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ABSTRACT: Decreasing our demand for fossil feedstock is one
of the best ways to support the energy and environmental
transitions that are needed for our society. CO, utilization and,
more specifically, CO, conversion to hydrocarbons are an
attractive route to reduce CO, emissions and to obtain carbon-
neutral fuels and chemicals that are conventionally produced from
fossil fuels. One way to achieve that is through the conversion of
CO, to methanol, followed by methanol conversion to hydro-
carbons. So far, these processes have mainly been studied as
separate steps, and one view is to sequentially operate them.
However, it is possible to perform it in one step, in tandem
catalysis. Such catalysts are usually an oxide for the first reaction
combined with an acidic zeolite that catalyzes the second reaction.

Many catalysts have been researched for the two separate steps but only a few have been studied for the tandem when the gasoline
range is the target. Among the oxides, ZnZrOx and In,O; dominate the art, while more metallic InCo also has its merits. These lead
to interesting selectivities and yields when combined with a zeolite (usually ZSM-S). A clear understanding of the mechanism behind
these systems has not been reached; yet, we deliver a summary of the achieved mechanistic results and offer insights for further
studies. While parameters such as bed configuration or amount proximity have been studied, more research is needed, especially
when looking at the complex kinetics. This “direct CO, to gasoline range hydrocarbons” (including aromatics) review aims to
connect dots while highlighting the aspects that still need a deeper understanding, and it also pinpoints practical insights and
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perspectives.

1. INTRODUCTION

Greenhouse gas (GHG) emissions are major contributors to
climate change,' and carbon dioxide (CO,), together with
methane (CH,), constitutes the most emitted GHG. The low
lifetime of CH,, (11—13 years) and its oxidation to CO, in the
troposphere, together with the higher magnitude of CO,
emissions (77% of GHG emissions), puts the focus of the
emission policies on CO,.”””* The development of technologies
that will not only capture the produced CO, but also store it
(carbon capture and storage, CCS) and/or use it (carbon
capture and utilization, CCU) in alternative and profitable
ways is essential in order to keep the temperature rise and
future unpredictable climate consequences at bay.*™® Appeal-
ing CO, valorization technologies allow high-value products
such as chemicals or high-volume products, including fuels, to
be produced with fewer carbon emissions (or even negative
ones), compared to the conventional production from gas-,
oil-, and coal-based fossil fuels.” Multiple technologies have
already been developed and can be separated into four big
groups (although more could be considered) ;* the direct use

of CO, (for example in food industry), biological fixation,
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mineralization, and catalytic conversion—for instance hydro-
genation of CO, to methanol or dimethyl ether (DME).”
Some of these technologies are already advanced to a level at
which they are either industrialized or at least ready to be
scaled-up. More specifically some of the direct use and
mineralization technologies are already developed at a high
technology readiness level (TRL), while for certain catalytic
conversions technological barriers still remain.” This review
focuses on the catalytic conversion section and more
specifically zooms in on the catalytic CO, to hydrocarbon
hydrogenation through methanol over the competing reactions
that can take place such as the methanation reaction and the
reverse water—gas shift (rWGS) followed by the Fischer—
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Tropsch synthesis (FTS) reaction (Figure 1). Thermal
catalysis is an interesting method that belongs to the

FTS

l—’ HCs

NC>r CO +H20

|

» CH3OH —— DME

MTH l
I—} HCs

Figure 1. Zooming on catalytic CO, hydrogenation, pathways, and
main products (rfWGS = reverse water—gas shift reaction; FTS =
Fischer—Tropsch synthesis reaction; MTH = methanol to hydro-
carbons reaction; HCs = hydrocarbons; DME = dimethyl ether).
Adapted with permission from ref 10. Copyright 2021 Elsevier.

Methanation
CHa

conversion category. It is quite maturely developed (very
much so for classic oil and gas feedstocks; less so for CO,),
often under high pressures and temperatures, and shows
possibilities of relatively high efficiency (depending on the
reaction and the system) in both space and time, but other
methods such as electrocatalysis, photocatalysis, or biocatalysis
are also gaining attention.''

It is essential to mention the importance of hydrogen as a
second feedstock for this reaction. Conventionally, hydrogen is
produced from fossil fuels in processes that emit huge amounts
of CO,, but more sustainable and renewable methods of
producing this energy carrier have been developed.'” Many
definitions (or labels) can be used to describe hydrogen
depending on the production process and its potential carbon
footprint or relative CO, emissions (e.g, five categories in
Figure 2).

Grey Hydrogen

Steam Methane Reforming (SMR)
SMR: CHa + H20- CO + 3H2
WGS: CO + H20-> CO2+H2
GWP = 9-13 kgCO2/kgH2

Blue Hydrogen
SMR+CCS
GWP = 1.2-4.8 kgCO2/kgH:2

Turquoise Hydrogen
Methane pyrolysis
CHa-> 2H2+C

GWP = 2-5 kgCO2/kgH

Green Hydrogen

Water electrolysis

2H20- 2H2 + 02 (@
GWP = 0.7-30 kgCO2/kgH2

Brown Hydrogen
Coal Gasification
C+H20-> CO + H2
GWP = 12-25 kgCO2/kgH2

Figure 2. Hydrogen (H,) production categories based on the used
production method and its carbon footprint (global-warming
potential, GWP). The CO, intensity is given in a range depending
on calculation or technological alternatives.”*~** (a) Highly depend-
ent on the source and thus carbon intensity of the used electricity.

The conventional process of hydrogen production is through
steam methane re-forming (SMR) followed by the water—gas
shift (WGS) reaction, resulting in what is labeled Gray
hydrogen.'”*° This process is connected with large amounts of
CO, production and energy consumption, mainly due to the
highly endothermic SMR step. Consequently, when combined
with CCS technologies, hydrogen could be labeled “blue”,
since this process could have lower carbon footprints.”" If
hydrogen is produced from coal gasification, it is labeled

brown.'””*** Turquoise hydrogen is produced from the
pyrolysis of methane leading with no coproduction of carbon
oxides but only the value-added pure carbon.”® This solid
carbon byproduct can be produced in different forms including
carbon black, graphite, and nanotubes or fibers, of use in a.o.
tire manufacturing, adsorption, and even catalysis."”> Finally,
green hydrogen is sometimes considered as a net-zero process,
since it produces the hydrogen from water via electrolysis. Yet,
depending on the type of the electrolyzer, the energy demand
could be in a range of 4.5—7 kWh/(N m®) of H, for alkaline
electrolyzers, 4.5—7.5 kWh/(N m?®) of H, for polymer
electrolyte ones, and 2.5—3.5 kWh/(N m?®) of H, for solid
oxide electrolyzer.'> The controversial point for this method is
the source of used electricity, where, depending on the origin,
the range of its carbon footprint can vary extensively. As Ji et
al. and Bhandari et al. suggest in their reviews, nuclear-based
electricity leads to the lowest footprint (<1 kgco,/kgy,), wind-

based electricity is at around 1 kgco, /kgy, followed by solar

PV electrolysis and hydropowered electrolysis reaching almost
a 2-fold footprint (~2 kgcoz/kgHz).]s’16 It is important to
mention that among the more potentially environmentally
friendly types, only gray and green hydrogen categories are
commercial (TRL = 9), while blue hydrogen remains to be
implemented at the industrial scale (TRL = 8-9) and
turquoise hydrogen is under research and demands further
development (TRL = 3—4).”'

The scope of this review is to study the catalytic
hydrogenation of CO, to methanol followed by methanol to
hydrocarbons reaction in one step or thus a tandem catalysis.
This means coupling the reactions over either a combination of
two different catalysts or a bifunctional catalyst (two different
catalytic materials combined in one material or support), with
a focus on gasoline-range hydrocarbons mainly in their
saturated form and aromatics. Favoring CO, conversion
while avoiding CO formation is challenging when aiming to
couple the MeOH production with its further transformation
into hydrocarbons (olefins, paraffins, or aromatics). The
targets discussed here are in the gasoline region, and the
definition of that region requires a deeper discussion, as done
in Section 3. In that sense, coupling the two reactions requires
a good understanding of the reactivity of the metal oxide in the
CO, to methanol (CTM) step to help design efficient MeOH
production catalysts operating at compatible temperatures.
The state-of-the-art catalysts, the mechanistic aspect of the
system, and the kinetics will be critically discussed.

2. CO, TO METHANOL PROCESS

Methanol (MeOH) can be used in a Varietj of applications,
directly as a fuel or as a platform chemical.”* There are many
routes for methanol production such as electrochemical and
thermochemical processes.”* Among the thermochemical
routes, the hydrogenation of gases, CO, is gaining more and
more attention. The current commercial production route
using syngas (mixture of CO, H,, and a small amount of CO,)
was first patented in the early 1920s by BASF and operates at
high pressures and temperatures in the presence of catalyst.”
The production of MeOH requires concentrated sources of
carbon (e.g., coal, natural gas, CO,, etc.) in order to produce
syngas which will further be converted to MeOH.”® The global
consumption of methanol in 2019 was 98.3 Mt, 65% of which
is produced from natural gas re-forming to syngas followed by
hydrogenation of the latter to methanol over heterogeneous
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Table 1. Selection of Key Catalysts for Direct CO, Hydrogenation to MeOH

Catalyst Preparation method H,:CO,
Cu/Zn0O/ALO4 Coprecipitation 3
Cu/ZnO/AlL O, Hydrotalcite-like precursor derivation 3
Cu-ZnO-ZrO, Coprecipitation 3
Au/Cu-ZnO-ALO;  Coprecipitation 6
Pd/ZnO Atomic layer deposition 3
Zn0O-ZrO, Coprecipitation 3
FeZnZr-T-24h Coprecipitation + TPABr treatment for 3

24 h
In,0;/Zr0O, Impregnation 4
Pd-In,0;-ZrO, Flame spray pyrolysis 4
Ru/In,0;3-Zr0O, Deposition— precipitation 4
In,0; Calcination 3
Pd/In, 0, Impregnation 4
Pt/film/In,0; plasma/peptide” 3
Au/In,0; Deposition—precipitation 4
Zr0,/Cu Coprecipitation 3
Pd/SiO, Coprecipitation 3
Pd/CeO, Impregnation 3
Cu/CeW,,50, Impregnation 3

GHSV CO, conv CH,OH select

T(°C) P (MPa) (mlg,'h™) (%) (%) Ref
230 3 24807 183 43 53
250 s 18000 19.9 S4.4 47
220 8 3300° 21 68 39
260 4 7000” 28 55 38
250 45 15000 35 80 54
315 s 24000 10 91 43
340 s 3750 13.9 54.3 44
300 s 16000” 52 99.8 37
280 5 48000 12 87 55
250 s 21000 4.6 88.2 46
270 4 15000 1.1 54.9 40
300 s 21000 20 70 36
30 0.1 4800 37 62.6 45
300 5 21000 7.7 78 o
220 3 48000 5 70 56
250 5 18000 0.08 100 57
200—260 3 24807 2.1-52 92.9-84.7 58
250 35 15000 13 87 59

“Calculated based on given W/F. YGHSV units given in (h™'). “Cold plasma combined with peptide assembly for In.

catalyst.”*™>* Given the fact that this route is considered the
conventional one, and that the syngas is produced from natural
gas, studies by Rumayor and Irabien showed that it can have a
footprint of a bit less than 0.6 kgco /kgyeon, Which is low

because the energy needed from the process comes from the
natural gas.”” This footprint value is also confirmed by the
International Renewable Energy Agency and the Methanol
Institute (0.5 kgco,/kgneon). Tackett et al. indicates that the

value is a bit higher (at 1 kgco,/kgumeon), while agreeing with

the study from the International Renewable Energy Agency
and Methanol Institute that the coal re-forming process has a
footprint within the range of 2.6—3.8 kgcoz/kgMeOH.26’30

Through the last years many advances were applied that led
to the possibility of working in less intense conditions and at
lower costs.”> More recently, one of the carbon utilization
processes that has been widely studied is the production of
MeOH from CO,. The hydrogenation of CO, to MeOH is an
exothermic reaction as described below:”***"

CO, + 3H, & CH,0H + H,0, AH,5 = —49.5kJ/mol
Besides the importance of the footprint of feed gases, the
environmental impact of the total process is of great
significance, as well. Kim et al. studied the possibility of
obtaining methanol from CO, in a carbon-neutral way. For this
reason, they studied multiple cases where hydrogen is
produced from coal gasification, SMR, and water electrolysis,
as well as when methanol is directly produced from the
electrolysis of CO,.>* Based on their literature study they came
to the conclusion that the lower footprint for methanol
production is via the water electrolysis for hydrogen
production method followed by thermal catalysis according
to the equation above, whereas CO, electrolysis also can have a

low impact of 1.21 kgco /kgyeon even though there is a lack of

literature on this process.”””> Since the carbon footprint for

water electrolysis is highly dependent on many factors, such as
the electricity source, specific assumptions need to be taken
into account before demonstrating a value. In detail, given that

