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Zusammenfassung

1 Zusammenfassung

Die Hydrierung von CO; mit H> aus der Wasserelektrolyse zu Methanol (MeOH) ist eine
Schliisselstrategie zur chemischen Energiespeicherung und zur Nutzung von CO,. MeOH verfiigt
tiber ein breites Anwendungsspektrum und gilt als wichtige Plattformchemikalie in der chemischen
Industrie. Diese Arbeit untersucht die Anwendung von Indium-basierten Katalysatoren in der
Methanolsynthese durch die Hydrierung von CO» in unterschiedlichen Reaktorkonzepten. Im Fokus
stehen die Reaktionsbedingungen und die Katalysatoreigenschaften, die flir eine hohe Aktivitdt und

Selektivitdt benotigt werden.

Die industrielle Methanolproduktion verwendet hauptsidchlich Zweiphasen- (gas-fest) oder
Dreiphasenreaktoren (gas-fest-fliissig). Zweiphasenreaktoren sind anhand der Wéarmeabfuhr in der
katalytischen Schiittung in adiabatische und isotherme Reaktoren unterteilt. Dreiphasenreaktoren,
wie Suspensions- und Wirbelschichtreaktoren ermdglichen eine effizientere Warmeabfuhr und

minimieren Massentransportlimitierungen.

Zundchst wurde die katalytische Performance von InoO3 und In(OH); in einem
gas-fest-Reaktorsystem (Festbettreaktor) untersucht. Dabei wurden die Auswirkungen der Position
des Thermoelementes in der katalytischen Schiittung untersucht (oben, mittig oder unten). Ein
katalytischer Modellzyklus beziiglich der Phasenumwandlung von In2O3/ In(OH); wurde simuliert
und mit den katalytischen Daten fiir 200, 250 und 300 °C und der Materialcharakterisierung (XRD
und TGA) nach der Reaktion validiert. Bei der CO2 Hydrierung entsteht Wasser als Nebenprodukt,
wodurch In20;3 zu In(OH)3 degradieren kann. Bei hohen CO2 Umsitzen und niedrigen Temperaturen
(200 °C) postuliert das Modell stabiles In(OH)3. Bei hoheren Temperaturen (> 275 °C) hingegen ist
InyO3 stabil. Der Einfluss auf die Phasenumwandlung wurde jeweils bei 200, 250, 275 und 300 °C
untersucht, indem In(OH); in zwei identische Segmente, getrennt durch eine Schicht Glaswolle, im
Reaktor gepackt wurde. Durch das obere Segment stromt frisches Reaktionsgas, das dort teilweise
zu MeOH, CO und H>O umgesetzt wird und durch das untere Segment stromt. XRD und TGA
zeigten eine Inversion des Trends der Phasenumwandlung zwischen 250 °C und 275 °C, das Modell
prognostiziert dies bei 285 °C. Abschlieend wurden mit dem validierten Modell die Auswirkungen
von Wasserstoffarmut im Zustrom aufgrund der fluktuierenden Produktion aus erneuerbaren
Energien auf die Katalysatorstabilitdt vorhergesagt. Fiir weitere Untersuchungen im Festbettreaktor
wurde In2O3 mit unterschiedlichen Synthesemethoden auf zwei verschiedenen ZrO»-Tragern

beladen. Im Detail, zeigte die Kombination der Nassimpréagnierung nach Martin et al. (M) und dem

1
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710> (SG) mit einer groBeren BET-Oberfldche und CO> Adsorptionskapazitit die beste katalytische
Performance. Maximal wurde 4,25 EMeOH ghl1 h'! bei 300 °C, 75 bar, CO2/H2 =1/3 und 8600 h*!

produziert. Um die MeOH-Produktivitét zu steigern, wurden verschiedene Metalle (Cu, Ni, Mg, Ce)
als Promotoren fiir In2O3/ZrO, (M-SG) untersucht. NiO-In2O3/ZrO> (M-SG) steigerte die
katalytische Aktivitit von purem In2O3/ZrO> (M-SG). Durch erhohte Hr-Aufnahme wird der
H»-Spillover-Effekt gesteigert, wodurch die Dissoziation und Migration zur Triageroberfliche
verbessert wird und die Bildung der Sauerstofffehlstellen, den aktiven Zentren fiir die CO;
Hydrierung, begiinstigt werden. Dies wurde durch chemisorptive Analysen (H>-TPR und CO,-TPD)
bestétigt. Die Nassimpragnierung (WI) von NiO auf In,03/ZrO, fiihrte zu katalytisch aktiveren
Katalysatoren. 0,76 Gew.% Nickel im NiO-In;03/ZrO> (WI) Katalysator steigerte die

Methanolproduktivitét auf 4,42 g, . girll N h'! im Vergleich zu purem In2O03/ZrO2 (M-SG) mit

4,25 g1 on gilll h!' bei 300 °C, 75 bar, CO/H, =1/3 und 8600 h™'. Die Methanisierung wurde

vollstindig unterdriickt. Wahrend der Reaktionszeit von 100h war NiO-In203/ZrO, (WI)
durchgiingig stabil und aktiv.

Unter der Verwendung eines Compact Profile Reactors (CPR) wurden die Reaktionsprofile der
In,03/ZrOs-basierten Katalysatoren im Vergleich mit dem industriell verwendeten Cu/ZnO/Al,03
Katalysator untersucht. Das Reaktordesign erlaubt die rdumlich aufgeloste Untersuchung der
Reaktionsprofile einzelner Spezies und der Temperatur in der katalytischen Schiittung wéhrend der
Hochdruck MeOH-Synthese. Der Einfluss der Reaktionsbedingungen, wie Gesamtdruck,
Raumgeschwindigkeit (GHSV) und Temperatur wurden mit dem aktivsten Katalysator, Ni-
InyO03/ZrO;, untersucht. In dieser Studie fithrten hohere Driicke, Temperaturen und GHSVss zu einer
Steigerung der MeOH Produktivitét. Kiirzere Verweilzeiten erhohen die MeOH-Selektivitit. Bei

50 bar, 275 °C, CO2/H2 = 1/3 und 63.000 h! produzierte Ni-InoO3/ZrO, 4,90 EMeOH ghll e h! mit

einer MeOH-Selektivitdt von 73 %. Der restliche Kohlenstoff wurde durch die rtWGS zu CO
umgesetzt. Die Synthese von MeOH benétigt eine geringere Aktivierungsenergie (49 kJ mol™!) als

die reverse Wassergas-Shift-Reaktion (71 kJ mol ™).

In einem Suspensionsreaktor (SR) wurde pures In203 und In203/ZrO; mit Ni durch unterschiedliche
Synthesemethoden dotiert und fiir die dreiphasige MeOH-Synthese eingesetzt. Durch Co-Fillung
(CP) synthetisiertes Ni-InoO3/ZrO> suspendiert in Mineral6l erzielte die hochste Aktivitdt und
Selektivitdt sowohl fiir die Hydrierung von CO; als auch fiir die Hydrierung von CO. Unter

Verwendung von Synthesegas mit industrieller Zusammensetzung (H2/CO/CO;) und einem
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Molverhéltnis von 70/28/2 konnte eine sehr hohe Produktivitdt (6,84 g,, . h'l) erreicht

-1
gKat
werden. Der Katalysator ist bezogen auf den Aktivmetallgehalt im SR deutlich effizienter als der
kommerzielle Cu/ZnO/Al>Os Katalysator (1,25 g, g'Clu h'l). AbschlieBend blieb der Katalysator

und das Mineraldl in einer Rezyklierungsstudie mit vier Wiederholungen stabil.
Intensive Materialcharakterisierung mittels ICP-OES, XRD, XPS, N»>-physisorption, CO2-TPD, H»-
TPR und TEM bzw. REM-EDX Aufnahmen begriinden die unterschiedliche katalytische Aktivitit

der Katalysatoren in den verschiedene Reaktorkonzepten.
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2 Abstract

CO» hydrogenation with H, from water electrolysis to methanol (MeOH) is a key strategy for
chemical energy storage and for CO, utilization. MeOH serves various applications and is an
important feedstock for the chemical industry as well. This work investigates the application of
indium-based catalysts for MeOH synthesis via the hydrogenation of CO; in various reactor
concepts focusing on the reaction conditions and catalyst properties necessary to achieve high

activity and selectivity.

Industrial methanol production mainly uses two-phase (gas-solid) or three-phase reactors
(gas-solid-liquid). Two-phase reactors are categorized inro adiabatic an isothermal reactors based
on the heat dissipation in the catalyst bed. Three-phase reactors, such as slurry and trickle bed

reactors, enable more efficiency in heat removal and minimize mass transport limitations.

First, the catalytic performance of InoO3 and In(OH)3 was studied in a fixed bed reactor. The impact
of thermoelement positioning in the catalyst bed (top, middle or bottom position) was studied. Using
catalytic data received at 200, 250 and 300 °C, along with material characterization (XRD and TGA)
after the reaction, a catalytic model cycle was defined concerning the phase transition. CO;
hydrogenation produces water as a by-product, leading to the degradation of In,O3 to In(OH)3. The
model postulates stable In(OH)3 at low temperatures and higher conversions. In contrast, [noO3
remains stable at higher conversions and temperatures. The separation of In(OH)3 into two identical
segments, with a layer of glass wool between the segments, investigated the influence of the phase
transition at 200, 250, 275 and 300 °C. Fresh gas flows through the top segment, being partially
converted into MeOH, CO and water and flowing through the bottom segment. XRD and TGA
analyses revealed an inversion of the trend between 250 °C and 275 °C, while the computational
model predicts this occurrence at 285 °C. Lastly, the validated model was employed to predict the
effects of hydrogen drop out in the feed due to fluctuating production from renewable energies on
catalyst stability. In further studies within the fixed bed reactor, two different ZrO, were used as
catalyst support and impregnated with InoO3 using different synthesis methods. In detail, the
combination of wetness impregnation according to Martin et al. (M) and the ZrO> (SG) with a lager
BET surface area and CO: adsorption capacity exhibited the best catalytic performance. At 300 °C,
75 bar, CO2/Hz = 1/3 and 8600 h! the maximum MeOH production reached 4.25 EMeOH girll h'. To

increase the MeOH productivity, various metals (Cu, Ni, Mg, Ce) were investigated as promoters

for the Inp03/ZrO> (M-SG) catalyst. NiO-In,03/ZrO; (M-SG) demonstrated an enhanced catalytic
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activity. Due to enhanced H» uptake the H» spillover effect increases, which promotes H»
dissociation and migration to the carrier surface and favors the formation of oxygen vacancies, the
active centers for CO,. This was confirmed by chemisorptive analyses (H2-TPR and CO>-TPD).
NiO on In203/ZrO> prepared by wetness impregnation (WI) resulted in catalysts that were
catalytically more active. NiO-In203/ZrO, (WI) with 0.76 wt.% Ni produced with4.42 g, .

h"' more MeOH than pure In203/ZrO, (M-SG) with 4.25 h! at 300 °C, 75 bar,

-1 -1
&inNi EMeoH S
CO2/H,=1/3 and 8600 h"!. No methanation was observed. Over 100 h time on stream the

NiO-In203/ZrO> (WI) remains stable and active.

In the Compact Profile Reactor (CPR), the reaction profiles of In.O3/ZrO;-based catalysts were
investigated and compared with the industrially used Cu/ZnO/Al,O3 catalyst. The reactor design
enables spatially resolved analysis of the reaction profile for every species and temperature inside
the catalytic bed during high-pressure MeOH synthesis by the hydrogenation of CO.. The influence
of reaction conditions, including total pressure, gas hourly space velocity (GHSV), and temperature,
was studied using the most active catalyst, Ni-InpO3/ZrO;. In this study, higher pressures,
temperatures, and GHSVs led to increase the MeOH productivity. Shorter residence times enhance
MeOH selectivity. At 50 bar, 275 °C and 63,000 h™!, Ni-InoO3/ZrO> produced 4.90 gl\/[eOH-giIll +Ni-h'1
with 73 % selectivity of MeOH. The remaining carbon is converted into CO via the rtWGS. MeOH
synthesis requires a lower activation energy (49 kJ mol™!) compared to the reverse water-gas shift

reaction (71 kJ mol™).

In a suspension (slurry) reactor (SR), pure InpO3 and In,O3/ZrO; was doped with nickel using
different synthesis methods and used for three-phase MeOH synthesis. Ni-InoO3/ZrO; prepared by
co-precipitation (CP) and suspended in mineral oil achieved the highest catalytic activity and
selectivity for MeOH for both CO and CO; hydrogenation. Using synthesis gas with industrial
combustion (H2/CO/COz) and a molar ratio of 70/28/2, a very high productivity of MeOH

(6.84 g,,.01 gklat h'l) was achieved, which is significantly more efficient than the productivity of
the commercial Cu/ZnO/ALO; catalyst (1.25 g, g‘clu h'l) in the SR related to the quantities of
active metals. Finally, the catalyst and the mineral oil remained stable in a recycling study with four

replicate runs.

Intensive catalyst material characterization using ICP-OES, XRD, XPS, N»-physisorption,
CO»-TPD, H>-TPR and TEM or SEM-EDX mappings provide insights in the difference in catalytic

activity of the catalysts in the various reactor concepts.
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3 Introduction

Since the industrial revolution, the carbon dioxide (CO.) emissions have been increasing and acting
as a greenhouse gas for global warming [1]. Industries with high energy demand such as cement,
iron and steel, nonferrous metals manufacturing (e.g. copper), refineries, pulp and paper emit
substantial amounts of CO2[2,3]. A promising strategy to reduce the emissions involves the carbon
capture and storage (CCS) and utilization (CCU) approach directly from industry exhaust gas or

from the atmosphere into commercial products such as methanol [3].

To mitigate the CO emissions, traditional fossil fueled power plants must be replaced with
renewable energy alternatives. Renewable energy from wind and solar are highly intermittent
sources, resulting in additional strain on the existing grid power generation and transmission
infrastructure.[4] Excess renewable energy is either stored by generation of heat (Power-to-Heat,
PtH) or used by technologies that are capable of converting abundant molecules such as water or
CO2 to energy holding chemicals (Power-to-Chemicals, PtC). During electrolysis, water is split into
oxygen and hydrogen. Hydrogen and CO: from CCS react to methane or synthesis gas (Power to
Gas, PtG) or to liquids such as methanol (Power-to-Liquid, PtL). [5,6]

Figure 3.1 shows the schematics of Power-to-X (PtX), which is defined by the different pathways
for storage and utilization technologies of surplus electricity from renewable sources and for

reducing greenhouse gas emissions [7].

: - 0
S~¢ =0 I
B =25 g o0l nN ib

] ﬂﬂ]]' B

/ \ — Carbon Capture and Storage e
Power-to-Heat (CCS)
A 4 [E3)

N Re-Electrification

2 e T
: —_7> —’@ Methanol s x

Renewable Energy Electrolysis ~ Power-to-Gas Power-to-Liquid Chemicals

Figure 3.1. Schematics of Power-to-X infrastructure focused on methanol.

In 2022 the global production capacity of methanol reached approximately 172 million metric tons
[8]. It is mainly used as a raw material for the synthesis of olefines and formaldehyde. Methanol is
discussed as a potential energy carrier due to its higher volumetric energy density (4.2 kWh L)

than hydrogen (0.003 kWh L!, atm) and its liquid state at ambient conditions. Energy recovery can
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be accomplished by methods such as direct burning, steam reforming or use in direct methanol fuel

cells (DMFCs) for re-electrification. [9,10]

Commercially, methanol is produced at 50—100 bar and 200-300 °C using syngas (CO, H») derived
from fossil sources such as natural gas or crude oil. The reaction is accelerated by a copper-based
catalyst and the addition of small amounts of CO> [11,12]. The reactors for industrial synthesis of
methanol are classified into adiabatic (e.g. the ICI converter) or isothermal (e.g. Lurgi reactor)
reactors according to their strategy of heat removal [13]. This is significant because otherwise, the
state-of-the-art Cu/ZnO/Al>Os3 catalyst deactivates by thermal sintering above 300 °C [14]. For pure
CO; hydrogenation, Cu/ZnO/Al,O3 deactivates due to segregation of Cu/ZnO [15].

Indium-based catalysts have demonstrated to be highly selective and stable catalysts for
hydrogenation of CO2 to methanol [16]. Under methanol synthesis reaction conditions, InO;3 creates
oxygen vacancies that activate CO; for formate (HCOO") formation. The combination with ZrO; as
a support increases the catalytic activity due to a synergistic effect between the oxygen vacancy

defects of the oxides at the interface [16,17].

This thesis “CO2 Hydrogenation to Methanol in Different Reactor Concepts using Metal-doped
Indium-based Catalysts” aims to improve the understanding of these catalysts and continues to
develop their catalytic activity. The experimental work can be divided in three distinctive reactor
setups: a continuously operated fixed bed reactor (integral operation, two-phase reactor), a
continuously operated compact profile reactor (differential operation, two-phase reactor) and a
slurry stirred-tank reactor (batch operation, three-phase reactor) for the CO> hydrogenation to

methanol. This thesis includes four publications [18—21] as the cumulative part.

3.1 Methanol as promising Power-to-X hydrogen carrier

Governments worldwide are accelerating the expansion of renewable energies, particularly solar
and wind power to achieve the goals set by the Paris Climate Agreement in 2015 to limit global
warming [22]. Due to the increasing share of renewable energies in power generation and the
associated fluctuations, the storage of excess power generated is very important. Especially on
sunny or windy days, a negative residual load is present in the power grid. [4] Residual load is
defined as the difference between electricity demand and electricity from renewables [23]. To ensure

that generators do not need to be disconnected from the grid, energy consumers are required,
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preferably in form of energy storage solutions [24]. Energy storage can be categorized into short-,
medium- and long-term options [4,9,25]. Flywheels or supercapacitors are considered very short-
duration storage options, typically providing storage for less than 5 minutes [25]. Electrochemical
batteries are commonly used between seconds and hours [26]. Medium-term storage options, lasting
from 4 to 200 hours, include thermo-mechanical storage systems, e.g. pump-storage
hydroelectricity, pumped thermal energy storage or compressed air energy storage [25,27]. Long-
term storage with a duration exceeding 200 hours is primarily accomplished by storing fuels such
as hydrogen, ammonia, or bio-gas [25]. Another classification for a range of technologies that
convert electrical energy, typically from renewable sources, into other forms of energy or energy
carriers is Power-to-X (PtX). This includes PtG e.g. hydrogen or methane, PtH e.g. using a heating

element, and PtL e.g. methanol or ammonia applications. [5,6]

Hydrogen from water electrolysis/ Water electrolysis technologies

Electrical energy (preferably excess from renewables) is transformed into hydrogen by electrolysis
of water. In this process, a direct current (DC) is used in an electrolyzer to produce a difference in
electric potential (voltage) between anode to cathode. Water is supplied and electrochemically
decomposed to oxygen and hydrogen [28]. At the cathode (negative electrode) hydrogen is formed
via the hydrogen evolution reaction (HER) whilst at the anode (positive electrode) oxygen is
produced via the oxygen evolution reaction (OER). The main relevant technologies are the solid
oxide electrolysis (SOEC), alkaline electrolysis (AE) and the proton exchange membrane

electrolysis (PEM) [29,30].

SOEC is a high temperature electrolyzer operating between 600 °C and 1000 °C [31-33], up to
30 bar and at current densities between 0.2-1.3 A cm™ [34]. Gaseous water is introduced at the
cathode side and is reduced to hydrogen (HER). The oxide anions cross the solid electrolyte (e.g.
yttria-stabilized zirconia) to form O> by oxidation at the anode side (Figure 3.2,Table 3.1, tech.
SOEC) [32]. Due to a stack lifetime of 40,000-50,000 hours [31,34], and an energy efficiency up to
100 % [35], SOECs have garnered significant attention. The hydrogen purity is 99.9 % [36]. The
SOECs operating flexibility allows for electrolysis of CO2 to CO and the co-electrolysis of H,O/CO>
to Hy/CO (syngas) as well [35]. The technology is mostly still at lab-scale, but studies like the EU-
funded GrlnHy2.0 project (2022) mark the first implementation of SOEC in an industrial

environment. 18 kg h! hydrogen will be produced using waste heat from an iron-and-steel factory
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with a nominal input of 720 kW and an electrical efficiency of 84 %ei,Luv [37]. The drawbacks are
associated with material durability due to high temperatures. Moreover, SOECs are hardly

compatible to be coupled with fluctuating renewable energy generated electricity [38].

+ -
s
— —
O, +4H 2H,+20%
Q o
S P
2 H,0 Solid oxide 2 H,0
electrolyte

Cathode (HER): 2H,0+4 e —— 2 H,+2 0"
Anode (OER): 20" == 0,+t4¢e

Figure 3.2. Schematic SOEC and the corresponding electrode reactions (HER,OER), adapted from [34,39].

For AEs, typically a 20-40 wt% potassium hydroxide solution is used as a liquid electrolyte
operating at low current densities (0.2-0.5 A cm™). The operating pressure is up to 30 bar and typical
operating temperatures are between 50 °C and 100 °C [34,40]. This system utilizes nickel as the
cathode catalyst, and either nickel or copper coated with metal oxides (Mn, Ru, or W) as the anode
catalyst. [41] Water is split at the cathode (HER) using electrons into hydrogen and hydroxide ions.
The latter migrate through the electrolyte and the diaphragm to be converted at the anode (OER)
into water and oxygen while releasing electrons (see Figure 3.3). [42] The gas purities are
99.3-99.9998 % for Hz and 99.2 % for O [34,42]. A long lifetime (60,000-100,000 h), a relatively
cheap liquid electrolyte and a low content of noble metals favor the AE [31,34]. Problems related
to the crossover of oxygen to the cathode reduces the efficiency due to recombination. The energy
efficiency is up to 84 % [43]. Hydrogen diffusion into the OER chamber can also occur. A drawback
is the low maximum current density because of high ohmic losses across the diaphragm and the

liquid electrolyte.[35] The specifications of AE are summarized in Table 3.1.
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4H,0

Electrolyte solution (KOH)

Cathode (HER): 4 H,O +4e —— 2 H,+4 OH"
Anode (OER): 40H —— 2H,0+0,+4¢

Figure 3.3. Schematic AE and the corresponding electrode reactions (HER,OER), adapted from [34,39].

For water electrolysis with intermittent renewable power sources, PEMs are most suitable [41].
PEMs operated at temperatures up to 170 °C [44] and pressures up to 180 bar [45]. Nobel metals
such as Platinum serve as electrocatalyst at the cathode for HER and IrO2/RuQ; at the anode for
OER. A thin solid polymer electrolyte or proton exchange membrane (20-300 um) separates
cathode and anode (see Figure 3.4) [46]. The proton-conducting polymer (usually perfluorosulfonic
acid or Nafion) is impermeable to electrons and gases, which minimize electron short circuit and
gas crossover [47]. PEMs can achieve a high rate of hydrogen production while maintaining the
purity of gases at 99.999 % [31], a life time of stack up to 100,000 h [34] and an energy efficiency
of 83 %. With a compact design, high current densities up to 10 A cm™ can still be achieved as well
[34], summarized in Table 3.1. The high costs of cell/electrolyzer components, noble metal

electrocatalysts and an acidic corrosive environment are the main disadvantages [35,36,46].

L
— I—
0,+4H* 2 H,
E —
2 H,0 Membrane 4 I+

Cathode (HER):4H +4e¢” ——= 2 H,
Anode (OER): 2HO — 0,+4H + 4¢

Figure 3.4. Schematic PEM and corresponding reactions at the electrodes, adapted from [34,39].
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Table 3.1. Comparison of the water electrolyzer technologies.

Specification SOEC AE PEM

Cell temperature (°C) 600-1000 50-100 <170

Cell pressure (bar) 30 30 <180
Current density (A cm?) 0.2-1.3 0.2-0.5 <10
Hydrogen purity (vol.%) 99.9 99.3-99.9998 99.999
Stack lifetime (h) 40,000-50,000 60,000-100,000 <100,000
Energy efficiency (%) 100 84 83
Charge carrier o> OH- H*
Electrolyte Yttria-stabilized zirconia 20-40 wt.% KOH Perfluorosulfonic acid, Nafion
HER catalyst Ni/Yttria-stabilized zirconia Ni Pt

OER catalyst Perovskite-type Ni, Cu IrO;, RuO,
Reference [31-34,36,39] [34,36,39,40,42] [34,39,41,46,48]

Hydrogen as a chemical energy storage molecule

Electricity can be converted into chemical energy via hydrogen through the process of water

electrolysis, enabling the storage of excess power. The replacement of fossil fuels with hydrogen,

is the key aspect for a “green hydrogen economy” to reduce or eliminate CO> emissions in the

sectors of power generation, heating, industry and transportation. John Bockris [49] created the

concept of a “hydrogen economy” with hydrogen as a principle energy carrier in the 1970s. In fuel

cells, hydrogen is converted back to water to generate electricity. It can also be used in internal

combustion engines or jet engines to generate power for transportation or heat, as a chemical

feedstock or as a reagent for synthetic fuel production [50,51]. The gaseous form of hydrogen from

electrolysis of water has a high gravimetric energy density of 33.0 kWh kg™! compared to diesel
with 11.8 kWh kg™! or gasoline with 11.4 kWh kg! (see Figure 3.5) [52].

Volumetric energy density (kWh L)

10 aDiesel
9 ] "Kerosene
. = Gasoline
8 .
’7 .
67 = DME
5 .
4 ] = MeOH
3]
) 1  NG200 bar) » LH,
| ] L] H2(7oo bar)
{m Li-Ton
0 u HZ(atm)
T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40

Gravimetric energy density (kWh kg™)

Figure 3.5. Comparison of different fuels and Li-Ion batteries. Volumetric versus gravimetric energy density, adapted from [9,52].
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The hydrogen economy is significantly impacted by the major challenge of hydrogen storage.
Gaseous hydrogen is typical stored in pressure tanks, as hydrides (metal hydrides, boron- and
nitrogen-based hydrides), converted to a liquid organic hydrogen carrier (LOHC) or adsorbed on
the surface of carbon nanotubes, microspheres or capillaries [53,54]. Due to the low volumetric
energy density of gaseous hydrogen (0.003 kWh L', Figure 3.5), pressurized hydrogen (1.3 kWh L-
!, 700 bar) and liquefied hydrogen (2.4 kWh L', LH>) require large tanks, special materials and
energy-intensive compression or cooling [53]. The challenges associated with hydrogen storage
include transportation, safety concerns, low storage density, boil-off losses and high costs. Due to
the numerous disadvantages, the chemical conversion of gaseous hydrogen into a liquid, such as

methanol with a high volumetric energy density (4.2 kWh L), is a viable option.
Methanol as a hydrogen carrier

Methanol, sometimes called methyl alcohol or wood alcohol with the formula CH3OH
(Mmeon = 32.04 g mol), is often abbreviated as MeOH. It is a colorless liquid under normal
temperature and pressure (20 °C, 1.013 bar) with a melting point of -97.8 °C. Methanol is the
simplest aliphatic alcohol and mixes completely with water. The boiling point of methanol is
64.7 °C at 1.013 bar with 37.34 kJ mol™! heat of vaporization at 25 °C [55]. It is an ideal hydrogen
carrier with an amount of 12.6 wt.% hydrogen per methanol molecule [56]. Methanol as an energy
carrier has a volumetric energy density of 4.2 kWh L' and a gravimetric energy density of
6.0 kWh kg! (see Figure 3.5). Electricity can be generated via an electrochemical reaction using a
mixture of liquid methanol and water with a direct-methanol fuel cell (DMFC). One advantage of
the DMFC, compared to other fuel cells, is its ability to utilize liquids instead of gases, making fuel
handling easier. This is highly suitable for portable power generation with the drawback of lower

efficiency (< 30 %) due to a methanol cross-over across the membrane. [10]

Methanol is already traded as a base chemical and does not have to be compressed or liquefied in
an energy intensive cryogenic process. Current crude infrastructure e.g. pipes or tankers could
transport methanol with minor modifications. [57] Due to the simple handling, the potential to
integrate methanol into the existing infrastructure and having a diverse range of applications
(see Chapter 3.1.2) the “methanol economy” was proposed by Olah [58]. However, a carbon source

is necessary for methanol synthesis, besides hydrogen.
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3.1.1 Synthesis of Methanol from CO vs. CO: (kinetics and thermodynamics)

Conventionally, methanol is produced from syngas. The raw materials for syngas production are
fossil fuels such as natural gas, coal and oil or biomass. Natural gas containing methane or light
hydrocarbons as feedstock can be successfully converted into syngas by reforming technologies
(dry and steam reforming). Heavy oil, coal and biomass containing hydrocarbons produce syngas
via gasification and pyrolysis technologies [11,59]. The interaction of carbon dioxide with methane
at temperatures up to 800 °C over Ni-based catalysts results to dry reforming [60-62]. A great
challenge with dry reforming is the catalyst deactivation by coking [63]. While the dry reforming
process utilizes CO» as the co-reactant, steam reforming is an endothermic reaction between natural
gas feed and steam at similar temperatures. For steam reforming of natural gas, a desulfurization
step is required to attain purified methane. For example, small amounts of sulfur in the form of HoS
are filtered out with the reaction of ZnO to ZnS. Higher amounts of sulfur are removed by absorption
(scrubbing) with aqueous amine solutions. Organic sulfur compounds (e.g. thiophene) need to be
hydrotreated bevor removal, at first [11]. The main reaction of the natural gas steam reforming

technology is to convert methane with steam into hydrogen:

CH,+ H,0O= CO+3H, ApHy  =+206 kJ mol ™ 3.1

The high endothermic reaction produces a high H2/CO ratio of 3/1 [64]. High operating temperatures
of 700-900 °C [65] and pressures of about 30 bar are required for the reaction inside a reformer
[11]. Nickel supported on ceramic oxides are the most common heterogeneous catalyst used for

methane steam reforming (Eq. (3.1)) [64].

Gasification or partial oxidation converts carbon compounds such as biomass, coal or heavy oils

into a syngas with oxygen (Eq. (3.2)) or steam (Eq. (3.3)).

C+ %Oz = CO AgH3 =—111 kI mol™ (3.2)
C+ HO= CO-+H, AyHp =+131 kI mol™ (3.3)
CO+ H,0= CO, +H, AgHope o =—41 kJ mol™ (3.4)
CO, +C= 2CO AgHp o =+172 kI mol™ (3.5

13
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The kind of the gasifier used depends on the impurity, water and ash content of the carbon
compound [66]. A fixed bed gasifier, for example, can only process non-coking coals, since other
coals can form agglomerates leading to an elevated pressure drop or potential blockage of the
reactor/catalyst. In the gasification process, CO», formed by the water-gas shift reaction (WGS, see
Eq. (3.4)), can partly gasify carbon by the Boudouard reaction (Eq. (3.5)) at temperatures of 900 °C
[11]. The hydrogen content of the produced syngas is deficient and can be enhanced through the
WGS reaction. Impurities such as tar, ash, soot (solid carbon) have to be removed by filtration from
the raw syngas [11]. The clean syngas may be pressurized using a compressor, combined with
unconverted recycled syngas, preheated and then be directly used as raw material for methanol
synthesis. The blended gases, featuring a H2/CO ratio ranging from 3/1 to 5/1, are fed into the
reactor. [66]

Pyrolysis, a thermochemical process, decomposes organic materials at higher temperatures in the
absence of oxygen. The products of e.g. biomass pyrolysis are bio-oil, biochar and syngas derived
from their composition of cellulose, lignin, hemicellulose and extractives. In comparison to the
partial oxidative gasification process, the inert pyrolysis of biomass exhibits a lower process
efficiency. However, it has the advantage of producing fuel gas with a high heating value. [67] At
first, the transient heating of the solid biomass particles causes a local temperature increase, leading
to the evaporation of moisture (drying step). This is followed by the progressive release of pyrolytic
volatiles (primary pyrolysis step) from the thermal cleavage (T <500 °C) of chemical bonds to
permanent gas species (e.g. CO, CHa, CO»). The devolatilization step is the chemical decomposition
during heating in the absence of oxygen to char, non-condensable gases (CO, CHs, CO», H>), water
vapor and tar [67]. After the successful production, the purified syngas is utilized as a cost-effective

feedstock for the synthesis of methanol.
Methanol synthesis from syngas

The production of methanol from syngas involves the WGS (Eq. (3.4)) and the following

reactions [13]:

CO+2H, = CH,OH © o« =—91 kImol™ (3.6)

Ag 298K

Due to the parallel WGS reaction (Eq. (3.4)), the produced CO, and CO can be stoichiometrically

converted into methanol:
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CO, +3 H, = CH,0H +H,0 A He o =—49 kJ mol ™ (3.7

The by-product water (see Egs. (3.7) and (3.8)) has a detrimental effect on the traditional Cu-based
catalyst by deactivating the active species (refer to Chapter 3.2.1) [68]. Furthermore, the formation

of water reduces the overall efficiency and hydrogen utilization.

Compared with the CO hydrogenation to methanol (Eq. (3.6)), the CO> hydrogenation (Eq. (3.7))
generates less reaction heat. The endothermic reverse water-gas shift reaction (rWGS, Eq.(3.8))

weakens the overall heat release likewise:

CO, +H, =CO+ H,0 ApHype o =+41 kJ mol™ (3.8)

The reaction network, including endothermic and exothermic reactions, influences the methanol
synthesis and selectivity. For exothermic reactions, the equilibrium shifts towards the product side
(methanol) according to Le Chatelier’s [69] principle with lower temperatures. The opposite applies
to endothermic reactions. The reaction pressure influences the methanol synthesis as well. A
volume-reducing reaction, like the methanol synthesis, is favored at higher pressure. Assuming an
ideal gas, the rWGS (Eq. (3.8)) is constant in volume and therefore not influenced by pressure. In
conlusion, methanol production from CO or COz is favorable at low temperatures and high pressures

(see Figure 3.6). [70]

Syngas produced from various carbon sources and through the WGS (Eq. (3.4)) contains a certain
proportion of CO». Klier et al. [12] investigated the effects of CO2 on catalytic performance of
MeOH synthesis using the CuO/ZnO catalyst. With a syngas composition ratio of CO/CO2/Hz =
28/2/70 a maximum reaction rate was observed. The stoichiometric number (SN) determined the

ratio between molar fraction (yi) of H2 and CO: (Eq. 3.9):

Yu, ~Veo, (3.10)
Yeo T Veo,

SN =

For industrial processes a stoichiometric mixture SN > 2 with an excess of H» 1s adjusted to prevent
the formation of side products [71]. For example, the equilibrium yield of methanol (calculated with
Aspen Plus V12 using the equation-of-state by Soave-Redlich-Kwong ((SRK) [72]) is
Ynmeon = 72 % at 250 °C and 75 bar for pure CO hydrogenation (Figure 3.6 a)). With the addition
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of 2 % CO: into the feed, the yield increases slightly (Ymeon = 74 %, Figure 3.6 b)) at the same

conditions.
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Figure 3.6. Equilibrium yields of methanol calculated with Aspen Plus V12 using equation-of-state by SRK [72]. a) Pure CO
hydrogenation to methanol with CO/Hz = 33/67, b) max. reaction rate composition CO/CO2/Hz = 28/2/70 [12].

Methanol synthesis from CO:

The combustion of fossil fuels for energy generation leads to a significant emission of anthropogenic
greenhouse gases, mostly in the form of COa, to the atmosphere. CO2 undeniably plays a crucial
role in the greenhouse effect. The substantial emissions are leading to issues of global warming and
climate change [3]. In 2022, the global CO> emissions reached 37.5 Gt [73], and the concertation of
atmospheric CO: has increased to 418.6 ppm in 2022 [74] (see Figure 3.7). Before the industrial

revolution, the concentration of CO> in the atmosphere was about 280 ppm [3].
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Figure 3.7. CO; emissions and concentration in the atmosphere from 1959 to 2022, data out of [73,74].
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This aspect underlines the significance of advancing alternative technologies and achieving
CO»-free power generation. In comparison to CCS technology, CCU technology, involving
electrocatalytic, thermocatalytic and photocatalytic processes, goes beyond merely mitigating
greenhouse gas emissions and conserving fossil resources. [75] It involves recycling CO> as a
building block (C1) to produce chemicals, materials and high-value fuels. The direct utilization of
CO; as a feedstock in the chemical industry is a promising approach. [76] Depending on the CO>
source in industry, different contaminants such as NOy, SOy, aromatics, dust and much more can
occur in the syngas. If those are not removed, they could lead to catalyst poisoning for example. In
a typical cement manufacturing process, CO> is generated from de-carbonation of limestone in the
kiln (535 kg t! clinker), fuel combustion in the kiln (335 kgt! cement) and use of electricity
(50 kg t'! cement). [77] To remove the impurities (see Table 3.2) specialized equipment is required,
e.g. a selective catalytic reduction (SCR) system to reduce NOx, a fuel-gas desulfurization (FGD)
system to reduce SOx and filter systems to remove particles. To further separate CO2, a post
combustion capture system using an amine scrubbing system with monoethanolamin is used. The
pure CO:x is then stripped from the amine, dried, and pressurized, typically to 110 bar and ready to
be used as a raw material [77]. Other potential sources of CO> from industry and their impurities

are shown in Table 3.2.

Table 3.2. Potential CO2 sources from industry processes and their impurities.

CO; source CO; concentration Impurities Ref.

Cement industry 14-33 % NO3, NOy, SO2, O2, dust [77-79]
NOy, SOy, BTX, phenol, hydrocarbons, PAH,

.. ne g
Traditional Iron and steel 1542 % dust, heavy metal compounds, HCI [79-81]
Ammonia production 98-100 % H,, Oz, CHy [81]
Ethylene production 7-12 % H,0, CO, NOy, SOy, Oz, N, [81]

Coal power plant 10-15 % NOx, SOy, 02, N2, CO, Hg, As, Se [81]
Petroleum power plant 3-8 % NOy, SOy, Oz, N> [81]
Natural gas power plant 3-5% NOy, SOy, 02, N2, CO, Hg, As, Se [81]

Ethanol production 98-99 9 H,S, methanol, ethanol, acetaldehyde, dimethyl [81]

sulphide, ethyl acetate
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A renewable carbon source is crucial for the sustainable production of methanol through electrolytic
hydrogen from renewables (PtX). The fixation of industrial emissions containing CO> producing
methanol is a promising option. The stoichiometric conversion with hydrogen using a Cu-based or
In-based catalyst produces methanol and water (Eq.(3.7)). CO is a by-product of the rWGS
(Eq.(3.8)). The CO. hydrogenation to methanol (-49 kJ mol™') is less exothermic than CO
hydrogenation (-91 kJ mol™). Coupled with the endothermic rWGS (+41 kJ mol!) the CO:
hydrogenation to methanol produces less reaction heat and thus, a more homogeneous temperature
profile is expected in a catalytic bed. The equilibrium yields of MeOH and CO calculated using
Aspen Plus V12 and the equation-of-state by SRK [72] are shown in Figure 3.8. For pure CO»
hydrogenation the equilibrium yields are much lower than for pure CO hydrogenation. At 250 °C
and 75 bar, the equilibrium yield of methanol is Ywmeon =28 % for a stoichiometric ratio of

CO2/H2 = 25/75.
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Figure 3.8. Equilibrium Yield of methanol for pure CO2 hydrogenation with CO2/Hz = 25/75.

Kinetic models

The pressure affinity of the methanol synthesis can be explained with the law of mass action. It is
described as the relationship between the activities of the reactants in a chemical reaction at
equilibrium. The equilibrium constant determinates the distribution of reactants in the equilibrium
state. For ideal gases the equilibrium constants K and its change in temperature can be calculated

using the following equations (Eq. (3.11), Eq. (3.12)) [82]:



Introduction

—AGY
K:e[ adi | 3.11)
—AG® T ° 3.12
an(Tz):l AGy (298.15K) J AHRZ(T) Jr (3.12)
R 298.15K osls

The standard enthalpy AH?is a function of temperature involving the heat capacities of the

components ¢, as follows (Eq. (3.13)):

T (3.13)
AH? (T) = AH? (298.15 K) + j Ac®(T) dT

298.15 K

Industrial methanol synthesis is conducted at elevated temperatures and pressures
(T > 200 °C, p > 50 bar). Hence, corrections for non-ideal gas behavior are required. The fugacity

of real gases is a function of partial pressures p; and component fugacity coefficient ¢; (Eq. (3.14):

fi=o.p, (3.14)

In general, the equilibrium state K, for real gases is calculated under consideration of the

stoichiometric coefficient v; as follows (Eq. (3.15):

K, =K, K, =H(pi)VfH¢Vf (3.15)

For the Eq. (3.6)—(3.8) the equilibrium states K1 (CO hydrogenation), K > (tWGS) and K 13 (CO»
hydrogenation) are calculated using Eq. (3.15) [83]:

2
Pmeon * Po ¢MeOH
K..=K ‘K == . (3.16)
1 P(3.6) "9.(3.6) Pco -pflz Pco '¢lez
DPco Pu,o Py Pho
Kf,z :Kp,(3.8) 'K(p,(3.8) = 20 Pco”H, (3.17)

Pco, " Pu, Pco, Pu,

19



Introduction

The CO; hydrogenation Eq. (3.8) is the stoichiometric sum of reactions Eq. (3.6) and Eq. (3.7) and

the equilibrium constant is the result of multiplication:

K, =K, K, (3.18)

Graaf et al. [84] postulate a kinetic model based on the adsorption of CO, and CO on two active
sites and their stepwise hydrogenation already in 1988. This kinetic model was refurbed by
Henkel [85] using a micro fixed bed and Berty-type reactor. For the following kinetic model adopted
from Graaf’s [84] model, the CO hydrogenation refers to (1), CO> hydrogenation to (2) and rtWGS
to (3). Graaf and Henkel [84,85] formulated the kinetic rate equation, using a Langmuir-
Hinshelwood-Hougen-Watson type mechanism (LHHW). The LHHW approach assumes
energetically equivalent adsorption sites on the surface, whereby adsorbate-adsorbate interactions
are not considered. In addition, it is postulated that all reactants and products are in equilibrium with
the surface species and a clearly identifiable reaction rate determining step (RDS) exists. The surface
coverages are related to partial pressures through Langmuir adsorption isotherms [86]. The general

term for the LHHW rate equation is defined as follows (Eq.(3.19)):

rate factor % driving force (3.19)

inhibition term

Henkel [85] also considers the fugacities fi of the reactants relevant for the forward chemical

reaction and modified the numerator term using the £Q number (Eq. (3.20)-(3.22)):

Svteon
EQ, =1-—"3— (3.20)
' fco fﬁzz 'Kf,1
EQ, = I_M (3.21)
fco2 'sz 'Kf,z
EQ, = 1—fM“’O“—3:fH2° (3.22)
fco2 'fH2 'Kf,3

The model postulated the existence of two different types of active centers. It is assumed that
dissociative H> and H>O adsorption takes place at one center (*) while the other active center (#)
serves as an adsorption site for CO and CO.. Two parallel pathways were assumed for the formation

of methanol: one via the stepwise hydrogenation of CO and secondly via stepwise hydrogenation of
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COa. For the rWGS, it is assumed that the mechanism takes place via a formate species. This results
in a reaction network (see Figure 3.9) with three independent elementary step combinations

accordingly. [84]

H, +2* —= 2H*
H,0+* —= H,0*
CO +# — CO#
CO, +# == CO,#

CO# +H* —= HCO# + *

HCO# + H* —= H,CO# + *
H,CO#+H* —= H,CO# +*  RDS:r
H,CO#+H* —= CH,OH +# + *

CO,# +H* == HCO,# + *
HCO,# +H* == CO# + H,0* RDS: 7,

CO,# +H* —= HCO,# + *

HCO, # + H* ——= H,CO,# + *

H,CO,# + H* = H,CO,# + *  RDS:n
H,CO,# +H* —— H,CO# +H,0*

H,CO# +H* == CH,0# + *

CH,O# +H* — CH,OH +# + *

Figure 3.9. Surface reactions according to Graaf et al. [70] with two different types of active centers * and #.

For the formation of methanol from CO, according to the model, the hydrogenation of a
formaldehyde species is postulated to be the RDS r; and for the rWGS reaction this is the
hydrogenation of a formate species 2. The assumed RDS (73) for the formation of methanol from
COgz is the hydrogenation of a created dioxomethylene species. The mentioned reaction rates can

each be calculated by the following equations: [85]
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(3.24)

(3.25)

The kinetic parameters fitted by Henkel [85] are listed in Table 3.3. The component fugacities are

calculated using the SRK equation [72]. The equilibrium constants Keq2 and Keq3 were calculated

by Graaf and Winkelman [82].

Table 3.3. Kinetic parameters for the micro fixed bed and Berty reactor fitted by Henkel [85] and summarized by Nestler et al. [85,87].

Parameter Micro fixed bed reactor Berty Unit

ki 2.021'106'exp% 12.975-exp #T° molkg'-s-Pa’?
kz 3.172: 10'4'exp% 4.629'10_4~exp% molkg'-s!-Pa’!
K, 1.040-10% exp 7T 579710 oxp FT Pa!

