Applied Catalysis A, General 713 (2026) 120675

Contents lists available at ScienceDirect

Applied Catalysis A, General

journal homepage: www.elsevier.com/locate/apcata

CO,- and CO-Conversion to Methanol over promoted CuO/ZnO-based
infiltration composite catalyst spheres — Characterization, experimentals
and comparative reaction kinetics”™

Carl Fritsch *®>*) Andreas Serwe ?, Sven Jovanovic *?, Hariprasad Ranganathan ¥,
Marcus Hans ‘©, Andreas Hutzler *™®, Jiirgen Dornseiffer ‘', Nikolay Kornienko ¢

a Forschungsinstitut fiir Wasserwirtschaft und Klimazukunft an der RWTH Aachen e.V., An der Olmiihle 4, Aachen, 52074, Germany

b Institute of Energy Technologies IET-1: Fundamental Electrochemistry, Forschungszentrum Jiilich GmbH , Wilhelm-Johnen-Strafe, Jiilich, 52428, Germany
¢ Institut fiir Anorganische Chemie, Rheinische Friedrich-Wilhelms-Universitdt Bonn, Gerhard-Domagk-Straf3e 1, Bonn, 53121, Germany

d Materials Chemistry, RWTH Aachen University, Kopernikusstr. 10, Aachen, 52074, Germany

¢ Helmholtz Institute Erlangen-Niirnberg for Renewable Energy (IET-2), Forschungszentrum Jiilich GembH , Cauerstrafe 1, Erlangen, 91058, Germany

f Institute of Energy Materials and Devices IMD-2: Materials Synthesis and Processing, Forschungszentrum Jiilich

GmbH, Wilhelm-Johnen-Strafe, Jiilich, 52428, Germany

ARTICLE INFO ABSTRACT

Keywords: Zirconia (ZrO,)-, Ceria (CeO,)-, and Calcium (CaO) -promoted Copper oxide (CuO) Zinc oxide (ZnO) catalysts
Methanol synthesis supported on y-alumina spheres are synthesized via incipient wetness impregnation (IWI) and characterized
RWGS using transmission electron microscopy (TEM), Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS),

Infiltration composite
CO,-hydrogenation
Parameter fitting

and CO,/H,-TPD. Catalytic performance is evaluated for carbon oxide hydrogenation to methanol (MeOH)
in mixed carbon oxide synthesis gas, examining both CO and CO,-conversion pathways and MeOH space-
Reaction kinetics time yields (STY). Temperature- and pressure-dependent reaction equilibria for MeOH formation from CO
Carbon monoxide and CO,, as well as the reverse water-gas shift reaction (RWGS) are investigated to demonstrate promoter
LHHW effects on surface reaction mechanisms and conversion efficiency towards MeOH and H,O. Reaction kinetics
are optimized using a previously formulated re-parametrized two-site Langmuir-Hinshelwood-Hougen-Watson
(LHHW) model for each catalyst system, providing comparative kinetic parameters for the binary, ternary,
quaternary, and quinary catalyst formulations. The kinetic models demonstrate good numerical agreement
with experimental data for both the promoted catalysts. Although CO-rich streams produce the highest MeOH
production rates in all samples, the promotion through ZrO, and CeO, significantly improved both CO and
CO, conversion (X;) compared to the binary CuO/ZnO catalyst formulation.

1. Introduction development for efficient conversion technologies and advances in
materials science for enhanced catalytic activation of the low-reactivity

The direct conversion of CO, to carbon-based platform chemicals CO,-molecule for hydrogenation to chemical products have become
and fuel substitutes promises to become a key technology for the prevalent in respective research fields, with some initial industrial
mitigation of industrial carbon emissions and thus plays a vital role applications being demonstrated commercially lately [1-3]. In this
in reducing anthropogenic climate impact. In recent years, process context, it is widely accepted that methanol (MeOH) is a very promising
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potential product derived from CO, [4]. Well established production
processes, a large international infrastructure, and wide applications as
both alternative fuel and as a platform chemical as well as compara-
tively easy adaption of commercial, fossil production processes towards
substitutional CO,-introduction as reactant, have led to the begin-
ning commercialization of a regenerative, CO,-based MeOH-production
network [3]. While process ramp-up is underway, some essential de-
velopmental issues prevail in the industrialization of the commercial
CO,-hydrogenation to MeOH on a catalytic level:

+ commercial CuO/Zn0/Al,05 (CZA)-catalysts show reduced activ-
ity towards the hydrogenation of CO, compared to commercial,
fossil derived CO-based reactant streams [5];

reduced activity can be attributed to the catalytically idle CO,
being harder to activate over CZA than CO, which is far more
prevalent in fossil derived SynGas. This necessitates the intro-
duction of different, more aggressive catalyst active sites for the
efficient activation and hydrogenation of CO, or the application
of alternative catalyst technologies, improving active catalyst
surface area [6,7];

the stoichiometric co-production of H,O in the hydrogenation of
CO, can lead to premature deactivation of CZA-catalysts, requir-
ing stabilizing agents for long term stability [3,8];

the exact mechanisms contributing to both CO- and CO,-
hydrogenation are still disputed, making it hard to securely apply
catalyst adaptions and optimizations on a molecular level for
enhanced conversion of CO, and optimized long term catalyst
stability [8-10];

while the hydrogenation of CO,, the underlying mechanisms
and the selectivity towards MeOH production of developed and
optimized catalyst formulas are the focus of many recent studies,
the reduction of CO, to CO and H,O via reverse water gas shift
reaction (RWGS) and its effects on possible commercial applica-
tion of presented catalysts are often not considered in detail. As
single reactor-pass carbon conversion ratios (X.) do not facilitate
once-through reactor operation in MeOH-production processes,
the unavoidable formation of CO and its reintroduction into the
reactor through gas recycling should be considered for catalyst
development. Thus, mixed carbon-oxide synthesis gas streams and
the interplay between CO and CO, in the formation of MeOH
should be considered, when developing new catalyst formulas and
assessing conversion effectiveness [11-13].

this requires either complex in-situ reaction characterization
through methods such as in-situ Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) analysis, the application
of complex testing facilities, which allow for controlled gas recy-
cling in laboratory environments or the application of kinetics
to be able to truly assess application potentials of tested catalyst
formulas [14-16].

Many recent studies have thus introduced different metal-oxides
as both catalyst promoters in CZA or as carriers and primary ac-
tive components in bimetallic, ternary, quaternary or quinary catalyst
formulas for enhanced hydrogenation of CO, to MeOH [5]. Herein,
especially cerium-oxide (CeO,) and zirconium-oxide (ZrO,) have been
identified as very efficient catalysts for the activation of CO, and its
subsequent hydrogenation to MeOH [15,17-20]. The ability of Ceria to
form oxygen vacancies on catalyst surfaces allows it to produce active
centers for the effective adsorption of CO, [21]. Furthermore it can
exhibit positive influences in lowering the Cu-crystallite sizes through
improved dispersion, thus also improving surface-coverage with active
centers for both CO- and H, adsorption [20,22]. Therefore, the use of
ceria in MeOH catalysts is able to improve both surface Cu* formation
as well as lowering required activation energies for CO,-activation and
subsequent hydrogenation, additionally being able to produce basic
active sites for improved adsorption of acidic CO, [20,23]. Through
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these effects CeO, is also able to produce strengthened bonds between
metallic Cu and adsorbed CO, inhibiting premature CO desorption and
thus preventing CO,-reduction to CO and H,O through RWGS [24,25].

In a comparable manner, ZrO, has been shown to positively effect
hydrogenation of CO,, increasing catalyst stability due to its slight hy-
drophobic character and improving dispersion of metal-oxide interfaces
that act as active centers in heterogeneous MeOH catalysts [17,19,26].
Additionally ZrO, can strengthen the binding of reaction intermediates,
thus inhibiting CO formation from CO, and improving selectivity to-
wards MeOH [17,27,28]. Alkaline earth metals have also shown to be
able to enhance conversion ratios, when added to CZA, with calcium
oxide (CaO) and magnesium oxide (MgO) promoted catalysts showing
improved CO, conversion over CZA-samples, especially at high reaction
temperatures [29,30].

Additionally, Multi-metal-oxide interactions in promoted catalysts
can enhance the promotional effects of individual additives, improv-
ing the conversion efficiencies of multicomponent catalyst formula-
tions compared to single-promoter systems [31,32]. Building on recent
developments in direct CO, hydrogenation to MeOH, we previously
introduced four novel carrier catalyst samples designed for efficient
CO,-to-MeOH conversion [11]. These samples were prepared as infil-
tration composites by coating y-Al,O5 spheres with CuO/ZnO (20%
CZ) and successively adding CeO, (20% CZC), ZrO, (20% CZCZ), and
CaO (20% CZCZQ), yielding four catalysts with systematically varied
metal-oxide promotion.

All catalysts exhibited high selectivity towards CO formation in
super-stoichiometric CO,-only feed streams. This observation raises the
question of how these materials perform under more realistic industrial
conditions, where recycled CO affects the steady-state equilibria of CO-
and CO,-hydrogenation as well as RWGS. The present study therefore
investigates the promotional effects of CeO,, ZrO,, and CaO in CZA-
based catalyst systems under mixed carbon-oxide synthesis conditions.
The systematic examination of CO/CO,-ratios herein represents an
aspect often overlooked in CO,-to-MeOH studies [10].

A further novelty here lies in the use of y-Al,05 carrier spheres,
which allows a substantial reduction of active-material usage while
potentially retaining catalytic performance compared to co-precipitated
catalysts [33]. The use of structured y-Al,04 carriers offers a scalable
route for preparing thin, uniform catalyst washcoats with reduced
metal loading, helping to minimize diffusional limitations and improve
heat transfer — factors often insufficiently controlled in conventional
MeOH-synthesis catalyst testing. This design facilitates systematic eval-
uation of intrinsic kinetic behavior and promoter interactions on the
coated catalyst surface.

We combine advanced characterization (CO,/H,-TPD, Raman,
TEM, XPS) with kinetic parameter optimization using a tubular fixed-
bed reactor model, establishing direct links between promoter-induced
structural and electronic modifications and their impact on kinetic
parameters. The analysis of step-wise promotional effects on H, and O,
adsorption enables isolation of single metal-oxide contributions within
multi-metal combinations.

Through kinetic parameter optimization for each catalyst, we clar-
ify how CeO,, ZrO,, and CaO influence CO and CO, conversion to
MeOH under industrially relevant conditions. Our results further pro-
vide mathematical confirmation that CO-to-MeOH conversion can be
excluded from the reaction network under the investigated conditions.
Overall, this study expands the kinetic knowledge base for highly
promoted CZA catalysts and delivers a methodological foundation for
efficient, parallelized kinetic parameter optimization in complex multi-
promoter systems.

2. Experimental section
2.1. Catalyst preparation

Catalyst samples were manufactured by coating high surface area
800pm diameter y-Al,05 spheres (SASOL, Hamburg Germany) through



C. Fritsch et al.

Table 1

Catalyst composition for the tested samples.
Sample CuO ZnO CeO, Zr0, CaO

(mol%)

CZA (Ref) 68 28 (Al,04 - rest) - -
20% CZ 72.2 27.8 - - -
20% CZC 65.0 25.0 20.0 - -
20% CZCZ 57.8 22.2 10.0 10.0 -
20% CZCZC 54.2 20.8 10.0 10.0 5.0

incipient wetness impregnation method (IWI). In a first step, the max-
imum adsorption capacity of the carrier for water was determined,
yielding an average water-adsorption capacity of 0.64 gy20 Sazo3 -
Metal nitrate precursors were used for compounding the individual
coating for the spheres [11]:

* Cu(NOs), - 3 H,O (Carl Roth GmbH, Karlsruhe Germany)
» Zn(NOj3), - 4 H,0 (Carl Roth GmbH, Karlsruhe Germany)
* ZrO(NO3), - 2.5 H,0O (Alfa Aesar GmbH, Kandel Germany)
* Ce(NO3);5 - 6 H,O (Alfa Aesar GmbH, Kandel Germany)

+ Ca(NOg3), - 4 H,O (Alfa Aesar GmbH, Kandel Germany)

To prepare 50 g of the infiltration composite spheres with a cat-
alyst loading of 20 %,,, catalytically active coating, the nitrate salts
of the respective metals were first weighed into a beaker according
to their molar proportions in the catalyst (Table 1). The composi-
tions were chosen, so that the molar ratio between CuO and ZnO
did not change throughout the chosen promotional catalyst compo-
sitions according to previously reported optimal ratios in CZA-based
catalyst designs [34]. The beaker was filled with water to a total
volume of 25.6 ml and the nitrate salts were dissolved under con-
stant stirring. The solutions were mixed with 40 g of the alumina
spheres in a porcelain bowl and mixed using a until the liquid was
completely absorbed by the carrier spheres. The resulting homoge-
neous loaded wet composites were dried for 4 h at 100 °C and cal-
cined for 1 h at 350 °C at a heating rate of 2 °C per minute. In
each case, 50 g of catalyst spheres with 20%,,, CuO/ZnO (20% CZ),
Cu0/Zn0/Ce0, (20% CZC), CuO/Zn0O/Ce0,/ZrO, (20% CZCZ) and
Cu0/Zn0/Ce0,/Zr0,/Ca0 (20% CZCZC) were obtained. An industrial
precipitated CZA reference sample was crushed and sieved to 800-900
pm diameter from 6 mm catalyst pellets. A more detailed catalyst
preparation protocol can be found elsewhere [11].