18267

photovoltaics are used for obtaining the energy needed and
that CO, capture and CO, compression from atmospheric to
working pressure are located at the same site, meaning that no
transportation is needed, the carbon footprint can be
calculated at 0.23 kgcoz/kgl\,[eoH.29 Now that having a process

with a potentially low environmental impact (mainly when the
hydrogen fueling it has low CO, emissions) seems feasible, the
focus can be shifted to optimizing the thermal catalysis behind
it, meaning studying the kinetics and the optimum catalysts
that could increase the yield and selectivity or, in other words,
the volumetric productivity of the process. The direct CO, to
methanol reaction is a rather new process that can be
performed at temperatures of 200—300 °C and pressures in a
range of 3—10 MPa.**** A first commercial plant started
operation in 2022 and is located in Anyang, China, owned by
Carbon Recycling International, Shuncheng group, Shunju,
Shunfeng, and MFE Shanghai, with a capacity of 110000 tons
of MeOH/year.” Other pilot plants have been operating in
different countries since 2004: e.g, the CAMERE process
(Korean Institute of Science and Technology, 100 kg/day).
The leading technology providers are in Iceland (CRI),
Germany (Thyssenkrupp/Uhde/Swiss Liquid Future), Den-
mark (Haldor Topsoe), and UK. (Johnson Matthey).*

2.1. Catalytic Materials for CO, to Methanol. Looking
at syngas and mixtures of syngas and CO, as feedstocks, the
commercially available catalytic material for MeOH production
at an industrial level is Cu/ZnO/Al,Q,.>' However, this
catalyst has limited activity and low selectivity, because of the
parallel reverse water—gas shift (rWGS) reaction®® leading to
the formation of water as a main byproduct.’” For CO,, several
other materials have been investigated, where some of the most
important catalysts®"** for this reaction are presented in Table
1. The competition between the MeOH formation and the
rWGS reaction is generally defined by the nature of the used
metal oxides and can also be controlled by the operating
temperature. The production of MeOH is thermodynamically
favored when working at lower temperatures (<200 °C).
Increasing the temperatures to further convert MeOH to

https://doi.org/10.1021/acs.energyfuels.4c03013
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Figure 3. Demonstration of CO, adsorption and hydrogenation into methanol through the creation of oxygen vacancies on In,Oj; surface. Adapted
with permission from ref 61. Copyright 2013 American Chemical Society.

hydrocarbons (typically in temperatures > 300 °C) will hinder
the MeOH route and the rtWGS gets more prominent. Thus,
catalysts operating at compatible temperatures are required.
Favoring CO, conversion while avoiding CO formation is
challenging when aiming to couple the MeOH production with
its further transformation into hydrocarbons (olefins, paraffins,
or aromatics), which typically occurs above 300 °C. In that
sense, coupling the two reactions requires a good under-
standing of the reactivity of the metal oxide in the CO, to
methanol (CTM) step to help design efficient MeOH
production catalysts operating at compatible temperatures.
Among the materials presented in Table 1, some seem to
show promising results. It was found by Pasupulety et al. that
enhancing the conventional Cu—Zn—Al system with Au, the
CO, conversion reached 28%.%® Other materials that are often
studied due to their catalytic properties are indium, zinc, and
zirconia oxides. In 2004, Stoczynski et al. studied a system of
M/3Zn0O-ZrO, where M was Cu, Ag, and Au, concluding that
copper has a synergetic effect with the oxides, thus leading to
the best catalytic performance with a selectivity of 68% at a
conversion of 21% (see Table 1 for conditions, as without
temperature (T) and gas hourly space velocity (GHSV) such
numbers are meaningless).39 About 10 years later, a different
single oxide was studied for the first time, by Sun et al., In,O;,
which exhibited high selectivity to MeOH as well (almost
55%) but suffered from a very low conversion, barely
exceeding 1%." In the following years, several groups have
focused on improving these systems. In 2016, Perez-Ramirez
and co-workers studied the In,O; system and found the
addition of a ZrO, support (In,05/ZrO,) not only increases
the conversion to 5.2% but also improves the selectivity toward
MeOH up to 99.8%, while maintaining its stability for about
1000 h.”” The following year, Rui et al. showed that the
addition of Pd on In,O; leads to very high conversion
(compared to previous works) of 20% in combination with a
70% MeOH selectivity.*® In 2020, Rui et al. also showed that
the addition of gold on In,O; can increase the selectivity to
MeOH to 78%; however, a lower conversion of about 7.7%

was obtained.”' It should be noted that the In,O; catalyst has
been proven to catalyze the reaction efliciently and has since
garnered a lot of interest. Many more modifications have been
studied by different groups leading to interesting results,*”
although the stability of In,O; in the catalytic conditions has
come under scrutiny recently. In 2017, Wang et al. reported a
system of ZnO-ZrO, which exhibited a very high selectivity to
MeOH (91%) and at a conversion of 10%.** A matrix of Fe,
Zn, and Zr oxide catalysts (FeZnZr) was prepared by Wang et
al., showing a higher CO selectivity than MeOH. In their effort
to suppress CO production, the same group showed that a
hydrothermal treatment of FeZnZr with TPABr by coprecipi-
tation is an effective way to improve the MeOH production
reaching a selectivity of the latter of 54.3% at a CO, conversion
of 13.9% after a hydrothermal treatment for 24 h.** To this
day, more research is being conducted toward finding more
efficient catalysts in order to make the hydrogenation of CO,
to MeOH more easily adaptable to industrial needs. On top,
the exothermic nature of the reaction and the coproduction of
water give additional challenges in process control and
stability, respectively. An interesting entry at lower temperature
is also found using Pt/film/In,Oj; catalyst at 30 °C in the study
of Men et al. Here, a very high conversion is reached thanks to
the operation at ambient conditions that favor the thermody-
namic equilibrium. However, this experiment was run using
cold plasma chemistry for which process maturity is still very
low, so that this kind of chemistry is not further considered in
the present work.”> More recently, Xiong et al,, studied the
Ru/In,0;—Zr0, catalyst showing that the combination of
In,0; and ZrO, (synthesized by coprecipitation) as support
can enhance the hydrogen activation ability as well as the
oxygen vacancies on the surface of the catalyst leading to
higher selectivity toward methanol.*® Lastly, in 2024, Zhang et
al. studied multiple synthesis methods to increase the catalytic
activity of the conventional Cu/ZnO/AlLO;, concluding that
the hydrotalcite-like precursor method shows the highest
methanol yield due to the high specific surface area of Cu’ and
with its small particle size and homogeneous dispersion.*” Tt
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should be underlined that since the main focus of this review is
not the CO, hydrogenation to MeOH but mainly the use of
MeOH as an intermediate for the total CO, to gasoline
reaction, the catalysts mentioned in Table 1 do not present a
full in depth review of this reaction. There are multiple
methods of synthesizing and optimizing the CO, to MeOH
catalysts using different templates or materials, and a more
detailed review can be found in the literature.”*™>*

2.2. Reaction Mechanism of the CO, to Methanol.
The mechanism of CO, hydrogenation has been widely
exploited and offers valuable insights into the elementary steps
of the reaction, the intermediates involved, and the energy
changes occurring throughout the reaction. This knowledge
enabled the optimization of the reaction conditions and the
better design of catalysts. In general terms, the prediction of
the reaction intermediates and their formation mechanism can
be done using theoretical modeling such as molecular dynamic
simulations and density functional theory (DFT).®”®" In
addition, experimental mechanistic proofs can be delivered
experimentally using isotopically labeled experiments (e.g.,
hydrogen—deuterium exchange) or operando analysis of the
surface of the catalysts.®>% Among the operando analysis
methods, DRIFTS (diffuse reflectance infrared Fourier trans-
form spectroscopy) is the most commonly used for studying
the surface properties of solid catalysts in gas-phase reactions,
which explains its abundance in the reports studying the
mechanism of CO, hydrogenation.****

In this mechanistic part of the review, we report the
mechanism of hydrogenation of CO, to MeOH with an
emphasis on the role of oxygen vacancies in the initial
adsorption and CO, conversion. In addition, the IR vibrational
bands of the different reaction intermediates (adsorbed CO, or
carbonates, adsorbed formate species HCOO¥*, adsorbed
formaldehyde species CH,0%, and adsorbed methoxy species
CH;0%*) will be reported and discussed.

The oxygen vacancies on the metal oxide catalyst were
reported to be essential for favoring the MeOH formation from
CO,, while suppressing the rWGS.%"%° These findings were
supported by studying the energy levels of the CTM reaction
steps with DFT on defective (oxygen vacancies) and perfect
(inverted) In,O; (110) surfaces (Figure 3). First, the defective
surface was found to favor the adsorption of CO, with a
reported adsorption energy of around —0.59 eV. However, on
a perfect In,O; surface, the adsorption of CO, was less favored
(around —1.25 eV). After its adsorption, the hydrogenation of
CO, leads to HCOO* of the COOH* species. Interestingly,
the formation of the HCOO* species is slightly exothermic
(—0.21 eV), which makes it thermodynamically favored over
the endothermic COOH* path (+1.39 eV).®" A similar trend
was reported for a perfect In,O; surface. However, the
presence of oxygen vacancies was beneficial for reducing the
activation energy barrier and producing the HCOO*
exothermally. In the proposed mechanism, the HCOO*
species are further hydrogenated by forming a new C—H
bond and breaking one C—O bond to form CH,O* and a
hydroxyl (OH*) group in a thermally neutral reaction (+0.05
€V). Next, the exothermic hydrogenation of CH,O* to
CH;O%* is reported to occur at —0.60 eV, which is considered
the rate-limiting step in methanol synthesis, due to its high
energy barrier of 1.14 eV. Finally, methanol is obtained from
the hydrogenation of the CH;O* intermediate with an
endothermic reaction of +0.21 €V.°" Lam et al. performed in
situ X-ray absorption spectroscopy to study CO, adsorption on

ZrO,. They demonstrated that CO, adsorbs preferentially on
unsaturated Zr'V surface sites or oxygen vacancies of a ZrO,
catalyst.® In that sense, several research works were devoted to
increasing the number of oxygen vacancies on metal oxide
catalysts for improved methanol production. For example, the
reduction of the catalyst under H, or CO was found to
increase the number of oxygen vacancies.’”” In addition,
optimizing the synthesis methods, such as the aerogel
synthesized ZnO-ZrO, by Zhou et al, has shown superior
capacity in activating CO, in comparison to typical ZnO-ZrO,
catalysts prepared by coprecipitation, impregnation, and
template-synthesis methods, which was correlated to its
increased surface area, higher Zn/Zr ratio, and enhanced the
formation of oxygen vacancies.”’

Operando DRIFTS measurements were reported over
several metal oxides, delivering a mechanistic understanding
of the hydrogenation of the CO, over several metal oxides.
The DRIFTS measurements on pure Cr,O; show the
formation of surface formate (HCOO®*) species at 2924,
2846, 1553, and 1354 cm™’, and the first two peaks were
assigned to the v(CH) stretching vibration, while the second
two were attributed to (a) symmetric ¥(OCO) stretching
vibrations.”® Liu et al. explored the reaction mechanism over
ZnAlOx, and the time-resolved spectral acquisition showed the
initial formation of HCOO* on the surface (2910, 1620, and
1375 cm™"). These bands were respectively assigned to the
stretching v(CH) vibration, the asymmetric O—C—0O
stretching of mono- or bidentate HCOO* species, and the
symmetric stretching of these same species (Supporting
Information Table S1). After prolonged reaction time, the
authors reported the formation of the methoxy species
(CH,0%) with peaks at 2940 and 2840 cm™' assigned to
their (CH) stretching vibrations.”” Li et al. followed with
DRIFTS the CO, hydrogenation over the ZnZrOx catalyst.
The peaks assigned to the v(CH) vibrations of the surface
HCOO* species were observed at 2980, 2880, and 2735 cm™L
In addition, distinct peaks observed at 2930 and 2824 cm™!
were assigned to the surface CH;0* species (Table S1).
Importantly, when cofeeding deuterated methanol (CD;0D),
in the presence of CO, and H,, the chemical trapping mass
spectrometry shows the mass signals for HCOOCD;,
CD;CHO, and CH;0CD;, which are derived respectively
from HCOO*, CHO%*, and CH;O0% species, suggesting that
these latter are the reaction intermediates for the CO,
hydrogenation over ZnZrOx.”’