K> 1.000-10* 1.935-10 Pa’!

K 2.420-10™exp T 274310 exp FT par0s
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3.1.2 Industrial applications

In addition to being used as an energy source, hydrogen carrier and possibly for CO, fixation,
methanol is mainly used as a platform chemical. In 2022, 172 Mt of methanol undergo conversion

into downstream end products through a variety of chemical processes (see Figure 3.10) [8,88].

7% 11%

11% I Methyl Chloride
[ | Methanol-to-Olefins

3% [ Formaldehyde

3% [ ] Acetic Acid
[ | Methyl tert-butyl ether (MTBE)
[ | Gasoline Blending & Combustion

I Biodiesel
8% [ ] DME
29, [ | Other

23%

31%

Figure 3.10. The areas of application and downstream products resulting from the industrial processing of methanol, along with the
products percentage distribution in 2022, data out of [88].

31 % of methanol was utilized in Methanol-to-Olefins (MTO) processes [88]. With specially
adapted zeolites, such as SAPO-34, a silicoaluminophosphate zeolite with a unique geometry and
pore size (3.5 A), limits the diffusion of branched and heavy hydrocarbons with high selectivity to
light olefins (C2—Cs). A milder acidity reduces the hydrogen transfer reactions, that lowers paraffinic
product yields. Ethylene and propylene are extracted from this fraction and employed in the
production of plastics. With an acidic zeolite such as H-ZSM-5, methanol is first condensed into
dimethyl ether and water. Subsequently, catalytic conversion takes place into a mixture of olefins,
aliphatics and aromatics, up to Cio at 350-400 °C under atmospheric pressure in the methanol-to-
gasoline (MTG) process. [89] 11 % of the global methanol capacity was used for gasoline blending
& combustion in 2022 [88]. Formaldehyde, comprising 23 % of the global methanol capacity ranks
as the second most common methanol product. Commercially, formaldehyde is produced from air
and methanol using a molybdenum oxide catalyst, which is inside the tubes of a “tube and shell
reactor” or using a silver oxide catalyst in a fixed bed reactor. Formaldehyde is the primary
component in the production of resins, phenols, urea, and melamine and is used in glue production,
the manufacturing of plastics, vaccines and carpets. [88,90] Around 11 % of the global methanol
demand is used in the synthesis of methyl tert-butyl ether (MTBE) [88]. In this process, methanol

reacts with isobutene by an acidic sulphonic ion-exchange catalyst (e.g. Amberlyst-15) to
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MTBE [91]. MTBE is used as an additive to gasoline to provide oxygen for the combustion and
decrease carbon monoxide emissions [92]. Other resulting products of methanol are acetic acid

(7 %), biodiesel (3 %), dimethyl ether (DME, 3 %) or methyl chloride (2 %) (see Figure 3.10) [88].

Annually, less than 0.2 Mt of renewable methanol are produced in a price range of USD 320-770
per tonne. Under current trends, annual production could increase to 500 Mt of methanol by 2050
in a range of USD 100-250 per tonne, resulting in the release of 1.5 Gt CO» per year if exclusively
derived from fossil fuels [93]. To augment the production of renewable methanol and to reduce
production costs, it is a viable option to overhaul the existing catalysts structure and develop better

performing catalysts.

3.2 Catalysts for methanol synthesis

From the initiation of industrial methanol synthesis in the 1920s, methanol was produced from
synthesis gas under conditions of 300450 °C and 250-350 bar using a catalyst system comprising
of ZnO/Cr,03. During that period a more active copper-based catalyst was available already, but
the ZnO/Cr,0s5 catalyst exhibited higher stability against chlorine and sulfur compounds present in
syngas at that time. With a higher purity of syngas achieved in the 1950s, the ZnO/Cr20s3 catalyst
was replaced in the 1960s by a more active and selective copper-based catalyst in a low-pressure
process [94,95]. Similar to numerous industrial catalytic processes, the practical implementation of
methanol synthesis came before a full understanding of its underlying chemistry. Consequently, the
process was operated for decades relying on empirical observations [96]. There is an increasing
focus on the utilization of Cu/ZnO-based catalysts for CO2 hydrogenation (see Chapter 3.2.1).
Recent studies showed that In-based catalysts are promising due to their high activity and stability

for CO; hydrogenation and are discussed in detail in Chapter 3.2.2.

3.2.1 Commercial Cu-based catalyst

Industrially, the Cu/ZnO/Al>Os3 catalyst is used for the WGS reaction to produce high-purity H> and
CO; from CO and H>O (reverse Eq. (3.8)), for methanol steam reforming (reverse Eq.(3.7)) and for
methanol synthesis via CO hydrogenation (Eq. (3.6)) [97]. The usual molar ratio of the commercial
Cu/ZnO/A1LO3 (CZA) catalysts is Cu/Zn/Al =60/30/10. On an industrial scale, the catalyst is
produced through co-precipitation. During this preparation, metal nitrates are dissolved and
precipitated with sodium carbonate. After drying and calcination in air at 300-500 °C the
Cu0O/ZnO/ALx0Os is obtained. The final CZA catalyst is received in-situ due to subsequent reduction
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under a diluted hydrogen flow at 250 °C. Figure 3.11 illustrates a typical CZA catalyst using

transmission electron microscopy (TEM) [98,99].

Figure 3.11. High-resolution TEM image illustrates the typical microstructure of CZA catalysts, adapted from Kasatkin et al. [98].

For the WGS reaction of Cu/ZnO-based catalysts, it is discussed whether the ZnO stabilized copper
phase, the well dispersed metallic copper [100,101] or the Cu-ZnO interface, which is dissociating
H>O [102], acts as the active site. The addition of aluminum to the Cu/Zn precursor enhances the
catalytic activity due to the formation of hydrotalcite [100]. Three distinct mechanisms have been
suggested: the surface redox mechanism via formyl path, the carboxyl intermediate path and the

formate intermediate path [103].

The transformation of methanol into hydrogen-rich gaseous mixtures can be achieved either through
methanol decomposition (reverse Eq.(3.6)) or methanol steam reforming (reverse Eq.(3.7)) using
the CZA catalyst. Alternatively, methanol reacts to methyl formate. This step has been demonstrated

to be the RDS for methanol steam reforming [104].

Figure 3.12 illustrates the pathways of methanol formation. For CO hydrogenation, methanol is
produced using the CZA catalyst in the process of formyl species creation (formyl pathway).
Through stepwise hydrogenation of formaldehyde with dissociated hydrogen, a progressive
reduction occurs, achieving formaldehyde initially, followed by a methoxy intermediate, and finally
methanol. However, another proposed mechanism is the formation of the carboxyl intermediate
from CO (Figure 3.12, labeled B) or from CO; (Figure 3.12, labeled A). The hydrogenation of CO»
over the CZA catalyst leads to the formation of CO due to the rtWGS reaction (see Eq.(3.8)). This
can generate a Cu—O—Cu species on the catalyst surface through the carboxyl (H-O-C-O)
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intermediate pathway in which the O—CO bond is activated. After hydrogenation to a carbene diol,

split-off the hydroxy (—OH) and renewed hydrogenation, methanol is formed. [105]

In the proposed formate pathway for methanol synthesis by CO> hydrogenation, CO; is initially
hydrogenated to the HCOO intermediate (monodentate or bidentate ligand) on the Cu surface. The
formate intermediate is being gradually hydrogenated to formalin and then to H—formalin. After the

decomposition of hydroxy (—OH), formaldehyde is formed and hydrogenated to methanol. [105]
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Figure 3.12. Pathways of methanol synthesis for CO and CO: hydrogenation over Cu-based catalysts. Direct CO2 conversion due to
formate pathway is shown in the left column. Direct CO conversion due to formyl pathway is shown in the right column.
The middle column shows the carboxyl pathway, adapted from [105].

The CZA catalysts consistently exhibits deactivation behavior in industrial applications. For
methanol synthesis from syngas or CO; sources from industry processes (refer to Table 3.2) the
trace impurities e.g. sulphur-based components such as H>S or SO» in the feed gas can poison the
catalyst [106]. Reducing the sulfur concentration of the feed gas to 0.5 ppm or below is essential to
avoid catalyst deactivation [107,108]. Further CZA catalyst poisons are NH3, metals (carbon source
from steel-work off-gases) such as Na, Ca and Fe and halogen compounds [109,110]. Higher
reaction temperatures (above 300 °C) cause Cu particle sintering [14,111] and carbon deposition
[112] which, in addition to the thermodynamic properties of methanol synthesis, limits the reaction
temperature for CZA catalysts. During methanol synthesis via CO> hydrogenation, in-situ water
formation is an additional reason for the deactivation of CZA. Water blocks the hydrogen adsorption
sites leading to changes of Cu morphology and the oxidation of the active Cu-phase [68]. Caused

by the water, an increased sintering tendency and crystallization of the Cu and ZnO components
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might occur [113,114]. Liang et al. [115] showed that the methanol space-time-yield was decreased
by 34.5 % during 720 h time-on-stream (TOS) at 200 °C, 30 bar and H2/CO> = 3/1. Consequently,
after a TOS of 720 h, the ZnO species agglomerated, and the metallic Cu was oxidized [115].

In-based materials have emerged as promising alternative catalysts for CO> hydrogenation to

methanol showcasing less deactivation behavior and higher selectivity [16].

3.2.2 In-based catalysts as promising alternative

Research of the last decade focused on In-based catalysts for methanol synthesis via CO;
hydrogenation. At low reaction temperatures (200-300 °C) the competing rWGS reaction is not
catalyzed and completely avoided by In,Os resulting in a methanol selectivity of 100 % [16]. The
density function theory (DFT) studies of Ye et al. [116] revealed high activity of defective
In,03(110) surface for adsorption and activation of CO,. The perfect InoO3(110) surface consists of
In—O-In chains. Each chain consists of two O—In squares linked by O3—In3—O4 exhibiting symmetry
with respect to In3 (Figure 3.13 a)).
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Figure 3.13. a) In205(110) surface from the side (upper) and top (below) view with framed lattice oxygens O1 or Os, adapted

from [116], b) The proposed catalytic mechanism of CO2 hydrogenation to methanol on Vo sites over In203(110), adapted from
[117].

Under methanol reaction conditions, DFT calculations attribute the active sites of InoOj3 catalysts to
the created oxygen vacancies Vo. The oxygen vacancy formation is more readily achieved by H; or
CO reduction than by thermal desorption. The Vo1 defective site is identified as the most
thermodynamically favorable, whereas the Vo4 defective site is characterized as the least stable and

more preferred for CO; activation [116].
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The DFT studies expect hydrogenation to be the primary reaction at the Vos defective site where
methanol is formed via the formate pathway. According to this, the generation of surface oxygen
vacancy occurs through reduction with H. Figure 3.13 b) illustrates the proposed catalytic
mechanism of CO; hydrogenation to methanol on Vo sites over InoO3(110). The dissociative
adsorption of H, forms one hydroxyl group with a lattice oxygen and a H-In bond. A subsequent
condensation desorbs water from the surface under the formation of an oxygen vacancy (1). CO»
adsorbs at the In,O3.x surface sites (2) and forms mono—HCOO with atomic H on In. Mono—HCOO
is very instable and quickly converts to a more stable bidentate configuration (bi-HCOO) under
oxygen vacancy formation (3). The C=0O of bi-HCOO breaks, binds with a H-atom and the O fills
the oxygen vacancy to form H2COO (4). Then the direct hydrogenation to CH3O 1s favored over the
protonation to HoCOH for methanol formation (5). The hydrogenation to CH3O is the expected
RDS, due to highest activation barrier. After the protonation of CH3O methanol is
formed (6). [116,117]

Studies of Sun et al. [118] showed that In,O3 produced 3.69 molmeon h™! kgea! methanol at 330 °C
and 40 bar with a selectivity of 40 % using a fixed bed reactor. The introduction of transition metals
on In»0s such as Pt, Pd or Ni could enhance the hydrogen adsorption and dissociation compared to
pure In2O3 [119-122]. The resulting hydrogen spillover contributes to higher hydrogen availability
on the catalyst surface and further improves the catalytic activity [123].

Another strategy to improve the catalytic activity is the combination with metal oxides as a carrier.
Martin et al. [16] showed an increase in the space-time-yield (STY) using ZrO> compared to other
metal oxide carriers (TiO2, ZnO, Si02, A1,O3, SnO,, MgO). With an optimum In loading of 9 % on
ZrO» the study demonstrated no deactivation over 1000 h TOS. DFT results by Dou et al. [124]
proved that ZrO; and TiO2 enhance the activity and stability of InoO3. On monoclinic ZrO> an
epitaxial alignment of In2O3 ensures a high dispersion of the active In2O3. Also an unfavorable
lattice matching of monoclinic ZrO» results in tensile strain, promoting the formation of more and
potential diverse oxygen vacancies on In2O3 [125]. The study of Schiihle et al. [106] investigated
the performance of In2O3/ZrO> under a H»/CO; = 3:1 flow added with typical impurities of CO>
sources from industry such as HoS, SO, NH3, NO» or hydrocarbons. The InoO3/ZrO; catalyst was
deactivated by the formation of indium sulphate and indium sulfide. NH3, NO; or hydrocarbon
impurities showed no deactivation effects on the methanol production [106]. Latest research
introduced Pd or Pt to In203/ZrO> to boost the catalytic activity for CO> hydrogenation to methanol
[126,127].
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3.3 Reactor concepts

The reactor is the key equipment within a chemical plant. Today’s industrial methanol plants are
categorized in Mega, Giga or Jumbo plants producing 2,000 t d! to 10,000 t d! of methanol. The
maximum capacity of the methanol reactor is energetically constrained by both, the pressure drop
and by the manufacturing and transportation limitations of the pressure vessel. The reaction heat of
syngas-based methanol production is much higher than for pure CO hydrogenation (Chapter 3.1.1).
The primary challenge in reactor design is to economically manage the removal of the reaction heat,
providing temperature control, preventing by-product formation, and attaining high conversion rates
through low outlet temperatures. Additionally, ensuring good energy efficiency due to internal heat
recovery is important as well [9]. The existing reactor technologies can be broadly categorized into

two main categories: two-phase and three-phase reactors [66].

3.3.1 Two-phase reactors

The industrial synthesis of methanol is usually done with a two-phase reactor wherein the reactant
mixture is present in the gas/vapor phase and overflows a solid catalyst for reaction. There are two
types of reactor, classified into adiabatic or isothermal reactors according to the strategy of heat
removal within the catalyst bed [128]. Also, two-phase reactors in a laboratory scale are used for

methanol synthesis for catalyst testing [129].

Adiabatic reactors

The adiabatic reactor, also called quench converter, consists of one or more (up to five) adiabatic
catalyst beds positioned in series inside a single pressurized shell. After each bed, cooling gas is
introduced (quenching) using distributers, called lozenges. These are located horizontally across the
converter with a central pipe for feeding the cold quenching gas (see Figure 3.14 a)). Quenching
relieves the reaction temperature by adding fresh and recycled syngas, shifting the equilibrium to
higher methanol yields (see Figure 3.14 b)). The most applied low-pressure quench converter is
from Imperial Chemical Industries, ICI (now Johnson Matthey) [128,130]. The ICI converter
operates between 50—100 bar at 270 °C using the CZA catalyst in each single bed [9,131]. The
methanol production capacity for the ICI is up to 3,000 t d"!. One of the drawbacks is an irregular
flux distribution through various catalyst pellet sizes and voids between the pellets. This leads to a

temperature influx inside the bed with cold spots having a low reaction rate and hot spots where
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byproducts are formed, or the reaction is thermally deactivated by sintering of the catalyst particles.
Due to less effective heat recovery and lower conversion rates, a higher recycle stream is

necessary [66].

o
R

o
N’

Methanol yield

Gas outlet Temperature

Figure 3.14. a) Simplified adiabatic reactor with gas quenching (ICI) due to four lozenges and b) the corresponding temperature
profile: the red lines represent the increase of temperature along the catalyst beds, the blue lines shows the quenching zones due to
fresh and recycled feed gas and the black line represents the equilibrium yield of methanol as a function of temperature, adapted from
[66,132].

The Advanced Reactor Concept ARC from Casale in collaboration with ICI differs from the ICI by
the deployment of distribution plates in different sections. The revamping increases the methanol

production up to 20 %. The ARC operates at 80-90 bar and 240-290 °C [133].

The solution from Toyo Engineering Corporation comprises of a reactor with a multi-stage radial
flow and intermediate cooling, called MRF-Z® (see Figure 3.15 a)). The catalyst is loaded in
concentric beds where the blade boiler tubes remove the reaction heat. Across the catalyst bed the
radial flow configuration enables a reduction of pressure drops. The catalyst volume is about 30 %
lower compared to the ICI with the same product capacity and operating close to its maximum viable
reaction temperature. Efficient heat recovery is used for steam production, which can be utilized in
synthesizing the syngas feedstock. The MRF-Z® reactor produces up to 5,000-6,000 t d' methanol
at 100 bar and 240-260 °C [131,133].

Another adiabatic reactor was designed by Kellogg, Brown and Root (see Figure 3.15 b)), which
incorporates multiple adiabatic fixed bed reactors in series. The reactor is shaped spherically, and
the catalyst is positioned between the inner spherical shell and the external wall of the reactor. The

reactant flows from the outer to the inner sphere radially passing through the catalyst. This results
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in lower pressure drops compared to tubular reactors. The generated reaction heat is dissipated by
intercoolers. Thinner reactor walls are required for constructing this reactor setup, reducing costs
for manufacturing, transport, and installation. Kellogg, Brown and Root ensure higher methanol
yields compared to ICI, thereby less recycling of the reaction stream is necessary. The methanol

production capacity is up to 10,000 t d™! [131,133].
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Figure 3.15. Schematic reactor setups: a) Toyo MRF-Z® reactor b) Spherical Kellogg, Brown and Root reactor, adapted from [133].

Haldor Topsee (now Topsoe) modified the quench reactor and designed a collect-mix-distribute
reactor (CMD). Vertical support beams separate the catalyst beds. The feed of fresh syngas is at the
bottom of the reactor, flowing radially across the catalyst to the top of the bed. Cold quench gas is
introduced and mixed in the reaction stream before being forced to flow radially downwards through
a second catalyst bed. This configuration produces up to 10,000 t of methanol per day at 50-100 bar
and 290 °C [131,133].

Isothermal reactors

The main objective of an isothermal reactor is to regulate the reaction temperature by employing
cooling instruments and maintaining a quasi-isothermal process. In comparison to adiabatic
reactors, the isothermal reactors cool itself, the catalyst, and the reaction gas. They are categorized
in gas-assisted cooling and heat removal by steam generation reactors. The main benefits of these
reactor types include an extended catalyst lifetime, higher conversions, and methanol selectivity.

The energy is recovered by steam generation, which is utilized for syngas feed generation [133].
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The Lurgi reactor (now part of Air Liquide) was introduced at the beginning of the 1970s. The fixed
bed reactor is basically a shell and tube design. The feed gas flows across the catalyst-filled tubes
in axial direction. Boiling water is pumped through the outer shell of the reactor, cooling the catalyst
indirectly. The excess reaction heat is used either to produce a medium pressure steam for the
compression section or for the methanol distillation process. The Lurgi reactor operates in the range
of 50-100 bar and 230-265 °C. The methanol capacity for a single-train is restricted to
1,500-2,200 t d"! .[131,133] In combination with a second Lurgi methanol converter (two-stage), it
is called Lurgi MegaMethanol™ (see Figure 3.16). The first stage operated at high space velocities
and high temperature to partially convert syngas to methanol and to generate high pressure steam.
The outlet gas of the first converter is fed to the shell side of the second reactor. In countercurrent
to the feed, the cold fresh syngas circulates inside the tubes. This configuration enables efficient
heat recovery to reduce production costs and to maintain the reaction driving force. This set-up

enables a methanol productivity up to 10,000 t d!. [131,133,134]
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Figure 3.16. Schematic configuration of the Lurgi MegaMethanol™ process and the corresponding temperature profile in the first

(water-cooled) reactor, adapted from [132,133].

Another reactor, the Linde isothermal reactor, is equipped with helical tubes inside the catalyst bed.
The tube bundle is fed by cooling or boiling water, providing an indirect heat exchange. The boiling
water flows axially from the bottom upwards due to natural draft and is converted to steam at the
reactors top. The catalyst can work at an optimum temperature, thus resulting in higher productivity,
less by-products, longer catalyst lifetime as well as efficient heat recovery and lower operating costs.
This configuration can be used for both exothermic and endothermic catalytic reactions and for gas
to gas, gas to liquid or liquid to liquid systems (see Figure 3.17 a)). Linde reactors produce up to

4,000 t d!' of methanol. [131,135]

32



Introduction

a) b) C)

St
eam /_q Feed gas

3
el \\f " _ Feed boiling water

water =
2 %7 Gas entry
[ ) ’i\‘\\ Steam =P Steam
,t ‘\..\
~L§~§lf Catalyst bed Catalyst bed
s=2 Feed
N=27 ee
=y boiling water
. B ;’ _ ¢ Feed
~— boiling water
. Gas outlet
4
Circulating water Gas oaliel Feed gas o et

Figure 3.17. Simplified reactor configuration of a) Linde isothermal reactor, b) MGC/MHI Superconverter and c¢) Isothermal
Methanol Converter (IMC), adapted from [9,135] .

Mitsubishi Gas Chemical and Mitsubishi Heavy Industry developed an isothermal converter called
MGC/MHI Superconverter. The reactor includes double-walled tubes with the catalyst bed inserted
between the outer and inner tubes in a boiling water vessel. The boiling water around the tubes helps
to remove the reaction heat. The fresh syngas is fed upwards from the bottom of the converter and
preheated inside the tubes. The gas is then channeled downwards, overflowing the catalyst bed in
the outer tube (see Figure 3.17 b)). To reach the desired temperature profile along the catalyst bed
a slightly higher temperature at the reactor inlet of 250-260 °C for preheating the fresh syngas is
required. The temperature gradually decreases as it exits the reactor (240-250 °C). At 55-100 bar
the MGC/MHI Superconverter produces up to 2,500 t d”! of methanol [133,136].

The Isothermal Methanol Converter (IMC) by Casale SA contains hollow plates for heat exchange
embedded in the catalyst bed. Inside the plates, fluids such as feed gas, boiling water or other
coolants are used for temperature control. The plates can be independently supplied with coolant by
adjusting the coolant flow at different heights (see Figure 3.17 c)). The quasi-isothermal temperature
profile of the IMC can be controlled and adjusted to operate at the maximum reaction rate [9]. The
good temperature control prolongs the catalyst lifetime and reaction heat can be recovered to
produce stream. The design of the reactor can include a mixed axial-radial flow configuration [66].
The axial flow configuration can reach methanol capacities up to 2,000 t d"!. However, for larger
capacities ranging from 7,000-10,000 t d”! methanol in a single converter, an axial-radial flow
configuration is employed resulting in a pressure drop of less than one bar [9]. The reactor operates

at 225-280 °C and 65-80 bar [132]. There is virtually no limit to the size of the IMC and its
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construction is straightforward, because a conventional vessel that includes the catalyst bed and

plates is manufactured [66].

Laboratory scale two-phase reactors

Two-phase reactors for laboratory scale are categorized in packed bed reactors and gradient-less
recycle reactors. The simplest reactor for investigating heterogeneous catalytic reactions is a fixed
bed reactor. Usually, the catalyst bed is positioned in the center of the reactor tube and held in place
by quartz wool on both sides to prevent fluidization in up-flow direction. In many cases, inert beads
are mixed with the catalyst to dilute and to disperse the gas flow. A thermocouple is installed in the
middle of the catalyst bed and the fixed bed tubular reactor is placed in a furnace as shown in
Figure 3.18 a). The fixed bed reactor can be operated in differential or in integral form

(Figure 3.18 b)). [129]
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Figure 3.18. a) Schematic configuration of a laboratory scale fixed bed reactor. b) Operation opportunities of laboratory
scale fixed bed reactor, adapted according [129].

Less catalyst in the differential reactor leads to a higher reactant concentration and a lower
conversion than in the integral reactor [129]. The smaller fixed bed largely eliminates internal

temperature gradients [137]. Geikwad et al. [138] split the catalyst bed of CZA in three parts, which
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were separated by empty spaces for gas analysis. This study demonstrated that methanol is
synthesized at low temperatures by direct high-pressure CO; hydrogenation. Above 260 °C,
methanol formation is favored by hydrogenation of CO via the rWGS reaction (Eq.(3.8)) [138].

The Compact Profile Reactor (CPR) by REACNOSTICS GmbH enables both integral and
differential operation modes for laboratory scale fixed bed reactors. In the setup, the catalyst is filled
in a reactor tube and fixated by quarts wool plugs. A capillary with four orifices in the wall passes
through the catalyst bed for gas sampling. At these four bores a thermocouple is positioned inside
the capillary for temperature measurement. The reactor is movable along the capillary in axial
direction through a guide rail (see Figure 3.19 a)). This enables spatially resolved reactant
compositions and temperature profiles. The CPR is already established for various heterogeneously

catalyzed reactions. [139-143]

a) b) ©)

Thermocouple

Sampling
Gas analysis
Feed gas

ot
o
b5
Glass wool .a‘:J
Catalyst bed 7z
2
S
s
4 x Orifices
Glass wool
A
Outlet gas S

A-A Top
Sectional View

Figure 3.19. Laboratory reactor concepts. a) Schematic design of the CPR by REACNOSTICS GmbH, adapted from [143]. b)
Simplified diagram of a Berty stationary catalyst basket reactor and c) a Carberry spinning catalyst basket reactor, adapted from [129].

Typical gradient-less recycle reactors for gas-solid reaction system are the Berty and Carberry
reactor for determining reaction kinetics [129]. The Berty reactor features a fixed circular catalyst
bed and a bottom-mounted blower, see Figure 3.19 b) [129]. The reaction gas mixture is passing

through the catalyst bed and forced up the draft tube by the impeller. The gas is directed upwards
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along the wall of the vessel and flows down through the catalyst bed again[129]. The turbine speed
controls the recycle rate. [ 144] The stirrer of the Carberry reactor is a basket filled with the catalyst.
Each arm of the catalytic basket is acting as a differential reactor. Below and above the basket are
impellers to direct the fluid flow, see Figure 3.19 ¢). The Carberry reactor achieves complete mixing
in the gas phase and assumes gradient less operation. A drawback is that the temperature of the

catalyst bed cannot be measured. [144]

3.3.2 Three-phase reactors

Three phase (gas-solid-liquid) reactor systems have been suggested for syngas from coal with low
H/C ratio to avoid coking. Reactors such as slurry or trickle bed reactors ensure more efficient heat
removal and less mass transfer limitations. In a trickle bed reactor, the packed bed of catalyst
particles is stationary while a gas-liquid stream flows through the bed. Air Products investigated the
LPMEOH™ technology, where the fine catalyst particles are suspended in mineral oil. Inside the
reactor a heat exchanger transfers heat from the mineral oil to the outside (see Figure 3.20 a). This
enables better temperature control, faster mass transfer and lower costs compared to fixed bed
reactors. The LPMEOH™ pilot plant showed the ability to produce 300,000 L d"! of methanol in
1977 [66]. The reaction conditions were 215 °C and 30-50 bar [9].
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Figure 3.20. Three-phase reactor systems: a) LPMEOH™ slurry reactor technology by Air Products, adapted from [66], b) slurry
reactor, adapted from [145].

While slurry phase CO hydrogenation to methanol has received less attention, there has been an
increasing focus in research for the CO; hydrogenation to methanol [145,146]. The catalyst powder

is suspended in a carrier liquid (see Figure 3.20 b)). The slurry system provides many advantages,
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such as high mass and heat transfer rates, high productivity per unit reactor volume, simple
construction, and low operating costs. Catalysts, whether as powder or nanoparticle, can be used
without compensating a pressure drop. Properties of the slurry reaction system, such as gas
permeability, heat capacity, viscosity, or solubility can be influenced by the choice of carrier oil.
Higher gas permeability and solubility of methanol (and the by-product water via CO;
hydrogenation) allow for higher conversions. Fluctuating feedstock composition for coal-derived
syngas or for COz hydrogenation using renewable hydrogen and waste CO; from industry can be
buffered by the oil. The heat capacity of the oil can buffer the heat of reaction and stabilize the
temperature as well, thus preventing the catalyst deactivation through thermal sintering caused by
reaction temperature peaks. The limitations of the slurry reactors include backmixing, high attrition

of catalysts and further downstream operations such as catalyst or product separation.[145,147]

3.3.3 Design of Experiments

For the methanol synthesis, which is based on equilibrium reactions (refer to Egs. (3.6)-(3.8)), many
reaction parameters, such as temperature, reaction pressure, partial pressures, reaction time, GHSV,
catalyst to substrate ratio and more have an influence on the methanol productivity, selectivity,

reaction kinetics and catalyst activity.

Before the introduction of statistical Design of Experiments (DoE), in the field of chemical
engineering in the middle of the 20" century [148], the experimentation designs were simple and
follow the trial-and-error or the one-factor-at-a-time (OFAT) experimentation method. OFAT
varied one factor while the others are kept constant (see Figure 3.21). The interactions between

factors k and the effect of one factor on the level of the other cannot be detected by OFAT. [149]

A systematic method to for identifying the cause-and-effect relationships for a given system, such
as the methanol synthesis is the application of statistical DoE. This method is used to plan, conduct,
analyze and interpret experiments resulting in objective and valid conclusions from data. The DoE
technique was introduced by Sir R. A. Fisher in 1935, Edinburgh and London [148]. His primary
objective was to determine the optimal combination of rainfall, sunlight, fertilizer, soil conditions

and moisture for the best harvest, by using the DoE technique. [148,149]

A tool to vary many factors (e.g. reaction parameters) simultaneously is the factorial design. The
simplest way involves two factors, each with two levels (2%). With an increasing number of factors,

the factorial design becomes an advantage (2¥). The factorial approach covers all combinations of
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factors and their interactions. A full-factorial design can be time-consuming and involves many
experiments (runs) (see Figure 3.21). However, within a given experimental budget or time the
fractional factorial design is a more suitable approach. [150] This design approach reduces the
number of experimental runs (2XP) by using a projection to interpolate the data in between. The
subset of significant factors is equivalent to a factorial design. The trade-off through reducing the
number of runs is the aliasing (confounding) of effects. The degree of the aliasing effect is measured
by the resolution. As the alias effects increase, as the resolution decrease. [150,151] The OFAT, the
factorial and the fractional factorial design are compared in Figure 3.21. It becomes apparent, that
by switching from the OFAT to a factorial design, a lot more experimental space is covered, but
still many experiments are required. With reductions, a fractional factorial design can cover up most

of the experimental space with significantly less work.

OFAT Factorial design Fractional Factorial design
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Figure 3.21. Comparison of OFAT with a 33 full-factorial design and a 23 fractional factorial design, adapted from [150,152].

Response Surface Methods (RSM) are advanced techniques for the optimization of fractional two-
level and full-factorial designs. The center point, being the midpoint of all factors, is added to the
design. For example, the center Point is 2 for factor A with 1 (low level) and 3 (high level). The
added center point can reveal a curvature for a two-level fractional design, where a linear correlation
is not enough to describe the system. That does not illustrate the complete system that would be

received in a three-level factorial design, since it is more complex.

A central composition design (CCD), useful in RSM, is created by adding axis and center points to
a two-level factorial design. Another experimental design for fitting response surfaces is the Box-
Behnken design, in which not the edges (low and high level) of the cube design are experiments,
but the midpoints of the cube edges and the center point are. [153] To assesses the significance of

experimental results, a statistical tool called analysis of variance (ANOVA) is applied. The total
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variation of a data set is divided into individual components. The ANOVA computes the sum of

squares, degrees of freedom, mean square, the F-test and p-test value. [151]

With the data from the ANOVA a Pareto chart can be rendered, showing the relative size of effects
(see Figure 3.22). If one of the experimental runs is faulty, the fractional factorial design may
become unbalanced, resulting in different standard errors for the effects. Not every effect has a
significant impact on the system. The t-values of the effects stabilize the Pareto chart against faulty
experimental runs. The dimensionless statistical scale is calculated by dividing the numerical effect

by its related standard error (Eq. (3.26)) [150].

|Eﬂecti |

1 1 (3.26)
\/MSResidual [N + Nj

In Eq. (3.26), N represents the number of responses from each level tested and MS is the mean

t-value, =

square of the residuals. A special t-value, named after Carlo Emilio Bonferroni [154], the
Bonferroni Limit considers the number of estimated effects by dividing it into the number of
experiments performed, which reduced the probability of false-positive effects, refer to
Eq. (3.27) [150,155]. The probability threshold, a, is used to control the false-positive effects and is
also defined as type I error rate [150,156].

Bonferroni Limit = d - (3.27)
number of experiments

The Bonferroni Limit is a correction for multiple comparison testing [157].
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Figure 3.22. Example for a Pareto chart with t-Value and Bonferroni Limit [150].
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4 Objective of the present work

Since the industrial revolution the CO> emissions rise and acts as a greenhouse gas causing global
warming. To replace the fossil energy carriers and raw materials, alternative sources for hydrogen
and carbon are required. H» generated by electrolysis of water using renewable energy and CO-
emissions from industry exhaust gas to synthesize methanol represents an opportunity for the net
zero emissions strategy and chemical energy storage. The commercially available Cu-based catalyst
for methanol synthesis quickly deactivates by higher temperature (> 300 °C) and the water produced
during the reaction of hydrogen and CO» [14,114].

The dissertation “CO, Hydrogenation to Methanol in Different Reactor Concepts using Metal-doped
Indium-based Catalysts” focuses on various aspects of the application of promising In,Os-based

catalysts for renewable methanol synthesis from CO> and H: in different reactor concepts.

The initial objective is to investigate the phase transition reversibility of a pure InoO3/In(OH)3
system under typical methanol synthesis conditions using a fixed bed reactor. The hydration reaction
of In203 to In(OH); could diminish the catalytic activity such as for the Cu-based catalyst. For this,
the catalytic data under various reaction conditions for both, In20O3 and In(OH); are investigated.
With the catalytic data, along with a computational study, predictions about operation strategies will

be made to prevent catalyst degradation.

ZrO; supported In,O3 enhances the catalytic activity compared to pure In,Os [16]. In the next stage,
the impact of different ZrOz-supports as well as preparation methods for indium impregnation are
to be tested in the same fixed bed reactor setup. The aim here is to further increase the catalytic
performance by adding In,O3/ZrO, with either Ho-spillover favoring metals like Cu and Ni or with

CO2-adsorbing metals like Ce and Mg. After the catalyst screening the stability is demonstrated.

A further objective is to study the reaction profiles of In2O3/ZrO; and metal promoted In203/ZrO>
compared to the state-of-the-art Cu-based catalyst using an innovative CPR. This aims to investigate
the simultaneous acquisition of temperature, reactants, products, and spatially resolved reaction
profiles during methanol synthesis via CO2 hydrogenation. The influence of reaction conditions
such as pressure, temperature and volumetric flow rate is to be determined with the most active
In203/ZrOs-catalyst. Characteristic reaction parameters such as the Carberry Number to
approximate extraparticle mass transfer [158] or the activation energies are to be calculated using

the acquired results.
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The final objective of this work is to optimize the application of In-based catalysts and the reaction
parameters using a three-phase slurry batch reactor setup. For this purpose, the most active catalyst
is determined by catalyst screening and selected for a parameter optimization study. A DoE and a
statistical evaluation are applied aiming to maximize the yield of methanol. The best performing
catalyst is compared to the copper-based catalyst for CO> hydrogenation as well as for CO
hydrogenation. The stability of the slurry system is investigated for multiple consecutive batch

experiments.
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5 Materials and methods for experimental evaluation

5.1 Used chemicals and materials

The following chapter lists all chemicals and materials used for the catalysts synthesis and
experimental procedure. Table 5.1 shows the used gases for the synthesis of methanol and online
gas chromatography. The used supports, precursors and chemicals for catalyst preparation as well
as the commercial reference materials are listed in Table 5.2. The carrier liquids used for the studies

in the batch reactor for slurry experiments are shown in Table 5.3.

Table 5.1. List of used gases.

Gas Composition Manufacturer Purity
Hydrogen H, Linde 99.999 %
Carbon dioxide in o 0 99.995 % (COy)
hydrogen mixture CO/H (25 %/75 %) Westfalen 99.999 %(H,)
Carbon dioxide CO, Linde 99.995 %
Helium He Linde 99.996 %
Argon Ar Heide Gas 99.996 %
Nitrogen N» Air Liquide 99.999

Table 5.2. Used supports, precursors and chemicals for catalyst preparation and used reference catalysts.
Chemicals Composition Manufacturer LOT Purity
Zirconium dioxide, 710, Alfa Aesar S08B075 n.a
pellets
Zirconium dioxide, Zr0, Saint-Gobain NorPro SZ31164 n.a
pellets
Indium(III) nitrate . N
hydrate Puratronic® In(NO3); » xH,O Alfa Aesar 62000138 >99.999 %
Indium(IIT) oxide 203 Alfa Aesar S23G014 99.9 %
Indium(III) hydroxide In(OH); ThermoScientific Y22F010 99.8 %
Cerium(lIl) nitrate Ce(NOs);» 6 H)0  ThermoScientific A0442129 99.5
hexahydrate
Magnesium nitrate Mg(NOs),* 6 H,O  ThermoScientific 61301307 >99.8 %
hexahydrate
Nickel(II) nitrate . .
hexahydrate Ni(NOs)2 * 6 H,O SuboLab 1068 n.a.
Copper(ll) nitrate Cu(NO3); * 3 H;0 Acros Organics A0431206 99 %
trihydrate
Copper-based MeOH ¢, 7,910, Alfa Aesar 1062036 na.
catalyst, pellets
Sodium carbonate Na,COs3 Griissig 9190 99.5 %
Sodium borohydride NaBH4 Acros Organics A0397479 98 %
Ethanol C,HsO VWR Chemicals BHD 19E024003 99.98 %
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Table 5.3. Carrier liquids used for the slurry reactor.

Carrier liquids Composition Manufacturer LOT Purity

Light mineral oil Mixture of aliphatic hydrocarbons Sigma Aldrich 330779 99.99 %
Eutectic mixture of bisphenol (CioHio)

Downtherm A and diphenyl oxide (C10H100) Sigma Aldrich 44570 n.a.
Degree of

H18-DBT Perhydrodibenzyltoluol Hydrogenious C0021 hydrogenation
93-95 %

Helisol 10 A Mixture of linear chain Poly- Wacker ~ OM48048 na.

dimethylsiloxane

5.2 Catalyst preparation

The In203/ZrO; catalysts were prepared using already published methods: wetness impregnation
(WI) [16,106], chemical reduction (CR) [159] or co-precipitation method (CP) [119]. In general,
the ZrO; pellets were granulated to 80-250 um (two-phase studies) or 32-80 um (three-phase
studies). An aqueous solution of In(NO3)2:xH20 or In(NO3)2-xH20, along with Ce(NO3)3-6 H>O,
Mg(NO3)2-6 H2O, Cu(NO3)2:3 H20 or Ni(NO3)2-6 H2O was added. If necessary, the pH value was
adjusted using aqueous Na>COs3; (CP), or NaBH4 is added for reduction (CR). The aqueous
suspension was then aged and dried using a rotary evaporator. Afterward, the powder was heated to
300 °C (heating rate 5 °C/K) and calcined for 3 h. The schematic procedure for different synthesis
methods of metal promoted In2Os-based catalysts is shown in Figure 5.1, using the example of
Nickel. Comprehensive details of the catalyst preparation are described in the publications and

corresponding Supporting Information.

(—)
[ Wetness impregantion (WI) ] [ Chemical rcductmn (CR) } [ Co-| prccnpltatlon (CP) ] \
— i | e
( . Support: In,0,/ZrO, ] ] Supporl.m-ZrO2 ] :;Ba;:llja;::r;
: : ; Solution of Ni(NO,), and e
‘ Solution of Ni(NO,), in H,O J ‘ In(1\03)3 in H,0 S
Catal,
Setting pH to 9-10 with o
1 h RT 260 rpm, N2 aq. Na,CO1 Aqueous suspension
‘ Rotary evaporation ’ ( Addition of aq. NaBH, ] | Rotary evaporation ’
[ Washed with H,0 J
z = & = Rotarv emportation
( Drying (12 h, 65 °C) ] (aging & drying)
[ Calcination ’ ‘ Calcination ’
K |
: N Ni(NO;), +2 NaBH, — Ni + NiCO; — NiO + CO,
\ 4 { N0 MOS0, ’ ( H, +2 NaNO, +2 H,BO, In,CO; > In,0,+3C0, < 7 Calcination

Figure 5.1. Preparation of Ni-In203/ZrOz by different methods.
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5.3 Different reactor setups

The following chapter describes the setup of the plants used, including a picture and a corresponding

flow diagram.

5.3.1 Fixed bed reactor setup (two-phase)

The experimental studies for the publications [18,19] were carried out in an integral operated fixed
bed reactor setup (see Figure 5.2). The fixed bed reactor as well as the periphery was made of
stainless steel (1.4571). The reactor tube with an inner diameter of 20 mm was connected to the

periphery with a silver plated VCR face seal fitting.

>
PR3 RV-3 V-3 MFC-2

Designations
v Valve

Figure 5.2. Piping and instrumentation diagram (left) and a picture (right) of the fixed bed reactor setup.

Two mass-flow controllers (MFC-1, MFC-2, Bronkhorst Prestige FG-201 CV) were used to
introduce the gases N», H> and the reactant gas mixture CO>/H> (1/3). The calibration curves applied
to set define volume flows can be found in the Appendix of this thesis (Chapter 9.1.2). The gases
flowed through a heated pipe (TIC-1) downwards into the reactor rube. Non-return valves (RV-1,
RV-2, RV-3) are installed to prevent backmixing of the gases. A back-pressure regulator (BPR-1,
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Dutch Regulators) is used to adjust the desired reaction pressure. For safety reasons, a normally
closed pneumatic valve (NC-1) stops the gas supply during an emergency shutdown. Additionally,
a burst disc (BD-1, 100 bar + 10 %) protects the setup from too high pressures The plug valves (V-1,
V-2) are required as an additional safety feature for manually opening or closing the gas supply.
The manually 3-way switching valve is used for changing gas feed to either H> or CO2/H». The plug
valves V-4 — V-9 are operated to manually purge the reactor or the bypass. The reactor is heated by
a heating mantle and the catalyst bed temperature is controlled in tandem with a thermocouple
located at the reactor wall (TIC-2), and inside the catalyst bed (TIC-1). The reactor outlet and the
downstream pipes are heated (TIC-3, TIC-4, TIC-5) to avoid condensation of reaction products such
as water and methanol. After the BPR-1, V-10 splits the gas output to prevent a buildup of pressure
for the following GC analysis.

5.3.2 Compact Profile Reactor setup (two-phase)

The experimental studies for the publication [20], were carried out in a two-phase Compact Profile
reactor setup (see Figure 5.3), which is operated both integrally and differentially. The following
setup differs from the previous setup (Chapter 5.3.1) due to the reactor.
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PR: Pressure reduce
F: Filter

RV: Non-return valve

NC: Narmally-closed valve

TIC: Temperatur indication control
BD: Burst disc V9 V=10 \é
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PIR: Pressure indication recording

TIR: Temperature indication recording

BPR:  Back-pressure-regulator J l
Ge: Gas chromatography

CPR: ‘Compact Profile Reactor Exhaust Exhaust

Figure 5.3. Piping and instrumentation diagram (left) and a picture (right) of the CPR.

The CPR (REACNOSTICS GmbH) consists of a stainless-steel tube that is 182 mm long with an
inner diameter of 4 mm. The outlet of the tube is connected to the BPR-1 and exhaust gas system.

Inside the tube is a stainless-steel capillary with four orifices (diameter: 75 um) in the wall. A
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thermocouple at the location of the four orifices measures the temperature of the catalyst bed. The
outlet of the capillary is connected to a needle valve (V-11), which regulates the pressure and flow
to the GC. The reactor tube and all pathways are heated inside of an isolated chamber. The
temperatures are controlled with the Software from REACNOSTICS. The outlets of the chamber
are heated (TIC-5) to avoid condensation. The reactor tube is moved with a guide rail along the

fixed capillary in the axial direction for both integral and differential measurements.

5.3.3 Three-phase Stirred-tank reactor setup in batch mode

The following three-phase (slurry) stirred-tank reactor setup in batch operation mode (see Figure
5.4) was used for the investigation described in the publication [21]. The reactor (R-1, Paar
Istruments) and the peripheral gas pipes are made out of stainless steel (1.4571). The reactor R-1
(vessel number QW11817AD 911817 T316 4560 0911 13351) has a volume of 600 mL, an inner
diameter of 6.35 cm, and is equipped with a controller (SIC-1, Paar 4843) to adjust the stirrer speed.
The connection between the reactor vessel and the reactor head is sealed with a flat gasket made of

PTFE.
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Figure 5.4. Piping and instrumentation diagram (left) and a picture (right) of the slurry batch reactor setup.