2.2. Physical characterization of the samples

Samples surface structure, composition and chemical state were
investigated using Raman-Spectroscopy (RS), XPS and High-Angle An-
nular Dark-Field (HAADF) scanning transmission electron microscopy
(HAADF-STEM). Catalyst samples were investigated calcined in their
unreduced state after production and drying. Representative Raman-
spectra of each unreduced catalyst loaded Al,05 carrier sphere were
recorded with a WITec alpha 300 R Raman microscope (Ulm, Germany)
using a 532 nm excitation laser at a laser power of 7 mW and a
50x magnification Zeiss objective. The microscope utilizes the WITec
ultra high throughput spectrometer UHTS 300 VIS-NIR and a 1200
g/mm grating. For each spectrum, 120 accumulations at a integration
time of 0.5 seconds were recorded. All spectra were baseline corrected
using the spheres algorithm of the WITec Project SIX software (Ulm,
Germany).

For TEM-investigation of the samples in their oxidized state, Fo-
cused Ion Beam (FIB)-Lamellae were fabricated from the surface of
the catalyst spheres at a depth of approx. 8-9 pm. A detailed account
of the lamellae manufacturing process is given in the supplemen-
tary materials. Lamellae were investigated through HAADF-STEM and
energy-dispersive X-ray spectroscopy (STEM-EDXS) on a Talos F200i
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(Thermo Fisher Scientific) using high tension of 200 kV. Fast Fourier
Transformation (FFT) and Inverse fast Fourier Transformation (IFFT)
were used for indexing lattice spacing of specific metal-oxide structures
of the carrier and its coating based upon the STEM-images. For FFT-
and IFFT-analysis, STEM images were processed in the ImageJ envi-
ronment and automatic FFT- and IFFT-analysis was carried out [35].
Lattice spacing was then derived from FFT plots. A more detailed
account of image processing for FFT and IFFT analysis is given in the
supplementary materials.

For investigation of Cu- and Zn-species distribution on the unre-
duced samples as well as identifying catalyst promoter species on the
surface, XPS for each catalyst sample was carried out on a Phi5000
VersaProbe II (ULVAC-Phi Inc., USA) using a monochromatic Al K-«
source at 1.486 keV. X-ray was set to 50 W and 15 KV for analysis of
a 200pm spot on the respective catalyst surfaces. General XPS-surveys
were recorded at 187.5 eV pass energy at 0.8 eV and 100 ms per step.
Details were recorded for CuO and Cu(OH) in the range of 925 eV to
955 eV and Zn-species in the range of 1010 eV to 1060 eV.

Binding energy for CO, and H, was probed through TPD-
experiments. H,-TPD was carried out on a Micromeritics 2950 MicroAc-
tive (Norcorss, USA). Typically, around 100 pg of sample was used.
Samples were dried at 100 °C for at least 3 h in an Ar environment
and then loaded into a quartz reactor. Samples were then reduced
under a 5% H, in Ar gas flow from 20 °C-300 °C. We have reported
reduction profiles for H,-temperatures programmed reduction analysis
(TPR) previously elsewhere [11].

After reduction, the reduced samples were cooled and then flushed
with 5% H, in Ar gas flow from 20 °C to 250 °C at a heating rate
of 10 °C/min. Samples were returned to atmospheric pressure and
temperature and the gas flow was changed to He. Desorption was then
carried out until 700 °C was reached at a heating rate of 10 °C/min and
reactor effluent gas was measured using a thermal conductivity detector
(TCD). A baseline correction of the recorded values was applied for
further handling of the recorded data.

The H,-TPD data was used to determine the copper surface area,
copper dispersion, and the degree of reduction for each sample, based
upon the previously introduced methodologies by Fichtl et al. (2014),
Muhler et al. (1992) and de Carvalho et al. (2002) [36-38]. The total
amount of desorbed H, (ny, gesorbea) Was obtained by integrating the
TPD-signal between 30-360 °C and applying the calibration factor. This
represents the temperature range usually associated with activity of
metallic, reduced Cu in Cu-based catalysts. Assuming a 1:1 stoichiom-
etry between H atoms and Cu surface atoms, the number of exposed
copper atoms can be expressed as:

nCu,surface =2- nHz,desorbed' (l)

The corresponding copper surface area Ac, is calculated from the
known surface atom density of polycrystalline copper (pc, = 1.47 x 10"
atoms m~2) [36]:

ACu _ nCu,surface ) NA ) (2)
Pcu

Normalization to the catalyst mass (m, ) obtains the specific copper

surface area in m? g~! catalyst:

ASPec _ Acy
Cu m..

3
cat

The copper dispersion D is further more defined as the ratio of
surface copper atoms to the total number of copper atoms in the
sample:

_ "Cu,surface

D ()]

nCu,tolal '
where the total number of copper atoms is obtained from the sample
mass, the copper loading (w¢,), and the molar mass of copper Mc,:

" _ Wey m Ny
Cu,total — * Meat * >
100 Me,

)
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Here, N, is the Avogadro constant, which relates the number of
atoms or molecules to the amount of substance in moles, with a value
of approximately 6.022 x 102 mol ™.

The degree of reduction (DOR) quantifies the fraction of reduced
copper relative to the theoretical maximum and is given by:

nHz.desorbed

DOR (%) = % 100. (6)

05- Ay total

Desorption experiments for CO, were carried out on a ChemBET
Pulsar TPD/TPR instrument (Anton Paar QuantaTec, Boynton Beach,
USA). Around 500 mg of each sample were dried in a U-shaped quartz
tube at 120 °C overnight in Ar in an outgas station. Then, the samples
were installed in the Pulsar instrument and heat-treated at 200 °C
(rapid heating in 5 min) for 60 Minutes and subsequently cooled to
50 °C under He flow. CO,-adsorption was started at 50 °C under 5%
CO,/He gas flow for 90 Minutes. Then, the gas was switched to He to
remove un-adsorbed CO, for 30 min. Finally, the TPD was performed
from 50-600 °C under He with a heating rate of 5 °C/min while the
signals were monitored by TCD in the reactor effluent.

2.3. Activity testing

Sample activity towards hydrogenation of CO and CO, as well as
reaction equilibria were measured on a custom catalyst test bench
with a 70 ml heated stainless steel tubular reactor. The test bench
was equipped with gas-dosing mass flow controllers (MFCs) for CO,
CO, and H, as well as pressure controllers and back pressure valves
for control of reactor pressure. The reactor was heated or cooled
through a tempered oil thermostat according to a threefold temperature
measurement through thermocouples inside the catalyst bed. Reactor
effluent composition was measured through a gas chromatography unit
(GC, Shimadzu Nexis GC-2030) on a double column configuration with
Rt-U-Bond Plot, 30 m x 0.53 mm and mol sieve SH MSieve 5 A —
30 m x 0.53 mm through TCD-measurements of the sample (see Fig.
1). Product gas was cooled and liquid components condensed in a
counter current product cooling column with off-gas being depres-
surized and run through an off-gas analysis chain with inline CO,-
and H,-measurements (BlueSense BCP- CO2 and BCP-H2) as well as
online measurement of CO,- and CO-content (Emerson NGA2000). A
schematic of the test bench is given in Fig. 1. We have reported a
more detailed P&ID and description of the reactor setup previously
elsewhere [11].

For testing towards conversion activity in mixed carbon-oxide syn-
thesis gas streams, typically 70 ml of catalyst sample were filled into
the tubular reactor, with glass wool used as dispersion medium on the
top and bottom of the reactor. The samples were reduced with pure
H,-flow at 0.5 MPa and 5 1/min H, flow. For reduction, temperature
was increased in 10 °C increments every 10 min until 300 °C was
reached. The temperature was then set to the desired reaction tem-
perature and the gas composition and reaction pressure were set using
the back pressure controller and the thermostat. Reaction conditions
— gas hourly space velocity (GHSV - 8.000 h~1-12.000 h~1, pressure
(2.0-5.0 MPa), temperature (225 °C-275 °C) and gas composition
(stoichiometric number SN = 3.0, carbon-oxide-ratio COR: 0.3-1) —
were changed at random, with SN and COR calculated as follows:

nHz,in - nCOZ,in

SN = ()

co,.in T 1CO.in

1o, in

COR = ®

1co,.in + 1C0.in

Tests results for COR = 1 using only CO, are taken from previ-
ously reported results [11]. A comprehensive list of all test conditions
tested for all catalyst samples is given in supplementary tables S1- S5.
For assessment of sample performance, steady state reaction protocols
were applied, where reaction conditions were adjusted and a 15 min
timer was set for the reactor system to reach a steady reaction state.
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Fig. 1. Basic Setup for catalyst activity testing and kinetic performance
measurements.

Afterwards, 20 min steady state reaction runs for each parameter
combination were carried out. The GC measurements were started
at the end of the steady state run, ensuring the measured reactor
effluent composition fairly represented a continuous reaction condi-
tions. Selected tests were repeated threefold for each catalyst to ensure
recorded results were replicable and represented steady state conditions
consistently.

For performance review under the tested conditions, conversion of
CO, (Xco,), overall carbon conversion (X.), MeOH-production rates
(STYye0n) and MeOH selectivity (Sy.on) were calculated.

Nco,.in — NCoy.out

Xco, = - 9
nco,,in
1co,.in + 1co.in = 1Oy .out ~ 1CO.0ut (10)
c= p .
1o, .in t 1CO,in
FiNeOH, out
SMeoH = = an
Z nproducts,out
1\eOH
STYyeon = ———— 12)
mCataIyst

yeop Was derived from the GC measurements under the assump-
tion of conservation of mass and the calculation of overall molar mass
of the reactor effluent product. Total mass (r1,,,) was calculated from
the total mass input, set through the mass flow controllers of the test
plant. The product mass flow was then calculated:

Myor

h,=y, M. 13
ml yl M’Ol 1 ( )
with

M, = ZyiMi a4+

where y; corresponds to the molar fractions for each gas species and M;
corresponds to the specific molar mass for each species respectively.
Reaction equilibria were measured for each catalyst sample at three
different temperatures (225 °C, 250 °C and 275 °C) and three reaction
pressures (2.0 MPa, 3.5 MPa and 5.0 MPa) retaining a set SN of 3.0
for guaranteed surface coverage with hydrogen and a set industrial
GHSV of 10.000 h~!. Measurements were started at COR = 1 and
reactor effluent COR was measured using the IR-detectors at the reactor
exit. COR was taken from the IR-measurements and set as input gas
composition while retaining the COR and GHSV mentioned above. After
each adaption of influent gas composition, normalization of effluent
measurements or at least 10 min are timed as an indicator of steady-
state reaction conditions on the catalyst surface. Once steady state has
been reached, a new influent gas composition is set. This is repeated
until the change in effluent COR was too small for the thermal gas
dosing units to be able to reproduce the COR change. After the final
iteration of the influent gas changes, GC measurements were started
for the steady-state CO- and CO,-conversion equilibria.
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2.4. Reaction kinetics

The rigorous mechanisms and kinetics of MeOH formation in CZA-
catalysts are still widely disputed [12,31,39,40]. Additionally, promo-
tion of CZA leads to a change in surface activity, the creation of new,
different or adapted active sites for reactant and product adsorption and
thus to the change of kinetic parameters in mathematical representation
of the reaction mechanisms. This facilitates the generation of new
kinetic models for new catalyst formulas or the adaption of existing
mechanistic models to fit test data for new catalyst compositions.
Several competing kinetic models for the calculation of MeOH reactions
exist, that have been widely adapted for the use of changed catalyst
formulas and are able to reproduce test results for novel MeOH cat-
alysts well [31,41-43]. Meanwhile, most available kinetic models are
based upon the Langmuir-Hinshelwood-Hougon-Watson model, which
takes into account the availability of active centers in the catalyst and
provides a numerical approach to the description of different species
competing for the same active centers in the catalyst [44]. Herein,
most existing models use single-site (SS), double-site (DS) or three-site
(TS) adsorption terms (AT) for the mathematical representation of the
underlying reaction mechanisms.

