doi.org/10.1021/ie00023a006

[161] M. Mollavali, F. Yaripour, H. Atashi, S. Sahebdelfar, Ind. Eng.
Chem. Res. 2008, 47 (9), 3265-3273. DOI: https://doi.org/
10.1021/ie800051h

[162] W.-Z. Lu, L.-H. Teng, W.-D. Xiao, Chem. Eng. Sci. 2004, 59 (22-
23), 5455-5464. DOI: https://doi.org/10.1016/j.ces.2004.07.031

[163] J. Park, H. S. Kim, W. B. Lee, M.-]. Park, Catalysts 2020, 10 (6),
655. DOLI: https://doi.org/10.3390/catal 10060655

[164] J. Park, J. Cho, M.-]. Park, W. B. Lee, Catal. Today 2021, 375,
314-323. DOL: https://doi.org/10.1016/j.cattod.2020.02.011

[165] P. N. Plessow, F. Studt, ACS Catal. 2017, 7 (11), 7987-7994. DOI:
https://doi.org/10.1021/acscatal.7b03114

[166] A.].Jones, E. Iglesia, Angew. Chem., Int. Ed. 2014, 53 (45),
12177-12181. DOI: https://doi.org/10.1002/anie.201406823

www.cit-journal.com



¢ These are not the final page numbers!
16

Chemie

Review Article Ingenieur
Technik

[167] N. Delgado Otalvaro, P. Giil Bilir, K. Herrera Delgado, S. Pitter,
J. Sauer, Chem. Ing. Tech. 2021, 93 (5), 754-761. DOL: https://
doi.org/10.1002/cite.202000226

[168] J. Mohd Ali, M. A. Hussain, M. O. Tade, J. Zhang, Expert Syst.
Appl. 2015, 42 (14), 5915-5931. DOL: https://doi.org/10.1016/
j.eswa.2015.03.023

[169] M. Negnevitsky, V. Pavlovsky, IEEE Trans. Power Delivery 2005,
20 (2), 588-594. DOL: https://doi.org/10.1109/tpwrd.2004.843451

[170] P. Valeh-e-Sheyda, F. Yaripour, G. Moradi, M. Saber, Ind. Eng.
Chem. Res. 2010, 49 (10), 4620-4626. DOI: https://doi.org/
10.1021/ie9020705

[171] S. Alamolhoda, M. Kazemeini, A. Zaherian, M. R. Zakerinasab,
J. Ind. Eng. Chem. 2012, 18 (6), 2059-2068. DOI: https://doi.org/
10.1016/j.jiec.2012.05.027

[172] K. Omata, T. Ozaki, T. Umegaki, Y. Watanabe, N. Nukui, M. Ya-
mada, Energy Fuels 2003, 17 (4), 836-841. DOI: https://doi.org/
10.1021/ef0202438

[173] K. Omata, Sutarto, M. Hashimoto, G. Ishiguro, Y. Watanabe,

T. Umegaki, M. Yamada, Ind. Eng. Chem. Res. 2006, 45 (14),
4905-4910. DOL: https://doi.org/10.1021/ie050640g

[174] G. R. Moradi, E. Parvizian, Can. J. Chem. Eng. 2011, 89 (5),
1266-1273. DOI: https://doi.org/10.1002/cjce.20558

[175] E. S. Ramos, A. D. de Farias, L. E. P. Borges, J. L. Monteiro, M. A.
Fraga, E. F. Sousa-Aguiar, L. G. Appel, Catal. Today 2005, 101
(1), 39-44. DOI: https://doi.org/10.1016/j.cattod.2004.12.007

[176] K. Saravanan, H. Ham, N. Tsubaki, J. W. Bae, Appl. Catal., B
2017, 217, 494-522. DOI https://doi.org/10.1016/j.ap-
catb.2017.05.085

[177] A. Garcia-Trenco, A. Martinez, Appl. Catal., A 2015, 493, 40-49.
DOIL: https://doi.org/10.1016/j.apcata.2015.01.007

[178] M. Gentzen, W. Habicht, D. E. Doronkin, J.-D. Grunwaldt, J.
Sauer, S. Behrens, Catal. Sci. Technol. 2016, 6 (4), 1054-1063.
DOI: https://doi.org/10.1039/C5CY01043H