Inside the reactor, is a four-bladed gas entrainment stirrer with a diameter of 3 cm, along with a
thermocouple (type J) and a cooling loop. The combination of internal (TIC-1a) and external

(TIC-1b) thermometers enables cascade control of the heating power of the heating mantle. To
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protect the reactor from overheating, a cooling loop is installed in the gas phase of the reactor. This
loop is fed by a normally open pneumatic valve (NO-1) connected to a cryostat (Huber Minichiller)
set to 20 °C. The reaction pressure is monitored and recorded using a digital pressure indicator
(PIR-1) and an analog pressure gauge (PI-1). Protection against pressure peaks is provided by a
pressure relief valve (OV-1) with an opening pressure of 85 bar and a bursting disk (BD-1) with a
bursting pressure of 103 bar (+ 5%). With this setup, reactions can be carried out at temperatures up

to 350 °C and pressures up to 80 bar.

Reactants and inert gases (N2, CO2, CO, Hz) are added manually via plug valves (V-1-V-4) and
metering valves (V-5-V-8). No-return valves (RV-1-RV-5) regulate the gas flow direction and
prevented gas backmixing. Reaction gas can be removed from the reactor through valves V-15 to
V-17, either for sampling into a separate vessel, for gas phase analysis using the GC, or for exhaust
release. The reactor head, including its periphery, was heated to 120 °C using a separate heating
controller (TIC-2). The gas line from the reactor to the GC was also heated to 200 °C with a separate

heating controller (TIC-3) to prevent the condensation of reaction products.

5.4 Experimental Details

The following chapters describe the experimental procedure for the methanol synthesis using
different reactors, namely the fixed bed, compact profile and slurry batch reactor. Each setup was

checked for pressure-tightness with a pressure drop of less than 20 mbar h! at 80 bar.

5.4.1 Two-phase Methanol Synthesis Using the Fixed Bed Reactor setup

Inside the reactor, a porous, cylindrical frit was placed on the thermocouple and subsequently
covered with glass wool to allow for a packing of the catalyst around the thermocouple tip. The
reactor tube was positioned tightly around the frit, and the lower VCR screw connection was
tightened using a sealing washer. Usually, 5.0 g of indium-based catalyst (particle size: 80 -250 pm)
was mixed with inert quartz beads (beads size: 200 -300 um). The mixture was then filled into the
reactor tube from above using a measuring rod, ensuring a catalyst bed height of 5 cm and a central
position of the thermocouple in the fixed bed. Subsequently, more glas wool is used to cover the
catalyst bed from the top to hold it tight. A VCR sealing was placed at the upper end of the reactor
tube, and both screw connections were sealed to ensure a gas-tight system. The setup was inertized
three times with approximately 10 bar of nitrogen. The reactor and its periphery were then preheated

to 200 °C under a nitrogen flow of 300 mLx min! for one hour to remove physisorbed surface
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species. In the case of metal-promoted catalysts, as well as the CZA, in situ reduction and activation
were carried out by 500 mLx min! of 10 % hydrogen in nitrogen for one hour. Afterwards the
reaction pressure was adjusted by the BPR-1 and the reaction temperature was set. After reaching
the desired temperature, the continuous supply of the feed gas mixture (CO2/Hz = 1/3) and the
required volumetric flow rate was initiated. The settings of the gas flows, as well as the temperature
and pressure signals, were recorded and controlled using the Labview software. It also enabled the

automatic execution of various operating states.

The gas composition was automatically analyzed with the online-GC in 30-minute intervals by
programming a measurement sequence in the GC software CompassCDS. An operating point was
considered to be at steady state if the methanol concentration in the product gas changed by no more

than 0.1% in volume over three consecutive measurements.

At the end of the experiment, the reactor was cooled to room temperature (3 K min™') under a
nitrogen flow of 1000 mLy min™!. After cooling and inertizing the system, the setup was slowly
depressurized by opening BPR-1. The reactor was opened, the catalyst was removed, sieved to

remove the glass beads and stored under an argon atmosphere until further characterization.

5.4.2 Two-phase Methanol Synthesis Using the CPR setup

First the orifices position of the capillary was determined, marked closely with a pen. Another
marking was made 5 cm away from the orifices position for orientation later on, when the capillary
is covered by the fixed bed. The distance from the orifices to the upper end of the capillary is

18.1 cm, which is also the mounting depth for the thermocouple in the capillary.

The CPR tube with the capillary inside was filled from position 0.5 to 5.5 cm with pure catalyst
material (particle size: 80-250 um) and fixated by a bed of quartz wool plugs. The tube was then
mounted on the guide rail, connected to the inlet and outlet pipes, and the thermocouple was inserted

into the capillary up to the orifices position.

After fitting, the setup was pressurized to 5 bar with nitrogen to test the stability of the fixed bed
inside the tube. Then the setup was preheated to 7 = 180 °C (periphery upstream), 7" = 250 °C
(reactor including the fixed bed) and 7'=200 °C (periphery downstream) for at least 9 h under a N>
flow of 200 mLx min!. For metal-promoted catalysts, as well as the CZA, in situ reduction and
activation were carried out using 500 mLy min™ of 10 % hydrogen in nitrogen for one hour. Then

the reaction pressure was adjusted by the BPR-1, the reaction temperature was set and the reactor
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was moved to the 6 cm position. This position is located behind the catalyst bed and represents the
integral operation mode. After reaching the desired temperature, the continuous supply of the feed
gas mixture (CO2/Hz = 1/3) under the required volumetric flow rate was initiated. The capillary was
connected to the online GC. The gas composition was automatically analyzed by the online GC at
30-minute intervals using a programmed measurement sequence in the GC software CompassCDS.
An operating point was considered to be at steady state if the methanol concentration in the product
gas varied by no more than 0.1% in volume over three consecutive measurements. The catalyst bed
was analyzed from end position 6.0 cm to the beginning position 0.0 cm in 0.5 cm increments over
three consecutive measurements. The moving velocity between the measuring points was set to
30 um s, The settings of the gas flows, as well as the temperature and pressure signals of the
periphery, were recorded and controlled using the Labview software. The CPR was controlled and

recorded by its dedicated control unit and software.

At the end of the experiment, the reactor was cooled to room temperature (3 K min™') under a
nitrogen flow of 500 mLx min™!. After cooling and inertizing, the setup was slowly depressurized
by opening BPR-1. The reactor was opened, the catalyst was removed and stored under an argon

atmosphere until further characterization.

5.4.3 Three-phase Methanol Synthesis Using the Batch Reactor setup

To carry out the catalytic performance for the three-phase methanol synthesis in a batch reactor,
100 mL of the carrier liquid was added to a glass liner. The desired mass of catalyst (usually
2 g particle size: 32-80 um) was then added to the carrier liquid. The filled glass liner was inserted
into the stainless steel reactor, which was then sealed to the reactor head using a teflon sealing ring.
The heating mantle was fitted to the reactor. The inertization of the reactor was performed by stirring
with the gas entrainment stirrer at 200 rpm and purging three times with 5 bar of nitrogen. The
reactor was then purged three times with 5 bar CO; to remove the nitrogen, filled with 8.5 bar CO-
at room temperature, and heated to the desired reaction temperature. After reaching the reaction
temperature, the excess CO; was vented until the pressure was reduced to 15.0 bar. The reactor was
then filled with H» to a total pressure of 75.0 bar, and a GC measurement confirmed the target
H2/CO; composition of 4:1. The stirrer speed was increased to 1200 rpm, defining the start of the
reaction. After 3 hours, three gas samples were measured consecutively at 10-minute intervals using
the online GC to determine the CO, CO2, and MeOH content. After successfully determining the

gas phase composition, the reaction was stopped by reducing the stirrer speed to 200 rpm and
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cooling overnight. After cooling, the gas phase was purged, and the reactor was inertized three times
with 5 bar nitrogen before switching off the stirrer. The catalyst was then separated from the carrier
liquid using a filter (pore size 4-12 um), washed three times with 10 mL of isopropanol, followed
by three washes with 10 mL of cyclohexane. The catalyst was then dried at room temperature and

stored in an argon atmosphere.

5.5 Applied analytics

This chapter provides an overview of the analytical devices and methodology used in this work to

characterize the indium-based catalysts and to evaluate the catalytic performance.

5.5.1 Online Gas Chromatography

The gas phase composition for all setups was quantified using an online gas chromatography
(Bruker 450-GC), which was connected with a heated pipe to the reactor outlet. Inside the GC four
gas chromatography columns (Restek Q-Bond, Restek U-Bond, Bruker Swax, Bruker Molsieve 5
A) are used to separate the different gases and two flame ionization detectors (FID), one thermal
conductivity detector (TCD) combined with a methanizer are used to analyze the gas composition.
The calibration curves necessary for this are shown in the Appendix 9.1.1. More details are

described in the Supporting Information of [21] in the Appendix 9.6.

5.5.2 Fourier-transform infrared spectroscopy

An online Fourier-transform infrared spectroscopy (FTIR) was used to determine the residence time
distribution in the two-phase setups at different volume flows (refer to the Appendix Chapter 9.1.3
and 9.1.4), The measurements were performed using a X-STREAMXEGP-IR form Emerson
Process Management in a pulse tracer experiment by switching the feed from nitrogen to CO>

(tracer) for 12 s.

5.5.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to determine the mass loss, relating to water via
conversion of In(OH);3 to In2Os3. A SETSYS Evolution TGA-DTA from Setaram Instrumentation was

used for this analysis. In the publication [18], Chapter 6.1 are further details described.
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5.5.4 Powder X-ray Diffraction

The structural characterization of the indium-based catalyst was carried out by powder X-ray
diffraction (XRD) using a Panalytical MPD X ‘Pert Pro with a Cu-K, radiation (A = 0.1541 nm).
The particle sizes of the catalysts were calculated using the Scherrer equation based on the
characteristic diffraction reflex [160]. The measurements were conducted by the X-ray service

facility at Hamburg University.

5.5.5 Inductively Coupled Plasma Optical Emission Spectroscopy

The elemental compositions of the indium-based catalyst were identified using inductively coupled
plasma optical emission spectroscopy (ICP-OES). Usually the sample was digested in SmL of
concentrated H>SOs4 and 1 mL of fuming HNOs. The analysis was carried out on an
ASCOR-spectrometer (Fa. Spectro) using an argon plasma and quantified with optical emission
spectroscopy by the central element analysis service at the Department of Chemistry, University of

Hamburg.

5.5.6 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was applied to analyze the oxidation states of the surface
metals present in indium-based catalysts. XPS measurements were performed using a Thermo
Scientific system with AIK, radiation (1484.6 eV) and a spot size of 400 um. Data processing was
done using the Avantage 4.87 software. Signals were corrected using a "Smart" background. The

measurements were conducted by Dr. Leonhard Schill at the Technical University of Denmark.

5.5.7 Nitrogen Physisorption

The determination of the of the catalysts surface area was conducted by the Brunauer-Emmet-Teller
(BET) method, and the pore volume of the catalysts was calculated by using the
Barrett-Joyner-Halenda (BJH) method via nitrogen physisorption at 77 K. This was performed with

an Autosorb iQ-MP/XR analyzer (Quantachrome Instruments).

5.5.8 CO:2-Temperature-Programmed Desorption

Temperature-programmed desorption of COz (CO2-TPD) measurements investigated the COz
binding capacity and strength of the catalyst surface. The characterizations have been carried out

with the ChemBET Pulsar (Faradaic Quantachrome Istruments) at the University of Hamburg.
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5.5.9 Hz-Temperature-Programmed Reduction

Hydrogen temperature-programmed reduction (H2-TPR) measurements investigated the
reducibility of the catalyst surface. The analyses were performed with the ChemBET Pulsar
(Faradaic Quantachrome Istruments) at the University of Hamburg. A detailed procedure can be

found in the Appendix 9.6, or the Supporting Information of [21] , respectively.

5.5.10 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) was used to receive images of the catalyst surface via a Zeiss
LEO Gemini 1550 equipped with a field emission gun and a beam energy of 20 kV. Elemental maps
were obtained by energy-dispersive X-ray spectroscopy (EDX) using an Ultim Max 100 silicon drift
detector (Oxford Instruments). The measurements were carried out at the department of electron
microscopy at Hamburg University. A detailed procedure can be found in the Appendix 9.6, or the
Supporting Information of [21] , respectively.

5.5.11 High-Resolution Transmission Electron Microscopy

Additionally, morphological and compositional analyses were conducted with high-resolution
transmission electron microscopy (HRTEM) and scanning transmission electron microscopy
(STEM) with double-corrected (CESCOR and CETCOR CEOS) JEOL JEM 2299FS microscope
equipped with an in-column image filter Q-type, a high-angle annular dark-field (HAADF) detector
and a Gatan 4k UltraScan 1000 camera. EDX elemental maps were obtained by using EDX JEOL
JED-2300 analysis station with a 100 mm? silicon drift detector.

5.5.12 Nuclear Magnetic Resonance Spectroscopy

'H and '*C nuclear magnetic resonance spectroscopy (NMR, 400 MHz, resolution) was employed
to analyze the carrier liquids used for three-phase methanol synthesis. A Bruker Avance Il HD 400
was applied by the division of NMR spectroscopy at the University of Hamburg. The spectra were

evaluated with the software MestReNova.

5.6 Calculations

This section outlines the mathematical fundamentals for calculating reaction parameters for
methanol synthesis in both the two-phase continuously operated reactor and the three-phase batch

operated reactor.
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5.6.1 Calculations for the Two-Phase Continuous Methanol Synthesis

The calibrated MFC’s adjusted a standard volume flow (¥y) and the known feed gas i)
composition allowed the calculation of the molar flow (1) of component i (Eq. (5.1)) entering the
reactor, under consideration of the ideal gas law. The variables, p, and 7y, are the standard pressure
and temperature and R is the molar gas constant.
o P N (5.1)
1,1In R'TN
The molar fractions y of CO, CO; and methanol are obtained from the online GC. Regarding the
carbon balance of the reaction system, the total molar flow (Eq. (5.2)) at the reactor outlet is

determined using the sum of the molar fractions.

hc02. in (5.2)

Niotal,out— + +
yCOg,out yCO,out yMeOH,out

The molar flow of component i at the reactor outlet (72;,,;) Wwas calculated as follows (Eq.(5.3)):

Mi,out™ Mtotal,out V; oyt (5.3)

The yield Ymeon and selectivity Smeon of methanol, the CO> conversion Xco2 and various
productivities P with different benchmarks, which are catalyst mass meca(cat), BET surface
Sger(surface) or active metal content w (active metal), respectively are shown below. These were

calculated according to the following equations, Eqgs.(5.4)-(5.9):

nMeOH

Yateon= o~ 100 % (5.4)
. 1N
hMeOH out hMeOH in
SMeoH= —— - — -100 % 5.5
MeoH nco,,in — 1CO,,0ut 5:5)
YMeon
XCOZZS— (56)
MeOH
’;l ($} oul .M ($}
Pcat: MeOH,out ‘**MeOH (57)
Meat
P,,-1000 % i
P surface ™ SBET ( ’ )
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o P cat
P active metal + (59)
(a)lndium Wmetal promoter)
The reaction rate » was calculated according to Eq. (5.10).
pi= ’;li,in - ’;li,out (510)

For the relation of the standard volume flow (7y) to the catalyst volume (V) the gas hourly space velocity

(GHSV) was used (Eq. (5.11).

5
GHSV= 2 (5.11)
Vcat

The Carberry number (Ca), a dimensionless quantity, is used to assess the presence of external mass
transfer limitations in heterogeneous catalytic reactions. The mass-transfer limitation criteria
Ca <0.05 specifies that the diffusion resistance due to external mass transfer can be neglected. The

following equation, Eq. (5.12) defines the Ca number [158].

Tobs <O-£

= aker Tl (5.12)

The specific external surface a of the spherical catalyst particle is calculated with the particle

diameter d,, (Eq.(5.13).
a=— (5.13)

The mass transfer coefficient (kr) was calculated by the correlation of Dwivedi for packed beds
(Eq. (5.14)) [161]. The Sherwood number S/ involves the bed porosity eved, the Reynolds (Re) and
Schmidt (Sc) number (Egs. (5.15)-(5.17)):

D
ke = Sh— (5.14)
dp
Sh= - 10.453-Re'433.5¢0333 (5.15)
bed
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p ud
Re= _0zH2 P (5.16)
Hcoon2
_ Hcoom
Sc= P, (5.17)
Pcozn2

The Re number requires the superficial velocity u and the density of the gas mixture p ., ,;,- The

density was determined via Aspen Plus V12 using SRK equation of state [72]. Based on the Wilke
method [162] the gas viscosity u ., 4, Was estimated (Eq.(5.18)) , which requires the parameter ¢

Eq.((5.19)):

N
_ K Vi
'MCOZ,H2_; (ij\i . ¢i,j> (5.18)
1/2 1/4 2
”:[H(/«ti/ﬂj) +(A4i/fwj) ] 519
Y [s(em v

uij and M;j are the viscosity and molar mass of each species. The viscosity of a pure component is
calculated as follows (Eq. (5.20)) using the parameters in Table 5.4 [163].

ey

i~ 5.20
A 1+§+Q ( )

rr

Table 5.4. Parameters for the viscosity of pure species and their diffusion volume [164].

Species M (gmol!)  C; C2 Cs Cs4

Ui, j
CO2 44.01 2.148-10°° 0.46 290 0 26.9
H> 2.016 1.797-1077 0.685 -0.59 0 7.07

The molecular diffusions coefficient D, where v, ; diffusion volume of each species, is calculated

in Eq. (5.21)) [165]:

-13/2
10772 [TIM+T/M,

Deoyn™ p(P+v2?
ci cj

(5.21)
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5.6.2 Calculations for the Three-Phase Batch Methanol Synthesis

The initial gas phase composition (at reaction time /=0 h) in the three-phase reactor setup was
analyzed using the same gas chromatography as for the two-phase studies. After a typical reaction
time of 3 h, the product gas composition was subsequently analyzed. The following equations,
Egs. (5.22) and (5.23) shows the calculation of the amount of substance n for a component i at
measured pressure p, temperature 7" at any reaction time.

p(tr) VR,gas
RT(ty)

ni(fR) =Y, " Notal(1R) (5.23)

Mrotal (1R) = (5.22)

The gas volume of the reactor Vr gas Was calculated by subtracting the liquid volume (100 mL) from

the total reactor volume (600 mL), resulting in a gas volume of 500 mL.

Egs. (5.22) and (5.23) can be used to calculate the selectivity Smeon of methanol, the space-time-
yield (STY) and Pca, refer to Eqgs.(5.24)-(5.26).

MeOH
Smeon= —————— 100 % (5.24)
nco,,0 1co,
n M,
STY= MeOH M MeOH (5.25)

Meat IR

_ nveoH Mmieon
cat™

(5.26)

Mactive metal TR
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6 Cumulative part of the dissertation

The following cumulative part of the dissertation is based on the publications P1 to P4 [18-21], see
Figure 6.1. First (P1), the catalytic performance of pure In,O3 and the reversibility of the phase
transitions in InoO3, In(OH)3 model system were investigated using a two-phase fixed bed reactor.

The results were used for validation of the computational study (see Chapter 6.1) [18].

In the second publication (P2) [19], different ZrO> supports were loaded with InoO3 by different
synthesis methods. The most active In2O3/ZrO; is promoted with various metals to enhance its
catalytic performance. Different Ni-InoO3/ZrO, catalysts were synthesized either by chemical
reduction, co-precipitation or wetness impregnation and compared for their catalytic performance
in CO2 hydrogenation to methanol. Additionally, the stability and activity over 100 h TOS was
shown for the most promising In-based catalyst. The catalytic performance tests were conducted in

a high-pressure continuous-flow fixed bed reactor setup (see Chapter 6.2).

In Chapter 6.3 (P3), the In203/ZrO; and metal promoted In>O3/ZrO> catalysts prepared by wetness
impregnation were spatially investigated, compared with the state-of-the-art Cu/ZnO/AL2O;
catalyst. An objective was to reveal the influence of reaction conditions such as total pressure,
temperature, or GHSV to the reaction profiles. The spatially resolved reaction profiles were

determined in a two-phase fixed bed CPR [20].

Chapter 6.4 (P4) demonstrates the application of a supported In2Os-based catalyst in a three-phase
stirred-tank reactor concept. This chapter focuses on catalyst and parameter optimization studies for

slurry phase CO2 hydrogenation to methanol.

MeOH synthesis in Different
Reactor Concepts Using
Indium-based Catalysts

* Two-phase
* Fixed-bed reactor
= Integral operation

= In,0, and In(OH), = Two-phase Tt
= Catalyst performance = Fixed bed reactor = Two-phase
= Phase transition behavior * Integral operation = Compact Profile Reactor
*  In,0,/Z10, = Differential/Integral operation * Three-phase
= Metal promotion *  In,04/Z10, vs. Cu/ZnO/ALO, * Stirred-tank reactor
= Catalyst performance &  Metal pron.mlion - = Batch operation
= Spatially resolved *  In;04 In,04/Zr0,
= Influence of reaction *  Metal promotion
conditions = Catalyst and parameter

optimization (DoE)

Figure 6.1. Schematic illustration of the cumulative part of the dissertation.
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6.1 Influence of the phase transition of pure In:0O; in two-phase methanol

synthesis

Pl

Effect of Conversion, Temperature and Feed Ratio on In,0O3/In(OH)3 Phase Transitions in Methanol

Synthesis Catalysts: A Combined Experimental and Computational Study

Philipp Kampe, Anne Wesner, Patrick Schiihle, Franziska Hess, and Jakob Albert

P. Kampe, A. Wesner, P. Schiihle, F. Hess, J. Albert. “Effect of Conversion, Temperature and Feed
Ratio on In2Os3/ In(OH); Phase Transitions in Methanol Synthesis Catalysts: A Combined
Experimental and Computational Study”, ChemPlusChem, 2023, 88, 202300425,
DOI: doi.org/10.1002/cplu.202300425

Published under a Creative Commons license.
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The following article [18] reports about the phase transition of neat InoO3 or In(OH)3 during CO>
hydrogenation with and without rtWGS. A computational study illustrates a dummy catalytic cycle
and Gibbs free energy change curves for catalyst dehydration and rehydration with or without
considering rWGS. The stability predictions were confirmed with experimental studies in a fixed
bed reactor (integral operation) employing In,O3 and In(OH)3 under p =75 bar and CO2/H>=1/3
(see Figure 6.2). Two different experimental setups were applied in combination with XRD and
TGA analysis. The validated model is applied to predict the impact of hydrogen drop out on catalyst
stability and to discuss practical reactor operation strategies to avoid catalyst degradation. The
corresponding Supporting Information of the following article can be found in the Appendix

Chapter 9.3 and details about the fixed bed reactor system in Chapter 9.1.3.

Coz\ Ve H,

A
+15H,0
In(OH)3 ¢ 175 cfi,oH

051,050 T —— 0.5 In,0,

+1.5€0, \ +15h,0 o
+TEH, T N + 1.5 CH;0H

\
\

+1.5CO\ )
+3H,

inII degrade

Figure 6.2. Stability calculations, predictions and experimental studies about In203/In(OH)3 phase transition behavior under CO2
hydrogenation conditions to methanol [18].
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Effect of Conversion, Temperature and Feed Ratio on In,0;/

In(OH); Phase Transitions in Methanol Synthesis Catalysts:
A Combined Experimental and Computational Study

Philipp Kampe,” Anne Wesner,” Patrick Schiihle,” Franziska Hess,*“ and Jakob Albert*?!

Catalytic hydrogenation of CO, to methanol has attracted lots
of attention as it makes CO, useable as a sustainable carbon
source. This study combines theoretical calculations based on
the dummy catalytic cycle model with experimental studies on
the performance and degradation of indium-based model
catalysts for methanol synthesis. In detail, the reversibility of
phase transitions in the In,05/In(OH); system under industrial
methanol synthesis conditions are investigated depending on
conversion, temperature and feed ratio. The dummy catalytic
cycle model predicts a peculiar degradation behavior of In(OH),

Introduction

The economic and ecologic supply of the growing energy
demand is a global challenge. In view of the climate change the
future energy supply has to be based on renewable energies as
well as alternative feedstocks."" Electrolytically produced H, is of
particular importance as a molecule to store energy and drive
chemical catalytic processes. However, fluctuations in the H,
flux due to the intermittent nature of renewable energy sources
(hydrogen drop out) can impose severe strain on catalysts due
to the change of reactant ratio in the feed and subsequent
drop of conversion and catalyst bed temperature. Such a drop
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at 275°C depending on the water formed either by methanol
synthesis or the competing reverse water-gas-shift reaction.
These results were validated by dedicated experimental studies
confirming the predicted trends. Moreover, X-ray diffraction
and thermogravimetric analysis proved the ensuing phase
transition between the indium species. Finally, the validated
model is used to predict how hydrogen drop out will affect the
stability of the catalyst and derive practical strategies to prevent
irreversible catalyst degradation.

out may cause irreversible degradation, from which the catalyst
may not be able to recover without additional reactivation
steps after hydrogen supply is restored. In order to stabilize
catalysts operating under intermittent conditions against such
degradation phenomena, a deep understanding of how tem-
perature, conversion and reactant feed ratio affect catalyst
stability is required. This enables the integrated design of new
catalysts and of the linked processes to prevent irreversible
degradation due to hydrogen drop out.

Besides hydrogen, a carbon source is required for methanol
synthesis. Due to its significant contribution to the greenhouse
effect, a special focus has to be drawn on the utilization of CO,
from emissions. One possible strategy hereby is carbon capture
and utilization.” CO, is an abundant, non-toxic and renewable
chemical. It is thermally stable and chemically inert with a
standard formation enthalpy of —394 kJ/mol. Consequently, a
large energy input for chemical conversion is necessary.”!
Therefore, a promising way is the catalytic valorization of CO,
with electrolytically produced H, from renewable energies to
methanol, as shown in Eq. 1:

CO, + 3 H, = CH,0H + H,0

AHg = —50 kJ/mol M

In the commercialized process, methanol is produced from
syngas (CO/CO./H,) via a Cu/ZnO/Al,O; catalyst. Under typical
reaction conditions (T=200-300°C, p=50-100 bar and CO/
CO,/H, of 28/2/70) a selectivity of Spye.on=30-70% can be
achieved.” Besides the exothermic hydrogenation of CO/CO,
(Eq. 1-2) into methanol, also the endothermic reverse water-
gas-shift (RWGS) reaction (Eq. 3) plays a role in the context of
methanol synthesis and CO, hydrogenation:*

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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CO + 2 H, = CH;0H

AHy = =91 kJ/mol @)

CO, +H, = CO +H,0
AHg = +41 kJ/mol

The RWGS reaction as undesired pathway is the thermody-
namically preferred one under the applied reaction conditions
and favored by high temperatures. For shifting the equilibrium
to higher methanol selectivities, higher pressures and lower
temperatures are necessary.”” However, not only thermodynam-
ics but also kinetics and stability of the catalysts define the
efficiency of a renewable methanol synthesis process. Kinetic
modeling is widely used for the understanding of CO, hydro-
genation and therefore, helps to develop efficient catalysts and
reaction concepts.”

Recently, various In,0; based catalysts for CO, hydrogena-
tion have been developed.®'® Pure In,0; shows only a low
selectivity to methanol of Sy.on=63% (T=300°C, p=50 bar)
due to the predominant competing RWGS reaction."” The
superior selectivity towards RWGS can be explained by the
higher activation energy for the synthesis of methanol
compared to RWGS."? In further DFT and experimental studies,
oxygen vacancies turned out to be the active sites for methanol
formation, whereby one oxygen vacancy surrounded by three
indium atoms leads to activation of CO, and the heterolytic
splitting of H,."*"*' Despite that, In,0; has only a poor ability
for H, activation."*' Previous experimental studies have further
shown that the surface of bulk In,0; is reduced at temperatures
above 220°C, leading to metallic indium species in a H,-rich
atmosphere >

In,0; based catalysts possess different chemical stability in
CO, hydrogenation reactions depending on the reaction
conditions. Tsoukalou etal. reported three distinct catalytic
regimes (activation, stable performance, deactivation) during
CO, hydrogenation by combining X-ray absorption spectro-
scopy (XAS), X-ray powder diffraction (XRD) and in situ trans-
mission electron microscopy (TEM). Hereby, a reductive
amorphization of the In,0;, nanocrystallites progresses with
time on stream, leading to an over-reduction to molten In°
being responsible for the deactivation."”

Aside from over-reduction to In% In,O;-based catalysts also
suffer from partial conversion to less active In(OH);, or from
poisoning with feed gas impurities, such as sulfur and nitrogen-
containing compounds."” For the phase transition between
In,0; and In(OH); species by hydration, the composition of the
surrounding process gas plays a decisive role. Due to the
thermodynamics of hydration reactions, we propose that the
propensity of In,0, to hydrate is intimately coupled to temper-
ature and conversion in the catalyst bed. In this contribution,
we investigate the influence of important reaction parameters
on the stabilities of In,O0; and In(OH); under typical methanol
synthesis conditions by applying a computational model based
on Gibbs free energies of reaction. We subsequently test the
predictions by dedicated model experiments employing pure
In,O; and In(OH); catalysts. We further discuss possible reactor

ChemPlusChem 2023, 88, €202300425 (2 of 13)

operation strategies to prevent catalyst degradation by phase
transformation when hydrogen drop out occurs.

Results and Discussion
Theoretical modeling

Modeling the phase transitions of catalysts in fixed-bed reactors
is challenging because the gas phase surrounding the catalyst
is never at equilibrium. Likewise, the catalyst can never reach an
equilibrium state and this is one of the core principles of
catalytic processes. However, despite the lack of a clearly
defined thermodynamically stable state of the catalyst, a steady
state exists, which can be either static or dynamic, e.g.,
oscillating. In catalysts that undergo phase transitions, the
steady state is determined by the kinetics of these phase
transitions and the principle of minimum entropy production. If
no information is available about how these phase transitions
occur, something can still be learned about the stability of the
phases based on the reaction conditions (like temperature, feed
ratio, conversion, and selectivity): this can be achieved by
studying the driving forces, specifically the changes in Gibbs
free energy, and how they relate to the reaction conditions.
However, when the gas feed is not at equilibrium, the
degradation and reactivation proceed via different reactions
due to the Gibbs free energy difference between the reaction
products and reactants of the overall catalytic reaction. The
reactions associated with degradation and reactivation then
form a closed catalytic cycle, where the degraded catalyst
represents an intermediate. In the case of In,0s/In(OH);, the
hydration of In,0;, can occur via one of two pathways:
methanol formation (Eq.4) or CO formation (Eq.5) through
RWGS:

0.5 In,05 + 1.5 CO, + 4.5 H, — In(OH); + 1.5 CH,OH @)

0.5 In,0; + 1.5 CO, + 1.5 H, — In(OH); + 1.5 CO )

Reactivation of In(OH); occurs via a simple dehydration
reaction by releasing water:

In(OH); — 0.5 In,05; + 1.5 H,0 (6)

Adding Eqg. 4 and Eq. 6, or Eq. 5 and Eq. 6 results in two so-
called dummy catalytic cycles as illustrated in Figure 1a). Note
that for the application of this model, it is not a prerequisite
that the dummy catalytic cycle describes the dominant reaction
path, i.e., that the catalytic reaction proceeds via a solid-state
reaction. However, the utility of this concept becomes immedi-
ately obvious if we recall the physical meaning of the Gibbs free
energy as the maximal amount of work that a chemical reaction
can exert. This insight can be used to evaluate the thermody-
namic viability of proposed reaction mechanisms based on their
intermediates with the highest and lowest Gibbs free energy. In
the case of catalyst degradation, the Gibbs free energy of the
intermediate in relation to the reactants indicates how rever-

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 1. lllustration of the dummy catalytic cycle. a) Reactions converting
CO, and H, via a two-step reaction into the products (H,0, CH;OH, and CO).
b) Gibbs free energy profiles for dehydration and product formation in the
CH;0H and RWGS pathways.

sible a phase transition under nonequilibrium conditions is, as
illustrated in Figure 1b).

Here, the level on the left represents the active catalyst,
In,0;, along with the two reactants. The two levels depicted to
the far right represent again the active catalyst with the two
possible products of the reaction, CH;OH/H,O (orange), and CO/
H,O (red). Methanol formation and RWGS have different A,G as
indicated by black arrows connecting the reactant and product
Gibbs free energies, which places the final states at different
levels. The AG for the two reactions are a function of
conversion, selectivity, temperature, and reactant feed ratio.
The intermediates for the two reactions are In(OH); and either
CH;O0H or CO. Similarly, we can compute the hypothetical Gibbs
free energy of this intermediate. If the intermediate is above
the top dashed line, In(OH); will not be formed to a large
extent, i.e,, In,0; is stable. If the intermediate is below the
bottom dashed line, In(OH), is stable, i.e., the formation of
In(OH); will be irreversible. If the CH;OH or CO intermediate is
in between the first and second line or between the first and
third line, respectively, the formation of In(OH); is reversible.
This means in practice that the catalyst enters a steady state,
which can be either one or the other, and stabilization of either
phase can be accomplished by tuning the kinetics of these
phase transitions, for instance, by the appropriate selection of
promotors or catalyst support.

We note that the application of this model, while not
limited to any particular material or catalytic reaction,"® can
also be applied to mixed oxides,"? and possibly also to
supported catalysts. This requires, however, that the thermody-
namic data are known, i.e, that the influence of a catalyst
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support on the free enthalpy of reaction, can be estimated with
sufficient reliability. Similarly, the kinetics of phase transitions
can be taken into consideration quantitatively, for instance, to
understand the influence of particle morphology on the life
time of a catalyst” Kinetics can play a crucial role in
determining the long-term stability of thermodynamically
unstable materials in catalysis and they also determine the
steady-state phase fractions if degradation is reversible.”" In
the case of In(OH),/In,0;, we observe no remarkable differences
between our expectations from the purely thermodynamic
treatment and our experimental observations. As a conse-
quence, considering the kinetics in addition would add little
additional insight at the present stage.

In the following, stability calculations regarding In,O; under
typical reaction conditions of p=75 bar and a CO,/H, ratio=1/
3 are undertaken. Therein, the influence of temperature in
methanol synthesis without RWGS and with RWGS reaction on
the hydration/dehydration behavior of In,0; are investigated.
These results were validated by experimental investigations in a
fixed bed reactor due to different positions of the bed and a
two-segment configuration. The model was applied to predict
the influence of hydrogen drop out on the stability of the
catalyst.

Stability of In,O; under methanol synthesis without RWGS

Figure 2 shows the Gibbs free energy curves for three different
reaction temperatures (200 °C, 250°C, 300°C) for a stoichiomet-
ric p(H,)/p(CO,) mixture of 3:1 with a total pressure of 75 bar
(i.e., po(CO,)=18.75 bar, py(H,) =56.25 bar) as a function of the
CO, conversion, assuming that only CH,OH and H,O are formed
as reaction products, i.e., the RWGS does not take place.

In each graph, the blue curve represents the free enthalpy
of the dehydration reaction as given by Eq. 6. Negative values
mean that dehydration of In(OH); is thermodynamically favor-
able and will occur to a large extent, while for positive values,
dehydration is not thermodynamically favorable, but may still
occur to a smaller extent. Rehydration of In,O; due to the
formation of CH;OH via Eq.4 will usually assume negative
values, as long as the conversion remains below a certain
threshold that depends on the reaction temperature. Naturally,
the overall Gibbs free energy of the CO, reduction is given by
the sum of dehydration and rehydration, as these reactions
together form a full catalytic cycle (displayed by the green lines
in Figure 2). The equilibrium conversion is indicated by a thick,
black line, which is only visible in the diagram for 300°C
because equilibrium conversions at lower temperatures are
over 30% and, therefore, outside the plot range.

Figure 2a shows the free enthalpy curves for 200°C. Here,
dehydration (blue curve) is exergonic at conversions below
2.3%. Dehydration becomes less favorable with increasing CO,
conversion due to the presence of H,O as a reaction product in
the gas stream, which suppresses the release of H,O from
In(OH);. The rehydration due to the formation of CH,OH (orange
curve) shows a similar trend, because the CO, content in the
gas stream decreases and the CH;OH content increases with
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Figure 2. AG curves for catalyst dehydration and rehydration without
considering RWGS. a) 200°C, b) 250°C, c) 300°C for a CO,/H, mixture of 1/3
at a total pressure of 75 bar. Black line: equilibrium conversion, blue curve:
AG for dehydration reaction, orange curve: A,G for rehydration through
methanol formation, green curve: overall A,G for methanol formation.

increasing CO, conversion. Therefore, we conclude that dehy-
dration is not expected to occur at conversions over 2.3% at
200°C (red shaded region), while at lower conversion, dehy-
dration to form In,0; is possible, but reversible, because both
dehydration and rehydration are exergonic. This result indicates
that at low temperatures, the phase transition will inevitably
occur at conversions larger than 2.3% due to the formation of
In(OH);. Because In(OH), is favored at lower temperatures, this
kind of phase transition may be self-accelerating due to lack of
local heat production and resulting cold spot formation in
partially degraded areas. Furthermore, the local heat production
due to the exothermic CO, hydrogenation reaction depends on
the local reaction rate, which tends to decrease with increasing
reactant conversion. Note that, even at low conversion, the
driving force for dehydration given by the blue curve is rather
small, while the driving force for rehydration (orange curve) is
much larger. This result alone, however, is insufficient to
conclude whether In(OH); or In,O; will dominate in the steady
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state at low conversion. However, we can conclude that the
fraction of In(OH); in the steady state will increase along the
catalyst bed, i.e.,, the higher the local conversion, the more
In(OH); will be present because the driving force for dehydra-
tion quickly approaches zero, while the driving force for
rehydration remains at a large negative value within the whole
range of X<2.3%.

Higher temperatures present a vastly different picture, as
illustrated in Figure 2b, which shows the free enthalpy curves
for 250°C. At higher temperature, dehydration (blue curve) is
possible over a larger range of conversions (X < 12.2%), because
higher temperature favors In,0; over In(OH),. Rehydration
(orange curve) is still exergonic over the whole range of
conversion. It is less favored with increasing conversion due to
the accumulation of the reaction product CH,OH, in the gas
stream, and depletion of the reactants, CO, and H,. This means
that dehydration and rehydration are thermodynamically rever-
sible up to a conversion of 12.2%. At higher conversion (red
shaded area), In(OH); is thermodynamically stable and will not
be converted to In,0,.

At 300°C (Figure 2c), the situation is quite different because
the dehydration curve now lies below zero over the whole
conversion range, while the curve representing rehydration by
methanol formation is endergonic at X >17%, indicating that
In(OH); will dehydrate irreversibly, resulting in the formation of
In,0;. At conversions below 17 %, rehydration is still possible,
indicating reversible phase transition or coexistence of In,0,
and In(OH);, with lower conversions favoring In(OH);. Such
reversible phase transitions may also contribute to faster
sintering or particle reshaping.

The modeling results clearly show that the In,O; catalyst will
display enhanced stability against hydration at higher reaction
temperatures. The influence of conversion on the stability of
In,0; is less straightforward; at low temperatures, the section of
the catalyst bed that comes in contact with the feed at low
conversion (i.e, close to the reactor inlet) will be less
susceptible to phase transformation via In(OH); formation, while
at high temperatures, the catalyst section in the high
conversion zone, i.e., close to the reactor outlet, will be more
stable.

Stability of In,O; under methanol synthesis with RWGS

A realistic indium-based catalyst applied in CO, reduction does
not have perfect selectivity towards methanol. In practice, the
RWGS will dominate in the hot zone of the catalyst bed as it is
thermodynamically favored over methanol formation at high
temperatures. Therefore, the gas stream can be expected to
contain additional H,0O formed by the RWGS; since the H,O
content in the gas stream is one of the main factors in the
In,05/In(OH); equilibrium, we assume that the occurrence of the
RWGS can change the phase transition behavior. To determine
the influence of RWGS on the phase transition, we assume that
the catalyst operates at a certain selectivity towards RWGS that
is extracted from the measured selectivities of our catalytic
experiments presented below. For the following computations,
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we thus employ averaged RWGS selectivities at 10™*% (CO
conversion was below the detection limit), 10%, and 25% for
200°C, 250°C, and 300°C, respectively. Figure 3 shows the
resulting AG curves for these temperatures. Now there are two
additional curves in each diagram, indicating the driving force
for rehydration of the catalyst through CO formation (Eq. 5, red
curves), and the total AGgycs (purple curve), which is typically
more negative than AGy.oy due to the lower selectivity of the
indium-based catalyst towards RWGS (i.e., the actually pro-
duced amount of CO is less than expected from pure
thermodynamics). The low CO content in the gas feed generally
results in a high thermodynamic driving force toward CO
formation.

With the RWGS, there is an additional reaction path for the
catalyst to rehydrate (Eq.5), while the dehydration reaction is
the same as for methanol formation. Similar to the discussion

T=200°C, S =0
20 : RWQS

a) 4
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- AG(MeOH)
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Figure 3. AG curves with RWGS based on experimental selectivities. a)
200°C, b) 250°C, ¢) 300°C for a CO,/H, mixture of 1/3 at a total pressure of
75 bar. Black line: equilibrium conversion, blue curve: A,G for dehydration
reaction, orange curve: AG for rehydration through methanol formation,
green curve: overall A,G for methanol formation, red curve: AG for
rehydration through RWGS. purple curve: overall A,G for RWGS.
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on Figure 2, we employ the driving forces of these reactions,
particularly the intersections of the blue, red, and orange
curves, with the abscissa, to assess whether the phase transition
from In(OH); to In,0; is reversible or irreversible, and now
extend this approach by considering additional contributing
reactions.

Figure 3a shows the AG curves for 200°C, for which the
dehydration and methanol curves look exactly the same as in
Figure 2 a because the RWGS selectivity is close to zero. We
observe two additional curves drawn in red (rehydration via
RWGS) and purple (overall AGgygs), which appear in the
negative range, indicating a high thermodynamic driving force
for RWGS. In terms of phase transition, including the RWGS in
our considerations does not alter the conclusions drawn from
Figure 2 a, because the phase transition is still reversible at
conversions lower than 2.3% due to dehydration, and both
rehydration reactions having negative Gibbs free energies.
Similarly, above a conversion of 2.3%, In(OH); is stable because
the dehydration is now endergonic, indicating that In(OH); is
unable to release water at high conversions.

At 250°C, (Figure 3b) we observe that dehydration is
exergonic at X <12.2%, and this curve is also unchanged
compared to the case without considering the RWGS, as both
reactions produce one molecule of H,0O per consumed molecule
of CO,, i.e, the partial pressure of H,O as a function of CO,
conversion is independent of selectivity. Rehydration through
methanol formation (orange curve) and RWGS (red curve) are
both exergonic over the whole conversion range. Just like the
case without RWGS, In(OH); is thermodynamically stable at
conversions over 12.2%, while reversible conversion to In,0; is
possible at lower conversions.

Figure 3c displays the AG curves for 300°C, where we
observe that dehydration is exergonic over the whole range of
conversion due to the high temperature. The formation of In,0,
is reversible through the methanol formation and RWGS
reaction up to conversions of 21% and 31 %, respectively. Due
to the increased RWGS selectivity, we now observe that the
orange curve indicating rehydration through methanol forma-
tion has shifted a little to higher CO, conversion, enlarging the
reversible (white) region. Furthermore, without considering
RWGS in the modeling, it was concluded that In,0; is fully
stable at higher conversions (Figure 2c). If RWGS is considered
as well, it is revealed that rehydration via the RWGS is still
possible at conversions over 21% (blue hatched region), i.e,
In,0; is favored at higher conversion, but not fully thermody-
namically stable.

From the computational results, we derive two central
hypotheses about the phase stability: (I) The In(OH); content
post reaction will decrease with temperature, and (ll) the
In(OH); content in the catalyst bed at steady state will vary with
conversion; more specifically: at low temperatures, more In(OH);
will be present at low conversion, while at high temperatures,
more In(OH); will be present at high conversion. To verify these
hypotheses and demonstrate this unexpected behavior, we
conducted a series of dedicated stability experiments.
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Experimental investigations on catalyst stability in a fixed-bed
reactor

For experimental evaluation of the thermodynamic predictions
from the dummy catalytic cycle, different model catalysts as
well as reactor configurations have been tested. All tests were
performed under industrially relevant conditions, using a total
pressure of p=75 bar and a stoichiometric feed ratio of CO,/
H,=1/3 in a fixed-bed reactor (for details see Figure S1 in the
Supporting Information). The reaction studies were conducted
at 200°C, 250°C, 275°C and 300°C, respectively.

