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Abstract

The objective of this project was to develop tandem catalysts for CO> hydrogenation to light
olefins. Two series of methanol synthesis catalysts were examined: CusoZn2sAlzs catalysts
modified with Mg, and In,03-ZrO; catalysts modified by dopants (the dopants are denoted B,
C and D). These catalysts were first screened for CO» to methanol reaction (CTM) performance
and then combined with SSZ-13 zeolite to form a tandem catalyst system for light olefin
production by CO> hydrogenation. The results indicated that In,O3-ZrO» (In-based) catalysts
had higher methanol selectivity and yield at high temperatures (>300 °C), while Mg doped
CusoZnasAlys catalysts had the opposite properties. Therefore, In-based catalysts were preferred
as CTM components of tandem catalysts during CO> hydrogenation to olefins. For the CTM
reaction alone, adding B element to the In-based catalyst increased CO> conversion, while the
D element dopant improved the selectivity for methanol and decreased the selectivity for CO.
However, the addition of component C was not beneficial. A tandem catalyst including both
CTM and methanol-to-olefin (MTO) catalyst components were studied for CO2 hydrogenation
to light olefines. The tandem catalyst containing D-modified In203-ZrO; coupled with the
MTO reaction catalyzed by SSZ-13 zeolite (D+SSZ-13), showed the lowest CO selectivity and
the highest selectivity for light olefins. Whereas, the tandem catalyst with B-modified In,O3-
ZrO; had the lowest olefin selectivity due to the CTM catalyst also promoting olefin
hydrogenation. The stable performance of the tandem D-modified In,O3-ZrO> coupled with
SSZ-13 (D+SSZ-13) was also verified at 10 bar and 325 °C, with 9.9 £ 0.1% CO; conversion,
77.5 £ 0.8 % CO selectivity and 81.1 & 1.1% light olefin selectivity among hydrocarbons.

To summarize, it is possible to produce olefines and other hydrocarbons via methanol using
indium-based catalysts mixed with SSZ-13 zeolites. We have shown that we can promote the
indium-based methanol catalyst and found that the best system was when using D-modified
In203/ZrO; mixed with SSZ-13, which exhibited the highest overall selectivity to hydrocarbons
compared with all studied systems.

Overall, electro-chemicals and electro-fuels has a very large potential for the fugure. However,
to get good economy in large scale industrial processes it require large amount of green



hydrogen at reasonable price and to retrieve this it is essential with low cost green electricity.
Moreover, continued research is needed to further increase the olefin yield and reduce the CO
yield. The CO will be recycled back into the process, but to minimize the CO formation will
result in less separation and recycling which is energy intensive.
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1. Introduction

The surge in global energy demand, coupled with an over-reliance on fossil fuels, has sharply
increased CO> emissions over the past hundred years [1]. In response to these crises, the
European Union has proposed an ambitious goal and strategies to achieve net zero greenhouse
gas emissions by 2050 [2]. Among many approaches, catalytic hydrogenation of CO into high-
value-added light olefins (C2™ to C47) is recognized as one of the vital strategies for reducing
CO: emissions, promoting sustainable carbon resource utilization, and advancing green
chemistry development [1,3-4]. However, activating CO: molecules presents greater
challenges, and its hydrogenation process is hindered by the adverse effects of the resulting
high-water partial pressure among its products [5]. Enhancing catalyst efficiency while
maintaining high selectivity for light olefins remains a major challenge for the industrial
application of CO; hydrogenation to light olefins [6]. The thermochemical conversion of CO2
with the aid of heterogeneous catalysts is considered the closest route to industrial application
due to its scalability [7-9]. Specifically, among heterogeneous thermal catalysis systems for
CO: to light olefins (CTO), two primary reaction pathways are recognized: (i) the methanol
intermediate pathway over bifunctional tandem catalysts, involving the hydrogenation of CO>
to methanol (CTM) and the subsequent methanol-to-olefins reaction (MTO), (ii) the CO
intermediate pathway using iron-based Fischer-Tropsch synthesis (FTS) catalysts [1, 9-13].
The FTS route offers a maximum selectivity for light olefins of less than 42% due to the
limitations of the Anderson-Schulz-Flory (ASF) distribution [14-15]. In comparison, the
methanol-mediated route is more efficient in producing high-purity light olefins with the design
of tandem catalysts containing individual CTM and MTO catalyst components. Moreover, the
CTM and MTO catalysts can be combined with varying degrees of intimate contact, such as
granular and powder forms, to achieve maximum synergy. The appropriate contact between
catalyst components results in improved CO> conversion, lower CO byproduct formation, and
increased olefin yields [16-17]. However, the CTM and MTO reactions have their respective
optimal reaction condition, and integrating them in one reactor requires some compromise to
find mutually suitable reaction conditions that are appropriate for the sensitive properties of
each catalyst component [18-23]. Therefore, in addition to developing component catalysts
with good reactivity and stability, determining how to combine them into a synergistic tandem
catalyst system remains one of the key challenges for CO> hydrogenation and its further
industrial application.