In addition, the role of CO, species (CO and CO;™?) on the
CO, hydrogenation to methanol over ZnCrO, was investigated
by Zhang et al. (with the goal of making aromatics on a hybrid
ZnCrOx-ZSM-5 catalyst).” Several studies have reported a
beneficial role of the presence of CO by suppressing the
undesirable rWGS reaction and, more importantly, by rescuing
the oxygen vacancies destroyed by CO, during its conversion
(Figure 3).% Concerning the role of CO;*7, the DRIFTS
measurements on the surface of ZnCrO, show surface
HCOO* peaks at 2958, 2864, 2735, and 1592 cm™'. In
addition, the authors reported a peak at 1357 cm™ which they
assigned to surface CO;>"* species, and further linked its
presence to the higher selectivity toward aromatics obtained in
the methanol-to-aromatics (MTA) catalyzed by ZSM-S zeolite.
However, this peak can also be attributed to the v,(OCO)
stretching of bidentate HCOO* species, typically observed in
the wavenumber zone of 1351—1370 cm™.”%”" In a more
recent work, Zhou et al. followed with in situ FT-IR
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Figure 4. Reported in situ DRIFTS spectra in three different wavenumber zones: 2300—2100 cm™'//1800—1000 cm™ (a, ¢, and e) and 3050—
2700 cm™ (b, d, and f). The spectra show treated and untreated FeZnZr oxides during CO, adsorption with a highlight on the carbonates and
formate species (a and b), CO, hydrogenation showing the formation of surface HCOO* and CH;O* species (c and d), and the desorption of the
surface species by thermal desorption under Ar flow (e and f). The time of the treatment for the different oxides is reported (from 6 to 72 h).

Adapted with permission from ref44. Copyright 2021 American Chemical Society).

1337, and 1318 cm™'. The further replacement of the CO,
flow with H, was followed by a rapid formation of HCOO*
species (1585 and 1353 cm™') and consumption of the

transmission the adsorption of pure CO, at 340 °C on an
aerogel-synthesized Zn0-7r0,.%° After flowing CO,, surface
HCO;™* and CO;** species were observed at 1610, 1510,
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(bi)carbonate species. These findings suggest the instability of
the carbonate species in the presence of H, and support the
attribution of the peak at 1357 cm™ to HCOO* and not to
the CO,>* species. Similar results were also observed when
following the CO, adsorption and conversion over ZnZrOx at
315 °C in DRIFTS.”” The peaks assigned to surface carbonate
(CO4*") and bicarbonate (HCO;™) species were observed
during the CO, adsorption step at 1610, 1500, 1368, 1337, and
1074 cm™'. When switching to H, flow, the carbonate peaks
decrease with a simultaneous increase of the peaks assigned to
surface HCOO* species at 2970, 2872, 2738, 1590, 1382, and
1370 cm™". After a prolonged time under a H, flow, peaks for
surface CH,O* species were reported at 1145 cm™". In a
further stage, CH;0* (2820 and 1059 cm™") species emerged
from the consumption of HCOO* and CH,0%*.”

Table S1 gathers the different vibrational frequencies
obtained from IR studies on a selection of metal oxides
reported in this review. As shown, different peak positions were
reported for the same vibrational mode, with no clear
explanation of the origin of the shift. The complexity of the
IR spectra can lead, in some instances, to confusion of the
assignments of the peaks. In addition, little care was given in
the reports to compare the stability (interaction energy) of the
intermediate surface species with the catalyst, which can
possibly be explained by the IR red or blue shift and further
linked to the catalytic outcome. It is noteworthy to mention
that the direct comparison of the peaks between the reports
needs to account for the temperature at which the IR spectra
were measured, since this can directly affect the intensity and
position of the IR peaks. In fact, we believe that a standard
protocol must be established in order to deliver a better
comparison of the properties of the CTM catalysts during the
reaction. The protocol can be similar to that reported by Tan
et al. over Fe—Zn—Zr catalyst. As reported in Figure 4, the
authors followed with in situ DRIFTS the CO, adsorption and
CO, hydrogenation on the surface of the FeZnZr catalyst
before and after treatment with TPABr (FeZnZr-T-xh) in
order to study the effect of the formation and strength of
interaction of the HCOO* and CH;0* species on the
synthesis of the methanol.** Different treatment periods were
studied, from 6 h (FeZnZr-T-6h) to 72 h (FeZnZr-T-72h).
However, the focus here is given to the comparison of the
treated samples (as a bulk) with the untreated one. During the
adsorption of CO,, peaks attributed to surface HCO3* (1611—
1605 cm™), bidentate HCOO* (2886—2881, 2979, and 1584
cm™'), and monodentate carbonate (1521, 1508, 1358, and
1340 cm™") species were reported (Figure 4a,b). When adding
H, to the CO, flow, the intensity of the peaks relative to
HCOO* increased alongside the reduction of the peaks from
HCO;* and carbonate species. Meanwhile, CH;O* peaks start
to emerge at around 2932, 2824, 1144, and 1054—1046 cm™
(for both the treated and nontreated FeZnZr oxides) (Figure
4c,d). To better differentiate between the surface properties of
the measured FeZnZr oxides, the authors followed the strength
of the interaction between the intermediates and the surface,
which is believed to be a key parameter in determining the
reaction pathway. To study the strength of the HCOO*
interaction, the evolution of the peaks corresponding to the
HCOO* species was followed under thermal desorption
conditions (under an Ar flow). Here, a minor decrease in
the peak’s intensity was noticed on the FeZnZr-T oxides in
comparison to a sharp decrease over the FeZnZr oxide (Figure
4e,f). Alongside, a peak at 2226 cm™}, attributed to surface
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CO* species (Figure 4e), was observed on FeZnZr, which was
linked to the dissociation of the desorbed HCOO* species. It
was thus proposed that a weaker interaction of HCOO* can
cause its desorption and dissociation to CO, while only a
relatively strong interaction will allow its hydrogenation to
CH;O%*. The ease of desorption of the formed CH;O* species
is an important parameter to consider. When following the
evolution of CH;0* species over the different oxides, a strong
CH,0%* interaction was noticed over FeZnZr oxide in
comparison to the treated FeZnZr-T ones (2819 cm™!),
which makes the CH;0% elimination the rate-determining step
on FeZnZr and induces its lower MeOH selectivity."*

Having discussed the CTM reaction from a catalytic and
mechanistic view, we will now shift our focus to the tandem
system when combining CTM with the methanol to gasoline
(MTG) reaction. It should be underlined that the system
changes drastically in the tandem process. In the mechanistic
part, the hydrogen that is being produced from the zeolite
(essential for MTG), as well as the desorption of CH;0*
species, is the main contributor to altering the mechanism. The
MTG section will be discussed further with a focus on the
studied materials, the reaction mechanism, and the reaction
kinetics.

3. CO, TO METHANOL TO HYDROCARBONS

Hydrocarbons are an important source for satisfying energy
needs and chemical industry demands and are usually
characterized by their carbon number and properties. DME
consists of two carbon atoms but no C—C bonds and is
considered an important fuel and building block. The fuel
aspect is due to its lack of production of dangerous byproducts
such as nitrogen oxides (NO,) upon combustion, and its role
as an intermediate in the production of valuable chemicals is
well-known.”” For these reasons the possibility of producin%
DME from CO, hydrogenation has been widely studied.”
Liquefied petroleum gas (LPG) consists of hydrocarbons with
three and four carbon atoms, i.e.,, mainly propane and butanes
and second propylene and other light hydrocarbons,” in
concentrations that may vary from pure C; to pure C4.75 When
increasing the number of atoms, a different product is
obtained, namely, gasoline, which consists of hydrocarbons
with a carbon number range of C,—C;, (but mainly Cs—C,,
sometimes split into light (C;—C¢) and heavy (C4—Cy,)
naphtha) and octane boosters.”” Both products LPG and
gasoline are conventionally produced in refineries by several
processes and often defined based on boiling point ranges.”®
However, due to the differences between the refineries, the
region of operation, and the sales market, as well as the season
(summer and winter gasoline composition), the exact
composition of gasoline varies. In detail, gasoline mainly
consists of paraffins, of which the largest part are isoalkanes,
followed by alkanes and cycloalkanes. The second major
fraction are the aromatics next to a small percentage of olefins
as shown in Table 2. Specific components of interest are
benzene and durene, the latter needing to be avoided due to its

Table 2. Composition of Gasoline

Compd Vol (%)
Olefins 9-25
Aromatics 25—-40
Total paraffins 30-90
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relatively high melting point. To the final blend, more
compounds are added to boost the octane number and
enhance the properties of the gasoline.””*'

The scope of this review is to study the direct production of
these later two types of products (LPG and gasoline), mainly
in the saturated form, with an emphasis on gasoline range
hydrocarbons, from carbon dioxide and hydrogen via
intermediate methanol formation. As aromatics are also
important and are considered gasoline products, they are
included in this review. The reason is that aromatics can be an
important percentage of the final product (especially benzene,
toluene, etc.) and a lot of groups are focusing on their
production (without always determining all of the aromatic
products that were produced). The attention is put on the
effect of the reaction parameters such as temperature, pressure,
GHSYV, proximity of the catalysts, and of course the choice of
the catalytic materials that have higher selectivity to gasoline
range products. In addition, the mechanism of such catalytic
systems is described. Finally, a short review of the kinetic
models developed for such systems is presented.

3.1. Methanol to Gasoline. The first innovative process
that allowed the production of fuels from C1 compounds
(such as CO) was the Fischer—Tropsch synthesis (FTS)
process, and about 50 years later, a new process was
introduced, namely, methanol to gasoline.82 MTG is a process
developed by Mobil in the late 1970s and was commercialized
in New Zealand with the first plant in 1985.%’ Some years later
(early 1980s), a similar reaction, methanol to olefins (MTO),
was introduced by Union Carbide.”” The MTG process has
many advantages compared with the FTS reaction such as the
significantly higher yield toward gasoline-range products.*”
The main reasons this reaction is of such high importance are
as follows: First, the hydrocarbons produced are of a relatively
small range (no chains longer than C11) and very little
methane is produced.*> Second, the conversion and selectivity
are high, leading consequently to high yields of isoparaffins and
aromatics that increase the octane number and thus the quality
of the gasoline.”” A simplified MTO/MTG reaction (not
stoichiometric) progression is shown in Figure 5.5

2CHIOH <——> CH30CH3 ——) Light Olefins ———> Cs+ Olefins

+H20 +H20 ﬂ

Paraffins
Naphthenes
Aromatics

Gasoline

Figure 5. MTG reaction pathway with intermediate MTO.

Except for MTG and MTO, methanol can be converted to a
target range of aromatics (MTAs) and in particular BTX
(benzene, toluene, and xylene) followinsg a similar way with
some crucial mechanistic differences.”** MTG processes are
catalyzed by zeolite catalysts (aluminosilicate materials) that
can offer a good gasoline (e.g, octane number). An
outstanding material is ZSM-S zeolite developed for a
commercialization of the process.***° Normally, the optimized
conditions of the reaction are a quite high temperature of 400
°C and 15—25 bar of pressure, leading to a selectivity of 80% in
gasoline-range products and LPG as the rest.* Although this
process was a breakthrough, the fast deactivation of the zeolite
ZSM-S increased the need for further research, not only on the
coking mechanism but also on different types of zeolites.”” It

was found that changing the structure of the zeolites, the
aluminum content, or even adding other elements inside the
structure would allow different and in some cases better
performances.*® More specifically, zeolites differing in topology
have been screened throughout the vyears, elucidating
important information such as the role of shape selectivity
and pore-size gasoline cut relations. Some of the most
researched topologies for the conversion of methanol to
hydrocarbons are MFI (ZSM-5), CHA (SAPO-34), and TON
(ZSM-22) with MFI leading the path of MTG and CHA often
used for MTO.*® Another important factor for this reaction is
the production and presence of water. It has been studied and
found that cofeeding water with methanol can counter the
deactivation of the zeolite, but at the same time it has a
negative effect on the product selectivity, boosting the
selectivity toward light olefins and suppressing the aromatic
production.”” The reason for this behavior is that the strong
acid sites of the zeolites are being claimed by both water and
coke precursor compounds while, at the same time, these are
the sites where dimerization toward paraffins or aromatics is
expected to take place.*” Despite the addition of water to
improve the lifetime of MTG and MTO, more strategies have
been studied such as the partial pressure of the MeOH in the
feed (addition of dilutants with MeOH at the feed).”® Another
important discovery was done by cofeeding H, which facilitates
the hydrogen transfer under high pressure, suppressing the
propagation rate of the aromatics during the MTO while also
keeping stable the selectivity of olefins.”® This is, of course,
relevant when coupling of CO, to MeOH with MTO or MTG.