Catalyst testing with experimental setup 1 (top, middle, and
bottom configuration)

In the first experimental setup, commercial In,0; or In(OH); was
used as a catalyst material, representing the two sides of the
dummy catalytic cycle, i.e. the two possible starting points of
the rehydration/dehydration mechanism. The three different
reaction temperatures, 200°C, 250°C, and 300 °C were adjusted
one after another according to a defined heating ramp, without
cooling down the reactor or changing the catalyst material in
between. In,0; and In(OH); were positioned either in top,
middle or bottom position in relation to the thermocouple
inside the reactor (Figure 4). The different positions modify the
theoretical temperature profiles (Figure S2) in the reactor to
evaluate the effects of temperature on the stability of In,0; and

top middle bottom

In(OH); or In,05 and .

glass spheres =

point of temperature
regulation

flow direction

glass wool
thermocouple
frit

Figure 4. Schematic reactor configuration for the first experimental setup
(top, middle or bottom position).

to compare the results with the predicted thermodynamic
models. The ensuing phase transition between the indium
species and crystal structure were determined via XRD and
thermogravimetric analysis (TGA).

Moreover, real fixed-bed reactors have a temperature profile
in the catalyst bed. At the entrance of the catalyst bed, the
reaction rate is the highest, decreasing with increasing bulk
height, leading to an integral temperature profile, due to
reaction heat.

The integral temperature profile will increase over the
height of the catalyst bed. The position of the thermocouple is
either at the beginning and coldest spot of the catalyst bed
(top position), in the middle (middle position) or at the end
(bottom position) and therefore the hottest zone of the reactor
(Figure S2).

For the first experimental setup, experimental data for In,0,
as a model catalyst are summarized in Table 1. It was observed
that CO, conversion and methanol selectivity depend on the
segment position for all investigated temperatures (middle
=bottom > top). The middle and bottom position showed the
highest CO, conversion and methanol selectivity for each
temperature (Table 1) and a more homogenous temperature
distribution (Figure S2). Table 2 shows the temperature depend-
ence of CO, conversion and MeOH selectivity for In,0; and
In(OH); in the middle configuration of the experimental setup 1
(Figure 4).

Generally, conversion increased with a higher temperature
while the selectivity of methanol decreased due to the
competing endothermic RWGS reaction. Moreover, also the final
partial pressure of water increased with increasing CO, con-
version as both possible reactions contribute equally to water
formation (Table S1).

For 200°C, no CO formation by RWGS was observed and
CO, conversions were similar for In,O; (0.13%) and for In(OH),
(0.15%). Here, only methanol is detectable, resulting in a
selectivity S(MeOH) of 100 %.

X (CO,)/%

Table 1. Experimental data for In,O; and standard deviation (see Eq. S4) determined in the first experimental setup, with T=200, 250 and 300°C hold for
3 h each, for a CO,/H, mixture of 1/3 (1200 NmImin~") and a total pressure of 75 bar.

S (MeOH)/%

T/°C top middle bottom top middle bottom
In,05 200 0.08 £0.00 0.13+0.00 0.141+0.02 100+£0 100£0 100+£0

250 0.66 +0.00 0.98+0.02 0.94+0.01 88+0 87+0 87+0

300 2.40+0.03 3.56+0.04 3.26+0.05 76+0 73+1 68+1

250 and 300°C, for a CO,/H, mixture of 1/3 at a total pressure of 75 bar.

Table 2. Comparison of the experimental data of In,O; and In(OH); with standard deviation (see Eq. S4) determined in the middle configuration, T=200,

In,05 In(OH);
T/°C Xcoz (%) Sweon (%) Xcoa (%) Smeon (%)
200 0.13+0.00 100+0 0.15+0.02 100+0
250 0.98+0.02 87+0 1.16£0.00 86+0
300 3.56+£0.04 73+1 425+0.13 7141
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When temperature was increased to 250°C, the RWGS
selectivity rises to 13% for In,0; and to 14% for In(OH);. An
average selectivity of 10% was determined for all positions
/starting materials (see Table S2) and used for the simulations in
Figure 3b). For T=250°C, In,0; is mostly stable because the
dehydration step is exergonic over the whole conversion range.
The dehydration behavior is very sensitive to the temperature,
both in terms of kinetics and thermodynamics. Therefore, the
temperature distribution in the catalyst bed may be crucial,
with regard to transformationto In(OH); at cold spots. For In,0;,
CO, conversion increases to 0.98% and for In(OH); to 1.16%,
when going from 200 to 250 °C. Through the overall higher CO,
conversion due to the higher temperature, an increased heat
formation and water content in the system was registered.

For 300°C, the RWGS selectivity reached 27% (In,0;) and
29% (In(OH)s), respectively. The average selectivity of 25% for
all positions and starting materials was used for the modeling
studies in Figure 3c). The CO, conversions for both starting
materials are somewhat different with 3.56% (In,0;) and 4.25%
(In(OH);). This might be due to the different accessibility of
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oxygen vacancies in both materials. The water partial pressure
significantly increased due to the overall higher activity of the
reaction system (Table S1).

The catalytic results suggest that In(OH); has been con-
verted completely to In,0; in the middle and bottom position
at 300°C. In comparison, In,O; is not rehydrated to In(OH);. In
top position the catalytic performance was lower due to the
overall lower catalyst bed temperature and the resulting higher
In(OH); content. This can be explained with the observations
carried out by XRD (Figure 5) and TGA-measurements (Figure 6)
taken before and after reaction. XRD was used to identify the
crystal structures of In,0; and In(OH);. Fresh and pure In,0; in
Figure 5a) (black line) was indexed to the cubic structure (blue
square) whereas pure In(OH); in b) was indexed to the cubic
structure (red oval) as well. After reaction, the XRD patterns
with In,0; as catalyst material displayed no reflections for
In(OH);. No reflection shift and no phase transition in any
configuration were noticed. This was also verified by TGA,
where no mass loss was measured with In,0; as starting
material (Figure 6a). For In(OH); as starting material (black line)

b) .
I _‘\1 IS .h'.. . t.°p.. ]

;i i . I | | middle

z Pt
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E ll A ll l IJ J A Il l
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Figure 5. XRD for first experimental setup. In,0; a) and In(OH); b) (before reaction, starting materials) for reactor configuration top, middle, bottom (after
reaction) at 300 °C (after temperature ramp). Diffraction patterns for In,O; (), In(OH); (@) and INOOH (A).
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Figure 6. TGA data for the first experimental setup at 300 °C. In,O; a) and In(OH); b) (before reaction, black) and after reaction in top (green), middle (blue)

and bottom (red) configuration.
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the XRD showed characteristic reflections in Figure 5b) indicat-
ing the existence of a cubic In,0; phase (blue square) except for
In(OH); (red oval), which is not fully converted into In,0; in top
position. No shift in the XRD reflections and no structure
transition were observed, therefore only water was emitted.
This was confirmed by TGA (Figure 6b), where a mass loss of
2.42% of In(OH); in top position was observed (see Table S3),
suggesting a near-total conversion to In,0; at 300 °C.

Regarding the integral temperature profile of the catalyst
bed and the position of the thermocouple, there are new
phenomena to consider. Therefore, we revealed the validity of
the thermodynamic model about the stability of In,0;.

Catalyst testing with experimental setup 2 (two-segment-
configuration)

Computational results in the section Theoretical modeling
predict strong dependence of the In(OH); dehydration behavior
on the conversion due to the formed H,0. At lower temper-
atures, we expect more In(OH); to be present at high
conversions, while at higher temperatures, more In(OH); is
expected at lower conversion. These hypotheses from the
dummy catalytic cycle were studied in a dedicated experimen-
tal setup (Figure 7). In this second experimental setup (two-
segment configuration), the catalyst bed was split into two
identical segments, physically separated by a layer of glass wool
to enable independent characterization of model catalysts from
the low-conversion and high-conversion zone post reaction. As
catalyst material, just In(OH); was used and the catalytic tests
were performed under the same conditions as previously,
adding an additional temperature step at 275°C. For this
experiment, the sample was extracted from the reactor after
each temperature step and fresh In(OH); was used for the next

In(OH),
and glass spheres

in two segments lﬂow direction

point of temperature
regulation

glass wool
thermocouple
frit

Figure 7. Schematic reactor configuration for the second experimental setup
(two-segment-configuration).

experiment with a different temperature. In this reactor
configuration, In(OH); was applied to examine the phase
transition behaviour for different conversion ranges (and there-
by, water contents) and temperatures. Depending on the CO,
conversion in the first (top) segment, the second (bottom)
segment operates with effluent gas in comparison to the first
one, i.e, it is exposed to the reaction products, such as H,0,
methanol, and CO. Thereby, the influence of conversion on the
rehydration/dehydration behaviour of the In,05/In(OH); system
could be examined for different temperatures. The separation
of the catalyst bed prevents an overheating due to CO,
hydrogenation and a lower integral temperature profile (see
Figure S3). The phase transition that occurred and the crystal
structure of the catalyst were determined via XRD and TGA for
both layers separately.

For the second experimental setup, all experimental data of
CO, hydrogenation and the calculated partial pressure of water
are summarized in Table 3.

It was observed that the CO, conversion and methanol
selectivity both depend on the temperature, as expected: The
conversion of CO, increased with increasing temperature from
0.04% (200°C) up to 3% (300°C), while the selectivity of
methanol decreased due to competing RWGS with higher
temperature from 100% at 200 °C down to 76 % at 300 °C.

For 200°C in the second experimental setup, the CO,
conversion (X (CO,)=0.04%) as well as methanol-selectivity (S
(MeOH)=100%), are consistent with the results obtained for
the top position of the first experimental setup. XRD measure-
ments (Figure 8) show only a slight phase transition to In,0; (at
about 30° and 35°), with the low-conversion section (top)
containing more In,0; than the high-conversion section
(bottom). TGA shows an In(OH); amount of 82.11% of the low-
conversion sample and 89.91% In(OH); in the high-conversion
one (Table 4) after reaction, consistent with the XRD results. To
explain this observation, one needs to consider that the upper
section produces water through methanol synthesis, which
influences the phase transition equilibrium during reaction in
the lower segment. This reduces the thermodynamic driving
force for dehydration as shown in Figure 3a) (blue) curve with
increasing conversion. Dehydration is still exergonic at the
experimentally determined 0.04% conversion, but rehydration
is also possible and highly exergonic. We note that at 0.04%
conversion, the influence of a temperature gradient due to the
heat of reaction is negligible or the phase transition is too
sluggish.

For 250°C the CO, conversion reached 0.52%, which is in
between the values reached in top and middle configuration of

Table 3. Experimental data and standard deviation (see Eq. S4) of setup 2 for temperatures of 200, 250, 275 and 300 °C for a CO,/H, mixture of 1/3 at a total
pressure of 75 bar. *simulated with ASPEN PLUS (for details see Table S1 in the Supporting Information).

T/°C Xcoa/% Sweon/% p(H,0)/bar*

200 0.04+£0.00 100+£0 0.007

250 0.52+0.00 100+0 0.093

275 0.84+0.06 82+1 0.150

300 3.0£0.02 76 £1 0.535
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Figure 8. XRD data for the second experimental setup. In(OH), (before
reaction) and for 200 °C (red), 250 °C (blue). 275 °C (green), 300 °C (purple)
(after reaction) and In,O, (reference), with diffraction patterns for In,O; (M),
In(OH); (@) and InOOH (A).

Table 4. In(OH); amount before and after reaction for second experimental
setup calculated with the TGA results (Table S3, Supporting Information).

low-conversion zone, high-conversion zone,

top/% bottom/%
Pure 95.68 95.68
200°C 82.11 89.91
250°C 55.77 69.41
275°C 62.06 22.65
300°C 1.91 0.00

the first experimental setup (Table 3). The measured RWGS
conversion was negligible, i.e., water was only formed by
methanol synthesis (p(H,0)=0.093 bar). The XRD patterns in
Figure 8 show more distinct peaks assigned to In,O; in
comparison to 200°C. The peak intensity ratio between In,0,
and In(OH); is smaller in the high-conversion segment, consis-
tent with the TGA results (Table 4, Figure 9). Herein, the bottom

300 *Cigp
u| 300 oCbD“Dm
1275°C,,
. 275 chmmm
250 °C,,p

1250 “Cogom
1200°C,,
1200 °Crottom
1In(OH),

210 220 230 240 250 260 270
Temperature (°C)

Weight loss (a.u.)

Figure 9. TGA data for second experimental setup. In(OH); (before reaction,
black) and for 200°C (red), 250°C (blue), 275 °C (green), 300 °C (purple) (after
reaction, top).
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segment still shows a higher In(OH); amount (69.41%)
compared to the top segment (55.77 %), resulting from water
release by phase transition of In(OH); to In,0;. This is due to the
formation of water in the segment above, which inhibits the
release of water by phase transformation of In(OH),. This is in
good agreement with the prediction for this temperature and
conversion from theoretical modeling.

For 275°C the CO, conversion reached 0.84% and the
MeOH selectivity decreased to 82% due to RWGS. Water
formation increased (p(H,0)=0.15 bar) because of methanol
synthesis and RWGS. In both segments the XRD patterns
indicate a mixture of In(OH); and In,0;. The peak intensity ratio
between In,0; and In(OH); is higher in the bottom segment
(Figure 8), i.e., at high conversion. This is consistent with the
TGA results, where the top and bottom segments show an
In(OH); amount of 62.06% and 22.65 %, respectively. For 275 °C,
we detect substantially more In(OH); in the low-conversion
segment, indicating that the trend has reversed compared to
200°C and 250°C (see Figure 9, green curve). This surprising
finding can be explained on the basis of our computational
model. The stability of In,0; generally increases with increasing
temperature due to the dehydration reaction, which is now
exergonic over the whole accessible conversion range. Dehy-
dration still shows the same dependence on the conversion as
it did at lower temperature, i.e. the driving force decreases with
increasing conversion. However, the phase transition from
In(OH); to In,0; is controlled not only by the dehydration, but
also by the reverse reaction, i.e., hydration due to the formation
of methanol and RWGS. The curves for the MeOH formation
and RWGS indicate exergonic reaction at low conversion and
endergonic reaction at high conversion, showing that the
dehydration of In(OH); becomes irreversible at high conversion
beyond a certain temperature threshold. We note that the
experimentally measured conversion levels are below the
intersection of the MeOH/RWGS curve at 275°C. This is due to
the significant uncertainty regarding the thermodynamic data
of In(OH;) and In,0;, which gives rise to inaccurate temperature
dependence of Gibbs free energies of reaction. However, the
principal trends, i.e., that In(OH); is stable at low temperature
and high conversion, while In,0; is stable at high temperature
and high conversion, and reversible phase transition is possible
at both high and low temperature at low conversion, is
unaffected by these inaccuracies.

For 300°C, the CO, conversion further increased to 3%
(Table 3), which is in between the values of the top and middle
configuration of the first experimental setup for In(OH),
(Table S1). The separation in two segments inhibited the RWGS
reaction due to less heating of the bed and shorter residence
time in each bed. The observed RWGS selectivity reached 24 %,
which matched with the studies in Figure 3 c). From the XRD
data, we infer that In(OH); undergoes a complete phase
transition to In,0; in the high-conversion section (bottom),
while some In(OH); remains in the low-conversion section (top).

The TGA data also showed no mass loss, indicating no
In(OH); present in the bottom section, and only a small amount
of In(OH); (1.91%) in the top section, and therefore confirmed
the trend for the stability of In,O; (Table 4, Figure 9). From the
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computational modeling, we expect that the conversion to
In,O0; is irreversible at high conversions, while reversible
transition is expected at low conversion, indicating a good
agreement between theory and experiment.

Phase transition during hydrogen drop out

Finally, the model was employed to investigate how the catalyst
will behave when the hydrogen content in the feed drops due
to the instability of intermittent hydrogen sources. For a H,-
deficient p(H,)/p(CO,) ratio of 1/1, the free energy curves for
different temperatures are shown in Figure 10.

0 po(COz)/ﬂo(Hz) = 1/1, SRWGS = O, T=200°C

Q

g dehydration _—————————
_ aeor)
_g -20 ¢ _ = reh\,dratioﬂ(MeOH)
2 40 :
g -60
AGLR\NGS\ =
-80 rehydration
- In(OH); stable (RWGS)
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reversible conversion (CO2) / %
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Figure 10. AG curves for variable p(H,)-deficient operation at p(H,)/p(CO,)
=1/1.a) 200°C, b) 250°C, ¢) 300°C at a total pressure of 37.5 bar. Black line:
equilibrium conversion, blue curve: AG for dehydration reaction, orange
curve: AG for rehydration through methanol formation, green curve: overall
A,G for methanol formation, red curve: A,G for rehydration through RWGS.
purple curve: overall A,G for RWGS.
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The first noticeable consequence of the reduced hydrogen
content in the feed is a decrease of the equilibrium conversion
to 11.7%, 85%, and 6.7% at 200°C, 250°C, and 300°C,
respectively. This will result in a reduced reaction rate and may
lead to a temperature drop in the reactor. At 200°C (Fig-
ure 10a), the reversible zone (white) still goes up to 23%
conversion, indicating irreversible In(OH); formation at higher
conversion. However, due to the reduced equilibrium conver-
sion and reduced reaction rate under H, deficit, the white range
now spans over a larger fraction of the catalyst bed, which
would enhance the stability of In,0; compared to a stoichio-
metric reactant ratio. At 250°C (Figure 10b), irreversible In(OH),
formation does not occur because dehydration is exergonic
below equilibrium conversion. Rehydration via methanol for-
mation and RWGS is exergonic up to 7.3% conversion, leading
to reversible In(OH); formation at low conversion. Above 7.3 %,
only the RWGS enables rehydration, indicating that In,O; will be
favored at higher conversion for H, deficit. The reversible
formation of In(OH); through RWGS could be suppressed by co-
feeding CO during hydrogen dropout. This would move the red
curve representing In(OH), formation via RWGS up in Gibbs free
energy, moving the region where In,0; is fully stable to lower
conversion. At 300°C (Figure 10c), the result looks quite similar,
with the reversible zone stretching from 1.4% to beyond
equilibrium conversion. In,0; is fully stable only for conversions
beyond the equilibrium line, what is irrelevant in practice. In
summary, our model calculations for hydrogen-deficit operation
suggest that stability is generally enhanced compared to a
stoichiometric feed composition, both at high and low temper-
ature.

The results give us practical guidance about reactor
operation during hydrogen dropout. First of all, a drop of
temperature below 250°C should be prevented, as lower
temperature generally favors In(OH); formation. Due to the
reduced heat of reaction at decreased reaction rates, stronger
heating of the reactor may be required to retain the desired
temperature and suppress In(OH); formation. At elevated
temperature, In(OH); can be formed reversibly through RWGS,
and this mode dominates over the largest fraction of the
catalyst bed, possibly contributing to lower activity in the
middle/high conversion zone of the reactor. If such degradation
is observed in practice, co-feeding small amounts of CO (1%)
could be considered to protect the catalyst from In(OH),
formation. Naturally, reduction to In® must also be taken into
account in these considerations, as this is another possible
mode of degradation. Increased In® formation is, however, not
expected, because the reactant feed at p(CO,)/p(H,)=1 with
e.g. 1% CO is still less reducing than the regular stoichiometric
feed at p(CO,)/p(H,) =3 (see Figure S4).

Conclusions

Employing a combination of thermodynamic considerations
and dedicated stability experiments, we have shown that the
phase transformation of In,0;-based catalysts by conversion
into In(OH), can be predicted by considering the reversibility of
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dehydration and rehydration reactions. The thermodynamics of
these reactions depend sensitively on the reaction conditions,
most notably, on the temperature and conversion, due to the
formation of H,O, which suppresses the dehydration reaction at
lower temperatures. The selectivities toward RWGS and meth-
anol formation have only a minor influence on the phase
transition because both reactions form equal amounts of H,O
per turnover. However, the relationship between In(OH),
formation and conversion is not straightforward; at lower
temperature, In(OH); formation is favored at higher conversion,
while at higher temperature, lower conversion favors In(OH),
formation. This peculiar phase transition behavior was con-
firmed by dedicated model experiments, where the catalyst bed
was split into a high-conversion and low-conversion section,
and the two sections were characterized separately post-
reaction. This approach allows to connect structural changes
with the local gas atmosphere the catalyst is exposed to. These
experiments confirm the aforementioned trend. Hereby, the
inversion occurs between 250°C and 275 °C, while the computa-
tional model predicts it at 285°C. This small deviation can be
explained by the uncertainty associated with the experiment-
based thermodynamic data underlying our calculation. The
basic trends, however, are not sensitive to these uncertainties.
In addition to a change of the In(OH); fraction along the catalyst
bed, the catalyst is subject to reversible phase transitions at low
conversion, which may contribute to fast catalyst particle
sintering or reshaping.

We finally employed our model to examine how a change
of p(CO,)/p(H,) ratio possibly influences catalyst degradation.
Our results indicate that In(OH); formation is not generally
promoted by hydrogen dropout. Quite in contrast, at low
temperature In,0; is expected to be more stable due to lower
water content in the gas feed. At higher temperatures, only
RWGS is thermodynamically able to contribute to catalyst
hydration, and even this could be suppressed by co-feeding CO
during hydrogen drop out. The main risk for catalyst stability
during hydrogen drop out stems from a temperature reduction
due to reduced heat of reaction. This is important for the
reactor design of methanol synthesis, because large scale fixed
beds may have cold spots leading to locally increased In(OH),
formation.

Deactivation of heterogeneous catalysts in technical proc-
esses depends sensitively on the reaction conditions and local
conversion levels. The methodology described here provides an
intuitive access to understand the influence of reaction
conditions on catalyst deactivation involving phase transitions
or stoichiometry changes. This approach offers practical
guidance on optimizing reactor operation to prevent catalyst
degradation.

Experimental Section

Theoretical modeling

The Gibbs free energy change 4,G for each reaction is computed
explicitly as a function of the reaction conditions:

ChemPlusChem 2023, 88, €202300425 (11 of 13)

ArG(T> Po,(co,, Hy,..)s X SMeOH)
= ZV:' 'AfGi(Tv Po.(coZ,HZ,,..)7X7 SMeOH) 7)

Here, X and Sy.on represent the CO, conversion and selectivity
toward CH;O0H, respectively. T represents the temperature and p; c,
and p,,, represent the initial partial pressures of CO, and H, We
assume that no product is present initially, with the exception of
H,O, which is present as an impurity with a concentration of 5 ppm,
which is a typical impurity level for laboratory gas. Finally, v; and
A¢G; stand for the stoichiometric coefficient and Gibbs free energy
of formation of species i.

The Gibbs free energy of formation is computed via:

AfGi(T~, Po,(cop ty,..)s X SMeOH)

=AH —T- 4 +R-T-log(a,). ®)

The standard enthalpies and entropies of formation, 4:H® and 4,5’
are taken from experimental data as given in Table 5. g; represents
the activity of species i, which is approximated as a; = p,/p° for the
gas phase species. The activities of pure solid phases are defined as
1. R and p° are the general gas constant and standard pressure
(10° Pa). Inserting Eq. 7 into Eq. 8 results in Eq. 9:

4,G; (T7 Po.(coy ty,..)s X SMeOH)
= AG(T)+R-T vin(a). ©)

The thermodynamic data for the reactant molecules in the gas
phase, In,0; and In(OH); are taken from the NIST database,?? the
Springer Materials data collection,”® and primary literature,*”
respectively (Table 5). We note that there is some uncertainty
regarding the thermodynamic data of In(OH); because it is not a
well-studied material, and its thermodynamic data has to our
knowledge not been assessed in the form of curated data
collection. Because experimental measurements of the standard
entropy of In(OH); are not available in the literature to the best of
our knowledge, we estimated it from the onset of the decom-
position temperature of In(OH); obtained from our TGA experi-
ments on fresh In(OH); (220°C). Errors in the enthalpies of
formation and standard entropies will mostly affect the temper-
ature where transition from In(OH); to In,0O; takes place, but not
the trends, i.e., how a change of temperature, conversion or CO/H,
ratio will affect the stability.

Table 5. Thermodynamic data employed in the model.

AH/(kIJmol.,) SY/UK " "mol™) Reference
Co, —3935 213.8 [22]
H, 0 130.7 [22]
CH;OH(g) —201.3 239.9 [22]
H,0(g) —241.8 188.8 [22]
co —110.5 197.7 [22]
In(OH); —927 127.17 [23]
In,05 —923 101.8 [24]

? Estimate from the onset of In(OH); decomposition in our TGA experiment
(220°0).
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Catalytic experiments

Catalytic CO, hydrogenation was conducted in a high pressure
continuous flow fixed-bed reactor (Figure S1). The reactor with an
inner diameter of 20 mm was made of stainless steel (1.4571). A gas
mixture of 25% CO, (4.5 grade) and 75% H, (5.0 grade) from
Westfalen, as well as N, (5.0 grade) from Air Liquide were used. The
reactant gas mixture with a CO,/H, stoichiometric ratio of 1/3 was
introduced by mass-flow controllers (Bronkhorst Prestige FG-201 CV)
and flows downwards through the reactor tube. The reaction
pressure was adjusted using a back-pressure regulator (Dutch
Regulators). The temperature was controlled with a surrounding
heating mantle and a thermocouple. Gas lines at the inlet and
outlet of the reactor were heated to 180°C in order to preheat the
reaction gas and to prevent condensation of methanol and water in
the outlet. Gas-flows and temperatures were automatically con-
trolled by a LabVIEW (National Instruments TM) interface. The outlet
gas composition was sampled every 30 min and analyzed using an
online gas chromatograph (Bruker 450-GC), set up with four
columns (Restek Q-Bond, Restek U-Bond, Bruker Swax, Bruker
Molsieve 5 A), a methanizer (for CO, and CO quantification), two
flame ionization detectors (FIDs) and one thermal conductivity
detector (TCD).

For the catalyst test experiments, Indium(lll) oxide (99.9% metals
basis) from Alfa Aesar and Indium(lll) hydroxide (99.8% metals
basis) from Thermo Scientific were used. For the first experimental
setup, 5.0 g of In,0; or In(OH); was mixed homogeneously with
quartz spheres and loaded into the reactor. The segment was
positioned in top, middle or bottom position in relation to the
thermocouple and held in place by a bed of quartz wool (see
scheme in Figure 4). Prior to reaction, the dummy catalyst was
pretreated at 200°C under flowing N, (300 Nml min™") for 1 hour.
Afterwards, the reactor was heated to the desired reaction temper-
ature (200°C, 250°C, 300°C) one after another in a ramp and each
temperature was hold for 3 hours. For the second experimental
setup, 5.0g of In(OH); was mixed homogeneously with quartz
spheres and split in two identical segments (see scheme in
Figure 7). The segments were fixed and held in place by a bed of
quartz wool. For each experimental setup, prior to reaction, the
dummy catalyst was pretreated to 200°C under flowing N, (300
Nml min~") for 1 hour. Then the reactor was heated to the reaction
temperature (200 °C, 250°C, 300°C).

For every experimental setup, a CO,/H, flow of 1200 Nml min~' was
passed through the reactor to start CO,-hydrogenation. The
product gas analysis was performed by GC every 30 min under
steady state reaction conditions. After the reaction, the reactor was
cooled down (3 K min™") under a continuous flow of nitrogen (1000
Nml min~') and the catalyst was removed and stored under Argon
(4.6 grade, Heide Gas). The detailed calculation of n and the partial
pressure of water (p,,0) are shown in the Supporting Information.
CO, conversion X(CO,), yield Y(MeOH) and selectivity S(MeOH) of
methanol were calculated applying Egs. 10-12.

Neo, in — N
XCOZ _ CO,, U CO,,out .100% (10)
Nco,, in
n
Voo = 52+ 100% (1)
5, in
Y e
Sheon = %OOH (12)
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Catalyst characterization

Thermogravimetric analysis was carried out using a SETSYS
Evolution TGA-DTA from Setaram Instrumentation. The samples
(~30 mg) were heated up from ambient temperature to 110°C
under nitrogen and the temperature was hold for one hour in order
to remove all water residues. Afterwards, the samples were heated
up to 300°C with 2 K/min and hold for three hours to determine
the mass loss, which was attributed to the formation of water by
conversion of In(OH); to In,0;. X-Ray diffraction was carried out
using a Panalytical MPD X' Pert Pro, with a Cu-K,-source. The
measuring range was 10-80°, with a step size of 0.013° and a
counting time of 73 seconds.
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Cumulative part of the dissertation

The stability and catalytic activity of In,Os is introduced in Chapter 6.1. To increase the catalytic
activity of InoOs, it is supported on ZrO; (refer to Chapter 3.2.2). The following study [19] combines
different ZrO»-supports, as well as different preparation methods for InoO3z/ ZrO; catalysts using the
fixed bed reactor system (integral operation) introduced before. The most active combination was
doped with various metal oxides (CeO>, MgO, CuO or NiO) to increase the performance of CO>

hydrogenation to methanol. NiO-In2O3/ZrO» enhanced the catalytic performance compared to pure

I;05/Z10; from 4.25 g, .\ & h'tod42g, gl h'at300°C and 75 bar. No

-1
active metal

methane formation or catalyst deactivation was observed during 100 h TOS. Intense catalyst
characterization ICP-OES, XRD, XPS, N»-physisorption, CO>-TPD, H>-TPR and SEM-EDX
provide key aspects for catalytic performance. These aspects include high surface area, preparation
method and high CO> as well as H> adsorption capacities. Figure 6.3 illustrates the metal distribution
of the most active NiO-In,03/ZrO> catalyst. The corresponding Supporting Information of the
following article can be found in the Appendix Chapter 9.4 and details about the fixed bed reactor

system in Chapter 9.1.3.

| e — | = mane 9
100pm 100pm J

100um

Figure 6.3. SEM-EDX elemental mapping of the most active NiO-In203/ZrOz catalyst for CO2 hydrogenation to methanol [19].

74



W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202301125

www.chemcatchem.org

Indium-based Catalysts for CO, Hydrogenation to
Methanol: Key Aspects for Catalytic Performance

Anne Wesner*,” Philipp Kampe™,® Nick Herrmann,” Sebastian Eller,”’ Charlotte Ruhmlieb,®

and Jakob Albert*®

CO, hydrogenation utilizing sustainably produced hydrogen
and CO, derived from industrial exhaust gas represents a
pivotal technology for chemical energy storage and climate
change mitigation. This work aims to identify the best
combination of catalyst support, synthesis method and promo-
tor for In,05/ZrO, catalysts in a typical fixed-bed configuration.
Intense characterization using ICP-OES, XRD, XPS, N,-physisorp-
tion, CO,-TPD, H,-TPR and SEM-EDX provide molecular insights
into the different effects caused by various synthesis methods

Introduction

The worldwide demand for energy is growing continuously,
fossil resources are depleting, and atmospheric CO, levels are
on the rise."’ As a result, there is a growing significance placed
on the generation of energy from renewable sources such as
solar, wind and biomass, as well as the capture, storage and use
of CO, as a valuable raw material.>** In this context, methanol
(MeOH) produced by electrolysis hydrogen and captured CO,
has emerged as an efficient approach [Equation (1)].
CO, +3H, =CH;OH +H,0 AHz= —-50kimol™ 1)
Additionally, methanol forms the basis for various bulk
chemicals, such as formaldehyde and olefins” However, the
endothermic reverse water gas shift (RWGS) reaction [Equa-
tion (2)] considerably reduces the methanol selectivity under
typical reaction conditions (200-300°C, 50-100 bar).”’ More-
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and doping elements. Doping the most promising In,0,/ZrO,
(M-SG) catalyst with 0.7 wt.% NiO by wetness impregnation
using an ethanol/water mixture as a solvent, an increased
methanol production rate of 0.497 gyeon-9L,-h™" could already
be achieved at 250°C. Hereby, the low amount of highly
dispersed NiO promotes H, activation via hydrogen spillover,
leading to sustained catalytic activity for 100 hours of time-on-
stream.

over, CO as a by-product can also undergo hydrogenation to
form methanol [Equation (3)].

CO, +H, = CO +H,0 AHz=+41kImol™ ()

CO + 2H, = CH,;0OH AHz = —91 kJmol™ 3)

For commercial applications, copper-based catalysts such as
Cu/ZnO/Al,O; are typically used for methanol synthesis from
mixed syngas (CO/CO,/H,). Cu as an active metal facilitates
hydrogen spillover, whereby active H atoms are generated on
the metal surface through H,-dissociation on the Cu-surface
and subsequently migrate to the support material.®*” In recent
mechanistic studies involving CuZnO-containing catalysts, se-
lectivity loss has been observed not only through the RWGS
reaction but also trough an additional pathway involving CO
formation via methanol decomposition.” However, this catalyst
exhibits limited activity for CO, hydrogenation due to deactiva-
tion caused by the by-product H,0.” Moreover, temperatures
exceeding 280°C lead to thermal sintering of Cu, that impairs
catalytic performance even further."”

Recently, In,0,/ZrO, catalysts have demonstrated to be
highly efficient catalysts for hydrogenation of CO, to methanol
in several studies.""™ Under typical reaction conditions of
T=200-275°C and p=35-75bar, In,O; generates oxygen
vacancies that activate CO, for the formation of formate
(HCOO").'™ The In;05 ensemble adjacent to the vacancy
stabilizes the heterolytic splitting of H,. As a result, the
formation of CO through RWGS is inhibited, leading to an
increased methanol selectivity."*'® The combination of In,0,
and ZrO, as a support achieved a synergistic effect at the
interface between oxygen vacancy defects of the oxides."”!
Adjusting the right particle size and morphology control are
key factors for preparing Indium-based catalysts with high
activity."® The ZrO, carrier plays a crucial role in preventing the
sintering of In,0;, thus ensuring long-time-stability of the

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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catalyst. According to proposed mechanisms, the oxygen
vacancy filled after methanol desorption is regenerated through
its hydrogenation by water formation."” The composition of
reducing and oxidizing components in the gas phase under
common reaction conditions of CO, hydrogenation maintains
the equilibrium between surface oxygen atoms and vacancies.
This balanced configuration maintains the catalyst in an active
state and hinders its deactivation.”” Moreover, phase-transi-
tions caused by fluctuating conditions like hydrogen drop out
caused by intermittent hydrogen sources like electrolysis may
affect the catalytic performance of Indium-based catalysts.”?"

The present study reveals the influence of different ZrO,
carriers on In,0,/Zr0O, catalysts, as well as the impact of different
preparation methods in gas-phase CO, hydrogenation to
methanol. Additionally, the impact of doping In,0,/ZrO, with
various metal oxides (CeO,, MgO, CuO, NiO) was investigated,
as this has proven to increase the performance in slurry-phase
CO, hydrogenation to methanol.”? Hereby, Ni and Cu might
enhance H, dissociation and migration to the support surface,
promoting oxygen vacancy formation pushing the system to
higher methanol productivity.”>* Another approach involved
increasing the CO, adsorption capacity of In,0,/ZrO, by adding
basic materials, such as Mg or Ce. On the one hand, Mg-based
oxides are wused as basic supports for Cu in CO,
hydrogenation.” CeO,, on the other hand, serves as a catalyst
for CO oxidation to CO, through generation of oxygen
vacancies. These vacancies could also be active for CO, hydro-
genation and enhance methanol selectivity.”®

Results and Discussion

Impact of different ZrO,-supports on the catalytic
performance of In,0,/ZrO,-catalysts

ZrO, as a support material for In,O; has shown to optimize
oxygen vacancy formation being beneficial for CO, activation
and effectively prevents sintering of In,0;, as proven by stability
tests over 1000 h time-on-stream.'>"**” The use of monoclinic
ZrO, for supporting In,0; allows epitaxial growth of In,0O;,
whereby the mismatching of the crystal lattices leads to
formation of tensile forces. This, in turn, promotes the formation
of an increased number of oxygen vacancies in In,O;, enhancing
its catalytic properties. Additionally, vacancies in ZrO, being
close to In,0; may also interact and enforce methanol
synthesis.“z'”'”'zsl

There are two established In,0,/ZrO, catalysts reported in
literature, both utilizing monoclinic ZrO, as a support
material."*'¥ However, they exhibit distinct catalytic perform-
ance regarding methanol synthesis via CO, hydrogenation,
despite containing the same amount of In. Therefore, in the
following discussion, we will investigate the main characteristics
of two different commercial monoclinic ZrO, supports for In,0;,
referred to as Alfa Aesar (AA) and Saint Gobain (SG), and their
influence on the resulting catalytic performance for CO, hydro-
genation to methanol.

ChemCatChem 2023, 15, €202301125 (2 of 12)

Synthesis procedures as described in the literature were
utilized for the preparation of In,0,/ZrO,-catalysts (see Supple-
mentary methods). Throughout this study, In,05/ZrO, catalysts
used and prepared by Schiihle et al.™ will be referred to as
SAA, and In,0;/ZrO, catalysts used and prepared by Martin
etal'? as M-SG. Both catalysts were used for CO, hydro-
genation to methanol at elevated reaction temperatures (250,
275 or 300°C) and pressures (50 or 75 bar) in a high-pressure
continuous-flow fixed-bed reactor setup (Figure S1). To put the
In-based catalysts in perspective with the commercial Cu-based
catalyst for methanol synthesis, we compared the methanol
productivity at 250 °C for the same pressures (50 and 75 bar) at
250°C. The commercial Cu/ZnO/Al,O; catalyst shows a meth-
anol productivity of P.,,=0.964 gyeon 9t -h~". (Figure S2).

Figure 1 summarizes the main catalytic results for
In,0,/Zr0,-catalysts at both pressure levels. In detail, In,05/ZrO,
(M-SG) shows both, higher P, and Yy.on independently of the
applied reaction conditions (Table ST). A maximum methanol
productivity of 0.470 gyeon 9 -h™' for In,05/Zr0, (M-SG) was
achieved at 300°C and 75bar, whereby only
0.330 gyeon-9o -h™' were achieved using 1n,0,/Zr0, (S-AA).
Moreover, In,0,/ZrO, (M-SG) yielded a maximum Yj,.q4 of 10.0%
compared to In,05/Zr0, (S-AA) with a Yyeon Of only 6.8%. The
equilibrium yield of methanol (12.9%, dotted line) was simu-
lated for 300°C and 75 bar using the property method Soave-
Redlich-Kwong in ASPEN Plus. The experimental standard
deviations of two different catalyst batches were determined by
calculating the arithmetic means at the highest P, (Figure S3,
Table S2).

Initial analysis of the ZrO, supports by ICP-OES (Table 1)
confirmed high purity of both materials. XRD diffraction
patterns confirmed a monoclinic crystal lattice for both ZrO,
supports with characteristic-111 and 111 reflections at 28.18°
and 31.47°, respectively, as well as smaller broad reflection for
the 022 crystal lattices at 50.12° (Figure S6a). SEM analysis
showed alike morphology for both supports (Figure S5a, b).
Notably, ZrO, (SG) exhibited a significantly higher surface area
than ZrO, (AA) with a BET-surface of 89 m%*g vs. 51 m%q.

0.50 14
Equil. Yield (75 bar) N
048 f === =SS S S s mmo—se—-le--

0.46 4

0.4

-1

Pcat (gMeOH Yeat h )

0.42

-1

0.40

0.38

4
Yieor (%)

0.36

0.34

50 bar

0.32

0.30

0.28

In,0,/Zr0, (M-SG) In,0,/Zr0, (S-AA)
Figure 1. Evolution of productivity (left) and methanol yield (right) in
dependency of total pressure p =50 bar (orange) and p=75 bar (blue) for
different ZrO, supports (SG or AA). Simulated equilibrium yield at T=300°C
and p=75 bar. Reaction conditions: CO,/H,=1/3; GHSV=8400 h™';

TOS=3 h; T=300°C; hyy=5.1+0.1 cm.
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Table 1. Textural properties of ZrO, and In,05/ZrO,.
In Zr Sger @ pore radius pore volume particle size
(wt. %)% (wt. %)™ (m?%/g)® (nm)®’ (cm®/g)® (nm)™
Zr0, (SG) - 65.48 89.35 4.07 0.292 -
ZrO, (AA) - 66.49 51.27 5.69 0.238 -
In,05/Zr0, (M-SG) 11.08 56.28 75.96 3.39 0.214 11.84
In,05/Zr0, (S-AA) 11.11 56.28 44.97 5.67 0.174 16.91
In,04/Zr0, (5-5G) 9.82 56.52 75.36 3.70 0.222 11.77
In,05/Zr0, (M-AA) 10.91 60.33 49.14 5.71 0.203 16.91
[a] Determined by ICP-OES. [b] Measured by N,-physisorption. [c] Calculated using the Scherrer equation (Equation S1) based on the In,0; (222) reflection in
the XRD diffractrograms (Figure S6a).

Furthermore, the average pore volume of ZrO, (SG) of
0.292 cm®/g was higher than for ZrO, (AA) with 0.238 cm’/g
(Table 1). The average pore diameters for both ZrO, range in
the mesoporous area between 4-6 nm.”**” Both supports,
however, showed only weak interactions with CO,, as evident
from the CO,-TPD spectra (Figure 2a), that exhibit a desorption
peak between 100-300°C, that can be assigned to physisorbed
CO,%" Desorption peaks assigned to chemisorbed CO,
through thermally induced oxygen vacancies can be observed
in a small amount.>*” Nevertheless, ZrO, (AA) demonstrates
slightly less interaction with CO, compared to ZrO, (SG) in the
low temperature area (Figure 2a, Table S3). In H,-TPR, negligible
interactions with H, were observed for both support materials
(Figure 2b, Table S4).

Elemental analysis confirmed the desired In loading of
~10wt.% for both In,0,/ZrO, (M-SG) and In,0,/ZrO, (S-AA)
catalysts (Table 1). Moreover, the incorporation of In,0O; in the
monoclinic ZrO, structure was evident due to an additional
pattern at 30.59° in XRD, assigned to 222 reflection of In,0,
(Figure Séa). SEM analysis revealed no significant change in
morphology throughout the synthesis process (Figure S5)

——1n,0,/Zr0, (M-SG)
In,0,/Zr0, (S-AA)

a) ——Zr0, (SG) —— 210, (AA)
—— In,0,/Zr0, (S-SG) —— In,0,/Zr0, (M-AA)

400 4

300

mV/g)

=200

Signal

100

100 200 300 400 500 600

SEM-EDX mapping further confirmed an overall homogeneous
distribution of each element on the catalyst surface (Figure 3).

After impregnation, the surface area decreases equally
byabout 12% for both catalysts, along with a reduction of pore
radius and volume (Table 1, Figure S6b). This observation
indicates the agglomeration of In,0; on the ZrO, surface as well
as within the pores. Notably, the chemisorptive properties of
the catalysts exhibited distinct changes compared to pure ZrO,.
As anticipated, the incorporation of In,O; into the crystalline
framework results in a shift of CO, desorption peaks to higher
temperatures as well as an increased CO, desorption signal
intensity, indicating an enhanced capacity to bind CO, (Fig-
ure 2a, Table S3). These results are in good agreement with
literature.['>*%331 CQ, adsorption of In,0,/Zr0, (M-SG) exhibited
those of In,05/ZrO, (S-AA) in both strength and capacity
(Table S3). Between 250°C and 350°C the formation of an
oxygen vacancy between two In atoms allows the bridging
coordination of CO,."” The desorption peak in this range for
In,0,/ZrO, (M-SG) shows a higher CO, uptake and therefore
more surface In atoms are available leading to less bulk-In
compared to In,05/Zr0, (S-AA).

b) ——Zr0, (SG) —— 210, (AA)
—— In,0,/Zr0, (S-SG) —— In,0,/Zr0, (M-AA)
800

——1In,0,/2r0, (M-SG)
In,0,/Zr0, (S-AA)

ﬁ
\Y

-100 T T T T T T T
100 200 300 400 500 600 700 800

T(°C)

Figure 2. Chemisorptive analysis of different ZrO, supports (AA and SG) and In,0,/ZrO, catalysts (S-SG, S-AA and M-SG, M-AA): a) CO,-TPD and b) H,-TPR.
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Figure 3. SEM-EDX mapping elemental analysis of In for a) In,05/ZrO, (S-AA), b) In,05/ZrO, (M-SG), ¢) In,05/ZrO, (S-SG) and d) In,0,/ZrO, (M-AA).

Results of H,-TPR revealed a significant increase in the
surface reducibility of In,0,/ZrO, catalysts compared to pure
Zr0O,. Furthermore, the reduction capacity of In,05/ZrO, (M-SG)
exhibits those of In,05/ZrO, (S-AA) (Figure 2b). The TPR profile
of In,0,/ZrO, (M-SG) showed two reduction peaks between
around 100-420°C and 420-470°C, assigned to the reduction
of surface species of In,0; (100-420°C)®? and reduction of bulk
In,0; (>420°C).”¥ Notably, In,0,/ZrO, (M-SG) exhibits higher H,
adsorption capacity at lower temperatures, indicating and
increased propensity for hydrogen dissociation during meth-
anol synthesis (Table 54).5°

Impact of synthesis method on the catalytic performance of
In,0,/ZrO, catalysts

Besides the different ZrO, supports (AA or SG), there is also a
disparity in the synthesis method between In,0,/ZrO, (S-AA)
and In,05/ZrO, (M-SG). Martin (M) etal™ utilize a solvent
system containing ethanol and water (74/26 H,O/EtOH v/v),
whereas Schiihle et al."™ (S) employ pure water. Furthermore,
(M) uses a substantially higher amount of solvent (47 mLgen/
9z0,) In comparison to (S) with 20 MLyent/9z0,- Moreover, the
synthesis procedure of (M) involves a significantly longer
stirring time for synthesis of five hours comparing to (S) where
the solvent is evaporated immediately after mixing the
suspension without further stirring.