The activation of CO2 molecules requires elevated temperatures (240 — 300 °C) and pressure
(20 -50 bar) during hydrogenation. Moreover, the hydrogenation of CO> to methanol is



accompanied by the endothermic reverse water-gas shift (RWGS) reaction, which produces
CO. As aresult, higher temperature in the CO»-to-methanol (CTM) reaction both increases the
CO: conversion rate and thermodynamically favors the RWGS reaction, leading to higher
selectivity for CO during methanol production [18-22]. The key challenge is maintaining a
high CO: conversion rate and high selectivity for methanol, while ensuring stable CTM
reaction activity, particularly with tandem catalyst systems. A potential catalyst for the CTM
reaction includes Cu/ZnO/AlL>Os catalysts that are used in classic CO-based methanol synthesis
processes. There are also newer alternatives such as pure In2Os; oxides and its modified
alternatives [20]. However, using CO> as a feedstock makes the Cu/ZnO/Al,O;3 catalysts
unsuitable for higher temperatures due to the co-formation of water, which facilitates sintering
and leads to the deactivation of the active Cu [24, 25]. To improve the reactivity and stability
of this catalyst during CO> hydrogenation, modified copper-based catalysts have been
extensively investigated. In most studies, attempts are made to enhance or maintain the Cu-
ZnO binary core active components by introducing promoters or alternative supports [26-29].
For example, alkaline earth metal oxides (MgO, BaO, SrO, and CaO) are believed to play an
important role in modified copper-based catalysts by increasing the number of active sites for
CO; and H> adsorption, as well as enhancing the metal-support interaction [26]. MgO has also
been reported to inhibit the RWGS reaction and increase CO; adsorption capacity [26-28].
Additionally, Mg is commonly used to improve the dispersion and stability of copper in
catalysts supported by the Mg-Al hydrotalcite structures [29]. Moreover, recent advances in
In,03 and modified indium oxide catalysts show promise as replacements for copper-based
catalysts [20,30]. Specifically, introducing zirconium oxide as an additive or carrier is believed
to increase the oxygen vacancy active centers on the surface of In2Os, significantly improving
methanol yield at high temperatures without deactivation [30].