3.2. Catalytic Materials for Methanol-Mediated CO,
Conversion to Gasoline. For combining CTM and MTG,
bifunctional catalysts or two catalysts in tandem, consisting of
an oxide and zeolite parts, are needed. More specifically, in
order to ensure the MeOH route, the oxide must be selective
to MeOH when tested alone (in a reasonable temperature
window). Relatively little research has been done on this direct
CO,-to-gasoline route. Most of the groups are focusing their
research activities on modifying the oxide part, which consists
in many cases of Zn and Zr oxides, or on coupling the oxides
with small-pore zeolites toward olefins.”*”" This is due to the
high selectivity to MeOH that this material offers, as can be
seen in Table 1. Moving on to the second part of the tandem
process, the most used zeolite in literature is ZSM-S (MFI
topology), which is known for its ability to produce longer
hydrocarbons thanks to its specific porous nature (2D + a
zigzag channel) that creates the cavities needed for the
hydrocarbon pool production, often one of the critical steps in
hydrocarbons formation.*>”> In Table 3, all of the examples
coupling ZnZrOx with ZSM-S for the production of longer
chain hydrocarbons are presented. Li et al. tested ZnZrOx
prepared by solid solution method using ZSM-5 zeolites with
different Si/Al ratios (and different GHSVs), proving that
higher Si/Al ratios can benefit the reaction by increasing the
CO, conversion and decreasing the CO selectivity even though
the selectivity to aromatics reaches a maximum at Si/Al = 100
(entry no. 1-5 in Table 3).%® The same work also showed that
the production of H,O together with the presence of CO, in
ZSM-S leads to better catalyst stability (about 100 h without
significant deactivation) by affecting the intermediate products
(less polycgrclic aromatics which are precursors to coke
formation).”> Moreover, a similar study was conducted by
Zhang et al. (entry no. 6—13 in Table 3) and showed that
increasing the Si/Al ratio indeed benefits the production of
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Table 3. ZnZrOx and ZSM-5 Catalysts for the Hydrogenation of CO, to Hydrocarbons (MeOH Route; See References 60, 63,

72, 93, and 94)°

No ZnZrOx ZSM-5 Si/T®  Oxide/ H;:CO,, GHSV CcO; Main product, Cco ref
synthesis Zeolite T(°C), (ml/gea’h)  conv. % select. % select.
Zn:Zr (molar) P(bar) %

1 - - 1/0 2400 nm®  Methanol, 65%® n.m 03

2 Solid solution HZSM-5 custom 25 15 C2-C4, 26 48

3 0.13:1 purchase 65 Ul 3,320,40 1200 12 Aromatics, 17.1 43

4 100 13 Aromatics, 41.76 42

5 150 12 Aromatics, 39.6 34

6 - - 1/0 14400 7 Oxygenates, 52 48 %3
7 HZSM5 50 10 C1-C3, 10.1 57
8 Incipient synthesized 100 8 Aromatics, 20.5 43
2 wetness 300 6 Aromatics, 31.9 42
10 impregnation 400 2 3, 340, 30 4800 6.5 Aromatics, 39 36

11 0.89:1 600 6 Aromatics, 42.9 34

12 800 6 Aromatics, 37.5 33

13 Alkaline AT 5 Aromatics, 25.4 46

treatment

14 - - 1/0 21818 3.5 Methanol, 68 31 o4
15 H[AI]ZSM-5 80 10 Paraffins, 35 38
16 Co- H[Ga]ZSM-5 80 7 Paraffins, 25 36

17 s H[Fe]ZSM-5 80 3.320. 40 8 Aromatics, 47 33

18 prec‘f}?t“’n H[B]ZSM-5 80 1 U 7200 6.5 Oxygenates, 42 58
19 ' H[AI]ZSM-5 300 5 Aromatics, 42 32
20 H[Ga]ZSM-5 300 9 Aromatics, 46 33

21 H[Fe]ZSM-5 300 6 Aromatics, 37 32

22 Aerogel, 1:4 - - 1/0 21200 8.6 Oxygenates, 50.2  49.8 0

23 Aerogel, 1:20 HZSM-5 custom 68 12 3, 340, 40 7200 15 Aromatics, 33.6 58.4

24 Aerogel, 1:8  purchase® 16 Aromatics, 49.9 343

25  Acrogel,1:4 15 Aromatics, 37.7 46.8

26 Aerogel, 1:1 11 Aromatics, 18.2 73.1

27 Co- - - 1/0 n.m. 11.1 Oxygenates, 57.7  41.5 7
28  precipitation HZSM-50.73% 48 1/1 3,315,30 1020 17.5 Aromatics, 459 23.8
29 1:6.7 HZSM-50.73T©® 43 14.1 Aromatics, 41.8 38.4

“The — in the ZSM-S column means no zeolite is used and the result is a bare CO,-to-methanol experiment for comparison. Notes: (1) nominal;
(2) n.m = not mentioned; (3) not specified if it is hydrocarbon selectivity or product selectivity; (4) post-treated to create mesoporosity; (5) the
chain-like HZSM-$ crystals should grow along with the orientation of b-axis length 0.73 ym of the nanocrystal of the zeolite; (6) hydrothermally

treated.

Table 4. Catalysts in Tandem for CO, Hydrogenation to Hydrocarbons (Methanol Route; See References 44, 65, 68—70, and

95—98)“
No Oxide Zeolite Preparation H:CO: GHSV CO: Main product, co ref
/T(°C) (ml/geat’h)  conversion selectivity % selectivity
/P(bar) % %
1 CuZnAlOx HZSM-5 Physically mixed 3, 340, 30 9000 30 C5+,2.75 95 o5
2 ZnAlOx - 3,320, 30 12000 5.2 Methanol, 25.2 55 69
3 HZSM-5 Mixed with 3,320, 30 6000 52 Aromatics, 29.6 42
grinding
4 FeZnZr - - 3, 340, 50 4500 19 Oxygenates, 20 80 95
5 HY Physically mixed 3, 340, 50 3000 18.5 i-C4, 19.4 55
6 - 3, 340, 50 3750 13.9 Oxygenates, 37.7  34.8 a4
7 HZSMS5  Core-shell” 3, 340, 50 3750 18.8 i-C5+,37.9 29.3
8 - 3, 340, 50 3000 16 Oxygenates, 7.8 89.6 %
9 HY Core-shell 3, 340, 50 3000 15.6 i-C4, 22.7 41.8
10 ZnCrOx - 3,350, 50 2000 383 Oxygenates, 45.1  54.1 70
11 ZnZSM-  Mixed with 3,350, 50 2000 30.5 C6+, 16.5 60.8
5 grinding
12 HZSM-5 Not mentioned 3, 340, 30 9000 8.1 C5+,24.11 60.6 65
13 CnOs - 3, 350, 30 2400 11.2 Methanol, 68.84  29.1 &8
14 HZSM-5  Physically mixed 3,350, 30 1200 33.6 Aromatics, 41.45  41.2
15 - 2.6,350,30 n.m.? 11 Oxygenates, 46.3  52.5 97
16 HZSM-  Mixed with 2.6,350,30 1200 22.1 Aromatics, 45.5 35.1
S5@SiO2 _ grinding
17 In0s - 3, 340, 30 9000 15 Methanol, 22 72 &5
18 ZSM-5 Physically mixed 3, 340, 30 9000 14 C5+, 44 45
19  InCo - 4,300, 50 15000 17 Methanol, 64 30 %
20 ZnBEA  Dual layers 4,300, 50 8100 17 iC4-C7, 54 35

?(1) FeZnZr-T-24h, the oxide prepared by treatment with TPABr; (2) n.m= not mentioned.

aromatics, reaching a maximum at Si/Al = 600. It needs to be
underlined that it is not easy to compare the two studies, and

one should be very cautious when doing so, because of the
different oxide/zeolite ratios, which play a major role in this
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reaction, in addition to the differences in the reaction
conditions. Recently, Shah et al. (entry no. 14—21 in Table
3) altered the acidic properties of HZSM-S by substituting the
heteroatoms of the zeolitic framework concluding that
H[Fe]ZSM-5 with Si/T = 80 showed 47% selectivity to
aromatics at an 8% CO, conversion. In addition, Zhou et al.
synthesized ZnZrOx with different methods, concluding that
aerogel as synthesis method (sol—gel combined with super-
critical drying) leads to very active material due to the high
number of oxygen vacancies (measured by electron para-
magnetic resonance (EPR)) that is present, enhancing the CO,
conversion as discussed earlier in the mechanistic part (entry
no. 22—26 in Table 3).%° Wang et al. studied the correlation
between the b-axis length of the ZSM-S chain-like nanocrystals
and the selectivity of the products, hypothesizing that when the
length increases, p-xylene selectivity also increases, whereas
when the length decreases, the selectivity toward tetramethyl-
benzene increases.”” As seen in entry 28 of Table 3, the
samples with b-axis length at 0.73 pm were found to have a
conversion of 17.1% with a very low CO selectivity (23.8%).

Except for ZnZrOx, a few other metal oxides have been
tested in combination with ZSM-5 zeolite as presented in
Table 4. It is noticeable, based on Tables 2 and 3, that most
research reports have been conducted on Zn-containing
materials. Starting from the most conventional catalyst for
converting syngas to MeOH (CuZnAlOx), which, once tested
in the CO, conversion to gasoline, does not appear to be a
good choice. Indeed, even though CuZnAlOx presents the
highest CO, conversion, this catalyst was extremely selective
toward CO (entry no. 1 in Table 4).°> At the same time, when
Cu is not added to the oxide, the catalyst performs better,
reaching a selectivity of 30% toward aromatics, but at a much
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lower CO, conversion (entry no. 3 in Table 4).°” The same
group studied the effect of adding CO in the feed gases since
the rWGS reaction is at equilibrium, meaning that the effect
can only be positive by suppressing the unwanted reaction.
One of the first groups that studied the production of
isoalkanes from CO,, the Tsubaki group, studied the
combination of Fe—Zn—Zr oxide with an HY zeolite (FAU
topology) proving for the first time the possibility of such a
reaction path that results in a high selectivity to isobutane
(entry no. $ in Table 4).”> Wang et al. further introduced a
core—shell method for preparing the bifunctional catalyst, with
the Fe—Zn—Zr oxide being the core and the zeolite being the
shell. This was done by adding aqueous diluted silica on the
metal oxide part and then mixing that with the zeolite.”® What
was found (in two research works from the same group) is that
this method can actually increase the production of the
targeted fuels when HZSM-S (or a combination of two
zeolites) is used as the shell (entry no. 6—9 in Table 4).”°
Another important element in this list is Cr, either as pure
Cr,0; or in combination with Zn (entry no. 10—16). It can be
mentioned that when only Cr oxide is used, the selectivity of
aromatics can reach 45.5% at 22% conversion when the core—
shell technology is applied on HZSM-S using a shell of
amorphous SiO, on the latter.”” Gao et al. used the
coprecipitation method to prepare different oxides in
combination with HZSM-5. Among them, In,O; exhibited
the best performance with the highest CO, conversion and
CS+ selectivity among hydrocarbons (entry no. 18 in Table
4).°° The ratio of oxide/zeolite and the proximity were also
studied in the same work, while some tests were also
performed on a lab-pilot scale (scaled up fixed bed reactor
with additional steps such as recycling to simulate the
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industrial conditions) and industrially more relevant conditions
(15 g.,.).*° Dokania et al. introduced a new material, InCo, to
study the reaction together with acidic HBEA zeolite and
ZnBEA, resulting in high selectivity to isoparaffins among
hydrocarbons and increased lifetime of the zeolite when Zn is
added by incipient wetness impregnation (entry no. 20 in
Table 4).®

An interesting observation is that some of these oxides
(FeZnZr, ZnAlOx, and In,0;) when tested pure, at the same
conditions and the adequate GHSV, produce CO as a main
product with higher selectivity than that of MeOH (or
oxygenates), and at the same time when coupled with the
zeolite, their selectivity to CO drops. On the other hand, for
the materials that give oxygenates when tested pure (ZnZrOx,
Cr,0;, and InCo), there was a slight increase in CO selectivity
when the zeolite was added physically. This is a clear indication
that it is difficult to distinguish which is the main intermediate
and which reaction pathway is followed each time, and
researchers should be very careful when claiming a specific
reaction path. Lastly, the importance of testing the oxide pure
as a reference for comparison must be highlighted, and
research works that do not present these data make the
understanding more difficult.

3.3. Characterization of the Catalytic Materials.
Having listed the major materials reported in the literature
for the production of gasoline-range hydrocarbons from CO,
through MeOH, a closer look at some key characterization
details of those materials will be discussed now. To start,
FeZnZr oxides show an XRD pattern indicating the presence
of mainly the spinel phase ZnFe,O, when, at the same time,
the dispersion of ZnO and ZrO, is so high that no peaks were
observed (Figure 6 b).** This was also proven by TEM
(transmission electron microscopy) images, where crystals of
both ZnO and ZrO, were detected on the surface of the
ZnFe,0, phase.*’ In addition, when the group added a
hydrothermal treatment step, the peaks of the XRD pattern
were more intense, indicating a stronger interaction between
Fe and Zn.** The more the time of the treatment was
increased, the larger the ZnO crystal size was, leading to the
appearance of reflections in the XRD. Tetragonal ZrO,
appeared but remained stable independent of the treatment
time.”* When the oxide is coupled with the zeolite (core—shell
structure), a typical XRD pattern for the zeolite was observed
while SEM images proved the positioning of the zeolite as the
shell, leading to the conclusion that the shell process did not
harm the primary crystal structure of both catalysts.”®

Moving to In,O; materials, when treated with a mixture of
H,/CO at 340 °C for 8 h, the XRD pattern revealed the
complete reduction of the oxide into metallic In.*® In addition,
when exposed to reaction conditions (H, and CO, mixture), at
the same temperature, the crystal size of the oxide kept
increasing during the first 4 h and then remained at a stable
size.”>”” On the other hand, the InCo (not supported) catalyst
shows the XRD patterns attributable to Co;0, and In(OH),
before the reaction and reflections of metallic Co, In,O;, and
Co3InC, s after the reaction.'” This highlights the beneficial
role of Co in avoiding the formation of a metallic In phase.
Having confirmed these findings by STEM (scanning trans-
mission electron microscopy) and further characterization, the
group came to the conclusion that the active phase, capable of
converting CO, selectively to MeOH, is the oxidized In—Co
layer, which exists around metallic Co.'” As for the coupling
of InCo with BEA and ZnBEA zeolites, the XRD patterns of

the zeolites indicated a typical mix of polymorphs, while
HAADEF-STEM imaging showed a homogeneous distribution
of the extraframework Zn cations onto BEA zeolite.”