Here H,, CO, and CO all compete for the same active sites in SS-
AT, H, and CO/CO, are assigned to different sites in DS-AT and H,,
CO, and CO all adsorb on different neighboring acting points in TS-AT.
More in-depth reviews of existing models for the calculation of MeOH-
synthesis processes, the synthesis of new models for novel catalyst
test data and their applications have been reported elsewhere in great
detail [31,42,44-46]. From existing models, the DS-AT model proposed
by Graaf et al. (1988) [47] has shown to reproduce CZA-test and also
novel MeOH catalyst test data very well. This, it has been applied
in diverse research work concerning both the modeling of MeOH-
synthesis processes and the refit of the model parameters to different
kinetic data from CZA but also to adapted catalyst formulas [16].
Several studies have found that parameter refitting for the Graaf-model
yields mathematically superior results compared to refits carried out
for other models, even in application with CeO, and ZrO, promoted
CZA based catalysts [31,41]. Compared to many other models, the
Graaf-model utilizes kinetic equations ((15)-(17)/(28)—(30)) for both
CO,- and CO-hydrogenation to MeOH, making it a fitting candidate for
tests conducted in mixed carbon oxide streams and model application
towards the conversion of CO and CO, to MeOH and its byproducts.

kJ

CO, +3H, = CH;OH +H,0 4,H° = —49.4— (15)

CO +2H, = CH;0H 4,HY =-90.5— (16)
mol

CO, +H, = CO+H,0 4 H? =411 17

Based upon the cited studies, the Graaf-model is herein applied for
adapting and refitting optimized reaction kinetics for all four presented
catalyst samples. For a deepened understanding of the mechanisms
contributing to CO, conversion to CO and MeOH and the interplay
between CO and CO, in the formation of both MeOH and H,O in
the multi-metal-oxide catalyst formulas, a distinct kinetic parameter-
set was fitted to the existing model for each sample using a cus-
tom python script, optimizing the kinetic model parameters inside a
pseudohomogeneous plug-flow-reactor (PFR) model to the test result
data.

2.4.1. Mass transfer limitations

In heterogeneous catalysis at high temperatures and high reaction
rates, mass transfer limitations can occur that influence the outcome
of kinetic tests. Formulation of kinetic models based upon these tests
can lead to inaccurate results if not corrected for possible mass transfer
limitations [16].
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Thus, external and internal limitations of mass transfer and diffusion
have to be taken into account in optimizing reaction kinetics [42].
The Weisz-parameter is a good measure to approximate the effect of
diffusion limitation in catalyzed reaction setups [48]. It is defined as
follows:

2
o= a8)
Degs - Courace
with r,,, being the observed or measured reaction rate of a single
species involved in the reaction. The effective Diffusivity of a single
species under certain reaction conditions D is defined as
e Dyp-Dg

D=5 .48 K 19
= T D+ Dy a9

with the binary diffusivity D, being defined as

sl f L 1
b 1.00x 107> - T W, + W, 20
AB P- [(Z‘UA)I/3 + (ZUB)1/3]2
and the Knudsen diffusivity Dgy being defined as
2 8RT
DK = g . rpore . m (21)

In this instance, 1, represents the measured average pore volume of
the applied catalyst, = represents the tortuosity of a catalyst, e refers to
the void fraction of a catalyst type, and Cg e Tefers to the effective
concentration of the investigated reaction species in the reactor. For
calculation of @y textural properties of the catalyst and additional
properties of the alumina-carriers like = where taken from previous
studies [11,49]. In many instances, internal mass transfer limitations
are neglected in kinetic modeling, if ®yp assumes values below 0.1 for
most test conditions [46].

For testing the reaction setup towards external mass transfer limi-
tation, the Mears criterion is often applied. The dimensionless Mears
criterion number is herein defined as:

robs'dp'pb

Mears = (22)

¢’ Csurface

Here the species concentration on the catalyst surface is calculated
from the ideal gas law:

P

Csurface = R_} (23)
The mass transfer coefficient k. is furthermore defined as:
Sh-D
k= —A2 24
d,
The Sherwood number Sh is calculated from
Sh=2+0.6 - Re® . 5c*¥ (25)

with the Reynolds number Re and the Schmidt Sc number being
defined as

Py us-d

Re=—% * ° (26)
Hg
P 27)
Pg Dap

In kinetic modeling, external mass transfer limitations and their in-
fluence on the kinetic reactor model are often times neglected if the
Mears criterion does not assume values above 0.15 for most of the
reaction conditions. In these cases, the reaction is kinetically controlled
and intrinsic reaction rates are slow enough for diffusion and mass
transfer between solid and gas phases in the reactor not to limit the
rates [42,46]. In this work we tested the reaction conditions for both
the Weisz- and the Mears-criterion, looking at internal and external
mass transfer and diffusion limitations. CO,, Hy, MeOH and H,O were
tested for limitations for all catalyst samples in all applied reaction
conditions.
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2.4.2. Kinetic model deduction

The Graaf-model is based around a two-site adsorption mechanism,
where CO and CO, compete for one type of active site in the catalyst
compound and H, and H,O adsorb on a second. In the kinetic model,
rate equations are used for CO- and CO,-hydrogenation towards MeOH
generation and a third for RWGS. The rate equations use adsorption
and kinetic constants, to which the kinetic parameters of the model
are fitted based on the tests conducted in the laboratory reactor setup.
Graaf et al. (1988) based their set of reactions on three macroscopic
reactions occurring simultaneously, each made up of several different
elementary reaction steps, from which they derived their kinetic expres-
sions. The reaction complex for each of the three reactions included in
the mechanisms is given in Table 2 [46,47].

The original model suggests four possible steps for CO-
hydrogenation, two steps in CO,-reduction to CO and H,O through
RWGS and six possible steps for the hydrogenation of CO, to MeOH
and H,0 [47]. The latter corresponds to the formate pathway of CO,-
hydrogenation to MeOH, which is accepted to account for most of
the CO, being converted in CZA catalysts, especially in high COR
environments [44,50]. Recent studies show, that initial hydrogenation
steps for both CO and CO, in MeOH synthesis as well as adsorption and
desorption processes on the catalyst surface do not influence reaction
kinetics much [51]. Therefore, adsorption, initial hydrogenation of
adsorbed carbon oxide species and desorption of products are emitted
as possible reaction steps accounted for in the later optimization of
parameters, thus also reducing calculation time and streamlining the
multi-stage fitting procedure. Overall, this study therefore concentrates
on fitting an optimal model based upon the reaction steps A2-A4,
B1-B2 and C2-C5. For CO,-hydrogenation, this represents most of
the formate-reaction pathway, although multiple steps of the formu-
lated mathematical model can account for other reaction steps in
carbon-oxide-hydrogenation to MeOH following alternative intermedi-
ate pathways. One limitation of the model proposed by Graaf et al.
therefore lies in the composition of the driving force terms, as they
can mathematically represent different reaction intermediates, also
containing some found in reaction pathways other than the formate
route [52].

Overall, model deduction from the proposed reaction steps yields a
possible 24 different rate equation combinations, that are differentiable
by their driving force (DF) groups, with equilibrium constants taken
from the recent update for CZA catalysts by Graaf et al. (2016) [53].
This constitutes a second limitation of the proposed model, as reaction
equilibrium constants are assumed to be equal to those of pure precip-
itated CZA-catalysts. The entire model can be constructed in principle
as follows:

DFco 4,
reo = ko - Koo+ ————— 28
co co €O " Denominator (28)
DFryes, B,
rrwGs = kco, + Keo, - Denominator 29
DFco,,c,
= . e’ el B
"RWGS _kcoz KCOZ Denominator G0

with the denominator compounded from two terms — one each for
each represented active site in kinetic modeling:

: os , Ko
Denominator = (1 + Kco pco + Kco, Pcoz)(PH'2 t =5 PH,0) [€2D)
KH2
Inside the kinetic model, the adsorption constants are described
though the Van’t Hoff approach:

ASiads  AHiads

Kyys;=e K e ’T (32)

The exponential relation between standard adsorption entropy and
reaction temperature is herein fixed to a single parameter, leading to
the following expression for the kinetic adsorption terms for the kinetic
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model in this work containing a single pre exponential factor and the
calculated, adsorption enthalpy:

AHj ads

=g e W 33)

K,

ads,i

Kinetic constants are expressed through the Arrhenius approach,
leading to following representation as kinetic isotherms containing the
activation energy of each reaction step and a pre-exponential factor as
fitting parameters:

Eq;
ki =b; e®T (34)

The kinetic model can then be written as a compound of three rate
equations, with its dependency on species concentration in the reactor
represented by species partial pressures. Exponential weighting of the
H, partial pressure additionally depends on the chosen reaction step,
which correlates directly to the pending H #-species involved in the
outstanding reaction steps towards product formation. In their original
work from 1988, Graaf et al. found the following rate equations to
represent the reaction complex in the CZA-catalyst most accurately,
corresponding to H,CO s-hydrogenation as RDS in MeOH formation
from CO, HCOO sx-hydrogenation as RDS in RWGS and H,COO -
hydrogenation in MeOH formation from CO,. AS low pressures and
low temperatures are applied in this work, partial pressures are applied
instead of fugacities, as applied in the original model formulation,
thus avoiding calculation of computationally complex thermodynamic
models in model discrimination and parameters optimization [47].

15 PMeOH —1
rweon,co = ki Keo| Peo P, — =5 — | P (35)
sz Keq,l
PH,0 Pco .
"rwGs = k2 Kco, | Pco, Pu, ———— | D (36)
sz eq,2

15  PH,0 PMeOH D!

MeoH, co, = K3 Kco, | Pco, Py, ~ (37)

15
Py, Koy 3

The denominator for each of the rate equations is identical, as both
active center interactions described by the denominator, are involved
in all three reactions. It can be expressed as follows, where the adsorp-
tion constants for H, and H,O are compounded into one value fitted
through a single Arrhenius isotherm.

0,5 Ku,0
D =1+ Kco pco + Kco, Pco,) Py, + —55 Puy0) (38)
2 K>
Hy
The exact composition of the driving force group is deducted from the
scheme of elementary reaction steps given in Table 2.

2.4.3. Reactor modeling
The 1D PFR-model is implemented as follows:
Mass balance

dc; “
—usd—zl +pcbr§rij =0 39

Energy balance

dp, T Ir
—usc,,%Z =0, ngl(—AH,-),—r, + ‘;)—‘f(rw ) (40)
Here, u, represents the superficial gas velocity, c; represents the con-
centration of species i along the 1D z-axis of the reactor, p, represents
the bulk catalyst density and r;; represents the reaction rates of the
three competing reaction which the parameters are fitted to during the
optimization. Furthermore, u is updated along the z-axis of the reactor
according to the gas density change through consumption of reactants
and production of MeOH, H,0 and CO. p,, D, T and T, represent the
apparent density of the gas along the z-axis of the reactor model, the
diameter of the reactor tube and local reactor temperature and reactor
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Table 2
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Mechanism on the catalyst surface with kinetic model driving forces.