The aim of our study was to identify the determining key
factors being responsible for the observed different catalytic
activities of In,05/ZrO, (S-AA) and In,05/ZrO, (M-SG). Therefore,
also hybrid catalysts were prepared by combining the original
ZrO,-supports with the respective corresponding synthesis
method. This resulted in In,05/ZrO, (S-AA or S-SG) and In,05/
ZrO, (M-AA or M-SG). For In,04/ZrO, (M-AA), the standard
deviations of experimental procedure out of four experiments
and two different batches were calculated (Figure S3 and
Table S2).

A comparison of the CO, hydrogenation activity at 300°C
and 75 bar displays significant differences in the used ZrO, as
well as synthesis method with regard both to productivity and

ChemCatChem 2023, 15, €202301125 (4 of 12)

yield (Figure 4). Generally, catalysts prepared according to (M)
showed higher P, (around 0.4402-0.470 Qyeon- 9 -h™") than
catalysts  prepared according to (S) with only
0.320-0.399 gyeon* 9o - h . Moreover, the ZrO, supports applied
by (SG) gave better results than the one of (AA), related to the
mass of catalyst.

Examining the productivity P, normalized to the surface
area (Table 1) for all In,0,/ZrO, catalysts, the discernible impact
of the synthesis method is evident (Figure S4). Whether
considering ZrO, (SG) catalysts with P =529 and
6.19 Mgyeon-mM 2-h™" (S-SG or M-SG) or ZrO, (AA) with P, =
7.12 and 8.18 mgyeon-M2-h™" (S-AA or M-AA), it can be seen,
that catalysts prepared using the synthesis procedure of (M)
exhibit higher normalized productivity. Nevertheless, the cata-
lytic results show that the surface area of the employed ZrO, is
the most significant influence on catalytic activity, while the
synthesis method has a subordinated influence on the catalytic
activity for CO,-hydrogenation.

0.50 14
Equil. Yield
0.48 1 13

Ymeon (%)

Figure 4. Influence of different ZrO, (SG or AA) supports and synthesis
methods (M or S) on methanol yield and productivity in comparison to the
calculated equilibrium yield. Reaction conditions: CO,/H,=1/3;

GHSV =8400 h™'; TOS=3 h; T=300°C; p="75 bar; hy,y=5.1+0.1 cm.
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Elemental analysis of all catalysts confirmed the same
amount of In loading of around 10wt.% (Table 1). XRD
diffraction patterns of all In,05/ZrO, show characteristic patterns
for monoclinic ZrO, as well as cubic In,0; (Figure S6a).
According to SEM analysis, no morphological changes can be
observed due to the synthesis procedure (Figure S5, c-f).
Furthermore, SEM-EDX mapping shows that In is dispersed
homogeneously on ZrO, on a macroscopic level. Furthermore,
no significant differences in the distribution of In,0; on ZrO, for
the different catalysts could be displayed (Figure 3) Addition-
ally, the crystallite size of In,O; on ZrO, was determined using
the Scherrer-Debye equation (Equation S1, Table 1).°¢ Despite
an overall homogeneous distribution, it is evident that the
particle size is influenced by the type of ZrO, used rather than
the synthesis method. Specifically, when ZrO, (SG) was
employed, particle sizes were consistently smaller, with
11.84 nm for In,05/ZrO, (M-SG) and 11.77 nm for In,05/ZrO, (S-
SG). In contrast, the use of ZrO, (AA) as a support resulted in a
larger particle size of 16.91 nm for both In,0,/ZrO, (M-AA) and
In,03/ZrO, (S-AA). The smaller crystallite sizes observed with
ZrO, (SG) as support correlate with higher catalytic perform-
ance.

Interestingly, chemisorptive data show that the catalysts
differ significantly with respect to their adsorption as well as
reduction behaviour. CO,-TPD results show that In,0,/ZrO,
catalysts based on ZrO, (SG) have overall higher as well as
stronger CO, binding capacities than those based on ZrO, (AA),
which confirms stronger interactions between In,0; and ZrO,
(SG) (Figure 2a and Table S3). Regardless of the support used,
the synthesis procedure of (M) leads to catalysts with overall
higher CO, adsorption. Additionally, H,-TPR data show a strong
dependency of the used ZrO, and the synthesis procedure. In
detail, using ZrO, (AA) with the synthesis method of (M)
enhanced the reduction capacity of 0.8 (In,05/ZrO, (S-AA)) to
the same amount as for the ZrO,-based SG catalysts with 1.06
(In,05/ZrO, (M-AA)) (Figure 2b and Table S4).

Physisorptive analysis show, however, that the surface area
as well as the pore volume of In,0,/ZrO, (M-AA) with
49.14 m?*/g and 0.203 cm®/g is higher than for In,0,/ZrO, (S-AA)
with 44.97 m*/g and 0.174 cm®/g (Table 1). Through the longer
stirring time employed by (M) and the use of more solvent, it is
possible that the metal particles have been able to gain access
to enter the pores and thereby prevent their blocking.*”?®
Additionally, there could be an effect of the solvent. Using
ethanol instead of water as solvent for the impregnation lowers
the polarity and could cause stronger interactions between
In,0; and ZrO.. This can be seen in the TPR results of ZrO, (AA)-
based catalysts, where more species have been formed, which
are reduced at higher temperatures, indicating formation of
bulk In,0; (Figure 2b and Table 54).5%* This effect is not as
strong for ZrO, (SG) based catalysts, which is due the overall
higher surface area of ZrO,, decreasing the influence of the
synthesis method.
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Effect of Cu-, Ni-, Mg-, or Ce-as promotors on the catalytic
performance of In,0,/ZrO, catalysts

To further enhance the catalytic performance of In,05/ZrO, in
CO, hydrogenation to methanol, various promotors (Cu, Ni, Mg,
Ce) were added to the In,0,/ZrO, catalyst. These materials can
enhance the formation of methanol in different ways. On the
one hand side, basic materials like Ce as well as Mg can catalyze
oxidation of in-situ formed CO by the competing RWGS reaction
further to CO,, resulting in the formation of additional oxygen
vacancies.”'*?® Furthermore, it was shown that Ce and Mg as
promotors can enhance the CO, adsorption capacity.*” Cu as
well as Ni have the property of enhancing hydrogen spillover,
whereby the atomic hydrogen takes part in the consecutive
hydrogenation of carbon containing surface species to form
methanol.”*" In this study, the influence of different metal
promotors for the In,0,/ZrO, (M-SG) catalyzed CO, hydro-
genation to methanol was examined. Therefore, ZrO, (SG) as
the most promising support was chosen and impregnated with
In,0O; together with the respective promotors via co-precipita-
tion (for detailed description see Supporting Information).

To evaluate the different catalytic activities of the various
promoters, this study was carried out at 250°C and 75 bar since
lower reaction kinetics and theoretically higher equilibrium
yield of MeOH Yg, veon = 28.9% would be possible (calculated
by the property method Soave-Redlich-Kwong in ASPEN Plus).
Figure 5 shows a higher productivity of the Ce-promoted
In,04/Zr0, (0.083 Gyeon- 9oy -h ") compared to the Mg-promoted
IN,04/Zr0, (0.049 Qyeon 9 -h "), but both metals decrease the
catalytic activity of the pristine In,0,/ZrO, (M-SG) of
0.159 Gyeon- 9oy -h ™" while keeping the selectivity Sy.on of about
80%. Promoting the catalyst with Cu also downgrades the
productivity (Pe,;=0.088 gyeon-doy-h™") while only slightly de-
creasing the selectivity (Syeon=75%). In contrast, the addition
of Ni to In,0,/ZrO, catalysts increases the catalytic performance
up to 0.221 gyeon'9q-h™' compared to the unmodified
In,05/ZrO, (M-SG) with only a slight selectivity decrease to
Sueon =66 %.
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Figure 5. Catalytic performance of CuO-, NiO-, MgO- and CeO-promoted

In,05/ZrO, compared to In,05/ZrO, (M-SG) Reaction conditions: CO,/H,=1/3;
GHSV=8300 h™'; TOS=3 h; T=250°C; p=75 bar; hy,y=5.1+0.1 cm.
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Table 2. Textural properties of metal promoted In,05/ZrO,.

Cu/Ni/Mg/Ce In Zr Sger @ pore radius pore volume

(wt. %) (wt. %) (wt. %)™ (m?/g)® (nm)®! (cm?/g)™
CuO-In,0,/Zr0, 7.66 6.37 55.55 79.78 4.07 0.324
NiO-In,04/Zr0, 6.40 7.76 50.12 88.93 3.70 0.260
MgO-In,0,/Zr0O, 2.62 8.95 48.66 88.82 3.71 0.270
Ce0,-In,0,/Zr0, 51 6.95 52.84 87.87 4.05 0.256
[a] Determined by ICP-OES. [b] Measured by N,-physisorption.

ICP-OES elemental analysis confirmed the successful im-
pregnation of ZrO, with In,0; and the respective promotor
(Table 2), while SEM analysis revealed no change in morphology
after impregnation (Figure S8). However, precipitation was not
complete, as the desired loading of 10 wt.% for both, In and
the respective promotor, could only be achieved up to 8 wt.%.
XRD data show, that only patterns of ZrO, can be observed, but
none of In,0; or the respective promotors, indicating both exist
in an amorphous state (Figure S9a). To assess the potential
impact of slight variations in metal loadings on the catalytic
performance, we examined also P, next to P, Ppet iNVolves
normalizing productivity to the quantity of all active metals
(Table 2), including Indium and the respective promotor. The
enhanced catalytic activity of NiO-In,0,/ZrO, remains evident
even when accounting all active surface species. P, Of NiO-
IN,05/ZrO, with 1.563 Gyeon*Jme-h ' is higher than for pure
In,05/ZrO, with 1.437 Qyeon*Irmim-h~' (Figure S7). The conver-
sion of CO, was 57% using the NiO-In,05/ZrO, catalyst
compared to 4.4% using the pure In,0,/ZrO, catalyst.

XPS analysis was performed to examine in which oxidation
state the respective metals are present. XPS survey spectra of all
catalysts exhibit the expected peaks for Zr3d, In3d, O1s as well

In,0,/Zr0, (M-SG)
CuO-In,04/Zr0,

NiO-In,04/Zr0,
— MgO-In,0,4/ZrO,

as a C1s peak, that can be attributed to surface impurities from
the measurements (Figure 6). Each spectrum shows peaks
corresponding to the presence of the promotor (Cu, Ni, Mg and
Ce). The XPS deconvolution results reveal that In is only present
as In,0; in the catalyst and no metallic In° is present. The In3d
signals in the XPS spectra are observed at binding energy
values of approximately 445 eV (for In3d 5/2) and 453 eV (for
In3d 3/2) (Figure S10a).>*

Interestingly, XPS analysis further confirm that Cu, Ni, Mg
and Ce are all present in their oxidized form before and after
reaction (Figure S10b-e). Cu2p spectra of CuO-In,0,/ZrO, reveal
that Cu is present in its oxidized form as CuO with characteristic
signals at 933 and 942 eV with a splitting of 19.8 eV.*>* For
NiO, the Ni2p spectra exhibit mainly signals corresponding to
NiO at 855 and 873 eV.”**! Mg is identified as magnesium oxide
(MgO) based on the characteristic binding energy at 1305 eV."
Ce3d spectra could be depicted into three regions with binding
energy values of 882, 897 and 915 eV, that can be assigned to
Ce0,.*"

Physisorptive data show that synthesis via co-precipitation
just led to a slight decrease of the BET-surface. All metal-
promoted catalysts show BET-surfaces around 89 m%g (Ni, Ce,

Ce0,-In,0,/Zr0,

_ Cu2p
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3: —
©
-
b Ni2p
D - N\
c
(0] |
-
c
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~
_ TTN— A A
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Figure 6. XPS survey spectra of In,0,/ZrO, (M-SG), as well as CuO-, NiO-, MgO-, and CeO,- promoted In,0,/Zr0,.
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Mg) or 80 m?/g (Cu). Therefore, incorporation of the metals via
co-precipitation leads to higher surface areas compared to
wetness impregnation as for In,0,/ZrO, (M-SG) with 76 m%/q.
Range of pore sizes with overall pore radii of 3.7 to 4.1 nm as
well as pore volumes with 0.26-0.32 cm®*/g for the metal-
incorporated In,0,/ZrO, catalysts are higher than for In,0,/ZrO,
(M-SG) with 3.4 nm and 0.21 cm®/g, respectively (Table 2, Fig-
ure S9b). This suggests the presence of all metal oxides on the
surface, but no penetration into the pores, as well as formation
of agglomerates.

The incorporation of the promotors also leads to a change
in CO, adsorption capacity (Figure 7a). In detail, adding MgO,
CuO & NiO to In,0; lead to a higher overall CO, adsorption
capacity compared to the non-promoted catalyst (In,0;/ZrO,
(M-SQG)) by a factor of more than 1.5 (see Table S5). In the case
of CeO, the adsorption capacity decreases by a factor of 0.8.
The presence of NiO on the In,05/ZrO,-catalyst facilitates the
reduction of the catalyst surface, as evidenced by the shift to
lower temperatures required for H, adsorption in H,-TPR experi-
ments (Figure 7b). Overall, both higher CO, adsorption as well
as easier reducibility contribute to a higher methanol productiv-
ity.

The decrease in activity for the CuO-In,0,/ZrO, catalyst
compared to In,05/ZrO, (M-SG) is significant in terms of both
productivity and selectivity (Figure 5). This can be attributed to
the differences in chemisorptive properties. When examining
the CO,-TPD data, it is observed that the overall CO, adsorption
capacity of CuO-In,05/Zr0O, is higher. However, the temperature
required for CO, desorption is also significantly elevated
compared to In,0,/Zr0, (M-SG). Compared to In,0,/ZrO, (M-SG)
with the highest CO, desorption temperature at 470°C, the
required temperature for CO, desorption increased about
100°C up to 570°C when CuO is incorporated (Figure 7a,
Table S5). This indicates that the catalyst has a strong affinity
for CO, adsorption, but the adsorption strength is excessive for
efficient methanol production in subsequent steps. In H,-TPR

In,0,/ZrO, (M-SG) —— Ce0,-In,0,/Zr0, —— MgO0-In,0,/Zr0,

—— NiO-In,0,/Zr0O, Cu0-In,0,/Zr0,
1100
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data, a notable baseline shift is observed at higher temper-
atures (>690°C) for CuO-In,0,/ZrO, (Figure 7b, Table S6). This
indicates that the bulk material is reduced and hydrogen
evolves at higher temperatures.

Among all the catalysts studied, MgO-In,0,/ZrO, exhibited
the lowest catalytic activity. This can be attributed to the
unexpected decrease in CO, adsorption capacity strength,
indicating weaker CO, adsorption at the catalyst's surface
(Figure 7a, Table S5). Additionally, the incorporation of Mg
results in a decrease in the reducibility of the catalyst, as
evident from the H,-TPR data (Figure 7b, Table S6).

In case of the Ce0,-In,0,/ZrO, catalyst compared to the
non-promoted (In,05/ZrO, (M-SG)), there is a decrease in overall
adsorption capacity (Figure 7a, Table S5). This could be attrib-
uted to the formation of In,0; and CeO, clusters, as observed in
the EDX mapping analysis (Figure 8b). The inhomogeneous
distribution of these clusters may hinder the adsorption of CO,
and result in reduced adsorption capacity. This finding is also
consistent with the TPR data (Figure 7b, Table S6) that shows a
shift to higher reduction temperatures and lower reduction
capacity for the CeO,-In,0,/ZrO, catalyst, resulting from bulk
formation. This, in turn, leads to a decrease in productivity.

In conclusion, particularly the incorporation of NiO signifi-
cantly enhances the catalytic performance. The hydrogen spill-
over effect facilitates H, adsorption, subsequently improving H,
dissociation and migration to the support surface, resulting in
higher methanol productivity and CO, conversion. This mecha-
nism fosters the formation of oxygen vacancies, resulting in
higher methanol productivity of the system. This enhancement
is proven by chemisorptive analysis, showing significantly
higher levels of both adsorbed CO, or H, compared to all other
catalysts.

b) —In,04/Zr0, (M-SG) —— Ce0,-In,04/Zr0, —— MgO-In,0,/Zr0,
——NiO-In,04/Zr0, Cu0-In,04/Zr0,
600 +
4004
o
>
S
= 200+
[ \
=
el N
n e
0 sl
N
-200

100 200 300 400 500 600 700 800
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Figure 7. Chemisorptive analysis of CuO-, NiO-, MgO- and CeO,-promoted In,05/ZrO, compared to In,0,/ZrO, (M-SG): a) CO,-TPD and b) H,-TPR.
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Figure 8. SEM-EDX elemental mapping images of a) NiO-In,0,/ZrO,, b) CeO,-In,05/Zr0,, ¢) MgO-In,05/Zr0O, and d) CuO-In,0,/ZrO,. Top: In distribution (yellow);
Bottom: metal promotor (green/blue).

L . . o . ——In,04/Zr0, (M-SG) —— NilO-In,0,/ZrO, (WI)
Combination of NiO-promoting and optimized synthesis NiO-In,0,/Zr0, (CR) NiO-In,0,/r0, (CP)
method on the catalytic performance of In,0,/ZrO, catalysts

Zr3d
In3d 1
Different synthesis methods were employed to incorporate the - | o

. 1 0 |

e— A AN

best performing NiO-promotor into In,0,/ZrO, catalysts, namely 1 " L
chemical reduction (CR), co-precipitation (CP), and wetness . -
impregnation (WI). These NiO-incorporated In,0,/ZrO, catalysts Nizp

were further evaluated for their catalytic performance in the
CO, hydrogenation to methanol. Table 3 shows the textural
composition of the synthesized catalysts.

ICP-OES elemental analysis confirmed the successful incor-
poration of Ni into the In,05/ZrO, catalyst using all three i
preparation methods (Table 3). Interestingly, only 0.32 wt% of
Ni could be incorporated via CR, while 0.69 resp. 0.76 wt% Ni
could be incorporated by CP and WI at an overall constant In - - I
loading of around 10.5 wt%. Furthermore, XPS analysis indicate 1200 1000 800 600 400 200
also the presence of NiO in all catalysts for the various synthesis BE (eV)
methods. (Figure 9). The Ni2p core level spectrum of all . .

. o . Figure 9. XPS survey spectra of NiO-In,05/ZrO, prepared by WI, CR or CP
catalysts shows again binding energies at 855 and 873 eV,  ompared with In,0,/2r0, (M-SG).
which refer to Ni*" species (Figure S13).204

Physisorptive data show only small deviations in surface

area (74-80 m?/g) as well as pore volume (0.216-0.258 cm®/g)

Intensity (a.u.)

o -

Table 3. Textural composition of NiO-In,0,/ZrO, catalysts prepared by Wi, CR and CP.

Ni In Zr BET @ pore radius pore volume
(Wt.%)[a] (Wt.%)[a] (Wt.%)[a] (mz/g)[bl (nm)[b] (cm3/g)[b]

NiO-In,0/Zr0, (WI) 0.76 10.48 53.85 80.66 3.70 0.216
NiO-In,0,/Zr0, (CR) 0.32 10.64 53.40 74.37 3.70 0.223
NiO-In,0,/ZrO, (CP) 0.69 10.63 58.09 78.82 4.06 0.258

[a] Determined by ICP-OES. [b] Measured by N,-physisorption.
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Figure 10. SEM-EDX elemental mapping images of Ni-In,0,/ZrO, prepared by a) WI, b) CR and c) CP. Top: In distribution (yellow); bottom: Ni distribution

(green).

after impregnation for all preparation methods. However, the
pore size distribution is nearly similar for the three synthesis
methods with a medium pore size of 10 nm (Table 3, Fig-
ure S11b). Moreover, XRD data confirm patterns for crystalline
In,0; and ZrO,, except for NiO-In,05/ZrO, (CP), as already seen
before, where just patterns for ZrO, are present, indicating an
amorphous structure for In,0;. Furthermore, no distinct patterns
can be seen for NiO in the diffractogram, indicating amorphous
or nanocrystalline NiO species (Figure S11a).

SEM analysis was conducted to investigate the morpholog-
ical changes after impregnation with Ni through the different
synthesis techniques. No changes could be revealed in the
morphology of the ZrO, supported catalysts after impregnation
with In,0; and NiO for all synthesis methods (Figure S12).
Furthermore, SEM-EDX mapping demonstrates a macroscopic
homogeneous distribution of both In and Ni for NiO-In,0,/ZrO,
(WI) (Figure 10). The formation of agglomerates could be further
supported by H,-TPR analysis, where a baseline shift of NiO-
In,05/Zr0O, (CR) could be deduced (see Figure 11b).

The overall H,-reduction and CO, adsorption capacity of
NiO-In,0;/ZrO, (CR) (0.72/0.87) as well as NiO-In,0,/ZrO, (CP)
(0.96/0.91) are lower than for the pristine In,0,/ZrO, (M-SG)
(Tables S7, S8). This indicates a poorer reducibility, explained by
formation of agglomerates. NiO-In,05/ZrO, (WI) exhibit im-
proved H,-reduction properties with 1.19 as well as increased
CO, capacity values with 1.69. This can be explained by the
formation of electronic defects by incorporation of NiO via WI
as well as the already discussed H,-spillover by Jiang et al.*®
(Figure 11a and b, Tables S7 and S8).
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Figure 12 shows methanol productivities as well as selectiv-
ities for the four different synthesized catalysts. Compared to
the non-promoted In,05/ZrO, (M-SG) catalyst giving a produc-
tivity of P,y =0.475 Qyeon* 9t | -h~", the productivity decreased
if NiO is incorporated via CR, yielding a productivity of only
0.39 gueor*9eat ' -h7". Moreover, NiO-In,0,/ZrO, (CP) and NiO-
In,05/ZrO, (WI) showed a higher methanol productivity of 0.482
and 0.497 gyeon- 9.,y -h ™', respectively, when compared to In,0,/
ZrO, (M-SG). Regarding selectivity, no significant decrease could
be observed for any synthesis method.

Long-term stability of the NiO-In,0,/ZrO, (WI) catalyst

Finally, the MeOH productivity of the best performing
NiO-In,0,/ZrO, (WI) catalyst was investigated for 100 h time-on-
stream (Figure 13). After 12 h, the catalyst exhibited a maximum
productivity of 0.162 gyeon-g;-h™' at 250°C and 75 bar. The
MeOH productivity slightly decreased to 0.149 gyeon 9o -h™'
after 100 h. Moreover, no methane could be detected by GC
analysis (Figure S14).

Post-mortem studies of the catalyst further revealed its
stability. In detail, ICP-OES analysis indicate no leaching after
100 h TOS. Data of pre-reaction material (In-wt.% of 10.48,
Zr-wt. % of 53.85 and Ni-wt.% of 0.76) are well in line with data
of post-reaction material (In-wt.% of 10.36, Zr-wt.% of 53.39
and Ni-wt.% of 0.73), respectively. XRD patterns provide
evidence of unchanged crystalline structure of In,0; and ZrO,
(Figure 14). Furthermore, no changes in morphology could be
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Figure 11. Chemisorptive analysis of NiO-In,0,/ZrO, prepared by WI, CR or CP compared to In,0,/ZrO, (M-SG): a) CO,-TPD and b) H, TPR.
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Figure 12. Impact of different synthesis methods for NiO-In,0,/ZrO, on the
methanol productivity and selectivity. Reaction conditions: CO,/H,=1/3;
GHSV=8600 h™'; TOS=3 h; T=300°C; p="75 bar; hyy=5.1+0.1 cm.

observed in SEM (Figure 15). Finally, EDX-Mapping also shows
no formation of agglomerates (Figure S15).

Conclusions

In this work, various In,0,/ZrO, catalysts have been investigated
for their application in methanol synthesis. Hereby, different
support materials, metal promotors as well as synthesis
methods were applied to identify the best combination for gas-
phase methanol synthesis. In detail, In,0,/ZrO, (M-SG) shows
both higher Pye.on and Yyeon independently of the applied
reaction conditions with a maximum methanol productivity of
4.25 gyeon* gy, -h™" at 300°C and 75 bar compared to In,0,/Zr0,
(S-AA) mainly due to its higher surface area. Moreover, only a
disparity in the synthesis method could be revealed. In the next
step, several metals were used as promotors for the In,0,/ZrO,
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Figure 13. Stability of NiO-In,05/ZrO, (WI) recorded over 100 h TOS, Reaction
conditions: CO,/H,=1/3; GHSV=4600 h™'; T=250°C; p="75 bar;
hpeg=5.0 cm.
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Figure 14. XRD patterns of NiO-In,05/ZrO, (WI) before (black) and after (red)
reaction.
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Figure 15. SEM images of Ni-In,0,/ZrO, (WI) before a) and after reaction b).

(M-SG) catalyst in order to further enhance its productivity.
Hereby, the NiO-In,05/ZrO, (M-SG) catalyst showed the best
performance. Regarding the synthesis method, wetness impreg-
nation using a water/ethanol solvent system has been found to
be the most efficient preparation method for the incorporation
of Ni into the In,0,/ZrO, (M-SG) catalyst. Overall, the NiO-
promoted catalyst shows improved catalytic activity as well as
stability because of a facilitated H,-spillover and strong
electronic interactions with the ZrO, support. The methanol
productivity of In,05/ZrO, (M-SG) could be increased from
0.475 Qyeon* 9oy -h™" 10 0497 Gyeon- gt -h™' by the addition of
0.8 wt% Ni without any methane formation. Finally, the NiO-
In,05/ZrO, catalyst remains stable and active over 100 h on
stream paving the way for future applications in green
methanol synthesis.

Experimental

Materials and catalyst preparation

All chemicals were obtained commercially and used as received
without further purification. The In,05/ZrO, catalysts were synthe-
sized using wetness impregnation (WI) technique using different
ZrO, supports. Furthermore, the dopants (Ni, Cu, Ce, Mg) have been
incorporated either via wetness impregnation (WI), chemical
reduction (CR) or co-precipitation (CP). Comprehensive description
of the catalyst preparation can be found in the Supporting
Information.

ChemCatChem 2023, 15, €202301125 (11 of 12)

Catalyst characterization

The elemental compositions of all catalysts were determined using
inductively coupled plasma optical emission spectroscopy (ICP-
OES). The crystalline structure was analyzed via powder X-Ray
diffraction (XRD), additional information about the oxidation states
were obtained using X-ray photoelectron spectroscopy (XPS). The
porosity, pore volume (BJH) as well as total surface area (BET) were
determined by N,-physisorption measurements. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
revealed catalyst morphology and metal dispersion. Chemisorptive
properties were evaluated by CO,-temperature-programmed de-
sorption (CO,-TPD) and H,-temperature-programmed reduction (H,-
TPR). Comprehensive descriptions of all characterization methods
are given in the Supporting Information.

Catalyst testing / Catalytic evaluation

All experiments were performed in a high-pressure continuous-flow
fixed-bed reactor setup (see Figure S1). Usually, 4.0 to 5.0g of
catalyst were loaded into the reactor and fixated by a bed of quartz
wool. Prior to the reaction, the catalyst was pretreated at 200°C
under flowing N, (300 NmL-min") for 1 hour. Subsequently, the
temperature was set to 300°C and a reaction gas mixture with a
CO,/H, stoichiometric ratio of 1/3 was fed using a flow rate of
1200 Nml-min~" into the reactor (GHSV =8400-8600 h~', Equation
S7), which was pressurized to 50 or 75 bar, respectively. Catalysts
were tested for 3 h under steady-state conditions for performance
comparison. Details of the experimental setup as well as equations
for the calculation of the vyield Yyeon selectivity Syeon CO,
conversion Xco, and productivity P Psutacer Pmetat @re provided in
the Supporting Information.
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Cumulative part of the dissertation

In the previous Chapters 6.1 and 6.2, a continuous fixed bed reactor system with integral operation
(sampling at the end of the catalyst bed) was used. This Chapter is based on publication [20]. The
supported In2Os3-based catalysts were spatially examined using a two-phase fixed bed CPR
(differential operation). This setup provides insights into simultaneous temperature and reaction
profiles during CO> hydrogenation to methanol (see Figure 6.4). Nickel as a promoter significantly
enhanced the catalytic activity of pure In2O3/ZrO», confirming the results in Chapter 6.2. The

corresponding Supporting Information of the following article can be found in the Appendix

Chapter 9.5 and details about the CPR in Chapter 9.1.4.
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ABSTRACT: The compact profile reactor (CPR) design allows for the Sampling
simultaneous acquisition of species, temperature, and spatially resolved reaction
profiles during high-pressure CO, hydrogenation to methanol. Indium-based 14 [y GC-FID
catalysts for CO, hydrogenation have attracted significant scientific interest since
they are more selective, efficient, and resistant to deactivation compared
to the state-of-the-art copper-based catalyst. In this study, the reaction profile
of In,0;3/ZrO, catalysts is compared to that of the state-of-the-art Cu/ZnO/
AL O, (CZA) catalyst in a high-pressure CPR. It is demonstrated that the addition
of nickel as a promoter significantly enhanced the catalytic activity of pure In,O5/
ZrO,. The characterization by H, TPR and CO, TPD revealed an increased
capacity for both hydrogen and CO,. A detailed comparison and optimization of
reaction conditions using Ni—In,O;/ZrO, as a catalyst are presented. In an TR P
optimized experiment, Ni—In,05/ZrO, produces 4.90 gy.on gm:ni ~ h ' at 275

°C, 50 bar, and 63,000 h™'with a methanol selectivity of 73%. Furthermore, no catalyst deactivation caused by metal leaching or
sintering could be observed over 90 h time on stream.
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H INTRODUCTION leads to deactivation.® Lower temperatures, on the other hand,
decelerate the reaction rate.

The Lurgi (now Air Liquide) converter, an isothermal
reactor, is widely used in the industry for methanol synthesis.
Typical operating conditions range from 50 to 100 bar and
from 230 to 365 °C.* An isothermal reactor integrates plates or
tubes in the catalytic bed for heat removal and a more uniform
distribution of the temperature. A shell-and-tube design
supplies boiling water to the shell side, removing the reaction
heat released by the catalyst on the tube side. Consequently,
this approach ensures enhanced productivity, prolonged
catalyst life, reduced byproduct formation, efficient recovery
of reaction heat, and lower operating costs. The design with
helically arranged tubes prevents catalytic stress caused by axial
temperature variations, which is a classic problem in straight
fixed-bed reactors.””

Although the temperature can be controlled in both reactors,
they lack a fundamental understanding of gas-phase
composition throughout the catalyst bed since there are only

The CO, emissions rise since the industrial revolution and
have a significant effect as a greenhouse gas for global
warming.' A promising approach for greenhouse gas reduction
is the valorization of CO, from industrial oft-gases with
renewable hydrogen into valuable and sustainable products
such as methanol.” Different reactor designs have already been
employed for this task but were not thoroughly examined yet.

Industrial fixed-bed methanol reactors can be categorized
into two types based on the approach used for heat removal
within the catalyst bed: (A) adiabatic and (B) isothermal
reactors.” A typical adiabatic reactor consists of multiple
catalyst beds (up to five) arranged in series within a single
pressurized shell and with direct cooling (quench) or
interstage heat exchange. For example, the ICI low-pressure
quench converter operates at 50—100 bar and 270 °C by using
the Cu/ZnO/ALO; (CZA) catalyst in a single bed. The
quench gas is injected and distributed into the bed by lozenges.
These traverse horizontally across the converter from one side
to the other. A central pipe is used to feed the cold gas. The
addition of cold, fresh, and recycled syngas helps to alleviate
the reaction temperature. Caused by the variable void fraction
along the catalyst bed, each catalyst pellet does not receive the
same gas flow, resulting in irregular flux distribution. Thus,
both hot and cold zones can be located in the bed.* Thermal
sintering of the CZA occurs at temperatures above 300 °C and
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integral measurements for the reactors possible due to the
reactor design. The main reactions in methanol synthesis are

provided below.

CO + 2H, = CH,OH AH;° = —91 kJ mol™’ (1)
CO, + 3H, = CH,OH + H,0 AH;” = —49 kJmol™'

2)
CO, + H, @ CO + H,0 AH”=+41kmol”" (3)

The common industrial approach for methanol synthesis is us-
ing syngas (1) in combination with the state-of-the-art Cu/
ZnO/AlL,O; catalyst.” The major compounds of syngas are CO
and H,, while small amounts of CO, are added for an increase
in catalyst activity.” Compared to the CO hydrogenation, the
CO, hydrogenation generates less reaction heat (2) and the
endothermic rWGS (3) attenuates heat release in the process.
The formation of water on the surface of the catalyst leads to
deactivation by segregating Cu/ZnO and interrupting the
strong metal—su8pp0rt interaction effect that is required for the
catalyst activity.” In the presence of CO,, water and CO are
formed via the competitive reverse water—gas shift reaction
(rWGS, 3), which lowers the methanol selectivity. To enhance
the stability of CZA and to shift the thermodynamic
equilibrium toward methanol (according to Le Chatelier’s
principle), water can be removed in situ with novel membrane
reactors (laboratory level).” A slurry reactor concept using a
carrier thermoliquid with the advantages of a simple
construction, facile reactor control, and efficient heat stora%e
has been already employed in more recent studies.'’” "
Reducing particle sizes in slurry reactors allows for their use
without the necessity to account for pressure drop along a
catalyst bed. Additionally, this results in less attrition of the
catalyst particles. Gaikwand et al. split the commercial CZA
catalyst into three catalyst beds separated by empty sections."
This study showed that methanol is produced through high-
pressure direct CO, hydrogenation at low temperatures, while
above 260 °C, methanol formation is facilitated by CO, which
is generated through the rWGS reaction.

Indium-based catalysts have recently been studied exten-
sively as alternative methanol synthesis catalysts by CO,
hydrogenation.'*™"® The ZrO, supported In,O; catalyst also
showed high stability, selectivity, and activity for CO,
hydrogenation to methanol.'”'*"*~* In previous studies by
Wesner and Kampe et al, the effects of the catalyst support,
synthesis method, and metal promoter were identified to be
key factors to increase the catalytic performance in the CO,
hydrogenation to methanol."”

The objective of this paper is to provide first insights into
spatially resolved measurements on indium-based methanol
synthesis catalysts using a novel compact profile reactor (CPR)
under high-pressure operating conditions. The CPR offers
insights into reactant composition and temperature profiles in
a scalable reactor tube and is already established at mild
reaction conditions for various heterogeneously catalyzed
reactions.’*™> In this work, we adapt a modified CPR to
high-pressure methanol synthesis conditions and compare the
reaction profiles of various indium-based catalysts to those of
the commercial copper-based catalyst. In detail, the state-of-
the-art Cu/Zn0O/Al,O; catalyst in relation to an In,0,/ZrO,
catalyst will be spatially examined and discussed. Moreover,
metal-promoted indium-based catalysts will be further
investigated with a specific focus on the influence of certain
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reaction parameters like pressure, GHSV, and temperature
using the most promising catalyst.

B EXPERIMENTAL DETAILS

Materials. The following reagents were used as precursors for
catalyst synthesis: zirconium dioxide pellets (ZrO,, Saint Gobain),
indium nitrate (In(NO,);, 99.999% Thermo Fisher Scientific), cerium
nitrate hexahydrate (Ce(NO;);-6H,0, 99.5% Thermo Fisher
Scientific), copper nitrate trihydrate (Cu(NO;),-3H,0, 99% Thermo
Fisher Scientific), and nickel nitrate hexahydrate (Ni(NO;),-6H,0
99%, Sublab). A commercial copper-based catalyst (CuO/ZnO/
AL O;) was purchased from Alfa Aesar (product no. 45776). A gas
mixture of hydrogen and carbon dioxide (25% CO,, 4.5 grade and
75% H,, 5.0 grade) from Westfalen was used for the catalytic
experiments in the CPR reactor. Nitrogen (N,, 5.0 grade, Linde) was
used as a purging gas, and hydrogen (H,, 5.0 grade, Linde) was used
for the catalyst preforming. All chemicals were used as received
without further purification.

Catalyst Synthesis. An In,0;/ZrO, catalyst with 10 wt % of
indium loading was prepared by wet impregnation according to
previously published methods.'® Zirconium dioxide pellets were first
crushed and sieved to a particle size of 80—250 ym. In(NO;); (6.84
g) was dissolved in a solution of ethanol and deionized water (3:1,
850 mL), and ZrO, (18 g, 80—250 ym) was added. The suspension
was stirred for S h (21 °C, 800 mbar), and the solvent was removed at
elevated temperature and reduced pressure (70 °C, 200 mbar)
afterwards. The residue was dried for 12 h (65 °C) and calcined for 3
h (300 °C, ramp of 5 °C min™') in a muffle furnace.

The synthesis of the metal-promoted M-In,03/ZrO, catalysts with
1 wt % of promoter was done by wet impregnation. Metal nitrate was
dissolved in deionized water (250 mL), and In,0;/ZrO, (15 g) was
added. The suspension was stirred for S h (21 °C, 800 mbar), and the
solvent was removed at elevated temperature and reduced pressure
(70 °C, 200 mbar) afterwards. The residue was dried for 12 h (65 °C)
and calcined for 3 h (300 °C, ramp of 5 °C min™").

Catalyst Characterization. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was used for determining the
elementary composition of the catalysts. Hereby, 100 mg of a catalyst
sample was digested in 5 mL of conc. H,SO4 and 1 mL of fuming
HNO:;. It was then atomized in an argon plasma, and the composition
was quantified using optical emission spectroscopy. The character-
ization was carried out on an ASCOR-spectrometer (Fa. Spectro) by
the central element analysis service (Department of Chemistry,
University of Hamburg).

Nitrogen physisorption was carried out with an Autosorb iQ-MP/
XR analyzer (Fa. Quantachrome Instruments) at 77 K. First, the
sample was degassed at 473 K at reduced pressure for 10 h prior to
analysis. Using the Brunauer—Emmett—Teller (BET) model, the
specific surface area of the sample was determined, and the pore
volume was calculated by using the Barrett—Joyner—Halenda (BJH)
model.

Temperature-programmed desorption of CO, (CO, TPD) and
temperature-programmed reduction by H, (H, TPR) were measured
using a ChemBET Pulsar (Fa. Quantachrome Instruments). Prior to
CO, TPD, samples (0.3 g) were exposed to a He gas flow (80 mL/
min) and heated up to 200 °C (10 K/min) for 1 h to remove surface
H,O0. The loading of the surface with CO, was also carried out at 200
°C, followed by cooling to 50 °C. The sample was thereafter heated
under a He gas flow (80 mL/min, 10 °C/min) to 700 °C, and the
desorbed CO, was measured via a thermal conductivity detector
(TCD). Prior to H, TPR, samples (0.3 g) were exposed to a N, gas
flow (80 mL/min) and heated up to 180 °C (10°/min) for 1 h to
remove surface H,0O, followed by cooling to 100 °C. The sample was
heated again under a H,/N, (5/95v/v) gas flow (80 mL/min, 10 °C/
min) to 850 °C. The used H, was measured by a thermal conductivity
detector (TCD).

Powder X-ray diffraction (p-XRD) was carried out using a
Panalytical MDP X'Pert Pro diffractometer using Cu Ka (4
0.1541 nm) radiation. The measuring range of the diffraction angle

https://doi.org/10.1021/acssuschemeng.4c03279
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was 10—80° and sampled using a rate of 0.013° with a counting time
of 0.3 s. In,O; particle sizes were calculated using a modified Scherrer
equation®® based on the characteristic diffraction reflections as
described in the Supporting Information, eq S5. The XRD patterns
for indium-based catalysts can be found in Figure S2.

Scanning transmission electron microscopy (SEM) was used to
obtain images of the sample surface. A Zeiss LEO Gemini 1550
equipped with a field emission gun and a beam energy of 20 kV was
used. Energy-dispersive X-ray spectroscopy (EDX) elemental maps
were obtained by using an Ultim Max 100 silicon drift detector from
Oxford Instruments. The SEM-EDX elemental mappings for all
synthesized indium-based catalysts can be found in Figure S3.

Implementation of the Compact Profile Reactor (CPR) for
High-Pressure Methanol Synthesis. CO, hydrogenation to
methanol was carried out using a CPR (see Figure 1, Reacnostics

Thermocouple

Sampling

Feed gas GC-FID

Glass wool =77~ 77

Catalyst bed

Flow direction

4x75 pm |
Orifices

Glass wool =77

A .

Outlet gas

Figure 1. Graphical scheme of the compact profile reactor (CPR).

GmbH, Hamburg, Germany). The stainless-steel reactor tube (length:
182 mm; inner diameter: 4 mm; outer diameter: 6 mm) was filled
with a 50 mm-long catalyst bed. The catalyst bed was fixated in
between two 5 mm quartz wool plugs. Through the catalyst bed, a

stainless-steel capillary with four orifices in the wall (diameter: 75
um) is placed at a defined position inside the reactor tube. Inside the
capillary at the location of the four bores, the temperature of the
catalyst bed is measured by a thermocouple. The reactor is installed
on a guide rail, enabling movement along the capillary in the axial
direction. This allows spatially resolved sampling of the gas phase
through the orifices and measurement of the temperature in the
catalyst bed using a thermocouple in the capillary (see Figure 1).

The capillary for sampling was connected to an online gas
chromatograph (Bruker 450-GC), furnished with one thermal
conductivity detector (TCD), two flame ionization detectors
(FIDs), one methanizer, and four gas chromatography columns
(Restek Q-Bond, Restek U-Bond, Bruker Swax, Bruker Molsieve S A)
to analyze the gas composition. For more details about the
experimental setup, see Figure S1.

Calculations. The active metal productivities of methanol and CO
P, ctive metal are defined as the mass flow of the component i, , related
to the active mass of the metal catalyst, which is the mass of the
catalyst m_, multiplied with the sum of the active metal Y @, qive metal

m

P _ i,out
) acti 1=
paetemes X (Zwactive metal) (4)

The selectivity S; for product i is calculated by determining the ratio of
the desired product molar flow to the molar flow of consumed CO,

ot — Mii
i,out i,in
§ = — T X 100%
Nco,in ~ Mco,out (5)

The gas hourly space velocity (GHSV) was employed to establish a
relationship between the standard volume flow (V) and the catalyst
volume (V_,,)

W
GHSV = —
V::at (6)
More details for the calculations are provided in the Supporting
Information, eqs S1—S4.

B RESULTS AND DISCUSSION

At first, the CPR was set up to run at the desired reaction
temperature and pressure of up to 275 °C and 75 bar,
respectively. A control experiment with glass beads was
performed to investigate the volume-induced pressure drop
and to exclude any blind activity. No catalytic activity was
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Figure 2. Spatially resolved temperature and product profile of CZA at T = 250 °C, p = 50 bar, GHSV = 63,000 h™', and a feed gas composition of
CO,/H, = 1/3. The measurements were taken between 5 and 35 h TOS. (a) Active metal productivity and (b) selectivity to MeOH (green) and

CO (blue) and temperature profile (red).
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Figure 3. Spatially resolved temperature and product profile of In,0,/ZrO, at T = 250 °C, p = S0 bar, GHSV = 63,000 h™', and a feed gas
composition of CO,/H, = 1/3. The measurements were taken between S and 35 h TOS. (a) Active metal productivity and (b) selectivity of

MeOH (green) and CO (blue) and temperature profile (red).

observed. At the maximum gas flow rate of 900 mLy min™"
(GHSV = 95,000 h™'), CO,/H, = 1/3 at 75 bar, a pressure
drop below 0.2 bar was determined and can be neglected. For
the In,O5-ZrO, catalyst, a range of 60—250 pum particle size
showed the absence of internal mass transfer limitations
according to the Weisz—Prater criterion of 0.015.%° Therefore,
a particle size range between 80 and 250 ym was applied for
the CPR.