Zeolite/zeotype catalysts, such as the SAPO-34 molecular sieve and SSZ-13 zeolite, have been
extensively studied for C-C bond formation in MTO reactions due to their unique CHA
topology, which selectively favors light olefins production [23, 31-33]. In MTO reactions with
H> co-feeding that are similar to the atmosphere in methanol-mediated CO; hydrogenation,
higher temperatures (> 400 °C) generally enhance the stability of zeolite and zeotype catalysts
[34,35]. However, elevated temperatures also promote excessive hydrogenation of olefin
products, reducing selectivity for alkenes and increasing selectivity for alkanes, particularly
with strongly acidic MTO catalysts, such as the SSZ-13 zeolite [35]. It also has been shown
that co-feeding water and hydrogen with methanol can effectively reduce rapid coke deposition
on SAPO-34 at high temperatures while maintaining high selectivity for olefins. Unfortunately,
under hydrothermal conditions, SAPO-34 suffers structural damage [36]. In contrast, SSZ-13
zeolite has better hydrothermal stability [37]. However, due to its strong acidity, SSZ-13 tends
to undergo quicker deactivation under pure MTO reaction conditions [31], and it exhibits a
high selectivity for paraffins during the hydrogenation of CO [38] or CO2[39] in early reports.
Our recent research has strongly verified the feasibility of using SSZ-13 as an MTO catalyst
component in a tandem system for CO: hydrogenation [6]. The results revealed that the
Brensted acid site (BAS) density of SSZ-13 is a crucial property affecting product selectivity
and coke deposition. By using SSZ-13 zeolite with a specific BAS density and modulating the
coke type after transient pre-coking treatment (325 °C for 20 h then 400 °C for 5 h), a tandem



catalyst containing In,O3/ SSZ-13 achieved a high olefin selectivity (max.70%, based on
hydrocarbons formed) and long-term stability (>100 h) during CO, hydrogenation [40].
However, a significant amount of CO remains as a by-product, mainly due to the poor reactivity
of bulk In2Oj3 catalysts as the CTM component, under high temperatures (300-375°C), and low-
pressure conditions (10-20 bar) [6,40].

Although extensive research has been conducted on modified copper-based (Cu-based)
catalysts and indium oxide-based (In-based) catalysts regarding the CTM reaction, the focus
has typically been on either maximizing methanol yield or exploring stability under low-
temperature conditions [21,24-26,32]. So far, few studies have systematically examined the
combined performance of CTM catalysts with zeolite components as tandem systems,
especially in combination with SSZ-13 zeolite for CO; hydrogenation to olefins under
specifically high-temperature and low-pressure conditions. This work aims to develop a CTM
catalyst used in tandem catalyst systems, which is structurally stable and reactive during CO>
hydrogenation to produce light olefins. Firstly, two series of CTM catalysts were explored for
the CTM reaction alone, including CusoZnasAls catalysts modified with Mg and In>O3-ZrO>
catalysts modified with dopants. The goal was to maximize CO; conversion selectively towards
methanol equivalents under reaction conditions similar to those used for olefin production. The
best CTM catalysts were then selected and combined with SSZ-13 zeolite to form tandem
catalysts, and their overall performance was tested for achieving high selectivity for light
olefins while maintaining stability. Additionally, various characterization techniques were
employed to provide detailed insights into the effect of dopants on the reactivity and stability
of these CTM catalysts under both CTM alone and tandem reaction conditions.

2. Experiments

2.1 Catalyst synthesis
2.1.1 Synthesis of modified CusoZnasAls as CTM catalysts

Fig. 1. Images showing the evolution of the catalysts from the precursor to the final solid
product during the synthesis process. A: aqueous mixture, B: wet precipitate, C: dry precipitate,
D: final product.

Mg-modified CusoZnzsAlzs catalysts were synthesized using a co-precipitation method. The
obtained catalysts were denoted as Mg-a, Mg-b, Mg-c, Mg-d, and Mg-e. where "a, b, ¢, d, €
represent the mole percentage of Mg?* cations in the designated formulation. Note that in all



catalysts, Mg-a, Mg-b, etc, the magnesium was added to CusoZn2sAlys support. Images of the
catalyst from the precursor to the final product are shown in Figure 1 for one example of
synthesis.

2.1.2  Synthesis of modified In:03-ZrO> as CTM catalysts

AlBic D,

Fig. 2. Images of the synthesized metal-doped In2O3-ZrO> catalysts

The modified InO03-ZrO; catalysts were prepared by a wetimpregnation method.
The obtained catalyst samples were named A, B, C, and D based on the doping metals added
to In203-ZrO;. Sample A, was the pure In203-ZrO> sample, used as the reference catalyst. The
images of the final catalysts are also shown in Figure 2.