[179] K. Bizon, K. Skrzypek-Markiewicz, D. Pedzich, N. Reczek,
Catalysts 2019, 9 (12), 1020. DOI: https://doi.org/10.3390/
catal9121020

[180] M. Cai, V. Subramanian, V. V. Sushkevich, V. V. Ordomsky, A. Y.
Khodakov, Appl. Catal., A 2015, 502, 370-379. DOI: https://
doi.org/10.1016/j.apcata.2015.06.030

[181] E. Frusteri, M. Cordaro, C. Cannilla, G. Bonura, Appl. Catal., B
2015, 162, 57-65. DOI: https://doi.org/10.1016/
j.apcatb.2014.06.035

[182] A. Ateka, L. Sierra, J. Erefia, J. Bilbao, A. T. Aguayo, Fuel Process.
Technol. 2016, 152, 34-45. DOI: https://doi.org/10.1016/
j.fuproc.2016.05.041

[183] J. Erena, R. Garofia, J. M. Arandes, A. T. Aguayo, J. Bilbao, Int. J.
Chem. React. Eng. 2005, 3 (1). DOI: https://doi.org/10.2202/
1542-6580.1295

[184] H. Jiang, H. Bongard, W. Schmidt, F. Schiith, Microporous
Mesoporous Mater. 2012, 164, 3-8. DOL: https://doi.org/10.1016/
j.micromeso.2012.08.004

[185] M. Sanchez-Contador, A. Ateka, A. T. Aguayo, J. Bilbao, Fuel
Process. Technol. 2018, 179, 258-268. DOL: https://doi.org/
10.1016/j.fuproc.2018.07.009

[186] K. Pinkaew, G. Yang, T. Vitidsant, Y. Jin, C. Zeng, Y. Yoneyama,
N. Tsubaki, Fuel 2013, 111, 727-732. DOL https://doi.org/
10.1016/j.fuel.2013.03.027

[187] Y. Wang, W. Wang, Y. Chen, J. Ma, R. Li, Chem. Eng. ]. 2014,
250, 248-256. DOL: https://doi.org/10.1016/j.cej.2014.04.018

[188] R. Phienluphon, K. Pinkaew, G. Yang, J. Li, Q. Wei, Y. Yoneyama,
T. Vitidsant, N. Tsubaki, Chem. Eng. J. 2015, 270, 605-611. DOIL:
https://doi.org/10.1016/j.cej.2015.02.071

www.cit-journal.com

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

[189] G. Baracchini, A. G. F. Machoke, M. Klumpp, R. Wen, P. Arnold,
W. Schwieger, R. Dittmeyer, Catal. Today 2020, 342, 46-58. DOLI:
https://doi.org/10.1016/j.cattod.2019.07.016

[190] X. Fang, H. Jia, B. Zhang, Y. Li, Y. Wang, Y. Song, T. Du, L. Liu,
J. Environ. Chem. Eng. 2021, 9 (4), 105299. DOI: https://doi.org/
10.1016/j.jece.2021.105299

[191] G. R. Moradj, S. Nosrati, E. Yaripor, Catal. Commun. 2007, 8 (3),
598-606. DOI: https://doi.org/10.1016/j.catcom.2006.08.023

[192] A. Garcia-Trenco, A. Vidal-Moya, A. Martinez, Catal. Today
2012, 179 (1), 43-51. DOLI: https://doi.org/10.1016/
j.cattod.2011.06.034

[193] R. Khoshbin, M. Haghighi, Catal. Sci. Technol. 2014, 4 (6), 1779~
1792. DOLI: https://doi.org/10.1039/C3CY01089A

[194] B. Voss, A. Katerinopoulou, R. Montesano, J. Sehested, Chem.
Eng. J. 2019, 377, 121940. DOI: https://doi.org/10.1016/
1.C€j.2019.121940

[195] G. Bonura, S. Todaro, L. Frusteri, I. Majchrzak-Kucgba, D.
Wawrzynczak, Z. Paszti, E. Talas, A. Tompos, L. Ferenc, H. Solt,
C. Cannilla, E. Frusteri, Appl. Catal., B 2021, 294, 120255. DOI:
https://doi.org/10.1016/j.apcatb.2021.120255

[196] K. S. Yoo, J.-H. Kim, M.-]. Park, S.-J. Kim, O.-S. Joo, K.-D. Jung,
Appl. Catal., A 2007, 330, 57-62. DOI: https://doi.org/10.1016/
j.apcata.2007.07.007