The research groups using ZnZrOx all demonstrated XRD
patterns (Figure 6a) that indicate the presence of tetragonal
ZrO, with well-dispersed Zn species.””**”* It has also been
confirmed that, even after reduction with H, at 350 °C, no new
peaks were formed, yet the existing ones slightly increase.””
The only major difference was observed for the material
prepared with the aerogel procedure where XRD revealed the
presence of hexagonal ZnO, and at the same time, TEM
showed a three-dimensional structure with a high surface but a
smaller particles size.” TEM imaging also proved that the
further addition of Zn leads to larger particles and the
nanoparticles formed linked chains.”” When the zeolites were
added by physical mixing or grinding, a good dispersion of the
oxide on the zeolite was revealed with XRD patterns and SEM
images, which potentially highlights a physical closeness of the
two components while maintaining their structures.’>’* All
zeolites exhibit no impurities and great crystallinity,”> but the
work of Wang et al., who studied the role of the b-axis length of
the ZSM-$ zeolite, showed SEM and TEM images that proved
that the addition of n-octyltrimethoxysilane in the zeolite
synthesis leads to chain-like morphology.”

The XRD patterns of ZnAl oxides show the cubic ZnAl,O,
gahnite as a main phase with low-intensity peaks of ZnO. In
combination with SEM and TEM images, it was shown that
the oxide is porous and consists of very small nanoparticles.””
Moreover, the spaces in the lattice show the spinel structure of
the oxide.”” The ZnCr oxides reveal a spinel crystalline
structure which is nonstoichiometric.”” SEM and TEM images
indicate the good contact between the oxide and zeolite
materials after grinding them together, which was concluded
by the uniform appearance of the particles.”’ Finally, the last
material examined, Cr,0;, showed a resemblance with
eskolaite which has a hexagonal structure as seen on the
XRD and an excellent stability with unchanged crystal size
(SEM images) and XRD pattern even after 100 h on stream.®®
Figure 6 shows the XRD patterns of some of the materials
discussed.

Another important part of the characterization of the oxide
materials is the specific surface area, e.g, given by the
Brunauer—Emmett—Teller (BET) method after N, physisorp-
tion. Oxides need to activate CO, on their surface, often on
oxygen vacancies where CO, can coordinate. In Table 5, the
areas of some of the oxides are presented. What can be seen is
that among all of the materials, only for a particular ZnZrOx a
high specific surface area of around 300 m*/g was documented
(in catalysis for CO,-to-gasoline context) while all the other
oxides range between 20 and 160 m*/g. The values obtained
from different methods of making ZnZrOx also differ greatly
(Table S). The oxygen vacancies can be formed both on the
surface and in the bulk phase of the material, yet the ones on
the surface are more favorable (kinetically and thermodynami-
cally).®” Zhou et al. investigated in detail ZnZrOx materials
synthesized with different methods, reaching the conclusion
that more oxygen vacancies (measured using EPR) mean a
higher methanol (or DME) rate of formation.”” The authors
found that the decrease in the surface areas due to the
difference in the synthesis methods leads to a decrease in the
density of oxygen vacancies: ae-ZnZrOx > ht-ZnZrOx > co-
ZnZrOx > im-ZnZrOx.*
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Table S. BET Surface Area Obtained from N,-Physisorption
for the Different Oxides

Catalyst BET (m?%/ g) Ref
FeZnZr 76 44
FeZnZr-T-6h—72h 41-28 44
FeZnZr 94 96
In,0, 121 6s
InCo 30 98
ZnAlOx 151 69
Cr,0, 12.9 68
ZnZrOx 319 72
ae-ZnZrOx" 124 60
co-ZnZrOx" 53 60
im-ZnZrOx" 23 60

“ZnZrOx produced by ae = aerogel method, co = coprecipitation
method, or im = impregnation method.

In contrast with the oxides, zeolites have a very high surface
area, which is only slightly affected by the variation of the Si/Al
ratios or the addition of metals or cations (e.g., Zn) instead of
the framework aluminum or the proton countercation.
Typically, for HZSM-5 the surface area ranges between 300
and 500 m?/g.°>*°>% In comparison, the most reported
HBEA and HY zeolites show higher BET surface areas of
around 550 and 525—750 m?/g accordingly.””° In the study
on the b-axis of ZSM-S it was observed that the longer the axis
of the zeolite, the larger the surface area, ranging from 423 m?/
g for a length of 0.16 ym to 620 m*/g at a length of 1.41 ym.””

3.4. Catalytic Results for CO, to Gasoline through
Methanol. After reviewing the different materials that have
been studied and their first indicative performances (Tables 3
and 4) and characterizations, we aim to critically represent and
compare their catalytic activity. Figure 7 groups the reaction
conditions for the reported catalytic screenings from an oxide
point of view and, more importantly, the frequency at which
the catalysts were tested under such conditions. This frequency
is represented by the circles; the wider the circle is, the more a
catalyst has been tested, i.e., under different modifications on

the synthesis methods, different GHSV, different bed
configurations, or combinations with different zeolites.

The frequency circles show that ZnZrOx has been tested
most extensively in the artifact, followed by FeZnZr and
ZnAlOx. In addition, it is noticeable that the largest diversity of
catalysts is found to have been tested at 30 bar, while only
ZnZrOx has been tested at 40 bar. Moreover, as can be
concluded from Figure 7, most research (in the scope of this
review) has been conducted in a the temperature range of 300
to 350 °C. There are materials that have not been tested at
different pressures or temperatures, indicating that there are
still opportunities for further optimization.

Since all groups have been testing a plethora of catalytic
materials (consisting of two catalytic functions) and con-
ditions, it is very difficult to safely compare catalytic output.
Hence, we deem it essential to try to represent the different
kinds of products in association with the conditions. While
such plots are skewed by research choices, the Figure 8 panels
indicate the frequency in which different types of products
have been produced as the main product by different catalysts
in different temperatures and pressures (even though
conditions other than T, P, or GHSV and catalysts fluctuate).
Most C5+ products are produced as the main product at tests
at a temperature of 340 °C, while most of the aromatics are
encountered at equal or lower temperatures (340 and 320 °C),
as seen in Figure 8a. In the case of olefins (not covered here;
e.g, see ref 101), higher temperatures are generally needed
(>350 °C) in order to promote the different mechanisms (e.g,,
hydrocarbon pool chemistry).'**

As for the pressure (Figure 8b), a trend can be noted for the
aromatic products since they are mostly produced during
experiments at lower pressures. As the pressure increases in
different reports, C2—C4 products are more often found as the
main product. For C5+ products, there is no obvious trend as
they seem produced with the same frequency as experiments at
30 and SO bar. The GHSV (Figure 8c) that is chosen by
researchers varied between 500 and 12000 (mL/g.,)/h. CS+
products were the main products in experiments at higher
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GHSVs (8000—9000 (mL/g.,)/h), while C2—C4 were the were the main products in reactions in both lower and
main products at lower (1000—5000 (mL/g.,)/h). Aromatics relatively high GHSVs. Figure 8 is meant as an indicative
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researchers who published the works.

overview of the materials presented in the literature with a
focus on their testing regime frequency but often includes (or
reflects) choices made by the authors. They should not
necessarily be interpreted as sound conclusions, and therefore,
the effect of the conditions chosen and the products detected
will be studied next in more depth.

3.4.1. Reaction Conditions for CO, to Gasoline through
Methanol. In order to compare the effects of the conditions
across different materials and studies, some variables needed to
be eliminated. For this reason GHSV, CO, conversion, and
feed gas ratios have been combined into one variable named
STX—the space time conversion, given as the amount of CO,
(mmol) that has been converted per gram of catalyst per
hour—and STY—which is the space time yield of gasoline-
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range products (all products with carbon number > §
containing the aromatics) as mmol of C produced per gram
of catalyst per hour—where CS5+ products, both alkanes and
aromatics, are described as gasoline. Figure 9 investigates the
effect of the temperature at a given pressure. Dividing all of the
different catalysts from the literature into categories based on
the pressure used, it can be noted that most tests have been
conducted at a pressure of 30 bar, followed by 50 bar and
finally 40 bar. The highest STX noted is at 30 bar, reaching a
value of ~30 mmol of CO, converted g, ' h™' for the
physically mixed tandem CuZnAlOx/ZSM-5,"° although very
low STXs are also noted for catalysts tested at the same
pressure. It must be underlined that STX in itself does not
provide enough information without STY as in the case of
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CuZnAlOx/ZSM-5 the conversion might be very high, but
since the main product is CO (Table 3), the STY to desired
products is very low. All materials tested at S0 bar show an
STX ranging from 4 to 12 mmolco, conyerted Sear - D - What is

also obvious is that most research groups that work at high
pressures of 50 bar work at a temperature of 340 °C although
relatively high STX and very high STY have also been observed
at a temperature of 300 °C (InCo), meaning that it would be
interesting to investigate the lower temperature region as well
for different materials at high pressure where there seems to be
a gap in the state of the art.

In the same way, Figure 10 examines the effect of the
pressure at a constant temperature. The temperatures
displayed (320 and 340 °C) are the ones where most data
in literature were found. Some of the reports detail the effect of
changing the reaction temperature. In all cases, the conversion
of CO, is increased with increasing temperature; however, the
STY of the desired products either reaches a maximum and
then starts dropping or keeps increasing but at a lower rate.
This is due to the increase in the CO selectivity at higher
temperatures.

Although this representation is a good indication of the CO,
(and STY) conversion dependency, it obscures the effect of
CO selectivity (and thus the extent of the competing rtWGS
reaction). For this reason, Figure 11 presents the equivalents of
MeOH for the most interesting catalysts alongside the STX
and the STY of the gasoline-range products. The equivalents of
MeOH parameter is calculated as the theoretical amount of
MeOH that would have needed to be produced (by the oxide)
assuming that all hydrocarbons are produced through
methanol. In an ideal scenario, the best material for this
reaction should have a high STX (e.g, close to 30 mmol; g~*
h™!), which will then result into the full conversion toward the
desired products (CS+ in this case), while, at the same time, all
products should derive from oxygenates as an intermediate
step (eq MeOH). Comparing the right bar (STY) versus the
middle bar (eq MeOH) indicates the selectivity in the MeOH-
derived products (e.g., equally high when methanol converts to
gasoline and not to C2—C4), while the middle bar versus the
left bar indicates losses to CO. It is clear that while some
materials’ high STX reflects in a high STY (such as for the
InCo catalyst), others show the opposite behavior (CuZnAl
catalyst exhibits very high STX but very low STY of gasoline)
due to extensive CO production.

This is due to the enhanced rWGS activity in these CO, to
gasoline conditions, which are harsher than those in classic
CO, to MeOH conditions. From Figure 11, it becomes
obvious that In,O3;/ZSM-S has one of the best performances,
very closely followed by ae-ZnZr/ZSM-$ and InCo+beta. In
addition, even though the selection of the zeolite is a very
important factor, only limited types of topologies have been
investigated. Gascon and co-workers have shown that the
change in the zeolite topology can largely impact the products
selectivity, as for example, 10MR zeolites (such as ZSM-S)
have optimal effects via oligomerization reactions.'”® However,
zeolites with larger pores can increase the selectivity to longer,
mostly saturated hydrocarbons, such as the BEA zeolite
(12MR), which exhibits high performances when combined
with InCo, but it has not been tried yet with many other
oxides.

3.4.2. Effect of Amounts and Proximity in Tandem
Systems. In the light of nomenclature, a bifunctional catalyst

is one material (one catalyst structure) with two functions
embedded (e.g., a Pt impregnated and still acidic H-zeolite) or
a hybrid core—shell; and not a physical mixture of two
catalysts. Both can be considered a tandem system in the
context here. However, in CO,-to-hydrocarbons, the borders
between physically mixed catalyst pellets, consecutively stacked
(but separate) catalyst beds, or bifunctional catalysts are
murky, especially when considering the option of mortar
mixing the powders before the pelletization.