2.1.3 Assembling tandem catalysts

The CTM catalysts (modified CusoZnzsAl>s and modified In,O3-ZrO2) and MTO catalyst (SSZ-
13 zeolite) components, initially in powder form, were pressed into large pellets (20 mm in
diameter) under 2.5 tons of pressure. These pellets were then crushed, and sieved into granules
of 250 um to 500 pm in size. Thereafter, the tandem catalysts were prepared by physically
mixing the granules of the CTM and MTO catalyst components. These two granular
components were homogenously mixed by shaking them in a glass vessel. The weight ratio of
the CTM and MTO catalyst components was fixed at 2:1 in the tandem catalysts.

2.2 Reaction test

The catalytic reaction tests were carried out in a stainless-steel fixed bed continuous reactor
(VINCI Technologies, France, as shown in Figure 3A) with an inner diameter of 8.3 mm and
a length of 215 mm. Before the reaction, the catalyst granules (250 pm-500 pm) were placed
in the isothermal zone of the reactor tube. The empty volumes at the top and bottom of the
reactor tube were filled with silicon carbide (Sigma Aldrich, 500 pum), and the interfaces
between the silicon carbide and catalyst were separated by quartz wool plugs. The reaction
temperature was monitored by a K-type thermocouple with its tip positioned in the center of
the catalyst bed. The reaction pressure was controlled automatically by a pneumatic back
pressure valve, and the feeds of reactant gases were precisely controlled by mass flow meters.
The reactivity of Mg modified CusoZnzsAlzs and modified InyO3-ZrO» catalysts in the single
CTM reaction was examined over a temperature range of 225 to 325 °C and a pressure of 20
bar. Typically, a designed amount of CTM catalyst (0.67g of Mg modified CusoZn2sAlzs



catalyst, 1g of modified In;O3-ZrO; catalyst) granules was diluted with inert SiC to achieve
lg and placed inside the reactor tube. Next, the catalysts were activated using different
methods, as these two CTM catalysts have different active phases. Specifically, the activation
of the modified CusoZn2sAls catalyst was carried out in a dilute hydrogen atmosphere (10%
H in Ar) at 350 °C for an hour, while the modified InO3-ZrO; catalysts were activated at 350
°C in pure Ar for 1 hour. After activation, the catalyst bed was cooled down to 325 °C, and
then the feed gas was switched to a mixture of CO> and H» (mole ratio of Hx: CO,= 3) with a
corresponding hourly space velocity (GHSV) of 9000 Nml*g'*h! for modified CusoZnasAlas
catalysts, and 6000 Nml*g-'*h! for modified In,O3-ZrO; catalysts. When the pressure reached
20 bar, catalytic tests were conducted over the temperature range from 225 to 325 °C. Several
measurements were taken at each temperature point (325, 300, 275, 250, and 225 °C), with a
total reaction time of approximately 75 minutes to ensure that steady state was reached. After
the varying temperature condition tests, the stability of the catalyst was investigated under
stable reaction conditions, with the reaction temperature at 300 °C, pressure at 20 bar, and
reaction time of 11 h.

The catalytic performance of tandem catalysts was evaluated under fixed reaction conditions.
Specifically, 1g of the tandem catalysts were pretreated under argon flow, (150 Nml/min) at
400 °C for 1 hour at ambient pressure before the reaction. After the catalysts were cooled down
to 325 °C in pure Ar, the Ar flow was stopped, and the reactant gases were introduced into the
reactor with a Ho/CO; mole ratio of 3:1 and a GHSV of 6000 Nml*g '*h!, When the reaction
pressure rose to 20 bar, the reaction started, and the online analysis of all gaseous products was
carried out simultaneously. Specifically, the stability experiments of the preferred tandem
catalyst were conducted at 10 bar and 325°C to achieve optimal selectivity for olefins among
hydrocarbons.

Fig. 3. Images of the continuous reactor (A) and on-line GC system (B).