[197] J. Abu-Dahrieh, D. Rooney, A. Goguet, Y. Saih, Chem. Eng. J.
2012, 203, 201-211. DOI: https://doi.org/10.1016/
j.cej.2012.07.011

[198] J. Erena, I. Sierra, M. Olazar, A. G. Gayubo, A. T. Aguayo, Ind.
Eng. Chem. Res. 2008, 47 (7), 2238-2247. DOI: https://doi.org/
10.1021/ie071478f

[199] V. V. Ordomsky, M. Cai, V. Sushkevich, S. Moldovan, O. Ersen,
C. Lancelot, V. Valtchev, A. Y. Khodakov, Appl. Catal., A 2014,
486, 266-275. DOI: https://doi.org/10.1016/j.apcata.2014.08.030

[200] M. Migliori, A. Condello, F. Dalena, E. Catizzone, G. Giordano,
Catalysts 2020, 10 (6), 671. DOI: https://doi.org/10.3390/
catal10060671

[201] G. Bonura, M. Cordaro, L. Spadaro, C. Cannilla, F. Arena, F.
Frusteri, Appl. Catal., B 2013, 140-141, 16-24. DOI: https://
doi.org/10.1016/j.apcatb.2013.03.048

[202] R. Nie, H. Lei, S. Pan, L. Wang, J. Fei, Z. Hou, Fuel 2012, 96,
419-425. DOL: https://doi.org/10.1016/j.fuel.2011.12.048

[203] G. Yang, N. Tsubaki, J. Shamoto, Y. Yoneyama, Y. Zhang, J. Am.
Chem. Soc. 2010, 132 (23), 8129-8136. DOI: https://doi.org/
10.1021/ja101882a

[204] S. Baier, C. D. Damsgaard, M. Klumpp, J. Reinhardt, T. Shep-
pard, Z. Balogh, T. Kasama, F. Benzi, ]. B. Wagner, W. Schwieger,
C. G. Schroer, J.-D. Grunwaldt, Microsc. Microanal. 2017, 23 (3),
501-512. DOI: https://doi.org/10.1017/S1431927617000332

[205] T. L. Sheppard, S. W. T. Price, F. Benzi, S. Baier, M. Klumpp,

R. Dittmeyer, W. Schwieger, J.-D. Grunwaldt, J. Am. Chem. Soc.
2017, 139 (23), 7855-7863. DOI: https://doi.org/10.1021/
jacs.7b02177

[206] G. Yang, M. Thongkam, T. Vitidsant, Y. Yoneyama, Y. Tan, N.
Tsubaki, Catal. Today 2011, 171 (1), 229-235. DOI: https://
doi.org/10.1016/j.cattod.2011.02.021

[207] S. Guffanti, C. G. Visconti, G. Groppi, Ind. Eng. Chem. Res. 2020,
59 (32), 14252-14266. DOL: https://doi.org/10.1021/
acs.iecr.0c01938

[208] W. Ding, M. Klumpp, S. Lee, S. Reuf3, S. A. Al-Thabaiti, P. Pfei-
fer, W. Schwieger, R. Dittmeyer, Chem. Ing. Tech. 2015, 87 (6),
702-712. DOI: https://doi.org/10.1002/cite.201400157

[209] A. Ateka, A. Portillo, M. Sanchez-Contador, J. Bilbao, A. T.
Aguayo, Renewable Energy 2021, 169, 1242-1251. DOL: https://
doi.org/10.1016/j.renene.2021.01.062

Chem. Ing. Tech. 2022, 94, No. 3, 1-17



Chemie These are not the final page numbers! \\

Ingenieur  Review Article 17
Technik

DOI: 10.1002/cite.202100167

lectricity grom (O, grevm nen-
green Sewrces (655U veseurces

Biemoss

Recent Progress in Direct DME Synthesis and Potential of Bifunctional
Catalysts
Soudeh Banivaheb, Stephan Pitter; Karla Herrera Delgado*, Michael Rubin*, Jorg Sauer, Roland Dittmeyer

DME is a promising CO,-neutral energy carrier that can be efficiently
produced via methanol from syngas streams derived from a variety of feedstocks such as
non-fossil CO, resources, bio-waste and green H, provided through electrolysis using
renewable electricity. This review considers recent developments with focus on modeling
and bifunctional catalyst.
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