Applying the CPR Reactor for the Commercial Cu/
ZnO/Al,0; Catalyst. The catalyst of choice for industrial-
scale fossil fuel-based methanol synthesis is the Cu/ZnO/
AL Oy catalyst (CZA). An alternative renewable approach is
CO, hydrogenation using hydrogen from water electrolysis and
CO, from industrial exhaust gases.”” While the CZA catalyst is
highly active and stable for CO hydrogenation, it deactivates
under CO, hydrogenation reactions due to the formation of
water.” The characteristic properties of methanol catalysts
strongly depend on both the applied CO amount and reaction
conditions. The reaction profile of the CZA for methanol and
the byproduct CO due to rtWGS is shown in Figure 2 at 50 bar,
250 °C, GHSV = 63,000 h™', and a feed gas composition of
CO,/H, = 1/3. The measurements were taken after reaching
steady-state conditions at S h time on stream (TOS) for each
measurement point. The thermocouple inside the capillary
measures the temperature of the gas flow at a certain position.
An increase in temperature from the beginning of the catalyst
bed was observed up to a maximum of 251 °C at 2.5 cm
packing height. This can be attributed to the direct methanol
formation by CO,, which is exothermic. The competing
endothermic rfWGS reaction increases in the same reaction
volume, buffering the temperature, leading to a slight decrease
from the maximum. At about 4 cm of the catalyst bed, we
observed the highest formation rate of CO (2.17 gco'goah™)
and no significant change until the end of the catalyst bed (see
Figure 2a). Presumably, the catalyst bed reached the highest
temperature at this point, and from this point on, there is no
significant change in the formation of MeOH or CO with a
longer packing height. The selectivity of methanol stabilizes at
around 58% (see Figure 2b). Over the entire catalytic bed, the
active methanol productivity increases to 3.46 gy.on-gca-h™ at
6 cm.
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For the CZA catalyst, Nielsen et al. concluded that at high
conversions, the rate of methanol formation is optimal with a
higher CO content. This can be traced back to the ability of
CO to remove inhibiting surface-bound water via the WGS
reaction.>® Because of this effect, the methanol formation can
be increased a little further at the end of the catalyst bed.

After SS h time on steam, the active productivity at the
reactor outlet decreased to 3.01 gy.on-gca-h™'. The
deactivation is a result of the accelerated crystallization of
copper and zinc oxide induced by the byproduct water.””**

Applying the CPR Reactor for the In,05/ZrO,
Catalyst. A well-discussed and promising alternative catalyst
for the direct CO, hydrogenation to methanol is the In,0;/
ZrO, catalyst. While the CZA catalyst is sensitive to
temperatures above 300 °C and in situ water formation
(44% loss in activity over 100 h time on stream), the In,05/
ZrO, shows no loss in stability during 1000 h time on
stream.'® For the first time, the spatial resolution of the
product formation and temperature profile in the catalyst bed
was performed using the CPR at 50 bar, 250 °C, GHSV =
63,000 h™!, and a feed gas composition of CO,/H, = 1/3. The
measurements were taken under steady-state conditions after S
h of TOS and $ h for each measurement point (Figure 3). In
comparison to the CZA, less methanol (1.60 gy.on'gn-h™"
between 5.0 and 5.5 cm) and CO (0.32 gyeonginh™') was
produced (see Figure 3a). Therefore, less reaction heat is
released and a lower temperature profile (between 244 and 250
°C) was observed. The lower catalytic activity of In,0;/ZrO,
compared to that of CZA can be explained by the smaller
surface area of 74 m*g~" for In,05/ZrO, compared to the 99
m*g~' for CZA (Table S2). The high methanol selectivity
varies slightly throughout the length of the catalyst bed
between 81 and 89% (Figure 3b).

Applying the CPR Reactor for the Metal-Promoted
In,03/Zr0, Catalysts. Building on the work of Frei et al. and
Kampe et al,,'""”*? it was shown that nickel-promoted In,O,/
ZrO, could enhance the catalytic performance compared to
pure In,03;/ZrO,. To determine the spatially resolved
difference in catalytic performance, we tested the Ni—In,0;/
ZrO, catalyst in the CPR at the same reaction conditions (p =
50 bar, T = 250 °C, see Figure 4).
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Figure S. Reducibility and CO, adsorption capacity of the In,0;/ZrO, catalyst compared to the metal-promoted In,0;/ZrO, catalysts. H, TPR

(a) and CO, TPD (b).

The addition of 0.76 wt % Ni to In,0;/ZrO, via wetness
impregnation (Table S2) shows a tremendous increase in
methanol productivity (2.94 gyeongmnih™' at 5.5 cm)
compared to In,03/ZrO, (1.59 gyeomgnh™' at 5.5 cm).
This can be explained by a higher uptake of hydrogen and CO,
compared to the other metal-promoted In-based catalysts
(Figure S). Notably, the reduction at temperatures above 350
°C exhibits a distinctive pattern for the nickel-promoted
catalysts. The uptake of hydrogen can in part be attributed to
the generation of oxygen vacancies, which in turn facilitate
CO, adsorption and force methanol formation at the In,0;/
ZrO, interface.”” The vacancies are part of the active sites for
CO, hydrogenation®’ through the substantially facilitated
In,O; reduction as reported by Frei et al.”’ The phenomenon
of hydrogen spillover underscores the unique behavior of
nickel in the reduction process,"" contributing to its highest
total hydrogen uptake per gram of catalyst. In the context of
CO, temperature-programmed desorption (CO, TPD), the
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desorption of weakly adsorbed CO, occurs at 120 °C across all
examined catalysts. Chemically bound CO, is subsequently
desorbed, providing insights into potential binding sites and
their strength. Remarkably, the nickel-promoted catalyst
exhibits the highest capacity to adsorb CO, compared to
that of the other catalysts. Coupled with weaker binding sites,
this manifests as a broad shoulder in the temperature range of
300—400 °C and distinguishes the nickel-promoted catalyst
from the others. The highest signal area for stronger binding
sites could also be attributed to the nickel-promoted catalyst as
well (around 475 °C).*

An increase of catalyst surface area (80.66 m*g~') by Ni
doping was observed as well, leading to a better accessibility of
the reactants. No methanation was observed, which is well in
line with the literature."'”?° After 90 h time on stream, the
active productivity at the reactor outlet increased slightly from
2.96 gyeon*Sinsnih ™" 10 3.07 gyreonininih ™ with no apparent
deactivation. Besides nickel, other promoter metals such as
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Table 1. Integral Catalytic Performance (6.0 cm) of Pure and Metal-Promoted In,0;/ZrO, Catalysts at p = 50 bar (H,/CO, =

3:1), T = 250 °C, and GHSV = 63.000 h™"“

catalyst Smeort/%  Pueotiactivemeta/8ueott Gmeta - D' Peojactive,
In,04/Z10, 8240 1.60 + 0.03
Ce—In,05/Zr0O, 89 +1 1.52 + 0.02
Cu-In,0,/ZtO, 85 + 2 1.90 + 0.03
Ni- In,04/ZrO, 80 + 0 2.96 + 0.04

“Nominal H, Reduction and CO, Adsorption Capacity.

nominal H, reduction

nominal CO, adsorption

metsl/8CO Gmetal - B capacity capacity
0.32 + 0.00 1.00 1.00
0.17 + 0.03 128 126
0.29 + 0.05 152 0.70
0.63 + 0.02 140 1.56

Table 2. Effect of Reaction Conditions on the Integral Catalytic Performance of Ni—In,03/ZrO, at the Outlet (6.0 cm) of the

Compact Profile Reactor Using a Feed Gas Composition o

parameter” Sveon/ %
S0 bar 80 +0
62.5 bar 81 +0
75 bar 81 +0
32,000 h™! 79+ 0
63,000 h™! 80 + 0
95,000 h~! 84+ 0
225 °C 83+ 0
250 °C 80 + 0
275 °C 73+ 1

—1 -1
P MeOH,acnve,lmNi/ EMeOH ZiniNi D

f CO,/H, = 1/3

—1 -1
PCO,active,metal/ 2co Smini - D

2.96 + 0.04 0.63 + 0.02
3.06 + 0.03 0.61 + 0.01
3.54 £ 0.07 0.70 + 0.03
2.18 + 0.01 0.52 + 0.01
2.96 + 0.04 0.63 + 0.02
3.98 + 0.03 0.67 + 0.00
1.88 + 0.02 0.33 + 0.00
2.96 + 0.04 0.63 + 0.02
4.90 £ 0.01 1.57 + 0.06

“Influence of total pressure at 250 °C and 63,000 h™!, GHSV at 250 °C and 50 bar, and temperature at 50 bar and 63,000 h™".
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Figure 6. Influence of the reaction conditions on spatially resolved temperature and product profiles of Ni—In,03/ZrO, using a feed gas

composition of CO,/H, = 1/3. The measurements were taken betwee

n 5 and 35 h TOS. (a) Pressure variation at T = 250 °C and GHSV = 63,000

h™. (b) GHSV variation at T = 250 °C and p = 50 bar and (c) apparent activation energies of MeOH (green) and CO (blue).

copper and cerium have been tested as well (Table 2).
However, they showed a similar behavior in the CPR but were
inferior in terms of methanol productivity compared to nickel
doping, which underlines the outstanding performance of Ni as
a promoter and correlates with the findings of H, TPR and
CO, TPD. Moreover, all indium-based catalysts showed a
significantly higher methanol selectivity (S = 80—90%)
compared to the commercial CZA catalyst (S = 40%) under
the applied reaction conditions. A summary of the integral
catalytic performance (6.0 cm) for the metal-promoted and
pure In,0;/ZrO, is shown in Table 1. More details on the
spatial reaction profiles for copper- and cerium-promoted
catalysts can be found in the Supporting Information (Figure
SS).

Influence of Reaction Conditions on the Catalytic
Performance of the Ni—In,05/ZrO, Catalyst in the CPR.
Impact of Total Pressure. The impact of total pressure on the
catalytic performance in the CPR is generally in accordance
with the principle of Le Chatelier. With an increase in pressure,
the overall productivity of methanol is higher throughout the

CPR (see Table 2 and Figure 6a). At S0 bar reaction pressure,
the methanol productivity rises until a maximum productivity
(292 gyeongminih™") is achieved at the reactor outlet (6.0
cm). At 62.5 bar, an increase in methanol productivity (3.06
gveonimnih ™) past the catalyst bed could be observed. This
could be increased to 3.53 gyeon-gimynih ' at 75 bar, indicating
more headroom for the methanol generation due to the higher
thermodynamic equilibrium conversion at higher pressure.*”
The steep slope of methanol production from the beginning of
the catalyst bed to about 4 cm could be attributed to the
parallel hydrogenation of CO, and CO coming from the
parallel rWGS reaction. The gradient of methanol production
between 4 and 5.5 cm decreases, as CO formation no longer
increases. Methanol selectivity remains constant at approx-
imately 80%, regardless of pressure. The rWGS is not affected
by pressure according Le Chatelier’s principle assuming an
ideal gas. We observed a negligible impact of pressure for the
CO production at the end of the catalyst bed. It is remarkable
that the CO productivity reaches its highest point before the
end of the catalyst bed (4.5 cm) and remains constant and
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even decreases at the end of the catalyst bed. Therefore, a
higher overall pressure with a longer reaction bed could be
favorable for both an increase in methanol selectivity and
productivity.

Effect of Contact Time/Influence of the Gas Hourly Space
Velocity (GHSV). Similar to the effect of increasing pressure, a
higher methanol productivity can be observed for higher
GHSVs, shorter residence time, and a reduction of the
thickness of the diffusion boundary layer (Figure 6b). This
means that a shorter contact time is favorable for methanol
generation using the Ni—In,0;/ZrO, catalyst. This agrees with
the results of In,0;/ZrO, that were shown in the previous
literature. Higher GHSVs shift the selectivity toward methanol,
while low contact times increase the MeOH production rate,
keeping the CO formation constant."® According to the
calculated Carberry number Ca = 0.03 (50 bar, 250 °C), the
estimated extraparticle mass transfer does not limit the reaction
rate (Ca < 0.05) at the boundary layer (detailed calculations
are reported in the SI, Table S1 and eqs S6—S15).

As the GHSV increases, productivity seems to rapidly
increase throughout the reaction profile. At 32,000 h™’, the
methanol productivity reaches 2.18 gyon-ginyni-h ™, increasing
to 2.96 guveonmnih™' at 63,000 h™' until the end of the
catalyst bed. A further increase of the GHSV to 95,000 h™*
resulted in a boost of methanol productivity up to 3.98 gy.on®
gimnith ™! The use of the CPR setup reveals a decrease in the
temperature at the reactor inlet as the GHSV increases. The
increase in heat dissipation is compensated by a higher
reaction rate due to lower contact times, in turn leading to
more reaction heat and an increase in the overall methanol
productivity. If the gas feed is too high, cooling the catalyst bed
below a threshold temperature of 238 °C, the reaction heat is
not enough to keep the methanol reaction rate high, and the
catalyst is almost completely inactive at first. If a temperature
of 238 °C is reached, the catalyst is suddenly activated,
showing a linear trend in methanol productivity to the end of
the reactor (see Figure S6). With a better temperature control
by preheating of the feed gas, the catalyst performance can be
tweaked to reach even higher methanol productivities, while
the commercial CZA catalyst has already reached the highest
productivities at half the catalyst bed, producing more CO and
reducing the methanol selectivity.

Effect of Temperature to Determine Apparent Activation
Energies. Higher temperatures significantly favor the produc-
tion of CO due to the endothermic rWGS reaction. At the
reactor outlet (6.0 cm), an increase of CO productivity from
0.329 geogimnirh ™ at 225 °C to 1.58 g ginth ™! at 275 °C
can be observed. This is in line with the selectivity of methanol,
which decreases from 83% (225 °C) to 73% (275 °C). Due to
higher reaction kinetics at higher temperature, the meth-
anol productivity reaches its highest amount of 4.90 gyr.on-
gimnih ! in this study (see Table 2). The apparent activation
energies (E,;) for methanol synthesis and the rWGS reaction
(Figure 6¢) were obtained from integral catalytic performance
(6.0 cm) at different temperatures by using an Arrhenius plot.
The methanol production requires less activation energy (49 kJ
mol™") than CO production does (71 kJ mol™") using the Ni—
In,05/ZrO, catalyst in a CPR. This has also been revealed
several times in the previous literature for fixed-bed
reactors.”””*> The activation energies show no limitations
due to mass transport, as confirmed by the Ca number.

Post-mortem Characterization of the Ni-Promoted
In,05/ZrO, Catalysts. In order to round up this study, the
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properties of the best-performing Ni—In,0;/ZrO, catalyst
after 90 h time on stream in the CPR were further investigated.
The relative amount of indium (10.94%) and nickel (0.83%)
determined by ICP-OES increased slightly, being in the range
of its measurement accuracy. Therefore, no leaching due to the
Mond process took place. The In,O; particle size calculated
using the (611) reflection patterns and the Scherrer equation
(eq SS) was slightly reduced from 8.6 to 8.3 nm (see Figure
S7) possibly due to surface attrition without sintering. The
diffraction patterns before and after the reaction reveal no
changes in morphology (see Figure S4). SEM-EDX mappings
showed no agglomeration and well-dispersed indium and
nickel distribution after the reaction (see Figure S8).

B CONCLUSIONS

In this study, a compact profile reactor (CPR) was applied for
the first time to study the differential reaction profiles along the
reactor length for different methanol synthesis catalysts.
Recording of the local temperature throughout the whole
catalyst bed was also implemented at steady-state conditions.
Reaction profiles of the state-of-the-art CZA catalyst showed a
distinct hot spot of the catalyst bed at 2.5 cm, while the
indium-based catalysts showed a more uniform temperature
profile along the catalytic bed. This leads to better temperature
control and reduces the risk of hot spots for In-based catalysts.
The addition of nickel to In,0;/ZrO, increased the
productivity of methanol from 1.60 gyeon Eve ~ h ™' up to
2.96 gyicont Evetal - h ™' due to higher CO, adsorption capacity
as well as promoted reducibility of the surface. The effect of
different reaction conditions on the catalytic performance of
Ni—In,0;/ZrO, using the CPR showed that higher pressure,
GHSYV, and temperature increased the methanol productivity.
Since the Ni—In,0;/ZrO, catalyst is more selective and
hinders the rtWGS reaction, shorter contact times can therefore
be beneficial for higher methanol yields. Contrarily, higher
temperatures decrease methanol selectivity and shift the
methanol yield to lower values. The CZA produced 3.46
gveon €cu - h™! methanol but was overall less selective (58%)
and prone to long-term deactivation. In addition, the Ni—
In,0;/ZrO, catalysts exhibit a lower metal loading on the
catalyst support compared to CZA. Our findings show that
Ni—In,0;/ZrO, catalysts are highly promising for selective
hydrogenation of CO, to methanol (80%) in a CPR.
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The following Chapter is based on the article [21]. After investigating the catalytic performance of
In>O3-based catalysts in fixed bed reactors for two-phase methanol synthesis, this study focuses on
their application and optimization in three-phase reactors (refer to Chapter 3.3.2). The slurry stirred-
tank reactor setup poses the advantage of using catalysts with small particle sizes produced through

co-precipitation, without causing high pressure losses such in two phase reactors.

The influence of nickel as a promoter on In2Os; obtained by different synthesis methods was
determined in a slurry stirred-tank reactor setup in batch mode (see Figure 6.5). Also, a comparison
of nickel doping with other metal promoters for InoO3/ZrO; catalysts on their catalytic performance
was conducted. A statistical DoE and a stability test by recycling the slurry system were applied for
the best performing Ni-In203/ZrO> catalyst. The hydrogenation of both CO and CO> was tested at
T=300 °C and p = 75 bar [21]. Additional Supporting Information of the following article can be
found in the Appendix 9.6.
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Figure 6.5. Illustration of the slurry batch reactor and the hydrogen spillover effect using Ni-In203/ZrOz catalyst [21].
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ABSTRACT: Producing green methanol using renewable hydro-
gen and CO, in a slurry reactor is a promising approach for
chemical energy storage and to mitigate global warming caused by
industry emissions. A slurry reactor using mineral oil as a carrier
liquid compensates for fluctuating conditions due to the high heat
capacity and thermal stability. In the present study, metal-
promoted In,0;/ZrO, catalysts have been synthesized by various
preparation methods in combination with different support
materials. Design of experiment studies aimed at finding optimum
parameters for slurry-phase CO, hydrogenation. The Ni-doped
In,0;/ZrO, catalyst prepared by coprecipitation achieved the
highest activity and selectivity both for CO and CO, hydrogenation under industrially relevant conditions. Using industry syngas
composition (H,/CO/CO,) with a molar ratio of 70/28/2 at 300 °C and 7S bar, a very high methanol productivity (6.84 gy.on
Zmetal - W) was achieved, being five times more efficient than the commercial Cu-based catalyst (1.25 gy.on gc, ' h™") related to
the active metal content. Finally, the stability of the preferred slurry CO, hydrogenation system was proven over five reaction cycles,
recycling both catalyst and carrier liquid in four successive runs, showing further potential for real industrial applications in the near
future.
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Bl INTRODUCTION

The steady rise of global greenhouse gas emissions, especially

CO + 2H, = CH;0H, AHg = =91k mol™ (1)

CO, since the industrial revolution and the effort to reduce
emissions, have led to new ways to mitigate global warming.
The exhaust of energy-intensive industries such as iron and
steel, refineries, and cement, releases significant amounts of
CO, into the atmosphere." Carbon capture and the use of
exhaust gas are viable options for producing valuable bulk
chemicals such as methanol. The advantages of methanol are
broad with a relatively high energy density of 15.1 MJ L™
(comparable to natural gas or conventional fuels),” methanol
has the capability of being used for chemical energy storage.
Green hydrogen, produced by water electrolysis using
renewable energy, can be chemically stored as methanol.
This provides the possibility of using the existing fuel
infrastructure for energy transportation. Energy recovery
could be achieved by direct burning, steam reforming, or use
in direct methanol fuel cells (DMFCs). Besides the aspect of
energy storage, methanol can be used as a platform chemical,
with increasing demand being one of the most important
commodities. It is mainly used for formaldehyde, olefins, and
higher hydrocarbon production.’

Traditionally, methanol has been synthesized by syngas
(H,/CO/CO,) with a ratio of 70/28/2 according to eq 1
using the state-of-the-art Cu/ZnO/Al,O; catalyst.”

© 2023 The Authors. Published by
American Chemical Society

- ACS Publications

With the development of a green methanol synthesis using
renewable hydrogen and CO, as a carbon source, a
stoichiometric amount of water as a by-product is produced

(eq 2).

CO, + 3H, = CH,0H + H,0, AHy = —49 kJ mol™’
2)

Reaction kinetics are significantly different using CO,
compared to CO.” The excess water formed on the surface
of the catalyst can lead to deactivation. Temperatures higher
than 300 °C lead to thermal sintering and deactivation of the
Cu-based catalyst.” Therefore, CO plays a major role in
removing the surface-bound water via the water—gas-shift
reaction (eq 3).” This competitive reaction significantly lowers
methanol selectivity at elevated temperatures.”
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CO, + H,0 = CO, + H,, AHy = —41KJmol”"  (3)

Besides that, the Cu-based catalyst is prone to deactivation by
feed gas impurities such as H,S, SO,, NO,, and NH;,
commonly found in industrial CO, sources.” There are a few
Cu-based catalysts showing high methanol selectivity, but their
long-term stability has not been demonstrated yet.

For the hydrogenation of CO, to methanol, an alternative
ZrO, supported In,O; catalyst showed high activity and
selectivity toward methanol synthesis in various studies.”'*~"*
Hereby, catalysts prepared by different impregnation methods
for an indium content of 10 wt % show the highest methanol
productivity. In,O;/ZrO, prepared by wetness impregnation
has shown the highest productivity of 0.11 gy.on 8 * h ™' in a
fixed-bed reactor.” This arises from the formation of oxygen
vacancies in the lattice, which in turn can activate CO,. The
vacancies are created by a reducing atmosphere with the
formation of water as a by-product. The activation and
heterolytic splitting of H, is facilitated by oxygen vacancies and
surface hydroxides.'” With the possibility to tune the catalyst
structure, the activity can be further increased and the
competing CO formation via the reverse water—gas shift
(RWGS) reaction can be suppressed in comparison to the
current industrial Cu-based catalyst.”" Earlier studies have
shown that the productivity of the catalyst can be greatly
improved if In,O; is impregnated on the supporting metal
oxide. The most beneficial ZrO, carrier prevents sintering of
In,O; and ensures long-time stability. Moreover, stability
against nitrogen compounds (NH;, NO,) in the feed gas, as
well as hydrocarbons and pretreatment with hydrogen is
ensured.® The integration of noble metals such as Pd and Ru,
as well as non-noble metals like Ni, proved to further improve
the catalytic activity.'”'**" The resulting hydrogen spillover
effect leads to higher hydrogen availability on the catalyst
surface wherein only a small amount of metal loading can
boost the catalytic activity significantly.”> Nano-sized In,Os,
particles can be generated via laser ablation and deployed on
ZrO, surfaces to tune the microstructure of the catalyst and to
adjust the catalyst activity as well.”*

In industrial methanol synthesis, fixed-bed reactors are used.
For example, Lurgi’s MegaMethanol process uses pressures
between 50 and 100 bar and reaction temperatures between
200 and 300 °C.** Problems arise due to non-uniform
formation of local hot spots resulting in a decrease in product
selectivity and deactivation of the Cu-based catalyst in severe
cases. This requires active cooling in strong exothermic
reactions with a complex reactor design (multiple-shell reactor,
by ICI). The reaction temperature in a multiple-shell reactor is
maintained by the flow of cold gas introduced below each
catalyst bed section.”” Improvements are expected from new
processes based on slurry and membrane reactors.”*>” With
the advantages of simple construction, efficient heat storage,
and easy reactor control, the slurry reactor concept has already
been employed in more recent research. With the utilization of
the carrier liquid, fluctuating heat flows can be buffered
resultin% in a more stable operation using variable gas
flows.'>*® Smaller particle sizes may be used in slurry reactors
without the need to compensate for a pressure drop along the
catalyst bed. Furthermore, less attrition of catalyst particles
occurs. Schiihle et al. demonstrated that commercial light
mineral oil is a suitable carrier liquid for slurry methanol
synthesis (Figure S14). Also, H, excess (H,/CO, = 4/1)
resulted in the highest methanol productivity.'’

In the present work, we aimed at further improving the
In,03/ZrO, catalyst'® for slurry-phase hydrogenation of CO,
to methanol by rational design approaches. For this purpose,
appropriate synthesis methods were compared, as well as the
implementation of promotors for the facilitation of H, and
CO, adsorption. After an initial promotor and support
screening, the most promising catalyst was selected for a
consecutive parameter optimization using a combination of
design of experiment (DoE) and statistical evaluation using
Design-Expert. Moreover, the feasibility of the improved
catalyst system was evaluated both for CO, and CO
hydrogenation and compared to the commercial Cu-based
catalyst under industry feed gas composition, Finally, the
recyclability of the most promising catalyst should be
demonstrated.

B EXPERIMENTAL DETAILS

Materials. All chemicals were obtained commercially and used as
received without further purification. ZrO, support pellets (Alfa Aesar
or Saint Gobain), indium(III) nitrate (99.999%, Thermo Scientific),
indium(III) hydroxide (99.8%, Thermo Scientific), nickel(II) nitrate
hexahydrate (99%, Sublab), cerium(III) nitrate hexahydrate (99.5%,
Thermo Scientific), magnesium(II) nitrate hexahydrate (98—102%,
Thermo Scientific), and zirconium(IV) oxynitrate hydrate (26.8%,
Sigma Aldrich) were used for catalyst synthesis. A commercial copper-
based catalyst CuO/ZnO/ALO; (Alfa Aesar) and an indium(III)
oxide (99.9%, Alfa Aesar) were used as references. Light mineral oil
(Sigma Aldrich) was used as a carrier liquid.”” The gases H, (5.0
grade, Linde), CO, (4.5 grade, Linde), CO (3.7 grade, Linde), and N,
(5.0 grade, Linde) were used for methanol synthesis in the slurry
reaction system.

Catalyst Synthesis. A typical synthesis of the metal-promoted
In,0;/ZrO, catalyst consisted of dissolving 13.4 g of In(NO;);-H,0
in 500 mL of distilled water. Additionally, a defined amount of
Ni(NO;),-6 H,0 (2.28 g), Ce(NO;);-6H,0 (1.42 g), or Mg(NO;),-
6H,0 (6.54 g) corresponding to a theoretical loading of 1 wt % was
dissolved as well. 40.0 g of ZrO, powder (32—80 ym) was suspended
in the solution. The pH of the solution was raised to 9.2 by adding
diluted NaOH. Subsequently, the solution was aged for 1 h under
vigorous stirring. Afterward, 400 mL of distilled water was added to
the suspension. The solvent was removed by vacuum filtration, and
the residue was washed until a pH value of 7 was reached. The
preliminary catalyst was dried at 65 °C for 12 h and calcined at 300
°C (2 K min™, 3 h). After crushing and its separation into fractions,
around 36 g of catalyst in a size range of 32—80 pm was obtained.

All other catalysts used were synthesized according to known
literature procedures. They are labeled with prefixes corresponding to
the authors of the respective literature Martin (M-),” Schiihle (S-),"
Jia (J-),'" Frei (F-),"* and Zhang (Z-)." The detailed synthesis
procedures are described in the Supporting Information.

Catalyst Characterization. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was used to determine the
elementary composition of each catalyst. 100 mg of the sample was
digested in S mL of concentrated H,SO, and 1 mL of fuming HNO;.
It was then atomized in an argon plasma, and the composition was
quantified using optical emission spectrometry. Characterization was
performed on an ASCOR-spectrometer (Fa. Spectro) by the Central
Element Analysis Services (Department of Chemistry, University of
Hamburg).

Nitrogen physisorption was carried out at 77 K with an Autosorb
iQ-MP/XR analyzer (Faradaic Quantachrome Instruments). The
sample was degassed at 473 K under vacuum for 10 h prior to
analysis. The total surface area of the sample was determined using
the Brunauer—Emmett—Teller (BET) model and the pore volume
using the Barrett—Joyner—Halenda (BJH) model.

Powder X-ray diffraction (XRD) was carried out using a Panalytical
MDP X'Pert Pro diffractometer using Cu Ka (4 = 0.1541 nm)
radiation. The measuring range of the diffraction angle was 10—80°
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Figure 1. Influence of Ni as a promotor on In,O; obtained by different synthesis methods on the methanol STY and selectivity. Reaction
conditions: T = 300 °C, p = 75 bar, H,/CO, = 4/1, m, = 2.0 g, N = 1200 rpm, Vo = 100 mL, t; = 3 h.

and sampled at a rate of 0.013° with a counting time of 0.3 s. InOx
particle sizes were calculated using the Scherrer equation based on the
characteristic diffraction reflex and described in detail in the
Supporting Information, eq S2.

High-resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM) images were
obtained by using a double-corrected (CESCOR and CETCOR,
CEOS) JEOL JEM 2200FS microscope with an in-column image filter
(Q-type), a high-angle annular dark-field (HAADF) detector, and a
Gatan 4K UltraScan 1000 camera at an accelerating voltage of 200 kV.
Energy-dispersive X-ray spectroscopy (EDS) elemental maps were
obtained by using a JEOL JED-2300 analysis station with a 100 mm?
silicon drift detector.

Temperature-programmed desorption of CO, (CO,-TPD) and
temperature-programmed reduction by H, (H,-TPR) were measured
using a ChemBET Pulsar instrument (Fa. Quantachrome Instru-
ments). Conditions for the measurements are outlined in Table S3 in
the Supporting Information.

Catalytic Experiments in the Slurry Reactor. Batch Reactor
Setup for Slurry Experiments. The reactions were carried out in a
nonbaffled 600 mL stirred tank reactor (STR, Parr Instruments) with
a diameter of 6.35 cm, using a glass liner inlet and a gas entrainment
stirrer centered horizontally. The stirrer has four blades and a
diameter of 3 cm and is located about 1 cm above the bottom of the
reactor. The reactor, pipes, and valves were made of stainless steel
(1.4571) and the gaskets were made out of poly(tetrafluoroethylene)
(PTEE). For temperature adjustment, a thermocouple (Pt-100), a
heating mantle (Horst), and a thermostat (Huber CS 33) were used.
The reactor periphery was heated to 120—200 °C in order to prevent
condensation of the reaction products. The addition of gases was
performed manually via ball and needle valves. The pressure was
controlled with an analogous and digital pressure gauge.

The reactor outlet was connected to an online gas chromatograph
(Bruker 450-GC), equipped with two flame ionization detectors
(FID), one thermal conductivity detector (TCD), one methanizer,
and four gas chromatography columns (Restek Q-Bond, Restek U-
Bond, Bruker Swax, Bruker Molsieve 5 A) to analyze the gas
composition. For more details of the setup and analysis conditions,
refer to Figure S1 in the Supporting Information. For analysis of the
carrier liquid, "H and *C NMR (400 MHz, resolution) spectroscopy
using a Bruker Avance III HD 400 spectrometer was applied.

Experimental Procedure. Before the reaction, the autoclave was
filled with 100 mL of white mineral oil (carrier liquid). Between 1 and
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2 g of catalyst (depending on the molar mass) was added to the
carrier liquid, and the reactor bottom was installed. The stirred speed
was set to 200 rpm and the reactor was initially purged with (at least
bar of) nitrogen three times and subsequently with CO, three times at
room temperature. Enough CO, was filled in the reactor at room
temperature to reach the desired partial pressure at the reaction
temperature. The heating devices for the reactor and periphery were
switched on. At the desired temperature, CO, excess was released and
the autoclave was filled with H, to reach the desired gas composition
of H,/CO, = 4:1 at 75 bar total pressure. To start the gas
entrainment, the stirrer speed was set to 1200 rpm, marking the
starting point of the reaction (t,). The initial and end gas composition
was analyzed by online GC. All relevant process parameter
calculations are described in the Supporting Information.

Calculations. The space-time yield of methanol STY in this work is
defined as the mass of methanol my.oy formed during 3 h of reaction
time #y related to the mass of catalyst m_,.

STY = MMeOH

Mot tR

(4)

The productivity P, was calculated as the mass of methanol my,on
formed during 3 h of reaction time t; related to the total mass of
active metal M, qve metal-

m
'MeOH
) eO

cat
M, ctive metal R (5 )

With the initial (¢,) and end (tz) amount of CO, the presented
methanol selectivity Sy.oy is calculated as follows:

"MeOH

Sueott = 5 X 100%

fco, — (6)

nco,

B RESULTS AND DISCUSSION

The aim of the following study was to improve the methanol
STY using metal-promoted In,0;/ZrO, catalysts by keeping
high selectivity in the favored slurry reaction system. In detail,
the influence of Ni doping on the aforementioned In,0;/ZrO,
catalyst,'’ the choice of the right impregnation method, and a
comparison of the preferred Ni impregnation strategy with
other promotors (Ce and Mg) have been investigated. In a
typical batch experiment, 2 g of the catalyst were tested under
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Figure 2. XRD patterns of Ni-promoted In,O; catalysts prepared by different synthesis methods. Expected locations of cubic In,0; (ICSD:

169420) and cubic NiO (ICSD: 9866) are shown at the bottom.

similar conditions Vo = 100 mL, T = 300 °C, p = 75 bar, H,/
CO, = 4/1, tg = 3 h, using light mineral oil as a carrier liquid
and heat capacitor. After catalyst selection, a DoE study
revealed the optimum combination of the reaction parameters
for a maximized methanol STY. The performance of the
newfound catalyst was compared to that of the commercial
Cu/Zn0O/Al,Oj catalyst for a current industry gas with a molar
composition of H,/CO/CO, = 70/28/2 and tested for its CO
hydrogenation ability. Finally, the stability of the slurry CO,
hydrogenation system was proven by recycling both the
catalyst and carrier liquid in four successive runs.

Influence of Ni as a Promotor for Pristine In,0,
Without ZrO, Support. First of all, a blank test revealing
the blind activity for the empty reactor setup and reference
materials was performed (Figure S2). To investigate the
influence of Ni as a potential promoter of In,O; for CO,
hydrogenation in the slurry reaction system, three different
literature-known synthesis methods have been tested for
catalyst preparation. In detail, wetness impregnation (WI),
chemical reduction (CR), and coprecipitation (CP) have been
used. For this purpose, the respective catalysts have been
prepared according to the synthesis procedures described
above (see the Experimental Section for details) to achieve
around 10 wt % Ni loading. This could be confirmed by ICP-
OES (Table S1). Figure 1 summarizes the results of various Ni
doping approaches on In,O; and different synthesis prepara-
tion methods on the methanol STY compared to pure In,O;
and NiO as references.

Pure In,O; shows a very high methanol selectivity (S =
849%) under the applied reaction conditions. Methanol STY is
significantly higher (0.011 gy.on g ' h™') compared to the
experiment using pure NiO (0.0015 gy.on e - h™"), showing

its catalytic potential. With the addition of Ni as a promoter,
the methanol STY of the pristine In,O; catalyst could be
drastically increased in the cases of WI and CP synthesis (up to
0.075 gyeon g - h™'). The hydrogen spillover effect of Ni
facilitates the dissociative adsorption of hydrogen and
consecutive transport to the reaction sites on the metal
surface."* The average particle size of WI is 88.5 nm, and that
for CP is 16.0 nm, as calculated by the Scherrer equation based
on In,04(222) reflection (see Figure 2). Applying the CP
synthesis method, smaller particles were formed and Ni could
be well distributed on the catalyst surface (Figure S3) resulting
in a higher activity compared to the WI method. Because less
Ni is applied to the surface of In,O; by using the WI method, it
could possibly suppress the hydrogen spillover, resulting in a
less active catalyst. Using the CR method, no increase in
methanol STY could be observed. First, the average particle
size for CR is 76.1 nm, larger than that for the CP particles
(16.0 nm) (Figure 2). Second, Ni could not be well distributed
on the In,O; surface (Figure S3). The scanning transmission
electron microscopy—energy-dispersive X-ray (STEM-EDX)
mappings show no overlap of the In and Ni distribution.
Instead, rather separate Ni domains have formed. Comparing
particle analysis with catalytic performance, a synthesis method
producing smaller particles with surface-available In,O; and a
highly dispersed Ni in the near vicinity is preferable for high
methanol STY.

Influence of the Impregnation Method of In,0;
Supported on ZrO,. The next step was to study the
influence of various impregnation methods of ZrO,-supported
In,O; catalysts on the slurry reaction system. Therefore,
various InO,/ZrO, catalysts have been compared for their STY
under the same reaction conditions as those used before
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(Figure 3). The prepared M-In,0;/ZrO, showed the highest
methanol STY of 0.11 gyeon g = h™' and a moderate
selectivity S = 46%. S—In,05/ZrO, with a similar indium
content (11.09%) to M-In,0,/ZrO, (Table 1), showed a
lower methanol STY of 0.067 gyeon g ' h™' and a slightly
lower selectivity (S = 36%). This can be justified by the use of
a different ZrO, support for the synthesis of S—In,0;/ZrO,.
The used ZrO, from Alfa Aesar (S—In,05/ZrO,) has a smaller
BET surface area and a lower CO, adsorption capacity (see
Table 1) than ZrO, from St. Gobain resulting in an overall
lower performance of the S—In,0;/ZrO, catalyst. In
comparison, Z-InZrO achieved the lowest methanol STY
(0.039 gyeon Zeat ' h™') and selectivity (S = 28%). However,
this was still higher compared with pristine In,O; (Figure 1).
In(OH),/ZrO, produced slightly less methanol (0.099 gy.on
g ' h7') with a selectivity S = 44% compared to M-In,05/
ZrO,. Under methanol synthesis conditions, In(OH),
dehydrates into In,O; and therefore the activity was in the
range of M-In,0,/ 7r0,.”>° However, a slightly lower STY was
observed, which could be attributed to the surface reduction
taking place before, subsequently initiating oxygen vacancies
(Table 1). The experiment of the best-performing M-In,0,/
ZrO, catalyst was repeated three times showing a very low
standard deviation of +0.0025 gy.on g ' ™' (Table S2 and
Figure S4).

Table 1. Results Obtained from ICP-OES, N, Physisorption,
and CO,-TPD for Selected Catalysts and ZrO, Carriers

Doping the Z-InZrO mixed oxide catalyst with Ni led to an
increased STY of 0.10 gyeon g ' h™' (see Figure SS).
However, due to the very high amount of In needed, this
catalyst was excluded from further studies. With regards to the
relative CO, adsorption capacity (Table 1), the M-In,0,/ZrO,
catalyst showed the highest CO, values, being twice as pure
ZrO,. The relative CO,-adsorption capacity was measured by
using the procedure described in Table S3. In order to
compare the different materials, all peaks between 50 and 650
°C in the TPD chromatogram (Figure S6) have been
considered. The cumulated peak area of ZrO, from Alfa
Aesar was set as 1 and the capacity for the other samples was
calculated accordingly (Figure S6).

Comparison of Ni Doping with Other Promotors on
Their Catalytic Performance. So far, doping of In,0;-based
catalysts has only been reported for CO, hydrogenation in
fixed-bed reactors.'”'*' However, the former experiments
discussed in Figure 1 also indicate a possibly higher activity of
pristine In,O; prepared by CP using Ni as a promoter for
slurry reactors. In addition, ZrO, as a support increases the
catalytic activity of In,O; as well (Figure 3). Consequently, a
combination of both approaches using 1 wt % of promotor
metal and 10 wt % In loading synthesized via the promising CP
method has been chosen (Table S4 and Figure S9). Beyond
the effect of Ni for an improved H, spillover effect, Ce and Mg
having basic properties were also deemed suitable promotors
for supported In,03/ZrO,. This attribute could lead to higher
productivity for P_, because of a higher CO, adsorption
capability. In addition, CeO, can oxidize in situ formed CO to
CO, due to the formation of more oxygen vacancies.”’ Figure
4 shows the impact of the different promoters on the catalytic

indium pore pore relative CO,
loadin, Sger  radius  volume  adsorption performance compared to M-In,05/ZrO, (WI).
[wt %? [m*g™] [nm] [em’g™]  capacity Ni- and Ce-promoted In,05/ZrO, catalysts enhanced the
ZrO, Alfa Aesar 0 51.27 5.69 0.24 1.00 metal-based productivity by up to 3.65 and 3.80 gy.on
ZrO, St.Gobain 0 89.35  4.07 029 1.26 Gactive metal - N1, respectively, while being equally selective (S
S—In,0;/Zr0, 11.1 4497 5.67 0.17 1.27 = 48%) without forming methane (Figure S10). As stated
M:-In,0,/ZrO, 11.1 72.30 339 0.20 1.91 previously, higher methanol yields can be attributed to the
Z-InZ1O 692 4939 502 0.18 0.26 hydrogen spillover effect of Ni. Using Ce as a promotor, a
14637 https://doi.org/10.1021/acssuschemeng.3c05584
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Figure 4. Comparison of the In,0;/ZrO, catalyst with various promotors on their catalytic performance. Reaction conditions: T = 300 °C, p = 75
bar, H,/CO, = 4/1, m = 2.0 g, N = 1200 rpm, Voy = 100 mL, t; = 3 h.

higher CO, adsorption capacity could be observed by CO,
TPD compared to the Ni-promoted catalyst while the peak
temperatures were similar (Figure S7). Further explanation for
the increased activity of the Ni-doped catalyst can be deduced
from the characteristics of the H, TPR curves corresponding to
a particular catalyst (Figure S8). The undoped M-In,0;/ZrO,
catalyst features a narrow range where the reduction and
consequently the uptake of hydrogen takes place between 280
and 420 °C. The Ni-promoted catalyst features the same range
of reducibility while having a higher uptake of hydrogen,
especially at the low-temperature peak at around 350 °C. The
temperature range for reduction features a broadening from
around 200 up to 550 °C compared to the unpromoted
catalyst. This coincides with the preparation method by CP. It
is assumed that many different-sized clusters of the promoter
metal on the surface of In,03/ZrO, are responsible for this
behavior. Moreover, a broadening effect could be observed
using the Ce-promoted catalyst as well. Using the Mg-doped
In,0;/ZrO, catalyst also increased the metal-based productiv-
ity by up to 1.97 gueon Sactivemetal . D' compared to the
undoped catalyst. However, this effect was significantly less
pronounced compared with the other two promotors. This
goes in hand with a lower increase in the CO, adsorption
capacity (Figure S7). Therefore, it was decided not to further
pursue Mg as a promoter in the following studies.

Catalyst Selection for the DoE Study. In the course of
finding the most promising catalyst for the parameter
optimization study, both the Ni and Ce-doped catalysts
showing promising performance and selectivity at 300 °C have
to be considered further. For selecting one catalyst for the
following DoE study and to estimate the influence of H,
Spillover and CO, adsorption on the reaction kinetics, both
catalysts containing a similar In (7.5 wt %) and promotor (1 wt
%) loading (Table 2) were compared at a lower reaction
temperature of 250 °C under otherwise identical reaction
conditions (Figure S).

For both systems, the methanol selectivity increased
significantly up to S = 70% for the Ni and up to 82% for the

Table 2. Results Obtained from ICP-OES, N, Physisorption,
and CO,-TPD for Ni and Ce-Promoted In,05/ZrO,
Catalysts

relative
indium pore pore CO,
loadin: SgET radius  volume adsorption
o ] b el ewies
Ni—In,0;/ZrO, 7.44 87.12 3.70 0.256 1.00
Ce—In,0,/Zr0, 7.62 84.87 4.06 0.271 1.30

Ce-doped catalyst. This can be attributed to an increase in the
equilibrium yield for methanol and a decrease in the
endothermic RWGS reaction. Using Ce as a promoter
suppressed the RWGS reaction, resulting in higher selectivity.
Hereby, CeO, can oxidize CO to CO, resulting in an oxygen
vacancy. The Ni-promoted catalyst shows a significantly higher
metal-based productivity of up to 1.48 gyeon Zactive metal - D
compared to the Ce-promoted catalyst (1.06 gyeon
Goctive metal ~ h7') at 250 °C, due to a higher BET surface
area (see Table 2) and improved reduction capacity (see
Figure S8). Therefore, H, adsorption has a greater influence
(rate-determining step) on the methanol formation than the
higher CO, adsorption at lower reaction temperatures. The
addition of Ni improved H, adsorption by the hydrogen
spillover effect. This can be deduced from the H, TPR and
CO, TPD measurements, with a higher hydrogen uptake at
lower temperatures for the Ni-promoted catalyst. Ni—In,0;/
ZrO, showed a maximum H, consumption peak located
between 250 and 450 °C in the H, TPR attributed to Ni
reduction (see Figure S8). The TPR, as well as HRTEM
measurements, revealed highly dispersed Ni on the catalyst
surface. Both catalysts showed no change in morphology after
the reaction, derived from their respective XRD (Figures S11
and S12). From the perspective of selecting the most
promising methanol synthesis catalyst, the Ni-promoted
In,,03/ZrO, catalyst was chosen for the following DoE study.