2.3 Product analysis

All gaseous products from the reaction were analyzed using an online gas chromatograph (GC-
456, Bruker, Figure 3B). This GC was equipped with a thermal conductivity detector (TCD)
for the detection of permanent gases and methanol, and a flame ionization detector (FID) for
the analysis of hydrocarbons. The identification of each gaseous compound (CO2, CO, CHa,
CH;0H, DME, and C; to C; hydrocarbons) was performed based on their retention times. The
quantification was done by integrating the peak areas and using calibration factors acquired
from gas calibration standards (Linde Gas). The CO> conversion, the selectivity or yield of CO
and methanol, and the selectivity of individual hydrocarbon products, excluding CO, were
calculated according to these equations:
CO; conversion: Conv. CO, = (nCOZ,in — Nco,0ut )/ Nco,in X 100%
CO selectivity: Sel. CO = n¢g out / (nCOZ,in — nCOZ,out) X 100%
CH3OH selectivity: Sel. MeOH = nyeon / (nCOZ,in — nCOZ,out) X 100%
Dimethyl ether (DME) selectivity: Sel. DME = 2 * npyg / (nCOZ,in — nCOZ,out) X 100%
CiH;j selectivity among hydrocarbons excluding CO, CH;OH, DME, and other
oxygenated compounds:
Sel. GiH; = i * n¢p, / (Mco,in — Nco,out — Nco — Mmeon — 2 X Npme) X 100%
Yield of CH3OH in effluent: Yield MeOH = (nyeon /Mco,,in) X 100%
Yield of CiHj in effluent: Yield C;H; =i * (nciHj /Mco,,in) X 100%
where 1o, in, refers to the mole of CO> at the inlet, and neo, out » Ncor MMeoH: NDME » Ne;H;
represents the moles of the CO,, CO, CH30H, DME, and individual hydrocarbons at the outlet,
respectively. Here, ncy 4,nc?,and nc; indicate the moles of methane, paraffins, and olefins

respectively.



3. Main results
3.1 Catalytic performance of Mg-modified CusoZnzsAlzsin CTM reaction alone
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Fig.4. COz hydrogenation performance over pure and Mg-modified Cu/ZnO/Al2O;s catalysts. (a) The CO2
conversion, (b) the selectivity for CO, (c) the selectivity for MeOH, and (d) the yield of MeOH. Reaction
condition: GHSV = 9000 mL*g'*h!, T=225 to 300 °C, P=20 bar, H»/CO>= 3.

Fig. 4. CO; hydrogenation performance of pure and Mg-modified CusoZn2sAlas catalysts. (A)
CO: conversion and selectivity for products, (B) Yield of methanol. Reaction conditions:
GHSV =9000 mL*g'*h!, 225 to 300 °C, 20 bar, Ho/CO> = 3.

The catalytic performance of pure and Mg-modified CusoZnzsAlys catalysts in CO2
hydrogenation is illustrated in Figure 4. The performance metrics assessed include CO>
conversion (Figure 4A), CO selectivity (Figure 4B), methanol selectivity (Figure 4C), and
methanol yield (STY) (Figure 4D). CO, conversion significantly increased, while methanol
selectivity decreased as the temperature rose from 225 to 300 °C for all catalysts, due to the
competition between the hydrogenation of CO> to methanol (CTM) reaction and the reverse
water-gas shift (RWGS) reaction. Based on this, methanol production was influenced by the
balance between CO: conversion and methanol selectivity over each catalyst. The maximum
methanol yield (2.4 = 0.12%) was achieved with the Mg-c catalyst at a reaction temperature of
250 °C (Figure 4D). Additionally, at lower temperatures, the methanol yield of any Mg-



modified CusoZn2sAlas catalyst containing a certain amount of Mg was higher than that of the
unmodified one. However, at the higher temperature of 300 °C, all catalysts exhibited nearly
identical activities and product selectivity, with 23 + 0.12% CO; conversion and only 2.2+
0.3% selectivity for methanol. Further stability tests were conducted at 300 °C for 11 hours
(shown in Figure 5), and the results indicated that Mg modification had minimal effect on the

reactivity and short-term stability (11 hours) of the Mg doped CusoZnzsAlzs catalyst at high
temperatures.
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Fig. 5. Stability test of pure and Mg-modified CusoZnzsAlys catalysts during CO»
hydrogenation. (A) CO: conversion and selectivity for products, (B) Yield of methanol.
Reaction conditions: GHSV = 9000 mL*g'*h!, 300 °C, 20 bar, H»/CO, = 3.