Step Reaction Driving force
Adsorption
1 CO +s1 = CO“Y -
2 CO, + 51 = COL -
3 H, + 252 = 2H? -
4 H,0 + 52 = H,002 -
CO hydrogenation pathway
Peny
Al Colsl) + H(sZ) = Hco(xl) 452 Pco _sz _ pi]mfkoux
s P
A2 HCO®Y + HO? = H,COUY + 52 Peo " Py, = ﬁf;jﬁ:‘}
s 52) S o p-“‘
A3 H,COD + H6? = H;COCY + 52 Pco " Py, — K—
A4 H;CO®" 4+ HG? = H;COH + s1 + 52 Peo - Py, — ”““*K“&

Reverse water-gas shift (rWGS) pathway

Bl COSY + HOY = HCOO®V + 52

Pco, * Pu, — iy Kopz
B2 Hcoo(xl) + H62 = Co(xl) + HZO(”Z‘ pCOZ _p:__l _ Pui(u-p(-u
2 €q.2
CO, hydrogenation pathway
cl COLY + HWY = HCOO® + 52 Peo, - P, = “HETEE
? iy “eq1
c2 HCOO'Y + H6? = H,CO0¢V + 52 Peo, + P, — SIS
- 2 y et
c3 H,COO®Y + H¢? = H;CO0"Y + 52 Pco, 'Pizx - Pc:‘nﬂ
2 2 Hy Keg.t
C4 H;CO0“Y + H6? = HyCO“Y + H,002 Peo, - Pl — o0
2 eq.1
cs5 H3CO“” +HOD = H4CO‘“’ T2 Peo. _p; _ PrHln}f('PHZn'PHZ
- 2 eq,| )
(s1) 2 . R R
c6 H,COCY + HO? = HyCOH + s1 + 52 Do, « Py, — et

eq.1

wall temperature for the heat loss term. As the temperature is kept at
quasi isothermal conditions, the loss term can be omitted for the energy
balance. Reaction enthalpies —4H,;; are considered to be constant and
are taken from [45]. For calculating the reaction rates based upon the
reactor model and optimizing the kinetic parameters towards a good
numerical fit to the test data, the differential equations for the z-axis
resolved energy and mass balances inside the reactor are solved using
pythons solve_ivp function and its BDF-solver.

2.4.4. Parameter optimization

A custom python script, which is described in more detail in the
supplementary materials, is used to fit the kinetic parameters of the
Graaf-model to the herein recorded test data based upon the reactor
model applied to represent the tubular reactor used in this study. A base
objective function for minimizing the root mean squared error (RMSE)
of calculated reactor effluent partial pressures of the product species
MeOH and H,O is used for optimizing the 13 fitting variables from the
original Graaf-model.

PMeOH, cale — PMeOH, exp

2
Fopj = Z [ameon ( )=
PMeOH, exp (41)
pHZO, calce _pHZO, exp o
do (————— )]
szO, exp

Here gyoy and gy, are weighting factors for weighting MeOH- and
H,O-reactor exit partial pressures inside the objective function. Alter-
native approaches for construction of the objective function, where the
model was optimized towards different combinations of effluent species
partial pressures or holistic approaches utilizing the entire composition
of the reactor effluent in the minimization function were also tested.
After evaluation of base-line model performance for different variations
of the objective function through WPI (refer to supplementary materials
- statistical analysis), the approach minimizing only residuals for the
two product H,O and MeOH was chosen, due to its superior perfor-
mance in estimating product partial pressures. As most models yielded
the least optimal results in calculating H,O-partial pressures in the
reactor effluent, weighting factors were introduced for better control
of the optimization results towards optimizing R? for H,O estimation.
dveon Was usually set to 1 while gy, was commonly set to 3, as
H,O-production rates from RWGS and CO,-hydrogenation played an
essential role in the quality of the model fit and yielded the highest

amount of uncertainty in model deduction. While adapting the Graaf-
model towards the herein presented test data, it was discovered, that
the original model did not accommodate well for the calculation of
tubular reactors in all reaction conditions, with conversion rates often
assuming unlikely values at reactor entry and reaching reaction and
concentration equilibria very quickly or oscillating strongly due to the
very abrupt changes in local concentration differentials along the z-axis
of the reactor. As very abrupt reactor concentration differentials are
unlikely in a real-world application, the herein tested objective function
was expanded to include penalties (P) for oscillating concentration
profiles and very abrupt changes in reactant concentration along the
z-profile [16]:

P= ZiE{MeOH,HZO) 0.1x Fosc, i if Fosc, g 1 (42)
0 otherwise
with the oscillation-function being defined as
z
dc, dc,
Fose, i = Z:,) H(|sgn(g(z +1) - Sgn(E(Z))l) (43)

and with the Heaviside-step function (H) for detection of oscillations
inside the concentration profiles defined as

{ 1 ifx>0
H(x) = (44)
0 ifx<o0
For optimization of the reaction parameters, a multi-strategy, parallel
programming optimization script was implemented. As all three reac-
tions — CO4-hydrogenation, CO-hydrogenation and RWGS - are based
upon a selection of possible rate-determining steps (RDS) inside the
proposed reaction mechanisms for the three considered reactions, a
total of 24 combinations of these rate determining steps is possible for
the overall reaction set. Thus, a parallel approach to optimization is
applied, where all possible combinations of RDS for the three reac-
tions involved in the complex can be solved simultaneously. The full
overview over the reaction steps considered in this work is given in
Table 2. The script used for optimization is published in a repository
alongside this work [54].

End results of optimization problems can rely heavily on the initial
guess [31,42]. To ensure optimization results were independent of
the initial guess required by pythons fmin-function, multiple initial
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optimization runs with limited optimization iterations were carried
out for every possible rate model. Each initial strategy was defined
by the use of a different set of initial guess parameters. The initial
guesses used were the original parameters reported by Graaf et al.
(1988) and Poto et al. (2022) [31,47]. Additionally, a third strategy
was run with the initial guess randomized inside feasible parameter
bounds. After completion of the preliminary strategies, the resulting
parameters were compared and the initial guess yielding the best
short-term optimization results was chosen for full optimization of the
parameters.

Minimization of the objective function and applied penalties was
carried out in a two-stage process, where the objective- and penalty
function was minimized using the downhill-simplex-algorithm from
pythons fmin-library. After initial optimization of a parameter set, the
optimized kinetic parameter where handed over to a second optimiza-
tion run using a limited memory Broyden—Fletcher-Goldfarb—Shannon
(L-BFSG-S) algorithm for parameter refinement. Both the downhill-
simplex-algorithm, as well as the L-BSFG-S algorithm are constrained
optimization procedures. Optimizer constraints were applied for both
the rough as well as the detailed optimization run with an optimization
timeout set to 15.000 iterations inside each optimized rank. The con-
straints were chosen liberally, with upper limits for 4H, ,,, and lower
limits for AH, ., that inhibit the calculation of physically unfeasible
models. A table containing the list of constraints is given in supple-
mentary table S6. The confidence intervals of the estimated kinetic
parameters were determined a posteriori from the finite-difference
approximation of the Hessian matrix of the objective function. A full de-
scription of the calculation for 95% confidence intervals is given in the
supplementary materials. Further statistical analysis of the optimization
results is also described in detail in the Supplementary Materials.

2.4.5. Model sensitivity

To quantify the individual and interactive effects of kinetic param-
eters on reactor performance across different CO,/CO ratios (COR),
we employed Sobol-global sensitivity analysis using Python’s SALib
sensitivity analysis package. The Sobol approach herein decomposes
the total variance of model outputs into contributions from individual
model parameters and their respective interactions with each other
using a variance based (ANOVA) approach and applying Monte Carlo
principles for generation of a numerical model space for analysis of
the parameter contributions [55]. In our sensitivity analysis, the first-
order sensitivity index, S;, represents the main effect of variable model
parameter X; on a chosen model output value. It represents the prob-
abilistic fraction of model output that can be attributed directly to the
variation of the input parameter in question [56]:

Vx,[Ex_ ,(Y1X))]
vy
where Vy, denotes the variance of an output value over parameter X;,
Ey , is the expected value over all parameters except X; derived from
the construction of the Monte Carlo sample space of the kinetic model,
and V(Y) is the total variance of the model output value Y.

The total order sensitivity index, Sy,, captures both main- or first-
order effects and all interactive effects of higher order that involve
the parameter X;. Thus, it represents a summary of the direct effect
parameter variation X; has on model output variance and of interactive
effects including X, have on the model variance:

Ex [Vx,(YIX.)] Vx [Ex,(Y|X )]
vy T v
The interaction effect is quantified as S;,,, = Sy, — S;, representing the
additional variance contribution from the interaction of the parameters.
To assess parameter importance across multiple model outputs and
operating conditions as well as all fitting parameters, we computed

summary statistics for each of the parameters first:

(45)

(46)

1 Znaurpurx Ky

« the average main effect, S; = - el i
outputs = >
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+ the maximum main effect across all outputs, S, ., = max;(sS; ;)

« the minimum main effect, S;

i,min = minj(Si,j)

Values of S; > 0.01 indicate parameters with significant individual
influence, while large differences between Sy, and .S; suggest strong
parameter coupling effects [56]. Parameters exhibiting high S ., val-
ues are critical for at least one model output, whereas those with
consistently high S, values are important across all reactor performance
metrics.

This analysis enables identification of critical kinetic parameters
whose accurate determination are essential for reliable reactor pre-
dictions, particularly when SynGas-composition varies across different
COR operating conditions in MeOH synthesis. These indices allow for
the identification of the most influential kinetic parameters affecting
MeOH and H,0 formation, and side reactions in the reactor [57].

For further evaluation of model sensitivity towards the applied
kinetic fitting parameters in the Graaf-base model, parameters are
ranked by their average impact on model results and the identified
cross-sensitivities. Larger values herein represent large individual and
compounded effects of selected model parameters towards selected
kinetic model output variables. For detailed evaluation of the overall
model sensitivity towards selected kinetic parameters, MeOH produc-
tion, CO, conversion, H,O production and overall MeOH selectivity
were chosen as model output variables.

3. Results

3.1. Material characterization

Physical surface characterization by Raman, XPS and HAADF-
STEM

Results from TEM-analysis are given in Fig. 2, results from Raman-
and XPS-analysis are given in Fig. 3. Cross sections of 2 um deep FIB-
lamellae if the produced catalyst spheres can be seen in the top row of
figures with magnified images and metal concentration profiles added
in the mid row of figures. As is expected the highly promoted catalyst
samples show a less uniform distribution of metal mesh alignment. All
strongly magnified images (5 nm) show clear agglomerates of metal
oxides over the Al,O;-carrier in separated groups, which is clearly
marked by the alteration of metal grid orientation in these agglomer-
ates. This is most clearly shown in 20% CZCZC, where the highest level
of catalyst promotion leads to the formation of widely dispersed metal
oxide accumulations. The accumulations do not span more than a few
nm in diameter. This leads to the formation of plentiful multiple metal
oxide interfaces, which have been shown to act as active centers for
the adsorption of CO, and CO in MeOH synthesis and thus enhance
activation of both carbon oxides for further hydrogenation, especially
in CeO,/ZrO,-promotion and in CZA-catalysts [58,59].