Before going into details on the proximity of the two
materials (i.e, how the two active catalytic materials are
geometrically arranged with respect to each other), one needs
to take into account the ratio in which they will be used.
Among the studies fitting the scope of this critical review, only
two have explored different oxide to zeolite ratios, and these
are seen in Figure 12. The first group tested two different ratios
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Figure 12. Effect of the oxide to zeolite weight based ratio. The space
time yield (STY) of gasoline and the space time conversion of CO,
(STX) are illustrated. The names of the systems are given as
mentioned by the researchers who published the works.

for the core—shell FeZnZr oxide and zeolite (4:1 and 2:1 of
oxide:zeolite).” It was noticed that by increasing the amount
of the oxide, a slight increase in both STX and STY of gasoline
products was observed. However, only limited information can
be extracted since the ratio was nominal and could be altered
during the synthesis stage and was not studied for multiple
values. A more in-depth investigation was reported by trying
several oxide:zeolite ratios using In,O; and HZSM-S
(assuming a physical mixture of the materials since it was
not clearly stated).”® As expected, the increase in the amount
of oxide will lead to higher STX, since CO, conversion
primarily takes place on the oxide. On the other hand, it seems
that, at an optimum ratio of 2:1, the STY of gasoline products
reaches a maximum. A further increase in the oxide amount
does not affect it positively. It should be mentioned that the
configuration of the catalytic bed plays a role in the significance
of the ratio of the oxide and zeolite. However, this has not
been studied, which does not allow extracting conclusions.
As mentioned before, the proximity between the two
catalytic functions likely plays an important role in the
process.'”* Some research reports have conducted studies on
the catalytic bed configuration in light of understanding the
proximity effect on the catalytic outcome. Most frequently, a
mixed bed is used, where the oxide and the zeolite are mixed
together before loading them into the reactor. This mixing can
be done for the pelletized samples (“physically mixing the two
types of pellets”) or for the powder samples (“mortar mixing”
followed by grinding and pelletizing). Besides the mixed bed
configuration, dual bed approaches are also encountered where
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Figure 13. Effect of the proximity between the two parts of the tandem systems. The space time yield (STY) of gasoline and the space time
conversion of CO, (STX) are illustrated. The names of the systems are given as mentioned by the researchers who published the works. Mixed =
physical mixture of pellets; dual = two separate layers; mortar mixed = mixture after grinding; and quartz = dilution with inert quartz.

the two materials are placed as two separate layers with or
without a thin inert layer in between (usually quartz sand).
This research is currently at a very preliminary level, leaving a
big gap in the understanding of how the two different reactions
contribute to the final product and influence each other. Only
four research works in this particular direction could be
identified and are presented in Figure 13. First, when the two
materials are added as separate layers, the idea is that
oxygenates must be produced on the first layer and these
oxygenates will be converted down flow into hydrocarbons on
the second layer. Thus, when zeolite is used as the first layer,
no STY of gasoline products was observed and the feed gases
are directly converted on the oxide layer, giving the expected
STX (experiments conducted on In,O; and ZSM-5).*> Only
two of the groups have tested and compared the results from
physical and mortar mixing methods.”>’ Interestingly, while
in one case (ZnAlOx and ZSM-$), no significant difference was
noticed, in the second case (In,O; and ZSM-S) it was
indicated that the mortar mixing favored the formation of
MeOH and CH,. A possible explanation could be the presence
of (mobile) In that could alter the function of the zeolitic
material, but no further research has been done. In addition,
when comparing the physical mixing with the dual bed
configuration, the physical mixture shows a slightly better
performance in almost all cases, as both the STX and the STY
to desired products are higher when the catalysts are mixed.
The only exception is seen for the system of InCo and ZnBEA
(Figure 13) and this difference was ascribed to the possible
migration of the oxide elements onto the zeolite, leading to
higher Zn and InCo proximity, which can negatively affect the
reaction.”® Based on Figure 13 and its interpretation, it is clear
that this aspect has not been studied enough. Even in cases
where experimental data exist, not enough explanation and
research has been done to prove how the proximity affects the
discussed reactions.

The fact that closer proximity benefits the reaction
selectivity toward targeted products has been studied using a

different system, using a bioderived platform (rice husk)
during synthesis of ZnZrOx/ZSM-5 @RH, where ZnZrOx is
synthesized from ZnZrMOF precursor. The distance between
ZnZrOx and ZSM-5 was altered by adjusting the amount of
rice husk used during synthesis, showing that increasing the
proximity can increase the aromatic content selectivity.
However, even though the ratio between oxide and zeolite is
kept stable, the total amounts are adjusted due to the different
synthesis amounts, leading to slight differences in conversion
levels.'*

3.5. Mechanism of the Tandem System. Controlling
the hydrocarbon distribution in CO, hydrogenation is a
challenging task due to the complex reaction mechanisms
involved inside the zeolite pores and the wide variation of the
catalyst properties. The strength of the acid sites, their density,
and accessibility, in addition to the steric effect induced by the
different pore sizes, could affect the selectivity toward specific
hydrocarbons. In general terms, ZSM-S zeolites (MFI topology
with 10MR channels) demonstrate selectivity toward the
formation of aromatics, while in MOR topology (with larger
12MR channels) the olefins production is enhanced. On the
other hand, FAU and BEA topologies were found to be more
selective toward isoparaffins. Below, we summarize the
mechanistic insights from the reported studies, highlighting
the key intermediate steps and the effect of the bifunctional
catalysts in the production of gasoline from CO, hydro-
genation. We limit the discussion here to MTG insights from
tandem systems, as the literature on MTG (MTH) is extensive.

As in the case of CTM (Section 2.2), the reaction
mechanism in the MTG part of the tandem was mainly
followed by using IR spectroscopy techniques. In the most
standard protocol, the CO, hydrogenation will be followed on
the metal oxide phase, and the results will be compared to
those obtained on a hybrid metal oxide and zeolite material.
The main advantage of the hybrid material is in facilitating the
desorption of CH;O* species through their migration from the
metal oxide phase to the zeolite phase. This effect was, for
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example, reported for mixed ZnAlOx/H-ZMS-5, where the
desorption (or dissociation) of the CH;0* species was
facilitated, allowing their conversion into olefins over HZSM-
S, via methanol or DME as intermediates. Several other reports
have reported the same effect, for example the work of Tan et
al. on the core—shell FeZnZr-ZSM-5 and FeZnZr-T-ZSM-§
catalysts and the work of Wang et al. on the use of ZnZrOx and
ZSM-5."*> In a further step, the aromatization of the
produced olefins occurs in the micropores of HZSM-5.%
However, there was no clear follow-up of the mechanism for
studying the formation of aromatics. Similar findings were
reported for the physically mixed ZnZrOx and ZSM-5
catalyst.”* An additional advantage reported for this physically
mixed ZnAlOx/H-ZMS-5 catalyst was the selective poisoning
of the external acid sites of the zeolite by the oxide, which is
generally responsible for the hydrogenation of the olefins. This
was supported by the adsorption of 2,6-di-tert-butyl-pyridine (a
bulky base probe that selectively interacts with external acid
sites without being able to access the inner channels of ZSM-
S). Li et al. established an elaborated mechanistic study for the
CO, hydrogenation to aromatics over a hybrid ZnZrOx/ZSM-
S catalyst, as summarized in Figure 145 Using DRIFTS, the

Facilitate aromatization by
limiting the olefins-weak acid
sites interaction

CO, and H,0
suppress polycyclic aromatics

H, migrate from zeolite to oxide surface
H, gets re-consumed in the CO, hydrogenation

Figure 14. Insights on the tandem CO, hydrogenation to aromatics
over a physically mixed ZnZrOx/ZSM-5 catalyst. Adapted with
permission from ref 63. Copyright 2019 Elsevier.

authors also reported a decrease in the intensity of the peaks of
CH;0%* species on the ZnZrOx surface, implying their transfer
onto the zeolite surface. The ease of migration of the CH;0*
species from the oxide surface onto the zeolite is a key
parameter to enhance the selectivity toward the formation of
aromatics in ZSM-5 zeolite, which explains the higher
selectivity of the hybrid catalyst (with the highest contact
surface between the oxide and the zeolite) in comparison to
the granules of mixed oxide-zeolite. Furthermore, mass
spectrometry was used to compare the product distributions
during the hydrogenation of CO, over ZnZrOx/ZSM-5 and
MTO over HZSM-S. The results show that ethylene, propane,
and methanol are first formed in both reactions. The formation
of aromatics was noticed earlier in the case of CO,
hydrogenation, suggesting that the CH;O* species (and not
methanol) are the main active intermediates in the hybrid
catalyst. Another advantage of the tandem process over the
MTO was the formation of H,O during the reaction, which
seems to be involved in increasing the selectivity toward
aromatics. To clearly understand the role of H,O, a cofeed of
ethylene-H,O was added over ZSM-5, and the results show
that the presence of a moderate amount of H,O facilitates the
conversion of light olefins to aromatics (by a factor of almost

1.8). This behavior was explained by the competitive
adsorption of H,O and ethylene on the weak acid sites,
which are prone to hydrogenation and isomerization reactions.
The saturation of the weak acid sites by adsorbed H,O
molecules favors the conversion of ethylene over the strong
acid sites, leading to aromatics. Another important parameter is
the generation of surface hydrogen species during the
aromatization of olefins over ZSM-5. These latter can slow
the aromatic production in the sole MTA. Luckily, in the
tandem process, the generated hydrogen species are believed
to migrate to the oxide—zeolite interface, where they will be
consumed by the metal oxide in the CO, hydrogenation step.
However, no mechanistic proof was established. It was also
observed that the presence of CO, and H,O in the feed
suppresses the formation of polycyclic aromatics, typically
responsible for catalyst deactivation in MTA (Figure 14).%°
The low deactivation rate during the CO, hydrogenation to
aromatics in comparison to sole MTA was also reported by
other research groups using bifunctional catalysts (e.g., Wang
et al. using Cr,0,/ZSM-5).%®

The selectivity toward aromatics can also be improved by
tuning the location of the active acid sites in the zeolite. In that
sense, Wang et al. designed a core—shell structured zeolite
capsule catalyst where the outer surface acid sites (responsible
for undesirable alkylation, hydrogenation, and isomerization)
were passivated by a nonacidic silicalite-1. The zeolite was
mortar mixed and pressed with Cr,O; prior to its use in the
tandem conversion of CO, to aromatics. The DRIFTS
measurements on pure Cr,O; and the bifunctional catalyst
show that the HCOO* species almost disappeared in the
bifunctional catalyst. Instead, peaks corresponding to CH;0*
at 1045 cm™' and C—O—C at 1211 cm™" appeared, indicating
the formation of methanol and ethers on the zeolite. Moreover,
the vibrational peaks from the benzene ring skeleton (at 1644
cm™) and the ramifications on the ring (801 cm™) were also
observed, confirming the formation of aromatics in the
presence of ZSM-5 zeolite.”® The performance of the dual
catalyst was superior to the single HZSM-S (tested in MTA),
which is in accord with the results obtained by Li et al
suggesting that the migration of the formed hydrogen from
olefins aromatization is the rate-limiting step for the formation
of aromatics from olefins on the zeolite.°*®® Thus, the
enhanced proximity between the metal oxide and the zeolite
will lead to a higher selectivity toward aromatics by increasing
the hydrogen migration but also by easing, in the first step, the
diffusion of the CH;O* species from the oxide to the zeolite
surface. The impregnation of metal oxide on the zeolite surface
can thus be suggested as a method to increase the intimacy of
the two catalysts. However, the random dispersion of the
metals on the zeolite surface may reduce the diffusion into the
zeolite pores or even block the inner acidity which can be
translated in the formation of light hydrocarbons and
isomerization products. Controlling the zeolitic acid site
density, location, and strength plays a big role in defining
the product’s distribution. It is known that the relatively strong
acid sites are beneficial for aromatics formation. Wang et al.
noticed that the aromatics selectivity increased over the
bifunctional catalyst Cr,O;/HZSM-5 with higher Si/Al ratios
(higher local acid strength). On the other side, an excessive
number of acid sites is linked with the overhydrogenation of
light olefin intermediate. The accessibility level of the acid sites
is also primordial. The highly exposed acid sites (external
surface) favor undesirable alkylation, hydrogenation, and
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isomerization reactions, while the internal sites (into the
micropores) are believed to boost the formation of aromatics.
It is also considered that the formation of aromatics in HZSM-
S follows a hydrocarbon pool mechanism, where methanol
intermediates are first converted into light olefins (possibly on
both external and internal sites). These species will later follow
successive oligomerization, cyclization, and dehydrogenation
to produce aromatics in the inner porosity.’”'’® The proximity
of the external/internal acid sites, as well as the influence of
site accessibility, can still benefit from a better in-depth
analysis, which can be performed by the adsorption of basic
probes with increased molecular size (to evaluate the
accessibility index of the various types of acid sites) or by
selectivelg ?omomng the external acidity prior to catalytic
tests, 610