3.2 Catalytic performance of modified In;03-ZrQ; in CTM reaction alone
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Fig.6. CO: hydrogenation performance over pure and modified In203-ZrO; catalysts.
(a) The COz conversion, (b) the selectivity for CO, (c) the selectivity for MeOH, and (d) the
yield of MeOH. Reaction condition: GHSV = 6000 mL*g'*h'!, T=250 to 325 °C, P=20 bar,
H»/COy= 3.

The reactivities of pure and modified In2O3-ZrO> catalysts are shown in Figure 6. Similar to
the Cu-based catalysts discussed earlier, the CO; conversion and methanol selectivity exhibited
opposite trends with temperature, making the optimal yield of methanol closely dependent on
the reaction temperature. The pure InO3-ZrO; catalyst (Sample A) exhibited a higher methanol
yield at lower temperatures but gradually decreased as the temperature increased. Notably, the
introduction of dopants altered its properties. Specifically, element B doping significantly
improved the CO; conversion of In203-ZrO> at low temperatures, but it did not affect its
selectivity for methanol, resulting in an increased methanol yield only at low temperatures. The
D additive slightly reduced the CO; conversion but significantly enhanced the selectivity for
methanol, particularly at high temperatures. As a result, the D-modified In2O3-ZrO; catalyst
(Sample D) achieved the highest yield at 300 °C. The introduction of C element reduced CO>
conversion, but increased the selectivity for methanol, resulting in a slight increase in methanol
yield. A detailed comparison of the activity and selectivity for CO and methanol across all
In203-ZrO; based catalysts is provided in Table 3.
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Table 3. The CTM reactivity comparison among pure and modified In;O3-ZrO; catalysts
Sample Conv.CO2(%)  Sel.MeOH(%)  Sel.CO(%) Yield-MeOH(%)

A 13.6 6.8 93.2 0.92
B 18.3 8.1 91.5 1.47
C 7.5 18.1 81.9 1.35
D 6.5 30.5 69.5 1.99

Reaction condition: GHSV = 6000 mL*g"'*h-!, 300 °C, 20 bar, H,/CO,= 3

Further comparison of the reactivity between the In2O3-ZrO: series (In-based, Table 3) and
CusoZnasAlys series (Mg doped) catalysts (Figure SB) revealed that the methanol selectivity of
the In-based catalysts was significantly higher, and the methanol yield over In-based catalysts
was nearly double that of the Cu-based catalysts, particularly at high temperatures above 300
°C. Element B doping effectively enhanced the activity of the In-based catalyst at low
temperatures, ranging from 250 to 325 °C. The stability of the B-modified In-based catalyst
was continuously tested at a high temperature of 300 °C, and the results are presented in Figure
7. After about 10 hours of testing, its activity and selectivity for methanol remained unchanged,
suggesting that the B-modified In2O3-ZrO> catalyst retains a certain stability.

100
90 - - I - S - o= - S SR S S S )
R 804
2 70-
5 —e— Conv.CO,
© 607 —o— Sel MeOH
@ 50 4 —&— Sel.CO
o
S 40+
o
2 30+
c
S 20-
o 600 %0 00 00 0 00 ¢ 0 00 oo
104 o—o0—-o0 00003 000000 0000
0 T T T T T T T T T T
0 2 4 6 8 10

Time on stream / h

Fig. 7. Stability test of B modified In2O3-ZrO- catalyst during CO; hydrogenation. Reaction
conditions: GHSV = 6000 mL*g!*h"!, T=300 °C, P=20 bar, H»/CO,= 3.
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3.3 Catalytic performance of tandem catalysts (modified In203-ZrO; +
SSZ-13) during CO:; hydrogenation to light olefins

Table 4. Comparison of CO; conversion and product distribution over In-based CTM
alone and CMT + SSZ13 tandem catalysts during CO; hydrogenation.