DoE Study for Maximizing the Methanol Yield of the
Ni—In,03/ZrO, Catalyst. For the identification of significant

https://doi.org/10.1021/acssuschemeng.3c05584
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factors for the methanol synthesis in the slurry reactor, a two-
level fractional factorial test design with a resolution of IV was
selected to study the effect of four typical and easy-to-change
reaction variables. A resolution of IV was important for
clarifying the two-way interaction of the selected variables.
Additionally, four center points were added to take the possible
curvature of the response surface into consideration. The high
and low levels for the experimental design are listed in Table 3.
All other factors were kept constant. The whole experimental
plan for the DoE, comprising 12 experiments, can be found in
the Supporting Information (Table SS). The model analysis is
based on analysis of variance (ANOVA) techniques.”” The
corresponding ANOVA table for the model is shown in Table
4.

With the help of a Pareto chart (Figure 6), the most
significant factors were selected and included in the model.
The model equation for the response “Yield Methanol [%]”
and the coded and uncoded equations are shown in eqs 6 and
7.

Yyeon = 11.92 + 1.56A + 2.61B — 0.4388C + 0.1212D
+ 0.8513AC — 1.04D (7)

Yyeon = 47.884 + 0.505A[bar] + 0.104B [°C] — 9.39C[g]
+ 0.027D[rpm] + 0.136AD[bar™g]
— 0.00042ACl[bar*rpm] (8)

Table 3. Variables and Their Ranges Employed in the DoE
Study to Maximize the Methanol Yield

variable low level high level
A-pressure p 50 bar 75 bar
B-temperature T 250 °C 300 °C
C-catalyst mass m lg 2g
D-stirrer speed N 1200 rpm 1600 rpm

The variable B-temperature has the highest significance and
is above the calculated Bonferroni limit (4.38175). This is the
significance level divided by the number of experiments
performed, which reduced the probability of false-positive
effects and is therefore certainly important for the model.”
This correlates with the thermodynamic consideration of the
equilibrium equation. The same can be assumed for the
variable A-pressure that lies above the t-value (2.57058). This
is calculated by the mean difference divided by the standard
error. It represents the number of standard deviations
separating the two means and is possibly important for the
model. The effects of AD, AC, C-catalyst mass, and D-stirrer
speed have been included in the model due to hierarchy
reasons. Effects with lower values were neglected.

The results in Figure 7 show a strong influence of the
reaction temperature and pressure on the methanol yield. As
expected, the highest methanol yield (orange area) was
achieved at a temperature of 300 °C and a pressure of 75
bar. The yield decreases with a lower temperature and pressure
(from the orange over green to the blue area). The lowest yield
of methanol (blue area) was found at 250 °C and 50 bar. The
calculated methanol STY range from 0.042 gyon et h ™" at
250 °C and 50 bar, up to 0.268 gyeon e - h™' at 300 °C and
75 bar. The four design points in the center of the plot (red
circle at 275 °C and 62.5 bar) have an average STY of 0.145 +
0.013 gyreon gt h™'. However, no coherent curvature could
be obtained with the available/present data. With the variables
catalyst mass and stirrer speed having a negligible effect,
methanol STY (0.283 gyeon e+ h™') was predicted to reach
a maximum at T = 300 °C, p = 75 bar, m_,, = 1.0 g, N = 1200
rpm (Figure S15). This was verified with an additional
experiment resulting in a STY of 0.290 gyon gt h™' twice
as high as that in the experiments using 2 g of the catalyst
(Figure S).

CO Hydrogenation Using the Ni-Doped In,03/ZrO,
Catalyst. Besides being a promising catalyst for green
methanol synthesis using CO, as a carbon source, there is
also the possibility of implementing the Ni—In,0;/ZrO, CP

https://doi.org/10.1021/acssuschemeng.3c05584
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Table 4. Analysis of the Variance (ANOVA) for the Developed DoE Model

source SS df MS F-value p-value R? Radjz. Rpred2~
model 90.09 6 15.02 9.22 0.0249 0.9326 0.8314 0.7737
A-pressure 19.38 1 19.38 11.90 0.0261
B-temperature 54.55 1 54.55 33.50 0.0044
C-catalyst mass 1.54 1 1.54 0.9457 0.3859
D-stirrer speed 0.1176 1 0.1176 0.0722 0.8014
AC 5.80 1 5.80 3.56 0.1322
AD 8.72 1 8.72 5.35 0.0817
curvature 32.36 1 32.36 19.88 0.0112
residual 6.51 4 1.63
lack of fit 0.1653 1 0.1653 0.0781 0.7980
pure error 6.35 3 2.12
cor total 128.97 11
Pareto Chart
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Figure 6. Pareto chart of the significant effects for the performed DoE.

catalyst in the current industrial process using CO as a carbon
source. To investigate the ability of the catalyst to reduce CO
(the main component in the classical methanol synthesis) as
well, the reaction gas was adjusted to a stoichiometric
composition of H,/CO = 2/1 under the calculated optimal
conditions derived from the DoE (T = 300 °C, p = 75 bar, m_,,
=1.0 g, and N = 1200 rpm). One gram of the catalyst showed
a STY of 0.49 gyecon et - h™" and a methanol selectivity of S =
82% for CO hydrogenation (Figure 8). This could be related
to the possible higher equilibrium yield of methanol under the
present reaction conditions.”* It was demonstrated that the
catalyst is also able to convert CO to methanol with a higher
STY and selectivity than for green methanol synthesis using
CO,.

To contextualize these findings, the Ni—In,0;/ZrO, CP
catalyst was compared to the industrial Cu-based catalyst using
industry gas composition.

Catalyst Performance at Current Industry Gas
Composition. In the next set of experiments, the commercial
Cu-based catalyst pellets were mortared and sieved to a
particle size of 32—80 ym to match the size of the Ni—In,0;/
ZrO, CP catalyst and to exclude additional diffusion
limitations. The gas phase was adjusted to be composed of
70% H,, 28% CO, and 2% CO, to reflect a typical industry gas
composition. Very interestingly, the Ni—In,0;/ZrO, CP
catalyst showed a slightly higher performance than using
pure CO resulting in a metal-based productivity P, of 6.84
gveon Enistn - D' (Figure 9). Moreover, a very high selectivity
of S = 94% was achieved. Compared to the Cu-based catalyst
showing a selectivity of only S = 83%, the Ni—In,0;/ZrO,—
CP catalyst was less selective to the (RYWGS reaction which
could be explained by the reaction mechanism favoring the
binding of the COx species in an oxygen vacancy instead of the
metal surface.”> The Cu-based catalyst also showed a

https://doi.org/10.1021/acssuschemeng.3c05584
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drastically lower metal-based productivity P., of only 1.25
gveon €cu | h™! which could be explained by the much higher
loading of active metal of around 60% Cu compared to only
0.75 wt % Ni and 7.5 wt % In. Equilibrium was already reached
after around 90 min of reaction time indicated by a constant
reaction pressure and gas composition detected by GC.
Catalyst Stability. To investigate the stability of the
preferred slurry CO, hydrogenation system, four reactions

14641

have been carried out consecutively using the Ni—In,0,/ZrO,
CP catalyst under optimized reaction conditions (300 °C, 75
bar, 1600 rpm). Figure 10 shows the STY for four consecutive
runs in the slurry reactor. To ensure a clean gas phase with the
same composition, the reactor was purged five times with
nitrogen using a moderate stirring speed of 200 rpm between

two consecutive runs.

https://doi.org/10.1021/acssuschemeng.3c05584
ACS Sustainable Chem. Eng. 2023, 11, 14633—14644


https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05584?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c05584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

8 100
74
- 95
— 61
= - 90
g5
s S
S 4 -85 &
&~ 2
=3
2 - 80
o 2
- 75
14
0 70

Cu/ZnO/AL,O, Ni-In,0,/ZrO, - CP
Figure 9. Comparison of the catalytic performance of commercial
Cu/ZnO/Al,0; and Ni—In,0;/ZrO,—CP under industry gas
composition. Reaction conditions: T = 300 °C, p = 75 bar, H,/
CO/CO, = 70/28/2, m., = 1.0 g, N = 1200 rpm, Vo, = 100 mL, t, =
3 h

In the first reaction using a fresh catalyst and mineral oil as a
carrier liquid, a STY of 0.125 + 0.009 gyeon g - h™' was
achieved. In the following recycling experiments, a similar STY
between 0.114 and 0.134 gy.on g ' h™' could be observed.
There is no indication of significant deactivation observed
besides recycling experiment 3. This dip in activity could
contribute to an outlier in the measurement of the gas phase.
The STY of the Ni—In,0;/ZrO,—CP catalyst in the recycling
experiments is in the same order of magnitude as the other
experiments under similar conditions (Figure 4).

After methanol synthesis in the slurry reactor, the catalyst
was separated from mineral oil by filtration and washed with
iso-propanol. The composition of the catalyst before and after
recycling was determined using ICP-OES (see Table S).

Table S. Elemental Composition Determined by ICP-OES
of the Catalyst before (Pre) and after (Post) Recycling
Experiments

Ni (%) indium (%)  zirconium (%)
Ni—In,0;/ZrO,—CP—pre 0.75 7.44 57.71
Ni—In,0;/ZrO,—CP—post 0.56 6.51 56.02

Due to the high abrasion of the catalyst at 1600 rpm, a lower
loading of Ni and In could be detected. Leaching of the
catalyst cannot be fully excluded, but it seems to have had no
effect on the catalyst activity in the 4 recycling experiments
with a total reaction time of 12 h.

The catalysts’ morphological phase was analyzed further by
powder XRD patterns before and after the stability test
(Figures S11 and S12). There was no morphological phase
change observed. *C- and 'H NMR characterization of the
carrier liquid confirmed the stability for the total reaction time
of 12 h (Figure S13).

B CONCLUSIONS

In this work, a series of metal-doped In-based catalysts have
been synthesized and tested for methanol synthesis in a slurry
reactor. The addition of Ni to In,O; drastically enhanced the
STY of methanol. Ni/In,O; prepared via CP produced 0.075
gmeon g - h™' compared to 0.011 gyeoy g - h™' for pure
In,0;. Supported In,O3;/ZrO, catalysts also boosted the
performance to 0.11 gy.on g * h™'. These two increasing
effects were combined in this study. In the best procedure, 0.75
wt % Ni and 7.5 wt % In were added to ZrO, as a support
material by CP and acted as an effective catalyst for slurry-
phase hydrogenation of both CO, and CO. A statistical and
modeling tool (DoE) was applied and temperature and
pressure were identified as the key performance parameters.
The amount of catalyst used could be halved as well, having a
negligible effect on the methanol yield in the examined
conditions. The Ni—In,0,/ZrO, (CP) catalyst produced
0.109 gyeon g - h™! at a low temperature of 250 °C by
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Figure 10. Examination of catalyst stability by recycling the catalyst and carrier liquid for four consecutive runs using similar reaction conditions: T
=300 °C, p = 75 bar, H,/CO, = 4/1, me, = 2.0 g, N = 1600 rpm, Ve = 100 mL, t = 3 h.
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using pure CO, as a carbon source. At higher temperatures of
300 °C using CO as a carbon source under industry gas
composition (H,/CO/CO, = 70/28/2), the STY increased to
0.530 gyeon geae - h™" with a very high selectivity S = 94%. In
comparison, a commercial Cu-based catalyst produced more
methanol (0.747 gyieon 8 - h™'), but showed lower methanol
productivity related to the active metal content and a lower
selectivity S = 84%. To conclude, the study presented here
could improve the slurry-phase hydrogenation of both CO and
CO, using a very promising and recyclable Ni—In,0;/ZrO,
(CP) catalyst.
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7 Comprehensive discussion

CO» hydrogenation to methanol is a promising approach for the utilization of captured CO> from
industrial processes and for the defossilization of methanol synthesis. This work aims to increase
the catalytic performance of In-based catalysts by metal-doping and by investigating this in different
reactor concepts. Those are namely: a continuously operated fixed bed reactor (integral operation,
two-phase reactor), a continuously operated compact profile reactor (integral or differential
operation, two-phase reactor) and a stirred-tank reactor (batch operation, three-phase reactor) for

the CO> hydrogenation to methanol.
Two-phase fixed bed reactor with an integral operation mode

First, the phase transition behaviors of pure In,O3 or In(OH);3 and their catalytic activity in a fixed
bed reactor was investigated at 75 bar and 200 °C, 250 °C, 275 °C and 300 °C, respectively, using
a stoichiometric gas ratio of CO2/Hz = 3/1. Commercial InoO3 or In(OH); was used representing the
two possible sides of the predicted dummy catalytic cycle and two setups were applied as depicted

in Figure 7.1.

Setup 1 Setup 2

top middle bottom
In(OH); or In,O; and
glass spheres

~

point of temperature
regulation

glass wool

flow direction

thermocouple

frit

Figure 7.1. Illustration of experimental setup 1 and 2, adapted from [18].

In experimental setup 1 the influence of thermoelement position (top, middle or bottom position) in
relation to the fixed bed was studied (see Figure 7.1). During the reaction, the temperature of the
bed increases over the packing height due to the reaction heat of CO> hydrogenation. For the bottom
position, the thermoelement is at the beginning and coldest spot of the catalyst bed. In the middle
and top position, the temperature increases due to reaction heat. Therefore, the thermoelement at
top position regulates the temperature at the hottest zone of the catalyst bed. The middle and bottom

position reached the highest CO» conversion for each temperature with a higher temperature at the
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end of the catalyst bed. The experimental data showed that the CO> conversion and the rtWGS
selectivity increased with higher temperatures for both, InoO3 and In(OH)s. At 300 °C (middle
configuration), the CO; conversion for In,O3 reached 3.56 % with 73 % selectivity and 4.25 % for
In(OH)3 with 71 % selectivity. After the reaction at 300 °C, TGA and XRD revealed no rehydration
for InoO3. In contrast; a total conversion of In(OH)3 to InoO3 in middle and bottom position, with a
near-total conversion to In,Os3 in top position was reached. The experimental setup 1 confirmed the

validity of the thermodynamic model about In,O3 stability.

Theoretical modeling predicts a strong dependence of the In(OH); dehydration behavior on the
conversion due to H,O formation. In(OH)3; formation is favored at low temperatures and high
conversion or at higher temperatures and lower conversion. Therefore In(OH)3 is most stable at
high H>O partial pressure. This prediction was confirmed in experimental setup 2, in which the
catalyst bed of In(OH)3 was split into two identical segments, representing a low-conversion (top)
and high-conversion (bottom) zone (see Figure 7.1). XRD and TGA showed that the bottom segment
contained more In(OH); than the upper segment after reaction. Water is released by phase transition
of In(OH)3 to In20O3 in the segment above, inhibiting the release in the bottom segment for
temperatures between 200 °C and 250 °C. The trend is reversed between 250 °C and 275 °C, which
was predicted by the model at 285 °C. The difference is due to the uncertainty associated with the
experiment based thermodynamic data. The validated model was used to predict the effect of
hydrogen drop out caused by fluctuating renewable energies and intermittent hydrogen sources on
the stability of the catalyst. The main hazard for catalyst stability in this case is a temperature
reduction caused by the reduced heat of reaction. This is crucial for the reactor design of methanol
synthesis, since large-scale fixed beds usually have cold spots, resulting in an increased formation

of In(OH); locally.

The catalytic activity and stability of In,Os catalysts can be enhanced by metal-support interactions
using a catalyst support. In several studies [16,106,125,145,166,167] In,O03/ZrO; catalysts have
shown to be highly active and selective for CO2 hydrogenation to methanol. This dissertation was
able to confirm that. Moreover, it further reveals key aspects for catalytic performance and increases

the activity of In203/ZrO;-based catalysts (see Figure 7.2).
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100pm 100pm 100pm

Properties of ZrO, Preparation method Metal promotor
High: = Wetness impregnation by =  Distribution & metal amount
"  Sper Martin et al. [16] = Increasing CO, and H,
= Pore volume =  High reduction capacity adsorption capacity
* CO,binding capacity =  Distribution & amount of =  H, spillover effect
indium = Increasing oxygen vacancies

Figure 7.2. Illustration of key findings on catalyst activity of indium-based catalysts.

The most significant influence for InoO3/ZrO; catalysts is the surface area of the employed ZrO».
Higher surface areas and pore volumes increase the catalytic activity for CO» hydrogenation. To
further increase the activity of the In,O3/ZrO; catalyst, CuO, NiO, MgO or CeO», respectively were
added by co-precipitation (CP) to enhance the CO2 adsorption or hydrogen uptake capacity. The

addition of NiO to In203/ZrO; raises the methanol productivity up to 0.221 g, .. g;!n h! and 66 %

selectivity compared to pure In203/ZrO; with 0.159 g, .. g! h! and 77 % selectivity at 75 bar,

cat

250 °C and 8300 h' of CO2/H>= 1/3. This is in accordance with the enhance, activity of the Ni-
promoted In,Os in literature [119].

The hydrogen spillover effect induced by Ni promotes Hz adsorption, improves H> dissociation and
migration on the catalyst surface favoring the formation of oxygen vacancies. The H> TPR analysis
confirms this showing higher adsorption of H». Furthermore, the addition of Ni induced a higher
CO» adsorption capacity confirmed by CO> TPD. With an optimization for the synthesis of
NiO-promoted In2O03/ZrO> catalysts, the wetness impregnated (W) catalysts showed to have a more
homogeneous distribution of both In and Ni (SEM-EDX mapping), compare to Figure 7.2. Also,
the H> reduction and CO; adsorption capacity are higher for NiO-In,O3/ZrO> (WI) than for

chemically reduced (CR) or NiO-In203/ZrO> (CP) catalysts. NiO-InoO3/ZrO> (WI) produced
0.497 g\1.0n g;it h'!' of methanol compared to 0.482 g, g;!n h! (CP) or 0.390 g,,.on g’! h!

cat

(CR) at 75 bar, 300 °C and 8300 h'! of CO2/H,= 1/3. This can be attributed to the formation of

electronic defects, the H spillover effect and fast electron transfer characteristics [168]. Martin et al.
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[16] reported no deactivation of pure InpO3/ZrO; over 1000 h TOS. In our study, a long-term
stability test over 100 h TOS using NiO-In,03/ZrO, (WI) also confirmed stable performance with a

productivity of 0.15g,, - gcé . h'  without methane formation. Post-mortem catalyst

characterization showed no leaching of Ni (ICP-OES), no change in morphology (powder XRD and
SEM) and no formation of agglomerates (SEM-EDX mapping).

Two-phase fixed bed reactor with an integral or differential operation mode

The metal-doped In2O3/ZrO>-based catalyst prepared by WI and the CZA catalyst were further
studied in a CPR, which can be operated integrally or differentially. The spatially resolved reaction
profile of the CZA catalyst revealed an increase in temperature from the beginning of the catalyst
bed to a maximum of 251 °C at 2.5 cm packing height at 50 bar, and a GHSV = 63,000 h™! (see
Figure 7.3). This is in line with the strongly increasing exothermic formation of methanol and the
less endothermic rWGS from the beginning of the catalyst bed to about 4 cm packing height. Until

the end of the catalyst bed, no significant change was observed for the formation rate of CO

-1 -1 . . .. -1 -1
(2.17 gc, g, ) and a slightly rise of methanol productivity to 3.49 g, . g- h". The

productivity decreased to 3.01 g, .. g'clu h! after 55 h TOS due to accelerated crystallization of Cu
and ZnO by the byproduct water [113,169]. This indicates that all involved reactions forming an
equilibrium beyond the spot of the maximum temperature. For the pure and metal-doped
In203/ZrOs-based catalyst, less methanol and CO was produced. Due to the less released reaction
heat a lower temperature profile was observed. As demonstrated in the study before, NiO enhanced

h™! for NiO-

the catalytic activity from 1.60 g, ., g h! for pure In»03/ZrO; to 2.96 Sr1eoH hani

In,03/ZrOz at 50 bar, 250 °C, 63,000 h'! of CO2/H,= 1/3 and at the end of the reactor (6 cm), as
depicted in Figure 7.3.
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Figure 7.3. Illustration and comparison of the key results using the CPR setup at 50 bar, 250 °C, 63,000 h'' of CO2/H>= 1/3, [20].

The influence of reaction conditions showed a higher methanol productivity with increasing
pressure which is in accordance with the principle of Le Chatelier. The spatially resolved reaction
profiles are shifted in parallel to higher methanol productivities at higher pressures. The increase in
pressure has a negligible impact on the rWGS as predicted by the principle of Le Chatelier. With
higher GHSVs, respectively shorter contact and residence times, a higher methanol productivity can
be observed, shifting the selectivity towards methanol as well. The CO formation rate remains
constant. This is in agreement with the result in previous literature [16]. No mass transfer limitation
according to the calculated Carberry Number Ca = 0.03 (50 bar, 250 °C) was estimated. Due to
higher GHSVs, respectively higher volume flows the heat dissipation in the catalyst bed increased.
This is compensated by a higher reaction rate due to lower contact times. A threshold temperature
of 238 °C was identified between 1.5 and 2.0 cm packing height at 95,000 h'. Below the
temperature the high gas flow cools the catalyst bed, keeping the methanol reaction rate low. Above

238 °C, the methanol reaction rate increases with a linear trend.

Higher reaction temperatures led to higher reaction kinetics which increased the methanol

productivity up to 490 g, .. ‘h! at 275 °C, 50 bar and 63,000 h™' of CO2/Ho= 1/3. The

“Bneni
selectivity of methanol decreased from 83 % (225 °C) to 73 % (275 °C). The production of CO is
favored due to the endothermic rWGS reaction. The apparent activation energy for the methanol
synthesis requires 49 kJ mol™! and for the rWGS reaction 71 kJ mol™! indicating no limitations due

to mass transport processes, as confirmed by the Carberry Number (Ca = 0.03). The study of
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Portillo et al. [170] showed no internal mass transfer limitations conforming to the Weisz-Prater
criterion of 0.015. Previous literature showed a similar trend for the activation energies
[12,119,127]. As in the study before, the NiO-In2O3/ZrO> showed no catalyst deactivation caused
by metal leaching or sintering over 90 h TOS in the CPR setup.

Batch operated three-phase stirred tank reactor

Metal-doped In-based catalysts were applied to slurry phase methanol synthesis. Various carrier
liquids were tested, namely mineral oil, Helisol 10A, H18-DBT and Dowtherm™ A. Mineral oil
showed the best performance and stability, which was also shown in the study by Schiihle et al.
[145]. Metal-doped catalysts prepared by the WI method dissolved in the carrier liquid after the

reaction and were not considered further. Ni/In,O3 catalyst prepared by CP increased the methanol
productivity to 0.075 gMeOH-g;Lt-h'l compared to 0.011 gMeOH-g;Lt-h'l for pure In»O3. The reaction

conditions were: 75 bar, 300 °C and 1200 rpm using 2.0 g catalyst, 100 mL carrier oil, and a gas
phase ratio of CO2/H>=1/4, because Schiihle et al. [145] showed a slight H> excess of CO2/H=1/4

caused in the highest methanol productivity.

The incorporation of InoO3 on ZrO> via CP boosted the performance up to 0.110 gMeOH'g'1 b,

cat

which is similar to the studies before. The addition of Mg, Ce or Ni to InoO3/ZrO> by CP showed

that Ni or Ce boosted the catalytic activity up to 3.65 or 3.80 g, .8 h', respectively. Ni

-1
active metal

as a promoter is more active at lower temperature (250 °C) compared to Ce, due to an improved
reduction capacity as well as a higher BET surface (see Figure 7.4). The addition of Ni improved
the H» adsorption capacity via the hydrogen spillover effect as deduced from H> TPR measurements.
A maximum H> uptake peak is located between 250 °C and 450 °C ascribed to Ni reduction and the
creation of oxygen surface vacancies [119]. Ni also improved the CO> adsorption capacity. The
addition of Ce increased the CO> adsorption capacity more than with the addition of Ni. Because
magnesium increases the CO, adsorption capacity even further without a significant increase in
reduction potential, H> adsorption has a higher impact on the methanol formation (RDS) than a

higher CO2 adsorption at 250 °C.

To maximize the methanol yield of Ni-promoted In20O3/ZrOs, a statistical and modeling tool (DoE)
was conducted. A two-level fractional factorial design with a resolution of IV was selected to study
the effect of four easy to change reaction variables. The methanol yield is strongly influenced by
reaction pressure (low level: 50 bar; high level: 75 bar) or temperature (low level: 250 °C; high

level: 300 °C), see the Pareto Chart in Figure 7.4. The yield decreases with a lower pressure and
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temperature. The variables stirrer speed (low level: 1200 rpm; high level: 1600 rpm) and catalyst
mass (low level: 1 g; high level: 2 g) have no significant effect on the MeOH-yield. The model
predicted 0.283 g\ g;in h! of methanol at 300 °C, 75 bar, 1200 rpm using 1.0 g catalyst, 100 mL
carrier oil and a gas phase composition of CO2/H>=1/4. The model was verified with an additional
experiment resulting in 0290 g, . ! h'.

cat

Pareto Chart

]
_
g

Bentermon Limt 438175

@

Thermocouple ~f ==

Gas entrainment ] - ;i AAAAAA 135 z
stirrer T ™ el 34 8 3
_ ] — . i
Carrier - 4 8
liquid 14 st mas o,
Indium |7 o Ll |] = ‘“T; V| =
catalyst a0°c 20°c e 20°c T PR T 0 .. 70
Niinz0y/2r0, - CP Cednz05/20, - CP i Cw/ZnOIALO, Ni-In,0,/Zr0, - CP
= 100 mL mineral oil as carrier liquid ~ ® Ni-In,04/ZrO, vs. Ce-In,0,/ZrO, = DoE with Ni-In,04/ZrO,: = Cuw/ZnO/Al,O; vs. Ni-In,0,4/ZrO,
= CP as catalyst preparation method = At 75 bar, CO,/H,=1/4, 1200 rpm, m_,=2.0 g = 2-level fractional design = At 75 bar, 300°C, CO/CO,/H,=28/2/70,
= 3 h reaction time = Ni-In,04/ZrO, more active at 250°C = Resolution of TV 1200 rpm, m_,=1.0 g

->Higher Sggr and reduction capacity = Strong influence of 7 or p = Ni-In,04/ZrO, more active and selective
= Negligible effect by
catalyst mass or stirrer speed

Figure 7.4. Key results of the three-phase system.

Under industry gas composition H2/CO/CO; = 70/28/2 and the calculated optimal conditions, the
Ni-In203/ZrO; (CP) catalyst reached 0.530 g, ., gl h', resp. 6.84 g, . g! h', with a

cat active metal

methanol selectivity of 94 %. The commercial CZA catalyst produced more methanol related to

catalyst mass 0.747 g, .. gégt h', but less related to the active metal content

-1

(1.25 g\1.01 Zactive metal h‘l) and likewise with a lower selectivity (84 %), Figure 7.4 right diagram.

To complete the study, the stability of the slurry reaction system was examined. Four reactions have
been tested consecutively using the Ni-InpO3/ZrO, (CP) catalyst under optimized reaction
conditions. No indication of significant deactivation was observed. The key results of the

three-phase investigations are illustrated in Figure 7.4.

To conclude, the present thesis shows that the Ni-In2O3/ZrO> catalysts are highly promising for
selective hydrogenation of CO: to methanol in different reactor concepts. Ni-InoO3/ZrO; catalysts
exhibit a lower metal loading on catalyst support compared to the commercial CZA and a higher
stability for CO> hydrogenation. High efficient catalysts for both two-phase and three-phase systems
require a high surface area, as well as high CO> and H» adsorption capacity, and well distributed Ni
and In. The preparation method of the catalysts also influences these properties. Catalysts prepared

by WI are suitable for two-phase systems, whereas those prepared by CP are suited for three-phase
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systems. The CO; hydrogenation to methanol is strongly influenced in both systems by temperature

and pressure.

In further studies the Ni-InoO3/ZrO; catalysts should be tested on their performance with fluctuating
feed gas compositions directly with CO/CO; from industry and H» from electrolysis. Also, the
application for dimethyl ether production, methanol steam reforming or methanization should be

investigated.
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9 Appendix

9.1 Characterization of the setup

9.1.1 GC calibration curves for all setups
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Figure 9.1. GC calibration curves for the quantification of CO, COz and methanol. Calibration in November 2021 (green) and

November 2022 (blue).
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9.1.2 MPFC calibration curves
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Figure 9.2. Calibration curves of MFC-1 and MFC-2, using a normalized gas meter ( Hermann Pipersberg Jr. GmbH Reimscheid,
number 1251754, year1987).

9.1.3 Fixed bed reactor

A negative control experiment was performed at 300 °C, 75 bar, 600 mLx min™! using CO2/H, = 3/1
in a fixed-bed reactor filled with 5 cm quartz beads. While six hours TOS no catalytic activity was
observed. The volume induced pressure drop was investigated under the same conditions using
nitrogen. In this reactor setup the pressure drop in every configuration was below 0.1 bar. The
residence time for the fixed bed reactor setup was evaluated in an empty, filled with Raschig rings
or quartz beads reactor, respectively at 300 mLx min™!, 600 mLyx min"! and 1200 mLx min™!. The
measurements were carried out in a pulse tracer experiment by switching the feed from nitrogen to
CO» (tracer) for 12 s. The CO; pulse was analyzed using an online Fourier transform infrared
spectrometer (FTIR), which continuously reproduced a time-resolved signal. The results are

illustrated in Figure 9.3.
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Figure 9.3. Illustration of the COz pulse tracer test for different reactor fillings and volume flows measured by FTIR. At =0 s the
nitrogen feed was switched to COz for 12 s at 75 bar and 300 °C.

The residence time distribution £(t) for discrete values n was calculated with the tracer concentration

c of CO; as follows (Eq. (9.1)):

CO t CO.
E@y=—c®@ 0 9.1)

[cco, @) dt 2 cco, ()AL
0 i=1

The mean residence time #,, is defined by the Eq. (9.2):

t, =£t-E(t) dt ~ ;ti -E(t,)- At, 9.2)

The calculated mean residence times with different reactor fillings and volume flows for the fixed

bed reactor are listed in Table 9.1.

Table 9.1. Mean residence times for an empty, filled with Raschig rings or filled with quartz beads reactor for different volume flows
at 300 °C and 75 bar.

/4 [ mlx min] Empty [min] Raschig rings [min] Quartz beads [min]
300 372+0.3 382+04 37.0+£0.8
600 18.9+0.1 18.8+0.3 20.0+1.3
1200 9.20+0.1 9.50+0.1 9.69+0.2
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9.1.4 Compact Profile Reactor

A negative control experiment for the CPR was performed analogously to Chapter 9.1.3 at
300 mLx min™! using CO»/Hz = 3/1 showing no catalytic activity. The volume induced pressure drop
was investigated under the same conditions using nitrogen. In this reactor setup the pressure drop is
listed in Table 9.2. The residence time was evaluated in a CPR filled with quartz beads at
300 mLy min™, 600 mLx min"! and 1000 mLx min™'. The measurements and calculations were

carried out analogously to Chapter 9.1.3 (see Figure 9.4, Table 9.2).
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Figure 9.4. Illustration of the COz pulse tracer test of the CPR filled with quartz beads (200-300 um) at different volume flows
measured by FTIR. At 7= 0 s the nitrogen feed was switched to COz for 12 s at 75 bar and 300 °C.

Table 9.2. Mean residence times and pressure drops for the CPR filled with quartz beads for different volume flows at 300 °C and
75 bar.

V [ mlx min™] Quartz beads [min] Pressure drop [bar]
300 41.4+32 0.01
600 29.5+2.1 0.07
1000 14.6 +3.1 0.26
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9.2 List of hazardous substances used according to GHS

Table 9.3. List of hazardous substances used according to globally harmonized system of classification and labelling of chemicals
(GHS) part 1 [171-184]

Material GHS- Hazard statement Precautionary statement
Symbol
GHS05, H318-H410 _P280- _P391-
Ce(NO3)»6 HoO P273-P280-P305+P351+P338-P391
GHS09 P301
GHS02,
P202-P210-P260-
GHS04,
CO GHSO6 H220-H280-H331-H360D-H372 P304+P340+P315-P308+P313-
’ P377-P381-P403-P405
GHS08
CO, GHS04 H280 P403
GHS03
P210-P260-P273-P280-
Cu(NO3)3 H:0 - GHSO05 H272-H314-H410 P303+P361+P353-P305+P351+P338
GHS09
CuO/ZnO/ALL,O;  GHS09 H410 P273-P391-P501
GHS07
Downtherm® A H315-H319-H335-H410 P261-P264-P271-P273-P302+P352-
GHS09
GHS02 _P233-P240-P241-P242-P305-
Ethanol H225-H319 P210-P233-P240-P241-P242-P305
GHS07 P351+P338
H18-DBT GHS08 H304-H413 P273-P301+P310-P331-P501
GHS02
H» H220-H280 P210-P377-P381-P403
GHS04
He GHS04 H280 P403
P210-P220-P280-P301+P312-
GHS03
In(NOs); x H,O GHSOT H272-H302+H312+H332 P302+P352+P312
P304+P340+P312
In(OH); GHS08 H372-H412 P260-P264-P270-P273-P314-P501
In,05 GHS08 H372-H412 P260-P264-P270-P273-P314-P501
GHS02 P210-P233-P280
Methanol GHS06 H225-H301+H311+H331-H370 P301+P310-P303+P361+P353
GHS08 P304+P340+P311
N, GHS04 H280 P403
P264-P280-P305+P351+P338-
NaCO; GHS07 H319 3374313
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Table 9.4. List of hazardous substances used according to globally harmonized system of classification and labelling of chemicals

(GHS) part 2 [185-187].

Material GHS- Hazard statement Precautionary statement
Symbol
GHS03
GHS03 H272-H302+H332-H315-H317- P210-P273-P280-P301+P312-
Ni(NOs)2:6 H.0 GHS07 H318-H334-H341-H350-H360- P305+P3514P338-P3084P313
; + + - +
GHS08 H372-H410
GHS09
GHS07 i . - : -
NiO H317+H350i 0372+ H413 P202-P260-P273-P280-P302+352
GHS08 P308+P313
Z1ONOs) GHS03
T 3 P210-P260-P280-P301+P312-
< ILO GHS03 H272-H302-H314 P303+P361+P353-P305+P351+P338
GHSO07
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9.3 Supporting Information of 1% publication (available online)

ChemPlusChem

Supporting Information

Effect of Conversion, Temperature and Feed Ratio on In,0,/
In(OH); Phase Transitions in Methanol Synthesis Catalysts:
A Combined Experimental and Computational Study

Philipp Kampe, Anne Wesner, Patrick Schiihle, Franziska Hess,* and Jakob Albert*
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Reactor setup

PR-1 V-1 F-1 MFC-1 RV-1
[
coz/
o) i
PR-3 V-3 F-3 MFC-2 RV-3
Designations
V: Valve
PR: Pressure reduce
F: Filter
RV: Non-return valve
NC: Normally-closed valve
TIC: Temperatur indication control
BD: Burst disc
PIR: Pressure indication recording
TIR: Temperature indication recording
BPR: Back-pressure-regulator

NC-1

Reactor-Bypass

Exhaust gas

Exhaust gas

Stop
Flow

Gaschromatograph»

Figure S1. Piping and instrumentation diagram of the high-pressure continuous-flow fixed-bed reactor

setup with periphery.

Temperature profiles
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Figure S2. Theoretical temperature profile Tinegral for CO2 hydrogenation in experimental setup
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Figure S3. Theoretical temperature profile Tinegrar for CO2 hydrogenation for two-segment-
configuration.

Evaluation of process parameters

The calculation of process parameters to evaluate the catalytic performance was done as
follows. Using the adjusted standard volume flow (V) and the known composition of the feed
gas (y; in) enabled the calculation of the molar flow of component i entering the reactor, under
consideration of the ideal gas law:

. _ pN'yi,in'VN E 81

Miin = g7 — (Eq. S1)
Thereby, py and Ty are standard pressure and temperature. Giving regard to the carbon
balance of the reaction system, the total molar flow at the reactor outlet can be determined,

using the molar fractions of CO,, CO and methanol, known from online gas chromatograph
analysis:

) Nco,,in
A _ , Eq. S2
ges,out Yc0,,0uttYco,outtYMeOH, out ( a )

Thereafter, the molar flow of the component /, leaving the reactor was calculated as follows:
Niout = ﬁges,out *Yiout (EQ- 83)

The water partial pressures (see Table S1) were calculated by ASPEN modelling using the
Peng-Robinson property method.

Table S1. Simulated partial water pressures using ASPEN PLUS modelling.

ideal : Fugaci
-1 -1 gacity
n ~02/ mol s / mol s Xm0/ - s/ bar . real : / bar
H20/C0O2 Nges.aus H20 Pges Puzo/ bar coefficient Puzo
T/°C 200 250 300 200 250 300 200 250 300 200 250 300 200 250 300 200 250 300 200 250 300

top 84SE-08 S5.60E-07 259E-06 8.17E-04 8.17E-04 8.ISE-04 1.03E-04 686E-04 3.I8E-03 7531 7539 7510 001 0.05 024 0942 0942 0939 00073 0.0487 02243
In(OH);  middle  3.13E-07 236E06 8.68E-06 8I7E-04 8.16E-04 8.11E-04 383E-04 290E-03 107E-02 7521 7537 7536 003 022 081 0942 0939 0933 00271 02050 0.7523
bottom  336E-04 127E-06 6.64E-06 8.17E-04 8.I6E-04 8.I2E-04 411E-04 156E-03 8.I7E-03 7514 75.11 7543 003 0.12 0.62 0942 0941 0935 00291 0.1103 05762
top L70E07 1.24E-06 491E-06 8.17E-04 8.16E-04 8.14E-04 208E-04 152E-03 6.03E-03 7562 7526 75.18 0.02 0.1 045 0942 0941 0937 00148 0.1074 04250
In,0; middle  2.72E-07 200E-06 7.27E-06 8.17E-04 8.16E-04 8.12E-04 333E04 245E-03 89SE-03 7556 7527 7527 003 0.8 067 0942 094 0934 00237 0.1737 0.6290
bottom  2.80E07 1.91E-06 6.66F-06 8.17E-04 8.16E-04 S8.I3E-04 3.42E-04 235E-03 8.I9E-03 7528 7520 7532 0.03 0.18 0.62 0942 094 0935 00243 0.1658 05768
In(OH); 2segments 7.77E-08 107E06 6.18E-06 8.17E-04 8.16E-04 8.13E-04 9.50E05 131E-03 7.60E-03 7554 7530 7530 001 010 0.57 0942 094 0935 00068 0.0927 0.5353

The standard deviation is calculated using the “n-1” method out of three gas chromatography
measurements per experiment:



— )2
o= /ZEXTX)) (Eq. S4)

where i is the sample size and x is the sample average value.

Table S2. Experimental data and standard deviation determined in the first experimental setup
(top and middle), with T =200, 250 and 300 °C, for a CO2/H2 mixture of 1/3 at a total pressure
of 75 bar.

XCOz % SMeOH %
T/°C 200 250 300 200 250 300
0.08 0.61 2.40 100 88 76
top + 0.00 + 0.00 +0.03 +0 +0 +0
In.O 0.13 0.98 3.56 100 87 73
273 middle +0.00 +0.02 + 0.04 +0 +0 +1
0.14 0.94 3.26 100 87 68
bottom +0.02 + 0.01 + 0.05 +0 +0 +1
0.04 0.29 1.27 100 86 86
top + 0.00 +0.02 + 0.07 +0 +0 +1
0.15 1.16 4.25 100 86 71
In(OH), middle +0.02 +0.00 +0.13 +0 +0 +1
0.16 0.62 3.25 100 93 78
bottom + 0.00 +0.02 +0.01 +0 +0 t1

Table S3. Mass loss from TGA data for first experimental setup. In203 and In(OH)s (before reaction,
pure) and reactor configuration top, middle, bottom (after reaction).

Mass loss [%]

In203 In(OH)3
pure top middle bottom pure top middle bottom
0 0 0 0 16.2 27 0 0




T= 200 °C, SRWGS = O

L
S
o

reduction
20
g 0 |
= tota\kMEOH
5 40
5 0 reox\daﬁon(wgﬁl_—__—__________
-80 tota\\M_
/ Irjng st‘aple‘

Q0 LT ]
0 5 10 15 20 25 30

conversion (CO5)
T=250°C, Spwgs = 10 %
40" |

A=)

reducflon

reoxidation (RWGS)

reoxida‘t'\on(M.‘?.Q-ﬂ)..

AG / (kJ/mol)

‘ In,05 stable
0 5 10 15 20 25 30

conversion (CO2)

T =300 °C, Spyes = 25 %

o
B
(e}

20 reduction

\(Meot) (RWGS)

-20 | totd

reoxidation(RWGS)

AG / (kJ/mol)

In,05 stable |
0 5 10 15 20 25 30
conversion (CO)
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selectivities. a) 200 °C, b) 250 °C, c) 300 °C for a CO2/Hz mixture of 1/3 at a total pressure of 75 bar.

Additional simulations were carried out taking into consideration an alternative degradation
pathway of In,O3 through the reduction to In°:

Reduction: InO; 5 + 1.5H, - In+ 1.5 H,0
Reoxidation (MeOH pathway): In + 1.5 CO, + 3 H, = In0O; 5 + 1.5 CH30H
Reoxidation (RWGS pathway): In + 1.5 CO, = In0O; 5 + 1.5 CO

In Figure S4, the orange curve represents the reduction, which is identical for both MeOH and
RWGS reaction pathways. The initial reduction is endergonic for all three temperatures with
the exception of a small section at very low conversion under the assumption of a dry reaction
feed. Reoxidation represented by the blue and red curves is exergonic over the whole
conversion range for both reaction pathways, indicating that In.Os is stable with respect to



reduction at the considered temperatures. At 300 °C, reduction to In® is reversible at conversion
below 0.5 %. Reduction to In® is therefore not expected to occur in pure In.Os-based catalysts,
in agreement with our experimental results. We note that In® formation is frequently observed
in ZrO2-supported In,O3 catalysts and is considered as the dominant degradation pathway. We
consider this as a result of the altered redox behavior due to the catalyst-support interaction
that facilitates the formation of oxygen vacancies in In2O3, which we expect to be reflected in
altered enthalpy of formation of the supported In2Os. According to our estimates, this change
can be rather small to have a noticeable effect; for instance, increasing the enthalpy of
formation of In.O3; from -923 kJ/mol to -900 kJ/mol (A = 2.5 %) increases the width of the
reversible window at low conversion from 0.5 % to 3 %, making the formation of InO far more
likely. This is even more so the case if the reaction was operated at CO; deficit, at increased
temperature, or with CO co-feed. While these influences can be qualitatively understood based
on the present model, application to In.O;@ZrO; would require a somewhat accurate estimate
of its enthalpy of formation; unfortunately, the influence of the support on the bulk
thermodynamics of In2O3 are currently unknown.
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Supplementary methods

Catalyst preparation
All chemicals were obtained commercially and used as received without further
purification.

Cu0/ZnO/Al;0;

Copper based methanol synthesis catalyst were obtained commercially via Alfa Aesar, product
no. 45776.

In203/Zr0O2

In203/ZrO2 catalysts have been prepared through impregnation by already published
synthesis methods according Martin et al. (In203/ZrO2 M-AA, M-SG)"?l or Schiihle et
al. (S-AA, S-SG)"3. In(NOz3)3 - x H2O Puratronic® (299.999 %, Alfa Aesar, VWR
10708.22) was used as a precursor. ZrO2 oxide by Alfa Aesar (VWR 43814.36, referred
as ZrO2 (AA)), or St. Gobain (SZ 31164 NORPRO, referred as ZrO2 (SG)) were used
as a support. Prior synthesis ZrO2 pellets were granulated to a particle size of
80-250 pm.

Synthesis of In203/ZrO2 according to Martin ['2. In(NO3)3 - x H2O (6.84 g) was
dissolved in 630 mL of ethanol and 216 mL of dist. water. ZrO2 (18 g) was added to
the solution and the suspension was stirred for 5 h in a rotatory evaporator (111 rpm,
room temperature, 800 mbar). After the solvent was removed, the impregnated powder
was dried (65 °C, 12 h), heated with 5 °C/min to 300 °C and calcined for 3 h.

Synthesis of In203/ZrO2 according to Schiihle ['3: The stock solution was prepared by
dissolving In(NO3)3- x H20 (10 g) in 25 mL of dist. water. The suspension was
prepared by adding ZrO2 (17.1 g) to the In(NOs3)s - x H20-stock solution (16.4 mL). An
aqueous supernatant was removed in a rotary evaporator, followed by drying (65 °C,
12 h). Thereafter, the powder was heated with 5 °C /min to 300 °C and calcined for
3 h.

Promoted In203/ZrO2 with different metals (Ce, Mg, Ni, Cu)

Bimetallic supported catalysts (CuO/NQOi/CeO2/MgO-In203/ZrO2) have been prepared
by co-precipitation. The used precursors were In(NO3)3- x H20O Puratronic®
(299.999 %, Alfa Aesar, VWR 10708.22), Ce(NOs3)s- 6 H20 (99.5 %, Thermo
Scientific, VWR ACR0218691000), Mg(NOs)2- 6 H20 (=98 %, Thermo Scientific,

2



VWR A10329.30), Ni(NOs3)2- 6 H20 (n.s., SuboLab GmbH) and Cu(NOs)2- 3 H20
(99 %, Acros Organics). ZrO2 (St. Gobain, SZ 31164 NORPRO, referred as ZrO2 SG)

and Na2C0s3 (99,5 %, Grussing) were used as a support material.