Based upon the HAADF STEM-images, integrated STEM-EDXS line
profiles were plotted for analysis of the penetration of the catalytically
active metal oxide species into the alumina-carrier. The profiles are
given in Fig. 2 (d1)-(d4). Additionally, images of Cu and Zn penetra-
tion are given in Fig. 2 (b1)-(b4). As alumina is used as carrier, all
profiles show a quite even profiles for alumina. Concerning Cu and
Zn, which were used as a binary active catalyst complex in all four
samples, a slight decline in signal intensity can be observed in the first
200-300 nm of the catalyst surface, with 20% CZCZ and 20% CZCZC
showing the strongest agglomeration of Cu on the outer carrier surface
with signal intensity and thus the elemental concentration of Cu de-
creasing the strongest in comparison to 20% CZ and 20% CZC. In 20%
CZC a Ce deposit is clearly visible in both the 200 nm magnification
spectrum-image and the concentration profile, with Ce-concentration
high at the outer surface of the carrier sphere and decreasing to near
zero towards the bottom of the line profile. At the same time, Cu and Zn
concentration do not change much over the evaluated line, indicating
good infiltration of the active catalyst components into the porous
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Fig. 2. Detail HAADF-STEM-images of the FIB-Lamellae cross sections for all four herein presented infiltration composite catalysts. (al-a4) HAADF-STEM-images
of the catalyst cross sections at 200 nm (b1-b4) STEM-EDX-spectrum mappings for Cu ad Zn (c1-c4) 10 nm and 5 nm magnification of the lamellae cross sections
(d1-d4) Integrated STEM-EDXS line profiles for the detected elements over the 2 pm FIB lamellae radial cross sections.

carrier. This implies somewhat inconsistent infiltration in some parts An example analysis of different metal oxide phases in 20% CZCZC is
of the 20% CZC catalyst. In 20% CZCZC Zr could not be detected along given in figure S11 in the supplementary files. The analysis indicates
the plotted line profile. Additional HAADF STEM-characterization and the formation of different metal oxide phases on the carrier, indicating

enhanced EDX-evaluation of the spectrum-images are presented in the good metal oxide distribution and multi metal oxide interfaces and
supplementary materials. FFT and IFFT is performed for analysis for catalyst carrier boundaries, which have been shown to act as active
different metal oxide species forming in the coating process of IWI. centers in H,- and CO,-adsorption [60,61].
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Fig. 3. Raman and XPS surface characterization of the catalyst samples: (al-a3) Raman surveys for 100-1350 cm™! shift (al) and for 380-520 cm™! (a2) and
500-720 cm™! shift respectively (a3). Reference Raman-spectra for the individual metal oxides used in the infiltration composites (a4). (b1-b3) XPS survey
spectrum for all four infiltration composite catalysts (b1). Detailed spectra for 950-930 eV (b2 - CuO) and 1060-1010 eV (b3 - ZnO)

Fig. 3 (al-a3) shows Raman spectra of the unreduced catalyst
surfaces for all promoted carrier samples and the reference sample,
as well as reference spectra for all applied metal oxide compounds
except CaO [62] The reference CZA catalyst shows a compounded peak,
which is dominated by Cu2p at around 600 cm~!. All carrier samples
show both peaks for Cu2p; at 300 and 600 cm~! except for 20% CZC,
where the spectrum is dominated by large peak at 450 cm~!, which
is attributed to ZnO and CeO, forming a compounded overlapping
peak, which is significantly less pronounced in all other samples. As
is expected, 20% CZCZ and 20% CZCZC show the most diffuse shift
patterns, with more metal oxide interacting in spectral measurements.
Nonetheless, Cu2p3 is clearly distinguishable in all samples. To further
identify the chemical states of metals on the catalyst surfaces and
possible effects the promotional steps have on surface CuO and ZnO,
we performed XPS analysis for each of the multi metal oxide catalyst
samples. XPS spectra of the unreduced sample surfaces are given in Fig.
3 (d). The survey spectrum exhibits all expected peaks, with Ols being
most pronounced in 20% CZCZC. The O1ls peak is located at 530 eV,
which indicates that the detected O-species are bound in fully oxidized
metal oxide matrices [63]. The C(1s) signals are most likely caused by
the absorption of organic carbon contaminants.

Detail plots for Cu2p and for Zn2p are additionally observed, to
identify the effect additional promotion of the catalyst complexes may
have on the chemical state of the highly active ZnO and CuO species
on the catalyst surfaces. Cu2p can be fitted to two distinctive gaussian
curves for Cu® and Cu?*. All catalyst show similar amounts of Cu® and
Cu?*, with 20% CZC showing higher availability of Cu® and 20% CZCZ

10

and 20% CZCZC showing slightly higher contents of Cu?>* in compari-
son. Cu® has been shown to act as an active center for dissociative H,
adsorption in CuO-based catalyst [64]. This in turn indicates slightly
higher availability of hydrogen active centers in 20% CZC compared to
the other samples.

On the other hand, Cu?* has been shown to be reduced by CO,
acting as active center for the adsorption and enhancing conversion
efficiency in CO-hydrogenation to MeOH [65]. The spectra of Zn2p all
show strong spin orbit coupling, with two distinctive peaks exhibiting
for Zn-species, both of which are compounded. Pure ZnO usually shows
two peaks at 1025 eV and 1048 eV, which is most closely reproduced
by 20% CZ and 20% CZCZC [66]. The Zn2p peaks of 20% CZ appearing
at 1021 eV are compounded with the peak showing at higher binding
energy suggesting that identified Zn is present in its Zn,, valence state
and the second peak exhibiting at slightly lower binding energy usually
being attributed to Zn,[67]. Through its promotion with CeO,, binding
energy of Zn® shifts downward to around 1020.9 eV. This suggests,
that electrons shift to ZnO in metal oxide interaction [68]. This in
turn is indicative of more strongly interacted metal oxide activity in
20% CZC and 20% CZCZ, with binding energies in Cu2p also slightly
shifted downward. Both Cu2p and Zn2p binding energies shift back
upward in 20% CZCZC, which is in line with an enlarged Ols peak,
oxygen in metal oxide matrices often acting as electron scavengers in
complex metal-metal-oxide interactions [69]. Alternatively, the shift
could be explained through other catalyst surface effects such as the
formation of defects or fundamental surface restructuring through the
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Fig. 4. (a) CO,-desorption measurements for the carrier and reference catalysts (b) H,-desorption curves.

addition of further catalyst promoters. The formation of different coor-
dination around Zn and Cu can also be the cause of the observed shift
upwards [70].

Adsorption properties for CO, and H,

H,- and CO,-desorption measurement results are given in Fig. 4.
The adsorption efficiency of CO, is, among other factors, dependent
on the surface basicity of the catalyst samples [61]. Herein, the carrier-
samples all present three compounded desorption peaks, representing
weak, medium, and strong basic sites on the surface [71]. The weakest
site, with desorption starting at around 100 °C, is associated with the
hydroxy group [71]. This seems to be the most relevant basic active
site, considering the temperatures usually associated with industrial
MeOH synthesis [61,72].

Additionally, CO, adsorbed in weak basic sites has been shown
to facilitate the formation of formate species, which represents the
most commonly referred to intermediate in the efficient conversion
of CO, to MeOH [73]. 20% CZ presents the most prominent weak
basic site desorption peak. CZA-promotion through 20% CZC and 20%
CZCZ reduces peak area under 300 °C, indicating that the addition of
CeO, and ZrO, strengthens these sites, with the weak basic sites being
nearly entirely inhibited through the addition of ZrO, and the peaks
shifting to more strongly interacted sites at higher desorption tem-
peratures. CaO presents strengthened basic sites for the entire range,
confirming the principal assumption that CaO-addition can impact the
catalyst surface basicity and therefore improve the catalysts ability to
adsorb CO,, thus optimizing conversion potential. The measurements
also confirm previous studies’ findings, in that CaO seems to improve
high temperature adsorption properties of catalyst, with 20% CZCZC
showing high peak ares over 350 °C. The reference catalyst presents
a single, large, compounded desorption peak above 300 °C associated
with monodentate carbonates stemming from oxygen-anions of low-
coordination, which are less relevant to CO, adsorption under the
herein tested reaction conditions [73]. All carrier catalysts present an
additional, high-temperature desorption peak. This peak is also shared
with the Ceria-promoted CZA-catalyst sample 20% CZC and with the
CaO-added sample 20% CZCZC, although the latter two do not present
the desorption peak in the same magnitude as the reference.

Results for quantitative analysis of CO,-desorption properties are
given in Table 3. The reference CZA catalyst shows the highest total
adsorption amount, with catalytically active mass higher five-fold in

11

contrast. From the promoted catalysts, the ZrO,-CeO,-sample performs
the best, adsorbing 23.6 pmol CO, per gram of total catalyst weight.
Maximum desorption peak temperature is highest for 20% CZCZC,
indicating that CO, is most stably adsorbed on the CaO promoted
sample.

All carrier catalysts exhibit two distinct desorption peaks for
hydrogen-desorption with desorption spanning a significant temper-
ature range from about 30 °C to about 720 °C. The first, lower
temperature desorption peak starting significantly below 100 °C for
all catalyst samples can be associated with the desorption of atomic
hydrogen bound to Cu-species in the catalysts [74].

This peak decreases through the promotional steps presented for
the samples in this work, strongly correlating to the overall Cu-content
of the samples. The second desorption peak indicates more strongly
interacted H,. This peak is very broad and strongly compounded for
all herein tested samples, indicating wide dispersion and varying in-
teraction of the associated active sites in the catalyst samples [75].
The reference catalyst is the only investigated sample, that shows a
less distributed desorption peak, with strong H, desorption between
300 and 400 °C and a small compounded desorption peak at very
high temperatures starting at 600 °C. This indicates the more homo-
geneous formation of H, acting points in the reference sample. The
more strongly interacted H, can be attributed to several different active
centers for H, adsorption, which are partially attributed to bulk Cu or
to partially reduced ZnO, where dissociative adsorption of H, can be
assumed [74]. This is in line with the decreasing Cu- and Zn-content
in the promoted catalysts, which show reduced desorption peak area
compared to the binary 20% CZ carrier catalyst sample. From H,-
TPD measurements, metallic copper surface area was determined for
the desorption behavior between 300 and 620 K. The results for the
determination of reduced copper surface area for the herein presented
catalyst samples as well as the reference CZA catalyst are given in
Table 4. Desorbed amounts of H, are high, but generally in line with
other recent related studies [12,33]. Metallic copper surface area after
reduction is highest for 20% CZ and 20% CZC, with 20% CZCZ showing
an unusual dip over adsorption activity for H,. This shows the benefits
of IWI-coated catalyst spheres, enabling high surface coverage and over
all good accessibility of metallic copper species on the catalyst surface,
even surpassing the commercial CZA-reduced copper surface area. High
metallic copper surface area in 20% CZC is attributed to CeO,s ability
to enhance Cu-dispersion in metal-oxide surface interaction [76].
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CO,-TPD analysis results for supported copper catalysts. Catalyst masses for 20% CZ - 20% CZCZC are reduced to weight of coating (20%
of total catalyst weight).

Sample Sample mass Total CO, Total CO, CO, per g catalyst CO, per g catalyst Peak T
(g) (pmol) (ng) (pmol/g) (ng/g) 0
REF 0.6600 12.34 542.98 18.69 822.70 415.2
20% CZ 0.1160 1.58 69.50 13.61 599.15 504.5
20% CZC 0.1200 1.68 74.01 14.01 616.77 512.9
20% CZCZ 0.1060 2.36 103.81 22.25 979.30 539.4
20% CZCZC 0.1100 1.45 63.91 13.20 581.02 561.9

Table 4

H,-TPD results and derived parameters for the catalyst samples.

Sample Mass Cu H, des. Cu sites/g cat. Cu area/g cat. BET area [11] Dispersion Particle size
() (wt%) (umol) (umol/g) (m?/g) (m?/g) ) (nm)
REF 0.167 45.3 21.3 127.5 5.22 76 0.018 58.1
20% CZ 0.104 11.5 53.5 516.5 21.16 132 0.285 3.6
20% CZC 0.114 9.3 61.2 536.5 21.98 122 0.367 2.8
20% CZCZ  0.174 7.8 14.2 81.9 3.36 129 0.067 15.5
20% CZCZC 0.128 7.5 19.8 155.2 6.36 125 0.132 7.9
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Fig. 5. Conversion-equilibria of the presented catalyst samples at 225 °C, 250 °C and 275 °C as well as performance figures for the determined conversion

equilibria at 20 bar and 50 bar reactor pressure.

Additionally BET surface area of the samples is used for determina-
tion of average particle size and theoretical carrier utilization area [11].
Average particle size is small (3.6 and 2.8 nm) for 20% CZ and 20% CZC
with particle sizes assuming much larger values for 20% CZCZ. This
does not correlate with the assumption, that high particle dispersion
leads to enhanced conversion of carbon oxides, as 20% CZCZ performs
the highest conversion rations and STY of the herein samples [48].
This must be attributed to multi-metal-oxide effects in CO,-catalysis,
which counteract particle sizes and enhance conversion over 20% CZCZ
significantly [18].