Sample  Conv.CO2%)  Sel.MeOH(%)  Sel.HCs(%) Sel.CO(%)
A 24.1 1.2 <0.1 98.8
A+SSZ-13 23 0 19.1 80.9
B 25.4 1.8 0.4 (CH,) 97.8
B+SSZ-13 243 0 16.5 83.5
D 13.1 5 <0.1 95
D+SSZ-13 11.6 0 28.5 71.5

Reaction conditions: GHSV = 6000 mL*g '*h!, 325 °C, 20 bar, H»/CO,= 3. TOS =5 h.
Sample A: pure Ino03-ZrO; catalyst; Sample B : B element modified InO3-ZrO; catalyst;
Sample D : D element modified In203-ZrO> catalyst.
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Fig. 8. The effects of dopants on the CO> conversion and CO selectivity of tandem catalyst
systems (A), Effects of dopants on selectivity for light olefins for tandem catalyst systems (B),
Reaction condition: GHSV = 6000 mL*g '*h!, 325 °C, 20 bar, H,/CO, = 3.

Given that the In-based CTM catalysts exhibited higher methanol yield and methanol
selectivity at high temperatures (>300 °C), and that the In-based catalysts modified with B and
D elements also showed varying degrees of improvement either in CO, conversion or methanol
selectivity, they were chosen for combination with SSZ-13 to form tandem catalysts. Their
corresponding catalytic performance in the CO, hydrogenation to olefins reaction was further
investigated, and the results are shown in Table 4 and Figure 8. Although zeolite does not
directly convert CO; during hydrogenation, when the In-based CMT catalyst was combined
with zeolite to form a tandem catalyst, the resulting tandem catalyst significantly reduced the
selectivity for the RWGS reaction, thereby enhancing the conversion of CO> to methanol, and
methanol to hydrocarbons. All tandem catalysts exhibited lower CO selectivity compared to
the single CTM catalysts, and they demonstrated similar CO> conversion compared to their
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single CTM counterparts (Table 4). More detailed comparisons of their CO conversion and
selectivity for CO, regarding the effect of dopants in CTM are shown in Figure 8A. The tandem
combination containing the D-modified CTM catalyst (D+SSZ-13) showed the lowest
selectivity for CO, which was 71.5% at 325 °C and 20 bar. Since the D dopant itself helped
In/ZrO; catalyst to reduce its selectivity for CO, coupled with the kinetic effect of MTO
reaction catalyzed by SSZ-13 zeolite, the selectivity for CO was further reduced.

The CTM catalyst component also influenced the hydrocarbon distributions during CO>
hydrogenation over the tandem catalyst, especially when the CTM catalyst was modified by
dopants. The effects of dopants on the selectivity for light olefins among hydrocarbon products
are shown in Figure 8B. Typically, the CO> hydrogenation to olefins on a tandem catalyst
involves the initial hydrogenation of CO> to methanol on the CTM catalyst, followed by the
conversion of methanol into hydrocarbons via the autocatalytic MTO reaction in the zeolite.
Additionally, excess hydrogen reactant further hydrogenates the olefins to form alkanes over
acid sites. Since the MTO catalytic center is derived from the hydrocarbon pool formed by
accumulated hydrocarbons, the acid center is also changed by the accumulated coke until the
production and decomposition of the accumulated hydrocarbons reach a dynamic equilibrium.
As a result, the selectivity of olefins on all tandem catalysts gradually increased and tended to
stabilize as the reaction proceeded. The tandem catalyst containing D-modified CTM (D+ SSZ-
13) showed slightly higher olefin selectivity than the unmodified one (A + SSZ-13), while the
tandem catalyst containing B-modified CTM (B+ SSZ-13) showed the lowest olefin selectivity
among hydrocarbons as well as the lowest olefins to paraffin ratio (O/P) during the entire test.
This is likely due to the participation of the B-modified CTM catalyst in the further
hydrogenation of olefins or CO>. However, an additional olefin hydrogenation experiment over
the B-modified CTM catalyst is needed to confirm this hypothesis.