10 g Na2COs have been dissolved in 100 mL dist. H20. In(NO3)s - x H20 and the
respective other metal-nitrate was dissolved in 250 mL dist. H20. The applied amounts
of In203 and the metal-nitrates were calculated to be 10 wt.%. NaHCOs-solution was
added to the nitrate solution until a pH-value of 9.2 was reached and 20 g ZrO2 were
added. The suspension was stirred in a rotary evaporator (111 rpm, room temperature,
800 mbar) for 1 h and another 500 mL dist. H2O were added afterwards. The mixture
was filtered and washed until the washing solution reached a pH value of 7. The
impregnated powder was dried (65 °C, 12 h), heated with 5 °C/min to 300 °C and

calcined for 3 h.

NiO-In203/ZrO2 catalysts have been prepared by different synthesis methods. The
used precursors were In(NO3)s3 - x H20 Puratronic® (= 99.999 %, Alfa Aesar, VWR
10708.22), Ni(NO3)2 - 6 H20 (n.s. SuboLab GmbH) and Na2COs (99,5 %, Grussing).

Wetness impregnation (WI)

Ni(NOs)2 - 6 H20 (0.747 g) was dissolved in 250 mL of dist. H20 and 1n203/ZrO2
(M-SG, 15 g) was added to the solution. The suspension was stirred for 1 h in a rotatory
evaporator (111 rpm, room temperature, 850 mbar). After the solvent was removed,
the impregnated powder was dried (65 °C, 12 h), heated with 5 °C/min to 300 °C and

calcined for 3 h.

Co-precipitation (CP)

10 g Na2COs3 have been dissolved in 100 mL of dist. H20. In(NOs3)3 - x H20 (6.75 g)
and Ni(NO3)2 - 6 H20 (1.24 g) were dissolved in 250 mL of dist. H2O. NaHCOs-solution
was added to the nitrate solution until a pH-value of 9.2 was reached and 20 g ZrO2
were added thereafter. The suspension was stirred in a rotary evaporator (111 rpm,
room temperature, 800 mbar) for 1 h and treated with another 500 mL of dist. H20,
followed by filtration and washing until the solution reached a pH value of 7. The
impregnated powder was dried (65 °C, 12 h), heated with 5 °C/min to 300 °C and

calcined for 3 h.



Chemical reduction (CR)

The synthesis method was derived from Zhang et al.[*'INi(NO3)2 - 6 H20 (0.747 g) was
dissolved in 250 mL of dist. H20 and In203/ZrO2 (M-SG) (15 g) was added to the
solution. The suspension was stirred for 1 h in a rotary evaporator (111 rpom, room
temperature, 800 mbar) and subsequently heated up to 80 °C. An aqueous solution of
NaOH was prepared (n(Ni):n(NaOH)=1:3) and treated with NaBHa4
(n (Ni) : n (NaBH4) = 1 : 4). The NaOH-solution was added dropwise to the suspension
and the mixture was stirred for 2 h in a rotatory evaporator (111 rpm, 80 °C, 800 mbar).
Afterwards, the mixture was washed with dist. H20 until a pH value of 7 and the

impregnated powder was dried (65 °C, 12 h) thereafter.

Catalyst characterization

ICP-OES

Inductively coupled plasma optical emission spectrometry (ICP-OES) was employed
for elemental composition analysis of each catalyst. 100 mg of each sample were
dissolved in a mixture of 5 mL conc. H2SO4 and 1 mL conc. HNOs. Subsequently, the
sample was atomized in an argon plasma and the resulting composition was quantified
using optical emission spectrometry. The characterization was performed using an
ASCOR-spectrometer (manufactured by Spectro) at the central element analysis

service of the Department of Chemistry, University of Hamburg.

N2-physisorption

Brunauer-Emmet-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore
volume were determined by N2-physisorption at -196 °C by an Autosorb iQ-MP/XR
instrument from Anton Paar. Prior to analysis, the sample was degassed under vacuum
at 200 °C for 10 h.

XRD

Powder X-ray diffraction (p-XRD), was used to determine the crystal structure and was
carried out using a Panalytical MDP X'Pert Pro diffractometer operated in the
Bragg-Brentano geometry with Cu Ka radiation (A = 0.1541 nm). The measuring range
of the diffraction angle was 10-80 ° and sampled using a rate of 0.013 ° every 0.3 s.

The average particle size of In203 on ZrOz2 size was determined using Scherrer-Debye

equationl3el:
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- [cosO

(81)

where k represents the shape factor (0.89), A the wavelength used in X-ray diffraction,
B is the Full With at Half Maximum (FWHM) of the reflection and 6 the Bragg angle.

For the calculation the 2 2 2 reflection of In203 was used.

CO.-TPD

COz2-Temperature programmed desorption (CO2-TPD) was used to determine CO:
binding capacity and strength. Analysis have been carried out on a ChemBET Pulsar
apparatus (Quantachrome Instruments). Prior to analysis, samples (0.3 g) were
exposed to a He-gas flow (80 mL/min) and heated up to 200 °C (10 K/min) for 1 h to
remove surface H20. The loading of the surface with CO2 was also carried out at
200 °C, followed by cooling down to 50 °C. The sample was thereafter heated up under
He gas flow (80 mL/min, 10 °C/min) to 700 °C and the desorbed CO2 was measured
via a Thermal Conductivity Detector (TCD).

H>-TPR

Hao-Temperature programmed reduction (H2-TPR) was used to determine the
reducibility of the surface. Analysis have been carried out on a ChemBET Pulsar
apparatus (Quantachrome Instruments). Prior to analysis, samples (0.3 g) were
exposed to N2-gas flow (80 mL/min) and heated up to 180 °C (10 °/min) for 1 h to
remove surface H20, followed by cooling down to 100 °C. The sample was heated up
again under Hz2/N2 (5/95 v/v) gas flow (80 mL/min, 10 °C/min) to 850 °C. The used H2

was measured by via Thermal Conductivity Detector (TCD).

XPS

X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation states of
the surface elements. Analysis have been carried out using a Thermo Scientific system
at room temperature with Al Ka-radiation (1484.6 eV) and a spot size of 400 ym. A
flood gun was utilized to reduce charging effects of the samples. The resulting spectra
were corrected by setting C1s binding energy at 284,8 eV. Data were processed by

using Avantage 4.87 software.

Microscopy



High-resolution transmission electron microscopy (HRTEM) images were obtained
using a double-corrected (CESCOR and CETCOR, CEOS) JEOL JEM 2200FS
microscope with an in-column image filter (Q-type), a high-angle annular dark-field
(HAADF) detector, and a Gatan 4K UltraScan 1000 camera at an accelerating voltage
of 200 kV. Energy-dispersive X-ray spectroscopy (EDX) elemental maps were

obtained using a JEOL JED-2300 analysis station with a 100 mm2 silicon drift detector.

Catalytic evaluation

All experiments were performed in a continuous-flow high-pressure fixed-bed reactor
setup (inner diameter 20 mm) made of stainless steel (1.4571), surrounded by a
heating jacket (see Figure S1). The reactant gas mixture consisting of 25 % CO2 (4.5
grade) and 75 % Hz (5.0 grade) from Westfalen as well as N2 (5.0 grade) from Air
Liquide was conveyed into the reactor by mass-flow controllers (Bronkhorst Prestige
FG-201CV). The reaction pressure was adjusted with a back-pressure regulator (Dutch
Regulators). The catalyst bed temperature was controlled with an inside located
thermocouple. Reactor inlet and outlet gas lines were heated to 180 °C with regard to
preheat the reaction gas and to avoid condensation of methanol and water. Every
30 min, the outlet steam was sampled and analyzed by online gas chromatography
(Bruker 450-GC). The GC has four columns (Restek U-Bond, Restek Q-Bond, Bruker
Swax, Bruker Molsieve 5 A), a methanizer (for CO2 and CO quantification), two flame

ionization detectors (FIDs) and one thermal conductivity detector (TCD).

5.0 or 4.0 g of catalyst with a particle size of 80-250 um (mixed homogeneously with
quartz beads) were filled into the reactor and held in place by a bed of quartz wool.
Prior to reaction, the catalyst was pre-treated at 200 °C under flowing N2
(300 Nml min-*) for 1 hour. The Ni and Cu containing catalysts were pre-reduced using
10 % H2/N2 (500 Nml min-") at 200 °C for 1 h. Thereafter, the catalyst bed was heated
to 300 °C and the reaction gas mixture with a CO2/Hz stoichiometric ratio of 1/3 was
fed with a flow of 1200 Nml min-! into the reactor, which was pressurized to 50 or
75 bar, respectively. Materials were tested 3 h under steady-state reaction conditions
for performance comparison. Afterwards, the reactor was cooled to room temperature
(3 Kmin™") under a continuous flow of nitrogen (1000 Nml min-') after reaction. The

catalyst was removed and stored under Ar (4.6 grade. Heide Gas) for further analysis.



The yield Yweon, selectivity Smeon and productivity Pcat were calculated according to

the following equations.

YMeon = ::;;o,ﬂ' 100 % (82)
2-.1n
_ NMeOH.out="MeOH.in , 0
Sueon = 1 , 100 % (S3)
NnC0,.in~MCOz.0ut
_ YMmeoH
Xeo, =5, (S4)
P = MMeOH.out"’MMeOH (S5)
cat — Meat

mg
Peqt'1000 —=
— g
Psurface - SBET (86)

Prhetal = Toat (87)

(Windium+®Wmetal promoter)

The calculation of (2) to (4) was done as follows: the adjusted standard volume flow (Vy) and
the known feed gas (y;i,) composition allowed the calculation of the molar flow of component
i entering the reactor, under consideration of the ideal gas law.

. Yiin'V

Njin = pN;TN (S8)
In (8), py and Ty are standard pressure and temperature. As for the carbon balance of the

reaction system, the total molar flow at the reactor outlet can be determined from the molar

fractions of CO2, CO and methanol known from online gas chromatograph analysis.

. _ NCo,.in
Nges.out — (89)
¥Yc0y.0uttYco.outtYMeOH.out

The molar flow of the component /, at the reactor outlet was calculated as follows.
Niout = ﬁges.out * YViout (510)

The gas hourly space velocity (GHSV) was used to relate the standard volume flow (V) to the

catalyst volume (V,4;:):

GHSY = n (811)

cat



PR-3 RV-3 V-3 MFC-2 F-3

Designations
V: Valve

e -

- NC-1
PR: Pressure reduce

F: Filter

RV: Non-return valve

NC: Normally-closed valve

TIC: Temperatur indication control
BD: Burst disc

PIR: Pressure indication recording
TIR: Temperature indication recording
BPR: Back-pressure-regulator

GC: Gas chromatography

Figure S1. Instrumentation and piping diagram of the continuous-flow high-pressure fixed-bed reactor setup.
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Supplementary catalytic results and characterization of In203/ZrO2

Impact of different ZrO:-supports and synthesis method on catalytic

performance of In203/ ZrO2-catalysts.

Table S1. Catalytic performance of In,04/ZrO, (M-SG) and (S-AA) during a temperature ramp from 250 to 275 to 300 °C and
back to 250 °C with 1200 NmL-min"" at 50 and 75 bar.

/

X/ Pcat ! ' YMeoH.COZ / SMeOH.COZ
% R

h % %

In203/ZrO4 T/ °C | 250 | 275 | 300 | 275 | 250 | 250 | 275 | 300 | 275 | 250250 | 275 | 300 | 275 | 250] 250 | 275 300 | 275 | 250
75bar| 44 | 9.3 |18.7| 8.6 | 3.6 |0.16]0.30/0.47|0.29/0.14| 3.4 | 6.4 [10.0| 6.1 | 3.0 |77.2|69.3|53.5|70.9|83.0
50bar] 33 | 7.5 |115.2]| 7.0 | 3.0 ]0.12/0.23]0.34]0.22]0.12| 2.6 | 5.0 | 7.2 | 4.7 | 2.5 |79.7/66.5|47.6|67.3/81.3
75bar] 23 | 56 |12.5| 5.4 | 2.3]0.10/0.19]0.33]0.19]|0.10 1.9 | 3.9 | 6.8 | 3.8 | 1.9 ]80.7|69.1|54.4|71.1/82.8

50bar] 25 | 55 |11.5| 5.3 | 2.3]0.10/0.18/0.30/0.18]0.10} 2.0 [ 3.9 | 6.4 | 3.9 2.0 |81.9/71.6|56.1/73.6| 85
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Figure S2. Methanol yield (squares) and productivity (bars) in dependency of total pressure p = 50 bar (orange)
and p =75 bar (blue) for different ZrO2 supports (SG or AA) compared with the commercial Cu-based catalyst.
Simulated equilibrium yield at T =250 °C and p = 75 bar. Reaction conditions: CO2/H2 = 1/3; GHSV = 8400 h;
TOS =3 h; T=250 °C; hbea =5.1 £ 0.1 cm.

Table S2. Evaluation of catalytic experiments using In203/ZrO2 (M-AA), calculated arithmetic means and standard
deviations at 75 bar and 300 °C.

M-AA-1 M-AA-2 | M-AA-2 | M-AA-2 | Arithmetic mean | Standard deviation
Scoz (%) 66.1 65.5 58.8 57.3 61.9 4.52
Yeoz (%) 8.47 8.54 8.47 8.62 8.53 0.071
Pecat (gmeoH gcaf h) 0.399 0.403 | 0.399 | 0.406 0.402 0.003
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Figure S3. Methanol yield and active productivity of In203s/ZrO2 (M-AA) with calculated error bars out of two different
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Figure S4. Influence of different ZrO2 (SG or AA) supports and synthesis methods (M or S) on surface productivity
Psurface, Normalized to amount to the specific surfaces, and methanol yield in comparison to the calculated
equilibrium yield. Reaction conditions: CO2/Hz2 = 1/3; GHSV =8400 h'; TOS=3h; T=300°C; p =75 bar,
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a) ZrOz2 (AA)

e) In203/ZrOz2 (S-SG)

At

Figure S5. SEM images of a) ZrOz (AA) b) ZrO2 (SG) c) In203/ZrO2 (S-AA), d) In203/ZrO2 (M-SG), €) In203/ZrO2
(S-SG) and f) In203/ZrO2 (M-AA).
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Figure S6. XRD patterns a) and pore size distribution determined by BJH method, b) for different ZrO2 (AA and
SG) and incorporated with In203 (S-AA, S-SG, M-AA and M-SG)

Table S3. Integral data of CO2-TPD. Low (50 °C - 350 °C), high 350 °C - 650 °C and overall Hz reduction capacity
of ZrOz and In203/ZrO2 material with In203/ZrO2 (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

low high overall
ZrO2 (SG) 1.67 0.17 0.66
ZrO2 (AA) 1.21 0.19 0.52
In203/Zr0O2 (M-SG) 1.00 1.00 1.00
In203/ZrOz2 (S-SG) 0.59 1.12 0.95
In203/ZrO2 (M-AA) 0.58 0.82 0.74
In203/ZrO2 (S-AA) 0.50 0.75 0.67

Table S4 H2-TPR integral data for low (110 °C - 420 °C), high 420 °C - 840 °C and overall area of ZrOz and
IN203/ZrO2 material with In203/ZrO2 (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

low high overall
ZrO2 (SG) 0.02 0.00 0.01
ZrO2 (AA) 0.03 0.00 0.01
In203/Zr0O2 (M-SG) 1.00 1.00 1.00
In203/Zr0z2 (S-SG) 1.08 1.05 1.06
In203/ZrO2 (M-AA) 0.78 1.18 1.06
In203/ZrOz2 (S-AA) 0.74 0.82 0.80
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Supplementary characterization of CuO-/NiO-/MgO-/Ce02-In203/ZrO2
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Figure S7. Catalytic performance of CuO-, NiO-, MgO- and CeO-promoted In203/ZrO2 compared to In203/ZrO2 (M-
SG), productivity Pmetat Normalized to amount of active metals, CO2 conversion. Reaction conditions: CO2/Hz2 = 1/3;
GHSV =8300 h''; TOS=3 h; T =250 °C; p = 75 bar; hbea = 5.1 £ 0.1 cm.
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a) CuO-In203/ZrO2

b) NiO-In203/ZrO2

¢) MgO-In203/ZrO2

Figure S8. SEM images of a) CuO-In203/ZrOz2, b) NiO-In203/ZrOz2, c) MgO-In203/ZrO2, d) CeOz2- In203/ZrO2.
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Figure S9. Analysis of CuO-, NiO-, MgO- and CeOz-promoted In203/ZrO2 compared to In203/ZrOz (M-SG):
XRD pattern, b) pore size distribution (determined with BJH method).
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Figure $10. XPS spectra before (black) and after (red) reaction of a) In3d for CuO-, NiO-, MgO- and CeO2-promoted
In203/ZrO2 compared to In203/ZrO2 (M-SG), b) Cu2p for CuO-In203/ZrO2, c) Ni2p for NOi-In203/ZrO2, d) Mg1s for
MgO-In203/ZrO2 and e) Ce3d for CeO2-In203/ZrO2.
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Table S5 Integral data of CO2-TPD. Low (50 °C - 350 °C), high (350 °C - 650 °C) and overall area of CuO-/ NiO-/
MgO-/CeOz2-In203/ZrO2 with In203/ZrO2 (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

; overall
low high
CuO-In203/ZrO2 2.30 1.15 1.53
NiO-In203/ZrO2 1.73 1.48 1.56
MgO-In203/ZrO2 2.89 0.85 1.52
Ce02-In203/ZrO2 1.26 0.63 0.83
In203/ZrO2 (M-SG) 1.00 1.00 1.00

Table S6. H2>-TPR integral data for low (110 °C - 420 °C), high (420 °C - 840 °C) and overall area of CuO-/ NiO-/
MgO-/CeOz2-In203/ZrO2 with In203/ZrO2 (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

; overall
low high
CuO-In203/ZrO2 1.78 0.69 1.01
NiO-In203/ZrO2 1.31 0.90 1.02
MgO-1n203/ZrO2 0.53 0.75 0.68
Ce02-In203/ZrO2 0.81 0.79 0.80
In203/ZrO2 (M-SG) 1.00 1.00 1.00
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Supplementary characterization of NiO-In203/ZrO2 (WI1), (CR) and (CP)
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Figure S11. Analysis of NiO-In203/ZrO2 prepared by WI, CR or CP compared with In203/ZrO2 (M-SG): a) XRD
pattern, b) pore size distribution (determined with BJH method).

Figure S12. Backscattered electron analysis (left) and secondary electron analysis (right). SEM images of
a) Ni-In203/ZrO2 (W1), b) Ni-In203/ZrO2 (CR) and c) Ni-In203/ZrO2 (CP).
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Figure S13. XPS spectra of Ni2p for Ni-In203/ZrO2 prepared by WI, CP and CR.

Table S7. Integral data of CO2-TPD. Low (50 °C -350 °C), high (350 °C-650°C) and overall area of
NiO-In203/ZrO2 prepared by Wi, CR and CP with In203/ZrOz (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

- overall
low high
NiO-In203/ZrO2 (WI) 1.64 1.71 1.69
NiO-In203/ZrO2 (CR) 1.47 0.58 0.87
NiO-In203/ZrO2 (CP) 1.70 0.53 0.91
In203/ZrO2 (M-SG) 1.00 1.00 1.00

Table S8. H2 TPR integral data for low (110 °C - 420 °C), high (420 °C - 840 °C) and overall area of NiO-In203/ZrO2
prepared by Wi, CR and CP with In203/ZrO2 (M-SG) as normed reference (1.00).

nominal area of adsorption capacity

; overall
low high
NiO-In203/ZrO2 (WI) 1.05 1.25 1.19
NiO-In203/ZrO2 (CR) 0.75 0.70 0.72
NiO-In203/ZrO2 (CP) 1.05 1.25 1.19
In203/ZrO2 (M-SG) 1.00 1.00 1.00
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Figure S14. FID chromatogram for NiO-In203/ZrO2 (WI): Valve switch-, CO-, CO2- and MeOH peak. Reaction
conditions: CO2/H2 = 1/3; GHSV = 4600 h™'; T=300 °C; p = 7.5 MPa; hved = 5.1 £ 0.1 cm.

100pm

100pm

Figure $15. SEM-EDX elemental mapping images of Ni-In203/ZrO2(WI) after 100 h TOS. In distribution left (yellow);

Ni distribution right (green).
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Process flow diagram
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Figure S 1. Instrumentation and piping diagram of the high-pressure compact profile reactor setup.

Supporting Calculations

The molar flow of component i was calculated (S1) using the adjusted standard volume flow (Vy),
standard pressure py, standard Temperature Ty and known feed gas (x;,) composition assuming the
ideal gas law.

. PNXiin" VN
ni,in = RTN (Sl)

Regarding the carbon balance of the reaction system, the total molar flow at the reactor outlet Mges out

can be ascertained by utilizing the molar fractions of CO,, CO, and MeOH (S2), which are determined
through online gas chromatograph analysis.

Nco,.in

nges,out = xCO2,out+xCO,out+xMeOH,out (Sz)
The component molar flow 7; ¢, at the reactor outlet was calculated as follows.
Niout = Nges,out * Xi.out (S3)

With the molar flow of component i and the catalyst mass the reaction rate » was calculated according
(S4):

Niin— M, out

ri= (54)

Mcat

S2



The average particle size of the pure and metal doped In,O; catalysts are estimated by the Scherrer
equation from the (611) reflex:

_ Ak
" BcosO

d (S5)
where A is the wavelength of the X-ray, £ is the shape factor (0.89), £ is the full width at half
maximum (FWHM) of the reflection and € is the Bragg angle.!

Mass-transfer limitation criteria

The Carberry number, Ca, is used to estimate the external mass transfer limitation. Ca <0.05 indicates
that the diffusion resistance by external mass transfer may be neglected. The Ca number is defined
with the following equation?:

Tobs 0.05

Ca = ke, < i

(S6)

The specific external surface of the spherical catalyst particle is calculated with the particle diameter
dp:

6
a=g (S7)
The mass transfer coefficient (k;) was calculated using the correlation by Dwlvedi for packed beds 3,

where the Sherwood number Sh requires the bed porosity &4, the Reynolds (Re) and Schmidt (Sc)
number:

D
kf = Shy (S8)
1
Sh = . - 0.453 - Re1.453 . SC0.333 (89)
bed
Re = Pcoz,2 U dp 310
€= Hcoz,H2 ( )
Hcoz,H2
Sc= Pcoz,H2D (S11)

The density of the gas mixture pcoz y2 was determined via Aspen Plus V12 using Soave-Redlich-
Kwong (SRK) equation of state.* According to the Wilke method’ (Eq. S12) the gas viscosity pcoz,u2
was estimated:

— YN Uiy S12
Hcoz2,H2 Zl=1<—2§v=1}ﬁ'¢ij> (512)
1/2 1/4]?
_ |l /“j) +(m; /m5) ] 313
j= 7, (S13)
[(2+, /)]
M;; and p;; are the molar mass and viscosity of each species. The pure component viscosity is
calculated as follows using the parameters.°
ClTCZ
Hij = 1+—ET3 +—Z‘2* (S14)
T
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Table S 1. Parameters for the viscosity of pure species and their diffusion volume 7.

Species  M; (g mol ') (o C, C; C, Uei
CO, 44.01 2.148-10¢ 0.46 290 0 26.9
H, 2.016 1.797-107 0.685 -0.59 0 7.07

The molecular diffusions coefficient D, where v; is the viscosity of pure species, is calculated as
follows ®:

10~773/2,[1/M+1/M;
Dcoz,u2 = P02/ +07%) ; (S15)

vef T HUg)

Synthesis and Characterization of metal- promoted In,0;/ZrO, catalysts

Wetness impregnated In,05/ZrO, based catalysts with the desired elemental composition of 10 wt%
indium and eventually 1 wt% promotor were successfully prepared according to the protocol described
in the catalyst synthesis section. The specific surface areas (BET) of the synthesized catalysts are
comparable to previous literature and experiments .°!! The state-of-the-art Cu/ZnO/Al,O; catalyst has
a slightly higher BET surface area, but a significant smaller pore radius. The combined results can be
seen in Table S2. For all experiments sieve fractions between 80-250 um were used.

Table S 2. Textural properties of InyO3/ZrO, based catalysts and the commercial Cu/ZnO/Al,O; catalyst.

In Zr Cu/Ni/Ce SgeT @ pore pore volume @ In,O3 crystallite
(Wt.%)2  (wt.%)? (Wt.%)? (m3/g)°  radius (nm)® (cmd/g)° size (nm)e
Cu/ZnO/Al,O3 - - 431 99 2.53 0.206 -
In,04/Zr0, 10.05 60.90 - 74 3.40 0.224 8.56
Ni-In,03/ZrO, 10.48 63.85 0.76 81 3.70 0.216 8.56
Cu-In,05/Zr0, 10.45 62.25 0.95 72 4.07 0.218 8.56
Ce-In,03/Zr0, 10.40 61.83 0.91 77 3.40 0.207 8.56

2 Determined by ICP-OES, deviation + 10 %. ® Measured by N,-physisorption at 77 K, deviation + 5 %. ¢ Determined using
the Scherrer equation and the corresponding (611) reflections of In,O; in the XRD.

Powder X-ray diffraction (XRD) revealed a similar structure for the synthesized catalysts. The
Iny05/ZrO, catalyst employed as a precursor for the metal promoted catalyst showed reflections for c-
In,0; and m-ZrO,. For ¢-In,0;, the (h00) reflections (200), (400), (600), and (800) are present, as well
as (222), (521), and (611). The FWHM of the (611) reflection was used to determine the average size
of the single-crystalline domains since most of the other reflections partly overlapped with the signals
of m-ZnO, (e.g. with (020) or (022)). Using Scherrer’s equation, we calculated a mean single-crystal
size of 8.6 nm for all In-based catalysts.! The most intense reflections in the XRD patterns are the (111)
and (-111) reflections of m-ZnO, (Figure S2). From the (111) reflection a mean size of 11.3 nm can be
calculated for the single-crystalline domains of ZrO,. The In,0;/ZrO, catalyst precursor such as the
method of synthesis does not affect their structure. The XRD for the catalysts with a metal promotor
(Ni, Cu, Ce) were not much different from the original indium catalyst. No reflections of the
corresponding promotor could be observed whereby a similar overall structure can be concluded (Figure
S2). The SEM-EDX images show a uniform dispersion of indium and all promotors (Figure S3).
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Figure S 2. XRD patterns for the In,05/ZrO, and metal promoted catalysts. Expected locations of the ¢c-In,O; (ICSD:
169420) are shown at the bottom.
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Figure S 3. SEM-EDX elemental mapping of In,O3/ZrO, based catalysts. Top: In distribution (yellow). Bottom: exemplary
Zr distribution (orange) and metal promotor distribution (green (Ni) / blue (Ce) / purple (Cu)).
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(611) reflection patterns of In,0;/ZrO, based catalysts
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Figure S 4. Width of the (611) reflection used for the Scherrer evaluation of the In,03/ZrO, based catalysts and for Ni-
In,05/Zr0O, after 90 h time-on-stream.

Integration of H, TPR and CO, TPD curves

To better compare the metal promoted catalyst with the In,O5/ZrO, catalysts, the integral of the H,
reduction curve and CO, desorption curve were calculated between 100 and 600 °C. The areas below
the curves are proportional to the H, and CO, uptake. To obtain the nominal value, the areas for the
In,05/Z10, catalysts were set to 1.00 and the areas of the metal promoted catalyst calculated accordingly.
Table S3 provides the area for the integration of all measurements.

Table S 3: Calculated area for the H, TPR and CO, TPD and the calculated nominal reduction and adsorption capacity.

Catalyst Area H, reduction Area CO, reduction Nominal H, Nominal CO,
(100-600 °C) (100-600 °C) reduction capacity adsorption capacity
In,04/Zr0, 13231.35 3963.26 1.00 1.00
Ce-In,04/Zr0, 16977.65 5008.24 1.28 1.26
Cu-In,04/Zr0, 20118.01 2775.01 1.52 0.70
Ni- In,04/ZrO, 18527.23 6169.30 1.40 1.56
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Results and temperature gradient of other Ce- and Cu-promoted In,03/ZrO, catalysts
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Figure S 5. Spatially resolved temperature and active productivity profile at 7= 250°C, p = 50 bar, GHSV = 63,000 h'! and
feed gas composition of CO,/H, = 1/3. The measurements were taken between 5 h and 35 h TOS. a) Ce-In,O5/ZrO, and b)
Cu-In,05/ZrO, of MeOH (green) and CO (blue), temperature profile (red).

Supporting temperature profile at different GHSVs
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Figure S 6. Spatially resolved temperature and active productivity profile for Ni-In,O5/ZrO, at 7= 250°C, p = 50 bar at
different GHSV (a) 32,000 h! (b) 63,000 h-! (¢) 95,000 h-!. The measurements were taken between 5 h and 35 h TOS.
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Supporting Post-mortem characterization of the Ni-doped catalyst
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Figure S 7. XRD patterns of the Ni-In,O3/ZrO, catalyst before (red) and after 90 h time-on-stream (black). Expected
locations of the c-In,O3 (ICSD: 169420) are shown at the bottom.
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Figure S 8. SEM-EDX mapping analysis of indium (yellow), zircon (orange) and nickel (green) after 90 h time-on-stream.
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Calculations

The error bars are calculated with the following formula:

L(x—x)*
- = o

where X is the sample average value and the sample size z.

The average particle size of the InOx catalysts are estimated by the Scherrer equation:'

kA
d =
Bcos6

(82)

where £ is the shape factor (0.89), 4 is the wavelength of the X-ray, £ is the Full width at half maximum
(FWHM) of the reflection and & is the Bragg angle.

Catalyst preparation according to known literature

F-Ni/In,O3-WI was synthesized according to Frei et al..> Ni(NOs),'6 HO (7.93 g) was dissolved in
50 mL of dest. water. 13.5 g of In,O3 were added to the solution and the suspension was stirred for 14 h
in a rotary evaporator (111 rpm, room temperature, 800 mbar). Afterwards the temperature was raised
to 75°C to remove the solvent. The residue was then calcinated for 3 h at 350 °C (heating

rate = 2 K/min).

J-Ni/In,0s-CR was synthesized according to Jia et al..’ Ni(NOs);'6 HO (5.29 g) was dissolved in
340 mL of dest. water. 9.00 g of In,O3 were added to the solution and the suspension further dispersed
by ultra-sonication for 30 min. Afterwards the suspension was aged for 1 h at 80 °C. A 0.02 M NaBH,4
solution with 0.01 M NaOH was prepared and added dropwise to the suspension under constant stirring.
The reaction mixture was then further aged for 2 h at 80 °C. The suspension was filtered and washed

with 3-:500 mL of dest. water. The residue was dried at 65°C for 12 h.

F-Ni/In,O3-CP was synthesized according to Frei e al..* Ni(NO3),:6 H>O (7.93 g) and In(NOs);-1.8 H,O
(32.4 g) were dissolved in 590 mL of dest. water. The pH of the solution was raised to 9.2 by the
dropwise addition of a 1 M Na,COjs solution under stirring. The suspension was aged for 1 h and 590 mL
of dest. water was added afterwards. The suspension was filtered and the precipitate washed with dest.
water until a pH of 7 for the filtrate was reached. The residue was dried (65°C, 12 h) and calcinated for
3 h at 300 °C (heating rate = 2 K/min).

The reference NiO material was prepared by calcination of Ni(NOs),-6 H,O (10.0 g) for 3 h at 350 °C
(heating rate = 2 K/min).

In203/ZrO7 catalysts have been prepared via impregnation according Martin et al. (M-In,0s-

Zr0»)’ or Schiihle et al. (S-Inx03-Zr0»).* Martin et al. dissolved In(NOs)3-1.8 H,O (6.84 g) in 630 mL
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of ethanol and 216 mL of dest. water. Then 18 g of granulated ZrO, pellets with a particle size of 32-80
pm was added to the solution. The suspension was stirred for 5 h in a rotatory evaporator (111 rpm,
room temperature, 800 mbar) to remove the solvent. After the impregnated powder was dried (65°C, 12
h), heated with 5 K/min to 300 °C and calcinated for 3 h. Schiihle et al. prepared a stock solution due to
dissolving 10 g of In(NOs3)3-1.8 H,O in 25 mL of dest. water. Then 17.1 g of granulated ZrO, pellets
with a particle size of 32-80 um was added to the solution. A rotary evaporator removed the aqueous
supernatant followed by drying (65°C, 12 h). The generated powder was heated with 5 K/min to 300 °C

and calcinated for 3 h.

Z-InZrO was synthesized according to Zhang et al..” ZrO(NOs), (6.18 g) and In(NO3);-1.8 H,O (40.1 g)
were dissolved in 100 mL of dest. water and heated to 80 °C. A 0.2 M Na,COs solution was added
dropwise to the solution until a pH of 10 was reached. The solution was aged for 3 h at 80 °C and filtered
afterwards. The residue was washed with 3-500 mL of dest. water and dried at 80 °C for 12 h and
calcinated for 3 h at 300 °C (heating rate = 2 K/min).

Z-Ni-InZrO-CR was synthesized according to Zhang et al..” Ni(NO3),-6 H>O (7.93 g) was dissolved in
200 mL of dest. water and stirred for 1 h at room temperature and heated to 80 °C afterwards. A second
solution of NaOH and NaBH, in water was prepared. It was prepared to contain three times the molar
mass of NaOH and four times the molar mass of NaBH4 compared to the molar mass of Ni in the first
solution. The second solution was added dropwise to the first solution and subsequently aged for 2 h at
80 °C. The resulting suspension was filtered and washed with dest. water until a pH of 7 for the filtrate

was reached. The residue was dried at 65°C for 12 h.
Online GC analysis conditions

For each measurement 10 pL of the sample was injected by a sample loop. The valve and the sample
loop are held at a constant temperature of 200 °C. First, in the nonpolar RT-Q-Bond column CO, and
CH4 were separated from CO. The polar RT-U-Bond column and the BR-Molsieve 5 A improved the
peak shape, accuracy with sharp and symmetrical peaks for CO, CO, and CH4. The polar BRSwax
optimized the separation between methanol, i-butane and dimethyl ether (see Figure S 1.) The front
thermal conductivity detector (TCD) with a temperature of 175 °C detects CO and CO,. The Methanizer
converts CO and CO; into CH4 which is quantified by the middle flame ionization detector (FID, 250
°C). The rear FID with a temperature of 250 °C quantifies methanol. The initial temperature of the

column oven was 50 °C. After 5 min the column oven is heated to 115 °C (5 °C min™).
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FID Rear TCD Front > Methanizer —»1 FID Middle

Figure S 1. Schematic setup for the online GC analysis with the four columns, three detectors and one methanizer in between.
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List of all catalysts used with elementary composition

Table S 1. Elemental composition of all catalysts used determined by ICP-OES.

Catalyst Indium content [wt%] Promotor content [wt%]
F-Ni/In;O3-WI 72.26 % Ni: 9.51 %
J-Ni/In,O; -CR 65.56 % Ni: 11.95 %
F-Ni/In,O5-CP 66.85 % Ni: 9.08
Z-InZrO 69.22 % -
S-Inx03/Zr0O; 11.09 % -
M-In,03-ZrO, 11.08 % -
In(OH)3/Z1rO, 7.25 % -
Z-Ni-InZrO-CR 56.45 % Ni: 7.67 %
Ni-In203/ZrO-CP - 3.55 % Ni: 0.41 %
Ce-In,03/ZrO»-CP 8.10 % Ce: 0.99 %
Mg-In20:/Zr0,-CP 2.84 % Mg: 0.26 %
Ni-In,03/ZrO,-CP 7.44 % Ni: 0.75 %
Ce-In,03/ZrO,-CP 7.62 % Ce: 0.70 %

Blind activity of reactor setup and reference materials

0.10 100
8 80
0.08 - =
= 0.06 1%
I I
3 3
= 140 =
2 0.04 n
>
b =
20
0.02
1 - mE 4o
000 LEZZZZ7A 777777 V277000 V27270 o
Blindversuch ZrO, In,04 In(OH), NiO
(St. Gobain) Mesh Powder
(Alfa)

Figure S 2. Blind activity for the empty reactor setup and reference materials. Comparison of STY and selectivity. Reaction
conditions: 7 =300 °C, p =75 bar, Ho/CO2 = 4/1, mret= 2.0 g, N = 1200 rpm, Voi = 100 mL, #r = 3h.
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Ni distribution on the In203 surface with different preparation methods

F-Ni/In203-WI1 J-Ni/In203-CR F-Ni/In203-CP

b)

250nm

[ ree——— ]
100nm

Figure S 3. Morphological and compositional analysis of nickel-doped In20Os catalysts. a) HRTEM images, with d-spacing
analysis. b) HAADF-STEM images. STEM-EDX maps of Ni-In2O; catalysts ¢) Indium and d) Nickel distribution.
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Reproduction experiments using the In203/ZrQ:2 reference catalyst

Table S 2. Mean value and standard deviation of the reaction parameters yield (Y), selectivity (S), STY and conversion (X)
for the reproduction experiments using the In203/ZrOxz catalyst.

X In203/ZI‘02 o In203/Zl‘02
Ymeon, coz 7.8 % 0.28 %
SMeOH, CO2 34 % 1.1%
STY: 0.066 0.0025
Xcon 22.5% 1.62 %
Yco, co2 14.8 % 1.29 %
0.10 100
0001 Jo0
008 180
— 0.07 {70
= 1 : T .
™ 0.06 =] 460 —
> S
5 0.05 {50 3
2 1 s
2 0,04 d40 0
> |
'—
» 0.03 430
002 ] 420
0.01 410
0.00 1o

Ex;l). 1 Ex;l). 2 Ex;l>. 3
Catalyst [In,04/ZrO,]

Figure S 4. Comparison of STY and selectivity for three reproduction experiments using a reference In203/ZrO: catalyst.
Reaction conditions: 7= 300 °C, p = 75 bar, H2/CO2 = 4/1, mrer=2.0 g, N = 1200 rpm, Voi = 100 mL, ¢z = 3h.

0.16 50
] 48
0.14 4 [}
o 446
0.12 4 44
v: 442
= 0.101
C§ - 40 §
% 0.08 {38 %
2 2
2 136 0
> 0.06 1
5 134
0.04 432
430
0.02 4
428
0.00 26

T T T T T T f
Z- InZrO Z-Ni-InZrO - CR M-In,04/ZrO, Ni-In,04/ZrO, - CP

Figure S 5. Influence of nickel doping on the catalytic activity of Z-InZrO and M-In203/ZrOz. Reaction conditions:
T=300 °C, p =175 bar, Ho/CO2 =4/1, mrer= 2.0 g, N=1200 rpm, Voi = 100 mL, tr = 3h.
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Conditions for the CO2 TPD and H2 TPR measurements

Table S 3. Conditions for the CO2 TPD and H2 TPR measurements performed with the ChemBET Pulsar by Quantachrome
Instruments.

CO: TPD H2TPR

Change Gas to Helium Change Gas to Nitrogen

Ramp Temp to 200 °C at 10 °C/min Ramp Temp to 180 °C at 10 °C/min
Wait until setpoint Wait until setpoint

Wait for 60 min Wait for 60 min

Change Gas to Carbon dioxide Switch Fan On

Wait for 30 min Ramp Temp to 40 °C in 30 min
Switch Fan On Wait until setpoint

Ramp Temp to 40 °C in 30 min Wait for 40 °C min

Wait until setpoint Switch Fan Off

Wait for 10 min Change Gas to Hydrogen

Change Gas to Helium Wait for 10 min

Wait for 30 min Perform TPR Analysis until completed
Switch Fan Off Ramp Temp to 850 °C at 10 °C/min
Perform TPD Analysis until completed Wait until setpoint

Ramp Temp to 700 °C at 10 °C/min End Analysis

Wait until setpoint Change Gas to Nitrogen

End Analysis

CO2 TPD curves for M- and S-In203/ZrO2 catalysts compared to different types of
Zr02

450

_ Zr0, SG
400 ] - - Zr0, AA
| M-In,0,/ZrO,
250 —— $-1n,0,/Zr0,
300 -
o
S e
E 250
& 200
k=)
2 ]
150 4
100
50 -

o+~—F"7——T——T—— 777
50 100 150 200 250 300 350 400 450 500 550 600 650
T[°C]

Figure S 6. CO2 TPD curves for the prepared In203/ZrOz catalyst by Martin et al. and Schiihle et al. with the corresponding
ZrO; from St. Gobain (SG) and Alfa Aesar (AA).
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CO2 TPD curves for Ni- In,03/ZrO; and Ce-In,03/Zr0O;

14

Ni-In,04/Zr0O,
—— Ce-In,0,4/Zr0,

12 +

10 +
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ol : :
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Figure S 7. CO2 TPD curves for the prepared In2O3/ZrO> catalyst with nickel and cerium as a promotor.

H2 TPR curves for various catalysts
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Figure S 8. Comparison of surface reducibility of various catalysts by H2 TPR.
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Batch comparison of Ni-In203/ZrO2 catalysts

Table S 4. Metal loading of different batches of Ni-In2O3/ZrO2-CP catalyst determined with ICP-OES.

Catalyst composition Batch Abbreviation Indium content Nickel content
(ICP-OES) (ICP-OES)
Ni-In203/ZrO,-CP 1 AW66SB 3,55 % 0,41 %
Ni-In205/ZrO,-CP 2 AW69SB 4,74 % 0,51 %
Ni-In,03/ZrO,-CP 3 AWT78NH 7,44 % 0,75 %
0.16 100
0.14 1 . ] 90
1 7 - z {80
0.12 4 / ]
= i <470
e 4
T 0101 leo
> I
% 0.08 - {50 %
5 o &
S 0.06 1%
|_
%) 430
0.04 ]
420
0.02 A 110
0.00 T f f | 0
Charge 1 Charge 2 Charge 3

Ni-In,0,/ZrO, - CP

Figure S 9. Comparison of STY and selectivity for the Ni-In203/ZrO2-CP catalyst. Reaction conditions: 7= 300 °C,
p =75 bar, Ho/CO2 = 4/1, mret= 2.0 g, N=1200 rpm, Voi = 100 mL, tr = 3h.
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Figure S 10. FID chromatograms for Ni-In203/ZrO> (CP) with assigned peaks.
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Post-mortem investigations of catalyst selection for DoE study

] Reference reflexes|—— Ni-In,0,/ZrO, pre
. . ® m-ZrO;  |—— Ni-In,0,/ZrO, post
1 ® C'In203 7
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20 30 40 50 60 70 80
20 [°]

Figure S 11. X-Ray diffractograms of Ni-In203/ZrO2-CP catalyst before (pre) and after (post) reaction. The reference reflexes
are marked. Reaction conditions: 7= 300 °C, p =75 bar, H2/CO2 = 4/1, mrer=2.0 g, N=1200 rpm, Voi = 100 mL, tr = 3h.
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Figure S 12. X-Ray diffractograms of Ce-In203/ZrO2-CP catalyst before (pre) and after (post) reaction. The reference reflexes
are marked. Reaction conditions: 7= 300 °C, p =75 bar, Ho/CO2 = 4/1, mrer= 2.0 g, N=1200 rpm, Voi = 100 mL, tr = 3h.
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Stability of mineral oil as a carrier liquid
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Figure S 13. 'H and '3C-NMR of the mineral oil before (blue) and after a total reaction time of 12 h (red).
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Influence of different carrier liquids on the catalytic performance
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Figure S 14. Influence of different carrier liquids on the catalytic performance of the Ni-In203/ZrO»-CP catalyst. Reaction
conditions: 7 =300 °C, p =75 bar, Ho/CO2 = 4/1, mrer=2.0 g, N = 1200 rpm, Voi = 100 mL, tr = 3h.
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Implementation plan of the statistical design of experiments

Table S 5. Implementation plan of the design of experiment study.

Run Factor 1 Factor 2 Factor 3 Factor 4
A: Pressure [bar] B: Temperature [°C] C: Catalyst mass [g] D: Stirrer speed [rpm]
1 50 250 2 1600
2 62.5 275 1.5 1400
3 75 300 1 1200
4 50 300 1 1600
5 62.5 275 1.5 1400
6 75 250 2 1200
7 75 250 1 1600
8 62.5 275 1.5 1400
9 50 300 2 1200
10 75 300 2 1600
11 62.5 275 1.5 1400
12 50 250 1 1200

Share of different influencing factors on the statistical design of experiments

B-Temperature
Curvature
A-Pressure

AD

Pure Error

AC

C-Catalyst mass
Lack of Fit
D-Stirrer speed

Figure S 15. Proportion of unknown influences on the statistical design of experiment.
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