3.2. Catalyst performance in mixed carbon-oxide synthesis gas

Carbon-conversion equilibria over the promoted carrier catalyst
samples

In industrial catalyst application, SynGas streams will be recycled
for most commercial MeOH-applications. Even in process applications
based upon the direct conversion of CO, to MeOH, gas compositions
inside the synthesis gas loop will therefore contain a mixture of CO,,
CO and H,. Applying high recycle ratios in reduced X --applications for
regenerative MeOH-synthesis, the gas composition inside the synthesis

loop will gradually develop towards a steady state, where the mixed
synthesis gas containing fresh synthesis gas and recycled process gas
injected into the reactor will assume a gas composition close to the
conversion equilibrium of CO and CO, towards MeOH, H,O and CO
through RWGS. The conversion efficiency in this steady state is there-
fore a valuable measure for the catalyst performance under industrial
conditions. The development of the influent—effluent COR for all carrier
catalyst samples is plotted in Fig. 5. The respective curves end in
COR-equilibria, where reactant COR equals effluent COR, indicating
conversion equilibrium of both CO, and CO. Additionally, performance
evaluations for the determined equilibria are given for each tested
temperature.

As is expected, higher reactor temperatures generally lead to a
higher conversion rate of CO, to CO via RWGS. This leads to effluent
COR being lower at high temperatures across all tested pressures for
the catalyst samples. It is notable, that 20% CZ exhibits the highest
RWGS reaction rates of all carrier catalysts, with reaction equilibrium
being reached at 93%,,, CO, at 225 °C, 83%,,, at 250 °C and 66%,,,
at 275 °C reactor temperatures for a set reactor pressure of 20 bar.
20% CZCZ generally exhibits the lowest CO-production rates across
the tested temperature and pressure ranges, with 99%,,, CO, for the
reaction equilibrium at 225 °C and 20 bar reaction pressure, barely
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Table 5
Comparison of catalyst performance with selected literature values.

Catalyst COR SN T(C Q) p (bar) Xe (%) Source
CZA (ref) 0.71 3.0 250 50 39.1 This work
CuZnO/AL,04 0.71 3.0 250 50 17.5 This work
CuZnOCe0,/Al, 04 0.71 3.0 250 50 18.9 This work
CuZnOCe0,Zr0,/Al,0, 0.71 3.0 250 50 21.8 This work
CuZnOCe0,Zr0,Ca0/Al, 0, 0.71 3.0 250 50 26.5 This work
Cu/Al,04 0.83 6.5 225 20 12.1 [10]
Cu/TiO, 0.83 6.5 225 20 10.0 [10]
Raney Cu 0.83 6.5 225 20 8.1 [10]
Cu/Ce0, 0.75 2.0 250 30 5.5 (calc) [12]
Pd/Z10, 0.80 2.25 200 50 6.0 [15]
Pd/Ce0,Zr0, 0.80 2.25 200 50 7.0 [15]
CuCe0,/Zr0, 1.00 2.0 260 30 20.5 [31]
Zn0-Zr0, 0.50 2.0 240 50 7.8 [771
CuCe0,Zr0, 1.00 2.0 280 30 10.5 [78]
CuzZnO 0.67 2.0 230 40 8.0 [79]
CuZnO-MLa 0.27 2.0 240 30 22.6 [80]
Cu/Zn0/Al, 04 0.50 2.0 230 30 10.0 (calc) [81]
Cu/MgO 0.57 2.0 230 30 0.6 (calc) [81]
Cu/ZnO 1.0 2.0 230 20 5.5 [82]
CuMg0/ZSM 0.13 4.0 210 30 21.4 (calc) [83]
CZA-MgO 0.16 2.5 240 30 12.0 [84]
CZA-Z10, 0.16 2.5 240 30 23.2 [84]
CuMgOCeO, 0.14 1.9 240 50 50.7 [85]
Cu/Ceg 521450, 1.00 2.0 280 30 5.7 [86]
Cu/Zn0/Zr0,Ce0, 1.00 2.0 230 30 22.8 (871
Cu/CeZr0,-MO 1.00 2.0 240 30 4.7 [88]
CuZnOZr0, 1.00 2.0 240 30 17.4 [89]
CuCe0,/TiO, 1.00 2.0 260 8 1.8 [90]
CuCe0,/Si0, 1.00 2.0 260 8 3.8 [90]
CZA-Th 0.25 2.0 225 40 445 [91]
CrPd/ZnO 0.25 2.0 325 51 20.0 (calc) [92]
CuZn0Ga,0 1.0 1.8 240 40 27.0 [93]

shifting any of the introduced CO,, to CO. This is also reflected in the de-

termined performance at reaction equilibrium, with 20% CZCZ showing 144 @ CO-TPD

the highest STYy.on across the tested temperature and pressure ranges A H:TPD (Cu area)

for its respective conversion equilibria, highlighting the effectiveness 1.2 -

of ZrO, and CeO, as promoters in CuO/ZnO MeOH-catalysts. This is Ref

also inline with comparable studies, that have investigated multiple- T+ ARef ®

component catalysts for the direct conversion of CO, to MeOH, with < )

ZrO, and CeO, being able to significantly improve intermediate stabil- o

ity and facilitate conclusive conversion without premature desorption 2 0.8+

of CO as reaction intermediate [18,28,72]. Comparing the individual g i

reaction equilibria, highest STYy.on of 0.47 gveon/(&ca?) is reached g 0.6 4 Az .20@ czcz

by 20% CZCZ at 275 °C reactor temperature and 50 bar reaction = 0% czCz 20% CZCZC
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Catalyst performance in mixed carbon oxide synthesis gas condi- ‘20% czc &}o

tions (COR = 0.71) is additionally correlated to the results of CO,- B tzc

adsorptions properties and metallic Cu surface area derived from H,- 0.2 1

TPD. Results are given in Fig. 6. Astonishingly, Cu-surface area shows

inversely proportional correlation to the measured STYy.on Of the 0.0 : ; ; ; ;

catalyst samples. This suggests, that H, adsorption does not represent
an inhibiting factor in the herein tested samples. Considering these
results, testing the catalysts exclusively at stoichiometric or super sto-
ichiometric conditions can be seen as a limitation of the presented
work, as over supply with H, might have masked shortcomings in
active site H, coverage for the wash coated catalyst samples. On the
other hand, catalyst performance correlates more clearly with CO,-
adsorption efficacy, suggesting that effective coverage of all active
sites with CO, plays a more prominent role in ensuring neighboring
reactant adsorption and subsequent catalyzed formation of MeOH or its
intermediates. Nonetheless, the reference precipitated catalyst performs
the best, with both the highest specific copper surface area and the
highest capacity for CO,-adsorption.

Catalyst performance across varied COR

For performance evaluation of the samples and as basis for the
parameter optimization of the later presented kinetic reaction model for
each of the catalyst samples, a more comprehensive catalyst screening

0 5 10 15 20 25 30
CO2 adsorbed (ug/g) / Cu area (m?/g)

Fig. 6. Correlation of metallic Cu surface area and CO,-adsorption properties
to catalyst performance measured at COR = 0.71, p = 50 bar, T = 250 °C and
GHSV = 10,000 h~!.

was conducted using different influent COR compositions for different
reaction pressures, temperatures and GSHV. To ensure hydrogen cov-
erage of the samples and to be able to eliminate insufficient hydrogen
coverage as a factor in kinetic analysis and performance evaluation,
hydrogen supply was kept super-stoichiometric (SN = 3.0) across all
reaction conditions and their individual combinations(see Fig. 7).

As has been reported before for CO,-only reaction conditions, 20%
CZCZC shows the highest X across all tested gas compositions [11].
However, 20% CZCZ performs slightly better for single reactor pass
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Fig. 7. Conversion Performance of the Samples under different COR influent compositions (35 bar reactor pressure, 250 °C reactor temperature, 10.000 h™!
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STY\eon- All catalysts show the overall highest X either at reaction
conditions containing no CO in the reactant feed gas or at the lowest
influent gas COR. High X, at high COR can easily be attributed to
the partial conversion of CO, to CO through RWGS. By implication,
high STY).oy at low COR can be attributed to good direct conversion
of CO to MeOH, with the lower CO,-content in synthesis gas causing
less CO-byproduction and more of the available carbon being converted
directly to MeOH. The high selectivity of 20% CZCZ under CO,-only
synthesis conditions with lower conversion and higher STY).oy cannot
be explained at this point, as it contradicts the otherwise uniform
correlation between X, and STY)oy. Highest overall tested X, and
STYyeon are reached by the industrial reference catalyst at low COR
and high pressure, as is common in industrial applications of the used
catalyst sample.

The results shown in Table 5 indicate that the coated CZA-based
samples examined here, exhibit X. levels that are within the same
general range as those reported for Cu-based systems tested under
comparable temperatures and pressures. Notably, the CZA reference
catalyst achieved 39.1% carbon conversion at 250 °C and 50 bar,
which substantially exceeds the performance of most literature cata-
lysts tested under less demanding conditions. Nonetheless, the coated
carrier samples perform well in comparison to recent literature. For
instance, Cu/Al,05 and Cu/TiO, systems reported by Nielsen (12.1%
and 10.0% respectively) were tested at only 225 °C and 20 bar and
underperformed the present work by factors of 3.2xand 3.9x.

Direct comparison with promoter-modified systems further illus-
trates the effectiveness of the CZA formulation. CZCZC achieved 26.5%
conversion under identical conditions to the reference (250 °C, 50 bar),
surpassing the Cu/CeO, system (5.5%, Zhu et al.) by 4.8x, and substan-
tially outperforming the Pd/ZrO, and Pd/CeO,ZrO, catalysts (6.0%
and 7.0%, respectively) despite the latter being tested at significantly
higher space velocities. When compared at more similar operating con-
ditions, the present four-component CZA catalyst (26.5%) approaches
or even surpasses several literature benchmarks: CuCeO,/ZrO, (20.5%,
Poto et al. at 260 °C) and Cu/ZnO/ZrO,CeO, (22.8%, Ban et al. at
230 °Q).

Several aspects appear relevant to understanding the observed per-
formance trends: the geometry and nature of the carrier (y-Al,O3
washcoated spheres), and the composition and application mode of the
promoters (CeO,, ZrO,, Ca0O).

Structured y-Al,O5 supports and thin washcoating are often em-
ployed in scale-up or structured catalyst configurations. Such arrange-
ments may allow for reduced metal loading per reactor volume while
retaining a high external surface area and potentially beneficial trans-
port characteristics, such as lower macropore diffusion resistance and
improved heat transfer [49]. Under these circumstances, thinly coated
microspheres can exhibit apparent reaction rates comparable to bulk
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catalysts despite containing less Cu overall. This leads to over all higher
ratios between X¢/Weatalyst-

This may partly account for the carbon conversions measured in the
present samples, where effective utilization of the active phase and effi-
cient mass transfer could contribute to the achieved high performance.
These structural factors might therefore offer particular advantages in
systems where process intensification, reduced metal use or fast and
simple production of multiple samples using a standardized effective
manufacturing protocol are targeted [10].

Differences in promoter chemistry and the mode of their incorpo-
ration can also provide additional insight into the performance ob-
served. CeO, has been reported to enhance CO, activation through the
formation of oxygen-vacancy-related sites, potentially improving CO,
adsorption and facilitating methanol formation within Cu-ZnO frame-
works, often associated with somewhat higher selectivity than simple
Cu/ZnO systems [12]. Overall, the present CZA-based formulations
show the following trend: the CeO,-containing catalyst achieved 18.9%
conversion compared to 17.5% for the base CuZnO/Al,0; catalyst,
demonstrating the promoter’s beneficial effect. ZrO,, in contrast, is
typically linked to stronger metal-support interactions and the stabi-
lization of dispersed Cu ensembles, which in some cases may help
suppress the RWGS reaction and favor methanol production [26]. The
incorporation of ZrO, alongside CeO, in the present work further
improved performance to 21.8%, suggesting synergistic interactions
between the two promoters. CaO, as a basic additive, may modify
the surface acid-base balance, influencing CO, adsorption and water
inhibition effects. The full four-component system incorporating CaO
reached 26.5% conversion, indicating that this basic additive provides
incremental performance enhancement. This hierarchical performance
trend (CeO, alone: +1.4% absolute; CeO, + ZrO,: +4.3% absolute;
CeO, + ZrO, + CaO: +9.0% absolute relative to baseline) demonstrates
the cumulative benefits of each promoter addition. Depending on dis-
persion and loading, this could shift the relative activity or product
distribution observed.