Figure 9 shows the comparison of light olefins yield and specific hydrocarbon composition of
CO; hydrogenation for three tandem catalysts at approximately steady-state conditions (TOS=
4-5h). Although the D+SSZ-13 tandem catalyst had the highest selectivity for light olefins
(74.2%), its CO2 conversion was lowest (11.6%). The B+SSZ-13 tandem catalyst had a higher
CO; conversion (24.2%), but the olefin selectivity was the lowest and the CO selectivity was
the highest. As a result, the olefin yields of both these modified tandem catalysts were still
lower than that of the reference catalyst (A + SSZ-13), which had the highest light olefin yield.
Since the D+SSZ-13 tandem catalyst exhibited high olefin selectivity and low CO selectivity,
the used catalyst (similar to that after pre-coking treatment) was selected to investigate its
stability in CO2 hydrogenation. The reaction test was conducted at 10 bar and 325 °C, and the
results are shown in Figure 10. The low pressure further improved the selectivity for light
olefins among hydrocarbons over the tandem catalyst but also slightly increased the selectivity
for CO, as lower pressure decreases the further hydrogenation of olefins to paraffins as well as
CO; hydrogenation to methanol. The used D+SSZ-13 tandem catalyst exhibited a stable
performance with 9.9 + 0.1% COz conversion, 77.5 £ 0.8 % CO selectivity and 81.1 + 1.1%
light olefin selectivity among hydrocarbons.
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4. Conclusions

Mg-modified CusoZnzsAlys (Cu-based) and InO3-ZrO> (In-based) were synthesized and
modified for CO> hydrogenation to methanol (CTM) and combined with SSZ-13 zeolite to
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catalyze the production of light olefins from CO> hydrogenation. For the CTM reaction alone,
the results revealed that the Mg-modified CusoZnasAls catalyst maintained a high CO;
conversion, but its methanol selectivity was low. In contrast, the In-based catalyst exhibited
good methanol selectivity but had a low CO» conversion. After modification with Mg, the
dispersion of the CuO active component was enhanced, improving both methanol selectivity
and yield from the Cu-based catalysts. The highest methanol yield was observed with a Cu-
based catalyst containing c% Mg (by molar percentage), at a reaction temperature of 250 °C.
Modifying the In-based catalyst with B and D element dopants significantly altered its activity
and product selectivity. The addition of element B notably increased the CO; conversion of the
In-based catalyst at temperatures between 250 and 275 °C, while the incorporation of element
D improved the methanol selectivity at higher temperatures. As a result, the maximum
methanol yield for the B-modified In-based catalyst was achieved at 250 °C, whereas the D-
modified In-based catalyst reached its highest methanol yield at 300 °C.

Given that the B and D element dopants offer distinct benefits in enhancing either the activity
or the methanol selectivity of the In-based catalysts, these modified In-based catalysts were
combined with SSZ-13 zeolite to form tandem catalysts. The results indicated that all tandem
catalysts exhibited lower CO selectivity compared to the CTM catalysts alone due to the kinetic
effect of MTO reaction catalyzed by the zeolite. The tandem catalyst containing the D-modified
CTM catalyst (D+SSZ-13) showed the lowest selectivity for CO, and the highest selectivity
for light olefins among hydrocarbon products. In contrast, the tandem catalyst containing the
B-modified CTM catalyst had the lowest selectivity for olefins, likely due to its participation
in the further hydrogenation of olefins. Further long-term experiments showed that the D+SSZ-
13 tandem catalyst had higher stability at 10 bar and 325 °C, with 9.9 + 0.1% CO. conversion
over 10 hours.

More detailed results will be disclosed in a planned upcoming journal publication.
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