In summary, the tandem conversion of CO, to aromatics
should meet the following points: (a) a sufficient amount of
methanol (and thus methanol synthesis catalyst) for the
following MTA process; (b) an appropriate distance between
the two active sites to facilitate the migration of the methoxy
species to the zeolite and the backward migration of the
produced hydrogen in the zeolite to the oxide; and (c) zeolite
acid sites with suitable amount, strength, location, and
accessibility.””*® The zeolite topology remains an important
factor in defining the nature of the products between aromatics
(acid sites in suitable channels of ZSM-S) or longer chain
hydrocarbons, e.g., Cs, (FAU, BEA, and also ZSM-S5). 60,64,65,95

Tan and co-workers made several attempts to produce
gasoline from hydrogenation. In their first work, a hybrid
FeZnZr/HY catalyst was used, and several catalytic tests were
performed in order to gain insights into the formation
mechanism of isoalkanes.””> When performing the CO,
hydrogenation reaction on FeZnZr/HY, a majority of iso-C,
(selectivity ~ 42%) and iso-C; products (21%) were obtained
with partial formation of C; to C, linear alkanes. Similar
hydrocarbon distribution was obtained when feeding methanol
instead of CO, (Sigo.c4 & 36% and S;,.cs ~ 18%) which implies
the formation of hydrocarbons by the conversion of methanol.
Interestingly, the sole HY catalyst shows a lower selectivity of
isoalkanes in comparison to the FeZnZr/HY composite, which
indicates that FeZnZr is not limited to methanol synthesis but
also contributes to the formation of isoalkanes, but no
additional explanation on the role of FeZnZr was given.” It
may be suggested that FeZnZr helps in consuming the formed
hydrogen species (from olefins dehydrogenation), allowin
their easier migration from the zeolite to the oxide surface.””
Or else, this can be attributed to the difference in reactivity
between the methanol and methoxy species, when these latter
are formed on the surface of the metal oxide. A relationship
between the increase in the isoalkanes selectivity (iso-C, and
iso-C;) and the decrease in the selectivity of C, and C, linear
alkanes suggests that iso-C, is formed from the reaction of a
linear C; with methanol through MTG reaction while iso-Cj is
formed via the additive dimerization of C, and Cs, a typical
acid-catalyzed reaction that can take place on the zeolite
(Figure 15).

Further, a core—shell FeZnZr-zeolite catalyst was prepared,
which, in comparison to conventional mechanical mixed
catalysts, showed improved isoalkane production from CO,,
possibly due to increased confinement in the reaction space.
The confined reaction space can effectively control the
consecutive secondary reactions of the intermediate species,
especially in the presence of the appropriate zeolite shell size

C; + methanol = iso-C,

,. o c1
Cz
co, + Hz C3 \
G C,+C; D iso-Cg

Methanol

Figure 15. Proposed reaction pathway to produce isoalkanes from
CO, hydrogenation over a FeZnZr/HY catalyst. Adapted with
permission from ref 95. Copyright 2007 Elsevier.

and acid site density. The authors found that BEA zeolite
favors the generation of iso-C, while the ZSM-5 zeolite favors
the iso-C;, components. The reasons were explained by
different hydrocarbon formation mechanisms on both top-
ologies. Over BEA zeolite, the formation of ethylene and
propylene occurs through the aromatic side-chain mechanism
while ZSM-5 zeolite favors the paring mechanism, where
1,2,4,5-tetramethylbenzene is the predominant aromatic
precursor.'”""* In Figure 16 we show the proposed
mechanism for the production of ethylene and propylene
from 1,2,4,5-tetramethylbenzene following (1) the pairing
mechanism and (2) the side-chain mechanism. Other
alternative mechanisms were also reported in the literature
and are also reported in Figure 16, such as (3) the paring-type
mechanism and (4) the ring-expansion mechanism. Mecha-
nism 3 is the only mechanism that does not involve a
methylation step since the ring contraction occurs after a
simple protonation step. For all of the other mechanisms, the
methylation step is required (carbon from the methylation step
is shown in red). After the methylation step, the paring
mechanism follows a ring contraction to a five-membered ring.
As a result, ethyl or isopropyl groups are formed and are
subsequently cracked into ethylene or propylene, respectively.
Both molecules contain one carbon from the aromatic ring,
The side-chain mechanism is also initiated by a methylation
step, which is in this type of mechanism followed by a
deprotonation, resulting in the formation of an exocyclic
double bond. Further methylation steps can take place on the
exocyclic double bond to form a side chain that can crack into
ethylene (after one additional methylation) or propylene (after
two additional methylations). Finally, the ring expansion is also
initiated by methylation which is followed by the ring
expansion. After isomerization steps, alkyl ramifications are
formed and eliminated. The produced ethylene or propylene
contains one aromatic ring carbon, similarly to the pairing
mechanism.''*~""* The following mechanism majorly affects
the final products. If assuming that ZSM-S follows the pairing
mechanism, the formation of propylene can thus be favored
over ethylene, leading to iso-Cs, products by the oligomeriza-
tion of propylene with C, or larger olefin products. On the
other hand, the side-chain mechanism (favored over BEA
zeolite) may favor ethylene production over propylene, which,
after oligomerization, produces iso-C, (ethylene + ethyl-

ne).'°”""! The combination of two zeolite topologies was
shown to improve the selectivity toward isoproducts, where
high yields of iso-C, and iso-Cs, were obtained with double-
zeolites shell catalyst (ZSM-S/BEA and ZSK-S/HY). This high
performance was attributed to the synergetic effect between
the zeolite topologies; however, no additional mechanistic
understanding was given, mainly due to the complexity of the
sy'stem.96

In a more recent work, Tan et al. further improved the
production of gasoline from CO, hydrogenation over a core—
shell FeZnZr@ZSM-S catalyst by optimizing the amount of
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Figure 16. Summary of proposed mechanisms to produce ethylene and propylene from 1,2,4,5-tetramethylbenzene (a model aromatic compound).
The different paths represent different mechanisms. From 1 to 4, the mechanisms are (1) the paring mechanism, (2) the side-chain mechanism, (3)
the protonation mechanism or the paring-type mechanism, and (4) the ring-expansion mechanism. The colors of the carbon atoms represent their
origin in the mechanism: black (aromatic ring carbon), white (methyl ramification in 1,2,4,5-tetramethylbenzene), and red (methyl groups from the
methylation step). Adapted with permission from ref 111. Copyright 2014 Elsevier.

Bronsted acid sites and the thickness of the zeolite shell.''

The acid strength was estimated on the FeZnZr core using
NHj;-temperature programmed desorption (TPD) where weak
and medium acid sites are observed (broad peak between 100
and 450 °C). However, the ones presumed desired for
methanol conversion (strong acid sites) were not de-
tected.””''* The NH,-TPD profiles on a series of FeZnZr@
ZSM-5 core—shell catalysts with different FeZnZr/zeolite
ratios show that the density of strong Bronsted acid sites
increases with the increase in the fraction of zeolite. However,
an excessive amount of sites enhances the hydrocracking of the
long-chain hydrocarbons and the hydrogenation of lower

olefins, which results in a drop in the selectivity to gasoline.
Next to controlling the acid density, the thickness of the zeolite
shell affects the contact time of the reactants and intermediates
with the inner zeolite acidity. The zeolite shell only becomes
effective from a certain thickness, where a thin shell will limit
the contact time between methanol and the zeolitic acid sites,
leading to no beneficial effect. On the other hand, a large
zeolite shell will enhance the production of aromatics by the
high abundance of acid sites. The adequate thickness of the
shell will lead to a higher Cs, selectivity; however, this will also
be dependent on the used GHSV.
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Table 6. Possible Reactions on the CTM and MTH Sides of the Methanol-Mediated CO, to Hydrocarbons Reaction

Reaction no.

Description
Reactions on the CTM Side
CO, hydrogenation to methanol

Reaction

CO, + 3H, © CH,0H + H,0

REVIE

2 Reverse water—gas shift CO, + H, & CO + H,0

3 CO hydrogenation to methanol CO + 2H, & CH;OH

4 Methanation of CO CO + 3H, < CH, + H,0

N Methanation of CO, CO, + 4H, < CH, + 2H,0
Reactions on the MTH Side

6 Methanol to ethane 2CH;0H + H, - C,H4 + 2H,0

7 Methanol to propane 3CH;0H + H, — C;Hg + 3H,0

8 Methanol to butane 4CH,;0H + H, —» C,H, + 4H,0

9 Methanol to ethylene 2CH;0H — C,H, + 2H,0

10 Methanol to propylene 3CH,0H — C;H¢ + 3H,0

11 Methanol to butylene 4CH,OH — C,H; + 4H,0

12 Autocatalytic growth of ethylene from methanol C,H, + 2CH,0OH - 2C,H, + 2H,0

13 Autocatalytic growth of propylene from methanol C;Hg + 3CH;0H — 2C;Hg + 3H,0

14 Autocatalytic growth of butylene from methanol C,Hg + 4CH;0H — 2C,H; + 4H,0

18 Ethylene hydrogenation to ethane CH, + H, » C,Hy

16 Propylene hydrogenation to propane C3Hg + H, — CyHy

17 Butylene hydrogenation to butane C,Hg + H, » C,Hy,

18 C;_g formation from ethylene (oligomerization reaction) C,H, — 0.307C,_g

19 C;_g formation from propylene (oligomerization reaction) C;Hg — 0.461C,_,

20 C;_g formation from butylene (oligomerization reaction) C,Hg = 0.615C_g

21 Cs_g cracking to ethylene 0.307C,_g — C,H,

22 Cs_g cracking to propylene 0.461C;_g — C;Hq

23 Cs_g cracking to butylene 0.615C,_g — C,Hy

24 C,, formation from ethylene and C;_g C,H, + C;_g — 0.809C,,

25 Cy, formation from propylene and Cg_g C;Hg + Cs_g = 0.904C,

26 C,, formation from butylene and Cs_g CHg + C_g = Cy,

From this study, we conclude that the methanol (or DME)
coming from the oxide phase will be converted on the
Bronsted acid sites of the zeolite (shell) to first form light
hydrocarbons (C,—C,). These latter will follow a cascade
polymerization, isomerization, and hydrogen transfer reaction
to make Cs, gasoline product range products. An appropriate
amount of BAS and shell thickness are needed to enhance the
Cs, formation.”®'%%''37'2% The excessive amount of BAS can
cause the undesired production of light alkanes either by
hydrogen transfer of the light C,—C, olefins or by the cracking
of longer hydrocarbon chain molecules.''”

3.6. Modeling of the Tandem System. Studying the
kinetics of the tandem catalytic system of the methanol-
mediated CO, to hydrocarbons reaction creates multiple
challenges as it is not sufficient to simply combine the kinetics
of the different steps, but it implies one should consider the
way each rate is influenced by the others.

To start with, Sharma et al. have highlighted various kinetic
studies for the CTM reaction using both noble and non-noble
metal catalysts.” Primarily, Cu-based systems have been
explored for metal-catalyzed methanol synthesis. For instance,
Graaf et al. developed Langmuir—Hinshelwood—Hougen—
Watson (LHHW) kinetics for low-pressure methanol synthesis

over a CuZnAl catalyst, indicating that methanol can be
produced from both CO and CO,, coupled with dissociated
hydrogen.'”" Diaz et al. proposed an LHHW model with a
three-site adsorption mechanism over a PdCuZn/SiC catalyst,
identifying formate hydrogenation as the rate-determining
step.'>* Similarly, Grabow and Mavrikakis introduced micro-
kinetic models using Cu/ZnO/ALO; catalyst that integrate
multiple reaction intermediates and byproducts such as
HCOOH?*, CH;0,*, formic acid, formaldehyde, and methyl
formate.'”* Frei et al.'>* developed a microkinetic model for
CTM over In,0;, while Hus et al."** described a mean-field
microkinetic model encompassing 33 reversible elementary
steps for CTM kinetics over various metallic catalysts.

The kinetics of the MTH reaction are complex and have
been extensively studied, particularly with ZSM-5 and SAPO
catalysts focusing on olefin production (MTO). However,
recent studies, as reviewed by Ghosh et al,'*® have also
considered the production of higher hydrocarbons from
methanol. Park et al. created a kinetic model for the MTO
reaction using an HZSM-$ catalyst, attributing primary olefin
formation to the surface oxonium ylide mechanism and higher
olefin formation to the carbenium ion mechanism.'”’
Kaarsholm et al. proposed a hydrocarbon pool mechanism
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model with 1S5 primary reaction steps, explaining olefin
generation through reversible reactions over a phosphorus-
modified ZSM-5 catalyst, with high molecular weight hydro-
carbons forming alongside olefins within the catalyst pores.'**
Aguayo et al. developed a kinetic model featuring seven
product lumps for MTO over HZSM-5 at 400—500 °C."*’
Kumar et al. demonstrated that DME and primary olefins form
via an aromatic hydrocarbon pool, with higher olefins forming
through an alkene homologation cycle.*’ Ryu et al. proposed
nine reactions based on the hydrocarbon pool mechanism,
resulting in lower paraffins, olefins, and CS+ hydrocarbons
using SAPO-34 for MTO."!