It is also worth noting that literature reports employ these promot-
ers using different synthesis strategies, for example, co-impregnation,
physical mixing, core-shell layering, or washcoating. Such distinctions
in morphology and texture (surface versus bulk activity) explain part of
the variability seen in reported X values, even when similar promoter
compositions are used. For example, the washcoated CuZnOCeO,ZrO,
system presented here (21.8%) outperforms the
CuCe0O,ZrO, catalyst reported by Han et al. (10.5% at 280 °C), despite
being tested at a lower temperature (250 °C), suggesting that the
washcoating approach provides superior mass transfer and active site
accessibility. Hence, the comparisons in Table 5 should be viewed
as reflecting not only promoter chemistry but the combined effect of
structural implementation and local environment [12,26].
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Table 6
Mass transfer analysis results for the catalyst samples.
Sample CO, MeOH H,0 Mears
Py p Dg Py p D Py p Dg
) (x 107%) ) (x 1079 ) (x 107%) )
20% CZ 0.054 1.80 0.138 211 0.098 2.81 2.1e-04
20% CZC 0.053 1.90 0.139 2.22 0.098 2.97 2.2e-04
20% CZCZ 0.060 1.92 0.128 2.25 0.091 3.00 2.3e-04
20% CZCZC 0.064 1.94 0.134 2.27 0.094 3.03 2.5e—-04

Finally, variations in mixed CO/CO,, feed composition (COR) appear
to influence X dynamics greatly relative to pure CO, hydrogenation
tests. The presence of CO in the feed may affect reaction pathways
through altered CO, activation behavior and a modified balance be-
tween RWGS and MeOH synthesis. In addition, CO-rich mixtures may
mitigate water accumulation by engaging the WGS equilibrium, po-
tentially reducing inhibition effects at higher conversions. Literature
comparisons illustrate that the influence of co-fed CO can either en-
hance or suppress MeOH formation, depending on COR, pressure,
and conversion level [10,77]. Notably, the present work employs a
consistent COR of 0.71 across all formulations for comparison, whereas
gathered literature comparisons span a wide range (0.13-1.00), making
direct performance attribution to promoters, carriers and the inter-
actions thereof challenging. For instance, systems with lower COR
values such as CZA-Th (0.25 COR, 44.5% at 225 ° C, 40 bar; Vergara
et al.) or CuMgOCeO, (0.14 COR, 50.7% at 240 °C, 50 bar; Pandey
et al.) achieve exceptional conversions, confirming that CO enrichment
relative to CO, may provide additional thermodynamic or kinetic
advantages. In this context, the present data, which systematically
vary COR under otherwise consistent structural and compositional
conditions, provide a coherent baseline for exploration of beneficial in-
teractions noted for each promoter under mixed SynGas environments.
Additional performance comparison metrics can be found for CO,-only
SynGas streams elsewhere [11].

Concerning the chemical equilibria recorded in this work, CZ shows
the lowest COR for equilibrium conversion at approx. 0.83 for 250 °C
reactor temperature, requiring the highest amounts of CO in the re-
actor make up gas for balanced reactant conversion. This equates to
a CO,/CO ratio of about 4:1, which is considerably higher in com-
parison to previously reported equilibrium values for CZA catalyst
systems, where equilibrium conversion has been reported at COR of
10%-35% [10,53]. This showcases the influence of promoters and
support structure on the reaction mechanism and equilibrium. CeO,
and ZrO, promoters added to Cu/ZnO catalysts strongly enhance CO,
activation and hydrogenation. This is mainly due to their oxygen
storage capacity and the stabilization of formate intermediates formed
during MeOH synthesis. These promoters shift the reaction equilib-
rium towards the CO, hydrogenation pathway, resulting in a lower
CO/CO, ratio required to reach equilibrium conversion [10,40]. The
promoters, along with the highly porous alumina support, suppress the
CO-hydrogenation pathway relative to the CO, pathway much more
effectively than in unpromoted Cu/ZnO catalysts. This suppression
reduces the competitiveness of CO as a reactant, causing equilibrium
to be established at lower partial pressures of CO, thus lowering the
CO/CO, ratio at equilibrium. Furthermore, CeO, and ZrO, are known
to enhance the water-gas shift (WGS) reaction, which converts CO and
H,0 to CO, and H,. This catalytic promotion can enhance conversion
of CO to CO, dynamically increasing the relative concentration of CO,
in the steady state reaction environment. As a result, the CO/C, ratio
at equilibrium is further reduced in the promoted catalyst formulations
CZC, CZCZ and CZCZC [12].

3.3. Results of the parameter fitting

For parameter fitting, no major mass transfer limitations were as-
sumed on the basis of the extensive test for limitations described above.
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Table 6 shows average transfer coefficients and Weisz- as well as
Mears-parameters for each of the catalysts for CO,, H,O and MeOH,
which are most prone to experience transfer limitations on a molecular
level [6]. The reported values were calculated as mean averages from
determining the coefficients for every individual test conducted in
a first optimization run. A full report of the transfer limitations for
every test run is given in the supplementary materials. As can be seen,
average Mears criteria are very low on average. External diffusion lim-
itations were therefore excluded from the fitting process. Concerning
internal mass transfer limitations, only MeOH shows values above 0.1
for all catalysts. As Hy, CO, CO, and H,O did not show inhibiting
mass transfer behavior, and transfer limitation of the MeOH product
were limited in most test conditions applied in this study, all transfer
limitations were omitted in further parameter optimization.

The parameters fitted to the Graaf-model with the chosen combina-
tions of rate determining steps and some statistical indicators towards
model fit are given in Table 7. Additionally, a short list of comparable
studies that have refitted the Graaf kinetics to other applications using
adapted CZA catalyst formulas is given in Table 8 [31,42,47,94]. The
reported studies underline the meaningfulness of the calculated values
from the herein tested catalyst samples, with activation energies lower
— following reduced activity of the reported samples compared to the
industrial CZA catalyst.

As reported by Graaf et al. and many other recent studies investi-
gating the kinetics of MeOH-synthesis over CuO / ZnO-based catalyst
formulas, the optimization performed in this work yields the mathe-
matical exclusion of the formation of MeOH through hydrogenation
of CO [10,31,42,46,47]. This is represented by the fact, that calcu-
lated rates for CO-hydrogenation assume near zero values in reactor
calculation based upon the herein presented models. CO-hydrogenation
can thus be neglected in future analysis of the model fit presented
in this work. Nonetheless, the model combination given in Table 8
shows the optimized full model combination, including step A — CO-
hydrogenation, for comparability to related studies. Here, the chosen
optimized rate-determining step changes from one promotional step to
another, with the fit minimizing CO-hydrogenation depending on the
test results.

For the binary CuO/ZnO carrier catalyst, the optimization yields
the best combination of models for the A3B2C3 model, which is also
kinetically chosen by Graaf et al. for their model presented for the
industrial catalyst using the same active phases. Promotion of the
binary catalyst changes the rate determining steps, with CeO,-addition
altering the rate determining step for MeOH-generation through CO,-
hydrogenation, which is expectable on a molecular level, as CeO, is
able to produce active centers for CO,-adsorption that differ from those
usually assumed to be active in CZA [20]. Here, initial hydrogenation
of adsorbed CO, towards HCOO in the formate pathway is favored by
the CeO, promoted catalyst sample over the hydrogenation of H,COO,
as initially shown in the original model by Graaf et al.. Consideration
of H,COO-hydrogenation as rate determining step is supported by
literature in CZA-catalysts as well as in ZrO, and CeO,-containing
formulas [31]. ZrO,-promotion changes the rate determining step of
both RWGS and CO,-hydrogenation mathematically again, with RDS
in CO,-hydrogenation returning to initial COO-hydrogenation and the
RDS for RWGS switching from HCOO-hydrogenation towards H,O
and CO to initial COO-hydrogenation to HCOO. CaO-promotion in
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Table 7
Kinetic parameters for novel 20% catalyst systems.
20% CZ 20% CZC 20% CZCZ 20% CZCZC
Model
A3B2C3 A3B2C1 A2B1C3 A4B1C3
Rate Constants: k = A x e~Fa/RT
Ayteori.co 1.18 32.1 8.21 0.21
Eqpeonco (kJ/mol) 8.02 3.20 1.32 85.21
Aveonco, 3.76 x 107 320 10 6.34 x 1010 544 x 10°
E,weonco, (kJ/mol) 79.3 67.5 130.8 130.8
Arwas 0.672 1.37 0.27 1.12x 1072
Eqrwas (kJ/mol) 27.5 8.46 25.2 29.4
Adsorption Constants: K = B x ¢4/’
Bco 1.00x 1073 1.55 %1072 1.36 x 1072 1.12x 1072
AH (kJ/mol) 33.8 4.38 29.7 1.01
Bcog 2.91 x 1077 3.79x 1077 1.70 x 107! 5.02x 1078
AH o, (kJ/mol) 57.4 30.0 114.3 66.8
Byo 7.07x 10712 133x 107! 748 x 10714 1.21x 1071
AH,, o (kJ/mol) 125.7 131.9 137.0 124.9
H,: Parameters compounded with H,0
statistical agreement of the models predicted values with the measured data
R? CO, 0 0.91 0.99 0.95 0.98
R? CO O 0.97 0.97 0.92 0.93
R? MeOH () 0.87 0.91 0.94 0.93
R? H,0 0 0.97 0.92 0.91 0.91
MAPE MeOH (%) 11.56 10.11 15.38 16.51
MAPE H,0 (%) 9.21 8.41 11.12 11.76
CCC MeOH 0.85 0.94 0.81 0.83
CCC H,0 0.91 0.96 0.84 0.82
20% CZ 20% CZC 20% CZ 20% CZC
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Fig. 8. Parity Plots for measured vs. predicted effluent partial pressures for (a) CO and CO, and (b) MeOH and H,O in the four catalyst samples.

the quinary 20% CZCZC catalyst sample does not further alter the
mathematical composition of the overall model, retaining the RDS
shown for 20% CZCZ, while exhibiting slightly reduced activity towards
CO,-conversion towards MeOH.