Conversely, limited literature exists on the kinetic modeling
of direct hydrogenation of CO, to hydrocarbons mediated by
methanol with a tandem catalytic system. According to Sharma
et al,” tandem approaches result in higher activity rates and
selectivity (versus pure CTM and MTH) due to the synergistic
effects. For example, as already mentioned, it has been
suggested that a Cr,0O;/HZSM-S mixture facilitates surface
diffusion of methanol intermediates from the oxide to the
zeolite, enhancing overall performance.

The full list of possible reactions linked to the CTM and the
MTH of the methanol-mediated CO, to hydrocarbons
reaction modeling used by the only two studies found on
the topic (Cordero-Lanzac et al. and Ghosh et al.'*%) are
detailed in Table 6.

Cordero-Lanzac et al. presented an LHHW kinetic model
for the direct hydrogenation of CO, to light hydrocarbons (up
to C4) using a PdZn/ZrO, + SAPO-34 catalyst.'*” This model
includes reactions 1—4 (on the metal alloy/oxide side) and 6—
8 (on the SAPO-34 side) from the showcased set in Table 6.
This model assumes that methanol is converted to ethylene,
propylene, and butenes over the SAPO-34. Afterward, the high
partial pressure of H, and the Pd in the catalyst results in the
fast hydrogenation of olefins to ethane, propane, and butanes.

The study evaluated the performance of a three-layer
reactor, configured with 10% of the bed containing CTM
catalyst, 80% with a 1:1 mixture of catalysts, and the remaining
10% with MTH catalyst versus mixed and dual bed
configurations. The three-layer reactor achieved conversion
levels similar to those of the mixed bed configuration and
higher than those of the dual bed configuration. In all
configurations, the simulated CO, conversion and product
distribution closely matched experimental observations under
various process conditions. However, the kinetic model
developed for the study assumed steady-state conditions and
did not account for catalyst deactivation, as it was based on
laboratory-scale observations, indicating potential areas for
further improvement.

The study by Ghosh et al. proposes an LHHW kinetic
model for the direct hydrogenation of CO, to hydrocarbon
products, including the gasoline range and, e.g, a C9+ lump,
over an In,0;/HZSM-S bifunctional catalytic bed. This model
integrates an LHHW-based reaction mechanism for the
hydrogenation of CO, to methanol over the In,O; catalyst
with a lumped MTH model over the HZSM-5 zeolite. The
MTH model was adapted from the kinetic model for the
conversion of DME to olefins over HZSM-S zeolite, developed
by Perez-Uriarte et al.'*® This model includes reactions 1—2
and 5 (on the In,O; side) and 9—26 (for the HZSM-S side)
from the showcased set in Table 6.

It is important to note that this model does not include
DME as an intermediate in the conversion from methanol to

hydrocarbons, despite it being a key component in the Perez-
Uriarte et al. lump model used as a reference. Ghosh et al.
determined that incorporating DME-related reactions had a
minimal impact on fitting the experimental data. Additionally,
DME was not detected experimentally, suggesting that it is
consumed too rapidly to be observed as an intermediate in the
formation of hydrocarbons.

Compared to the Cordero-Lanzac et al. model, the Ghosh
model incorporates a more extensive reaction network and
achieves the production of higher hydrocarbons. It implements
CO, as the precursor of methane instead of CO and considers
the intermediate transformation of methanol into olefins. It
also effectively captures the suppression of the rWGS reaction
and demonstrates how variations in catalyst mass ratios can
influence methanol output and selectivity toward higher
hydrocarbons. Additionally, the model shows a higher
hydrocarbon yield compared with the indirect CO, hydro-
genation route (so CTM + MTH), evidencing the relevance of
tandem catalysis.

However, there is room for improving the Ghosh model.
The prediction accuracy for methanol and CO production in
the CTM section is not as high as that for other products.
Integrating a more comprehensive model for the CTM section
such as the one developed by Frei et al., which achieves errors
within the 0.15 range, could enhance the accuracy. Ghosh et al.
also suggests that inaccuracies may arise from using the exact
kinetic parameters for CH;OH, CO, and CH, formation from
a previous study by Ghosh et al. (2021), which focused solely
on the CTM section.'”* Refitting the kinetic parameters within
the tandem context is necessary. On a similar note, the model
does not fully account for the inhibiting effects due to higher
concentrations of water and hydrocarbons on the CTM sites
nor the effects of high concentrations of CO, and H, on the
MTH sites. Better performance of the model could also be
achieved by integrating aromatics as separate components
instead of lumping them together. Finally, regarding catalyst
stability, the modeling study by Ryu et al. addressed important
factors such as coke formation and deactivation for SAPO-34
and this could be adapted for the HZSM-S catalyst used by
Ghosh.

4. OUTLOOK AND PRACTICAL INSIGHTS

In the present day, there is no clear understanding of the
mechanism of combined CTM and MTG in one step using
tandem catalytic systems. There is a clear need for more
uniformity in research methodologies as well as in the way
results are presented or plotted in order to safely compare
catalysts or conditional changes and infer safe conclusions.
Along with temperature and pressure, the GHSV is obviously
the most important condition in such systems, and thus a clear
mentioning is demanded, along with details on how it was
calculated based on real reactor inputs. In addition, it is
essential for results to be translated in space time yields and
conversions in order to compare systems at different GHSVs.
In the same perspective, it is important to report and plot
selectivity on a carbon basis and not only on a hydrocarbon
basis to avoid misleading information especially when the
conversion is low and the carbon balance is not 100%. The
carbon balance issue indicates that the “missing” carbon can be
relatively high compared to the amount of carbon that is
converted, and this is often overlooked. The hydrocarbon basis
often embellishes results or allows one to highlight smaller
differences, but one can ask what the point is if the catalyst
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makes over 70% of CO. From this perspective, ways to
decrease the CO content of the final product need to be
studied in such systems. It has been proven that the addition of
CO in the feed, or the recycling of it from the output of the
reactor, works beneficially to suppress the unwanted rWGS
reaction, but only few researchers have included the CO
cofeeding technique in the systems that are discussed. At the
same time it was observed that no variations of pressure were
studied for specific systems, and our recommendation is to test
at least a high- and a low-pressure regime. In parallel, when
different temperatures are tested for a system, it is deemed
critical to present the same temperature testing for the CTM
part alone, due to the fact that higher temperatures could lead
to higher selectivity toward CO resulting in a higher yield of
gasoline through a different, additional route. This could help
researchers understand better the mechanistic route that is
being followed and consequently enhance the product
production through one particular pathway. The CTM part
of the tandem systems always needs to be presented as a
comparison and clarification of the route that is being followed.
When reporting STX and STY of a CTM catalyst in order to
compare its role in the tandem, it is advisible to make sure the
weight of catalyst (g) basis is adjusted: i.e., the oxide part in a
1:1 tandem where STX is reported is actually converting twice
the amount of CO, per unit of time on an oxide weight basis.

Nowadays, a lot of effort is being made to synthesize
complex bifunctional systems especially for integrating the
CTM part on, in, or underneath a zeolite part (e.g, core—
shells). However, the stability of these systems and the
possibility of using them at larger scales in industrial conditions
need to be taken into account since most of the times such
systems lack efficiency and present tedious and expensive
synthesis methods unfit for scaling up. In such complex catalyst
designs, long-term stability (on stream and in repetitive
regeneration) also remains questionable. In that sense, separate
dual component systems working in tandem might offer a
better perspective.

Moreover, in such coupled systems, research still needs to be
done on how the materials are best geometrically placed inside
the reactor and how this affects their interaction. There is a lot
of space and need to further investigate the effects of proximity
and catalyst bed configuration. In some cases, the proximity
had a detrimental effect on the reaction, while on others, the
opposite was seen. It is important to understand what the main
mechanistic factors are that influence the tandem system both
chemically, physically (mass transport), and heat-wise, in
particular when altering the proximity of the materials.
Reasoning about the beneficial role of particular configurations
without considering these fundamentals would not improve
the total understanding of the coupled catalyst and its
functioning in a gaseous reactor.

On the mechanistic side, it would be of great importance to
compare, with a standard protocol, the shift in the IR peaks of
the intermediate species for the different oxides. Later, it would
be useful to link this shift to the strength of interaction of these
intermediates with the surface (adsorption energies, ease of
desorption, and rate-determining steps) in order to correlate it
to the catalytic performances. More care could also be given to
the stability of the intermediates on the surface, which
translates into their activation and desorption rates. Recently,
this was found to affect the rate-determining step of CO,
hydrogenation, leading to variations in the reaction pathways.
For the tandem process, the study of MeOH adsorption of the

oxide and zeolite catalysts may deliver a better understanding
of the migration of methanol (or methoxy species). A high
affinity toward MeOH is needed for the used zeolites, yet the
excessive interaction may lead to lower MeOH conversion or
enhanced coke formation. Integrating a more comprehensive
kinetic model for the CTM section, which achieves errors
within a low range, could enhance the robustness and
scalability of the process design. Models for tandem catalysis
should be improved or developed de novo, with coke
formation and catalyst deactivation integrated into the kinetics.

It is crucial to mention that up to this date no research has
focused on producing a drop-in gasoline directly from CO,
through methanol, and this is because most work targets
specific products (aromatics, alkanes, olefins, etc.) and not a
blend of hydrocarbons that would be a directly acceptable
product itself. Such a work or focus could open many
possibilities in the field; however, the challenges to overcome
are many, especially if the goal is a product that meets the
official qualifications for an engine fuel. Easily blendable
fractions could also be considered. In the future the demand
for hydrocarbon blends with specific properties may be seen as
a relevant target for CO, reuse pathways.

Beyond gasoline, research efforts are also targeting the
production of other fuels, for instance, sustainable aviation
fuels (SAFs), which are gaining more and more attention as
part of global goals to reduce CO, emissions. In particular, e-
SAFs (SAFs deriving from CO, and electricity through the
methanol or FT pathway) have seen large investments from
international companies globally for plants to be functional
before 2030. Methanol-derived jet fuels are the basis for many
of these investments; however, many challenges remain due to
the complexity of these chemical routes. Among others, due to
the fact that by targeting specific blends, significant byproducts
(e.g, LPG) are expected in a similar way as in the MTG
process.'*® This statement reinforces the need for dedicated
scientific studies on the development of catalysts and processes
for the conversion of CO, to fuels via the methanol route.

5. CONCLUSIONS

CO, conversion to MeOH followed by MTG in one step over
a tandem system is a very challenging topic due to the multiple
reactions occurring at the same time with direct influence over
each other. Choosing the right catalytic materials for each
reaction and at the same time combining them in the right way
by altering the ratio of the catalysts or the configuration of the
catalytic bed are of high importance, and some research has
been done in this direction with ZnZrOx being the most
highlighted oxide for CTM and ZSM-S being the most
researched zeolite for MTG/MTA. Additionally, the con-
ditions at which such coupled processes occur and the
frequency of their usage have been investigated here, in
order to draw relations with product profiles, as they can
enhance or minimize the yields of desired products or shift the
reaction in different directions. The areas that lack under-
standing and need further investigation have been underlined
as well as the directions and practical guidelines which
researchers could follow to obtain useful data (i.e., allowing
easy verificiation and comparison) on such complicated
systems. Overall, it cannot be safely concluded what the effect
of increasing temperature at a given pressure is because even
though there is an increase in the STY of desired products,
there is no clear evidence that this is indeed due to the
temperature effect or the alteration of the mechanism of the
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reactions. As for the pressure, no clear comparisons under
different pressures were made while keeping the rest of the
parameters stable. For these reasons it was necessary to study
the mechanistic aspects of such systems as the mechanism can
show such shifts between FTS or CTM combined with MTG
or explain the prevalence of classes of products (aromatics vs
light olefins, e.g.). IR spectroscopy is widely used in studying
the mechanism of CO, hydrogenation, and several mechanistic
insights were extracted mainly by determining the reactions
intermediates (formate and methoxy species). However, the
comparison between different oxides must be made with a
standard protocol, which is lacking to date. It would be of great
importance to compare the shift in IR peaks to the strength of
the interaction of the intermediates and, later, to the catalytic
performances. Kinetics of these systems are also a challenging
topic, as the prediction accuracy for methanol and CO
production in the CTM section is not as high for other
products. It has been suggested that inaccuracies may arise
from using the exact kinetic parameters based on studies that
focused solely on the CTM section. Refitting the kinetic
parameters within the tandem context is necessary. Overall,
more research needs to be done to obtain a deeper
comprehension of how tandem systems work if one truly
desires high STXs and STYs to coincide. The future
perspectives and challenges were discussed in detail, leading
to a key conclusion that more specific investigations into the
direct synthesis of drop-in capable gasolines or (e-)SAFs need
to be addressed in order to obtain realistic fuels closer to the
desired qualifications of the industry at the moment.
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