The values fitted to the Graaf-model in this work assume parameter
ranges that are comparable to values from similar parametrization
works. On the one hand, this confirms the applicability of the presented
fitting procedure, utilizing a multi initial parameter fit. In further
discussion of the results, this could on the other hand also be at-
tributed to the published optimization algorithm finding local minima
close to the initial guesses taken from literature, thus providing a
globally sub-optimal fit within close numerical proximity of the initial
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guess. Nonetheless, the models perform well in predicting CO- and CO,,
conversion as well as MeOH and H,O-production in the test reactor,
showing high overall agreement with the measured data. Key statistical
indicators are given alongside the optimized fitting parameters in Table
7. R? of calculated CO, CO, and MeOH reactor exit partial pressures
as well as MAPE and CCC of MeOH reactor exit partial pressures are
shown for demonstration of model fit quality and for comparison of
different approaches for statistical evaluation of modeling results. In
general, the model for 20% CZC shows the best fit statistically, with
R? for all species above 0.91 and a Mean Absolute Percentage Error
(MAPE) for MeOH formation of approx. 10%, implying an average
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Table 8
Kinetic parameters for methanol synthesis catalysts.
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Graaf et al. [47]

Nestler et al. [42]

Poto et al. [31] Slotboom et al. [94]

Catalyst Information

Catalyst Cu0/Zn0/Al, 04 Cu0/Zn0O/Al, 04 Cu0/Zn0/Ce0,/Zr0O, Cu0/Zn0/Al, 04
Manufacturer Haldor Topsoe Clariant - -
Type Coprecipitation Coprecipitation Coprecipitation Different data sets
Model 323 323 313 -
Rate Constants: k = A x e~5/RT
Aweon.co 2.69 x 107 - 7.103 x 107! -
E, \eonco (kJ/mol) 109.9 - 33.8 -
Arwas 7.31 % 108 244.43 2.765 x 101 1111 x 101
E, qwes (kJ/mol) 123.4 53.7 13.4 203.0
Aneonco, 436 x 10? 2.356 x 1075 1.416 x 10° 7.414% 10"
E,meonco, (kJ/mol) 65.2 14.7 12.0 166.0
Adsorption Constants: K = B x eAH/RT'
Bo 7.99x 1077 144 x 10717 3.561x 1073 -
AH¢q (kJ/mol) 58.1 -0.57 -8.44 -
Beo, 1.02x 1077 4223 x 1076 6.173 x 1077 -
AHc, (kJ/mol) 67.4 0 56.7 -
By,o 4.13x 1071 6.407 x 10713 3.521x 10712 126.4 + 66
AHy o (kJ/mol) 104.5 126.8 124.2 -
H,: Parameters compounded
(Slotboom: Ky, = 1.099 + 0.66)
—_— Oy s 0 —-= MeOH Hy,O
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Fig. 9. Calculated concentration profiles inside the test reactor for three different inlet gas compositions. Top to bottom: (1) COR = 0.81, SN = 3; (2) COR = 1,

SN = 3; (3) COR = 0.36, SN = 3.

deviation of calculated values for MeOH formation of only 10% com-
pared to the measured test data. The fitted models for 20% CZCZ
and 20% CZCZC show slightly inferior statistical agreement with the
measured data, but still perform well with R2 for all species except
for H,0 above 0.9 and MAPE of approx. 15% concerning prediction
efficacy towards MeOH formation. It can be argued that increased
promotion of the CZA formulation alters the mechanisms of MeOH, CO,
and H,O formation more substantially, making the original assumption
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by Graaf et al. less applicable to the highly promoted samples and
therefore leading to a slightly reduced model fit quality. Calculated
H,O formation shows the lowest agreement with test data for all
catalysts. This is attributed to condensation losses in the test apparatus
and generally less unambiguous calibration results for GC-calibration
towards H,O in the gas phase. Fig. 8 shows the parity plots of CO- and
CO,- (a) as well as MeOH and H,O- (b) reactor exit partial pressures
with 25% deviation bandwidth marked inside the sub-plots. As can
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Table 9

Applied Catalysis A, General 713 (2026) 120675

Normalized sensitivity of key model outputs towards the variation of selected model parameters. Sensitivity is given as
compounded value for first order single parameters impact and higher order cross sensitivities.

Model factor I'MeOH Xcon TH20 Syeon
20% CZ

Aseonico, 0.2720 0.2313 0.2313 0.0910
E, rwes 0.0093 0.4626 0.4626 0.3553
B, 0.2719 0.1861 0.1861 0.1258
AHg, 3.0409 1.8258 1.8258 1.4235
By,o 0.2747 0.1941 0.1941 0.1262
20% CZC

Aeonico, 0.2720 0.2313 0.2313 0.0910
Arwes 0.0039 0.0406 0.0406 0.0355
Beo, 0.2719 0.1861 0.1861 0.1258
4Hco, 3.0409 1.8258 1.8258 1.4235
By,o 0.2747 0.1941 0.1941 0.1262
20% CZCZ

Apteo co, 0.0038 0.0004 0.0004 0.0035
Arwes 0.0064 0.0030 0.0030 0.0088
Bco, 0.0008 0.0002 0.0002 0.0010
4Hco, 0.0068 0.0018 0.0018 0.0082
By,o 0.0000 0.0000 0.0000 0.0000
20% CZCZC

Apeonco, 0.0038 0.0004 0.0004 0.0035
Arwes 0.0064 0.0030 0.0030 0.0088
B, 0.0008 0.0002 0.0002 0.0010
AHco, 0.0068 0.0018 0.0018 0.0082
By,o 0.0000 0.0000 0.0000 0.0000

be seen, the fitted model for 20% CZC performs very well, with no
estimation outliers outside of the 25% deviation areas. The 20% CZC
model is able to accurately predict CO and CO, conversion as well as
CO formation in RWGS to an R? of 0.99, demonstrating both the quality
of the fitting procedure as well as underlining the quality of Graaf
model in applications of parameter refitting for adapted MeOH-catalyst
studies. Estimation of the 20% CZCZ model shows the most disarranged
parity image, with single outliers being located considerably outside
the 25% boundaries. For H,O and MeOH, as with CO and CO, reactor
exit pressures, 20% CZC shows the best statistical model fit towards the
experimental data. All models show R? higher than 0.8 for predicting
MeOH-effluent molar fractions and R? above 0.9 for H,O production.
Grave prediction outliers are attributed to testing inaccuracies. Model
accuracy for predicting MeOH and H,O production is significantly
lower than for the calculation of carbon-oxide conversion. This is in
line with multiple other recent studies and can be attributed to several
factors in testing and model optimization, of which product retention
in the gas probing system and enhanced measurement variance in GC
calibration for liquid products are two possible reasons [42,44].

The parametrized models for each catalyst are also tested for their
performance in calculating concentration gradients in real world reac-
tor setups. For this, the previously introduced quasi-isothermal reactor
model is applied. The conversion gradients inside the reactor model are
probed for each catalyst using gas compositions tested in this work, to
investigate the influence each promotional step for the carrier catalysts
has on the species evolution inside the reactor along the z-axis. Fig. 9
shows the calculated concentration gradients inside the 0.035 m long
reactor for three different reactor inlet compositions applying super
stoichiometric conditions for COR = 1, COR = 0.81 and COR = 0.36.
As can be taken from the subplots, educt consumption and product
generation are relatively high in the first third of the reactor. 20%
CZ and 20% CZC both exhibit high CO-production in the first third
of the reactor, with CO-concentration reaching equilibrium fast and
not changing much after about 0.1 m reactor length. Equally, CO,-
consumption is high at the beginning of the reactor, slowing down
considerably after CO-concentration has reached its equilibrium. Thus,
H,O formation is high at the beginning of the reactor, being reduced as
CO-concentration in the reactor reaches its equilibrium, only influenced
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much by the co-generation of MeOH and H,O in CO,-hydrogenation
towards MeOH afterwards. This is in line with comparable studies, that
have probed concentration profiles of the Graaf-model in tubular 1D
reactor setups recently [95]. Even in the low-COR scenario, the CO-
concentration in the reactor increases slightly at reactor entry, and
CO-consumption towards CO,-generation and subsequent hydrogena-
tion towards MeOH only begins after a sufficient CO-partial pressure
of approx. 3 bar is reached. This is in line with the fitting results
omitting CO-hydrogenation for the optimized model, as all reactions
pathways in the reactor are directly assigned to either WGS/RWGS or
CO,-hydrogenation reactions and CO-consumption and -production are
not calculated through the CO-hydrogenation pathway to MeOH. 20%
CZCZ show significantly increased reaction rates, as already discussed
in Section 3.2. Consequently, initial CO,-consumption is considerably
higher, with species concentration for MeOH and H,O reaching an equi-
librium earlier though, barely changing after approx 50% axial reactor
length. CaO-promotion in 20% CZCZC changes the mathematical kinet-
ics of the model the most. With overall smoother gradients across the
reactor length. The subplots for 20% CZCZC suggest, that the reactions
involved in CO,- and CO conversion do not reach equilibrium in the
herein used reactor setup, implying that changed reactor geometries in
the test setup could have contributed to slightly increased X for 20%
CZCZC in this work.

Sensitivity of the models towards parameter changes was inves-
tigated in order to evaluate single- and multi-parameter impact on
the model results. For each model, the sensitivity of output parame-
ters, such as Xcoo, STYyeon> STYHoo and Syeon were tested against
perturbation of single parameter classes of 10%. Table 9 shows the
model sensitivity towards single parameters that were chosen for their
high impact on model results. For each individual kinetic model, the
sensitivity towards changes of 10% in the parameter values for the
pre-exponential factor of MeOH-formation from CO,, activation energy
for RWGS, pre-exponential, consolidated factor for the adsorption term
of CO, and adsorption energy of CO,-adsorption as well as the pre-
exponential factor in the adsorption term for H,O are tested under
high COR conditions for SN = 2.0. The models for 20% CZCZ and
20% CZCZC show high robustness towards parametric changes. This
indicates low influence of the probed parameters towards the model
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outcome and suggests parametric uncertainty to a degree. 20% CZ and
20% CZC have more sensitive models towards most of the tested fac-
tors. This implicates more certain model fit towards these parameters
and underlines the fit quality of the models fitted to the test data
of 20% CZ and 20% CZC. Overall, sensitivity is moderate, suggesting
more in depth review of the modeled data could be the foundation
of a parameter reduction in those parameters for which the optimized
models exhibit low sensitivity [44].

4. Conclusion

In this work, we presented a detailed performance analysis, a sub-
stantial extension of physio-chemical characterization and a parameter
fitting for an existing kinetic model for four previously prepared and
reported infiltration composite catalysts for the effective conversion
of CO and CO, to MeOH. We investigated the catalysts through the
analysis of radial FIB-Lamellae of the spheres, Raman- and XPS-spectra
of the catalyst surfaces as well as adsorption and desorption prop-
erties for H,- and CO,. Physical surface properties were tested in
unreduced samples, constituting a limitation of this work, but still
lending valuable insights into coating efficiency of y-alumina spheres
with catalytically highly active metal oxides and their resulting surface
structures. Additionally, we tested the catalyst performances in mixed
carbon-oxide environments, as are expectable in industrial regenerative
MeOH-synthesis with CO, as main carbon source and process gas
recycling. The CeO,, ZrO, and CaO promoted catalysts show large
interfacial areas between different metal-oxide agglomerates on the
y-Al,O5 carrier spheres. This is indicative of the formation of active
centers for both the adsorption of CO as well as CO,. Raman- and
XPS-analysis confirm the correct loading and metal-oxide ratios on
the catalyst surfaces. Additionally, XPS-analysis indicated heightened
dispersion and more complex metal-metal-oxide interaction on the
catalyst surface, which is in line with the presented TEM-imaging. The
physical findings are supported by the test results from mixed carbon-
oxide SynGas testing. Here all catalyst samples perform well, with
the CeO, and ZrO, promoted 20% CZCZ catalyst performing the best
concerning STY).on, Showing good MeOH-production rates throughout
different tested SynGas COR, pressures and reactor temperatures. This
finding is especially important, as all samples were only coated with
20%w active catalyst phase with catalyst densities considerably lower
than for co-precipitated commercial catalyst samples. This suggests,
that only part of the active phase in precipitated catalyst samples
actually contributes to the heterogeneous catalytic reactions and lays
an important foundation for future development of efficient catalyst
formulations. Additionally, an existing kinetic model for modeling the
MeOH synthesis is re-parametrized based upon the herein presented
testing result and provided open source, delivering a good and efficient
approach for future kinetic work in catalysis. Mathematically, MeOH
formation from CO is omitted from the numerical model, which is in
line with previous findings in CO,-hydrogenation to MeOH. An effec-
tive kinetic parameter set was determined for every sample, enabling
the calculation of complex tubular reactor models and future work in
scale-up for catalytic applications. The models suggests the conver-
sion of CO, to MeOH via the formate route, with the hydrogenation
of adsorbed HCOO's or the hydrogenation of H,0O x-species being
mathematically determined as rate determining in MeOH formation.
Meanwhile, the models suggest that CO acts as H,O scavenger, with
adsorbed H,O species necessary to activate CO on the catalyst sur-
faces in RWGS-reaction mechanisms. Overall, this work presents the
basis for an extended understanding of how different popular MeOH-
catalyst promoters interact in different formulas in carrier catalyst
applications. The classic CuO/ZnO catalyst complex performs well in
CO-dominated SynGas streams, CeO, and ZrO, are nonetheless able to
improve conversion performance, especially in CO,-rich synthesis gas
applications.
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