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

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

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

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

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

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

provided below.

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

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

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

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

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

B EXPERIMENTAL DETAILS

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

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

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

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

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

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

Powder X-ray diffraction (p-XRD) was carried out using a
Panalytical MDP X'Pert Pro diffractometer using Cu Ka (4
0.1541 nm) radiation. The measuring range of the diffraction angle
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was 10—80° and sampled using a rate of 0.013° with a counting time
of 0.3 s. In,O; particle sizes were calculated using a modified Scherrer
equation®® based on the characteristic diffraction reflections as
described in the Supporting Information, eq S5. The XRD patterns
for indium-based catalysts can be found in Figure S2.

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

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

Thermocouple

Sampling

Feed gas GC-FID

Glass wool =77}~ =7

Catalyst bed

Flow direction

4x75 pm |
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Figure 1. Graphical scheme of the compact profile reactor (CPR).

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

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

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

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

m

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

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

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

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

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

B RESULTS AND DISCUSSION

At first, the CPR was set up to run at the desired reaction
temperature and pressure of up to 275 °C and 7S bar,
respectively. A control experiment with glass beads was
performed to investigate the volume-induced pressure drop
and to exclude any blind activity. No catalytic activity was
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Figure 2. Spatially resolved temperature and product profile of CZA at T = 250 °C, p = 50 bar, GHSV = 63,000 h™', and a feed gas composition of
CO,/H, = 1/3. The measurements were taken between 5 and 35 h TOS. (a) Active metal productivity and (b) selectivity to MeOH (green) and

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

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

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

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

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

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

Applying the CPR Reactor for the Metal-Promoted
In,03/Zr0, Catalysts. Building on the work of Frei et al. and
Kampe et al,,'""”*? it was shown that nickel-promoted In,O,/
ZrO, could enhance the catalytic performance compared to
pure In,03;/ZrO,. To determine the spatially resolved
difference in catalytic performance, we tested the Ni—In,0;/
ZrO, catalyst in the CPR at the same reaction conditions (p =
50 bar, T = 250 °C, see Figure 4).
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Figure 4. Spatially resolved temperature and product profile of Ni—In,0,/ZrO, at T = 250 °C, p = 50 bar, GHSV = 63,000 h™', and a feed gas
composition of CO,/H, = 1/3. The measurements were taken between S and 35 h TOS. (a) Active metal productivity and (b) selectivity of

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

(a)

(b)

200 50
—— In,0,/Zr0, (M-SG) —— In,04/Zr0, (M-SG)
180 - A 1% Ni-In,0,/ZrO, (WI) 457 1% Ni-In,0,/ZrO, (WI)
160 w{ \ 1% Ce-In,0,/Zr0, (W) 404 1% Ce-In,0,/Zr0, (WI)
1% Cu-In,04/Zr0, (WI) s ] 1% Cu-In,0,/Zr0, (WI) ,
140 -
o 120 1
>
£ 100 1
e
I 80 4
(]
60
40
204
o7 -5
100 150 200 250 300 350 400 450 500 550 600 1(I)0 1é0 2(I)O ZEISO 360 3%0 460 45;0 5(I)0 5%0 600
T (OC) T (QC)

Figure S. Reducibility and CO, adsorption capacity of the In,0;/ZrO, catalyst compared to the metal-promoted In,0;/ZrO, catalysts. H, TPR

(a) and CO, TPD (b).

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

An increase of catalyst surface area (80.66 m*g~') by Ni
doping was observed as well, leading to a better accessibility of
the reactants. No methanation was observed, which is well in
line with the literature."'”?° After 90 h time on stream, the
active productivity at the reactor outlet increased slightly from
2.96 gyeon*Sinsnih ™ 10 3.07 gyreorininih ™ with no apparent
deactivation. Besides nickel, other promoter metals such as

https://doi.org/10.1021/acssuschemeng.4c03279
ACS Sustainable Chem. Eng. 2024, 12, 9541-9549


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c03279/suppl_file/sc4c03279_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c03279?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c03279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Table 1. Integral Catalytic Performance (6.0 cm) of Pure and Metal-Promoted In,0;/ZrO, Catalysts at p = 50 bar (H,/CO, =

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

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

“Nominal H, Reduction and CO, Adsorption Capacity.

nominal H, reduction

nominal CO, adsorption

metsl/8CO Gmetal - B capacity capacity
0.32 + 0.00 1.00 1.00
0.17 + 0.03 128 126
0.29 + 0.05 152 0.70
0.63 + 0.02 1.40 1.56

Table 2. Effect of Reaction Conditions on the Integral Catalytic Performance of Ni—In,0;/ZrO, at the Outlet (6.0 cm) of the
Compact Profile Reactor Using a Feed Gas Composition of CO,/H, = 1/3

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

—11-1
active,ln+Ni/ gMeOH SineNi - D

—1 -1
PCO,active,metal/ 2co Smini - D

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

“Influence of total pressure at 250 °C and 63,000 h™!, GHSV at 250 °C and 50 bar, and temperature at S0 bar and 63,000 h™".
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Figure 6. Influence of the reaction conditions on spatially resolved temperature and product profiles of Ni—In,03/ZrO, using a feed gas

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

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

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

copper and cerium have been tested as well (Table 2).
However, they showed a similar behavior in the CPR but were
inferior in terms of methanol productivity compared to nickel
doping, which underlines the outstanding performance of Ni as
a promoter and correlates with the findings of H, TPR and
CO, TPD. Moreover, all indium-based catalysts showed a
significantly higher methanol selectivity (S = 80—90%)
compared to the commercial CZA catalyst (S = 40%) under
the applied reaction conditions. A summary of the integral
catalytic performance (6.0 cm) for the metal-promoted and
pure In,0;/ZrO, is shown in Table 1. More details on the
spatial reaction profiles for copper- and cerium-promoted
catalysts can be found in the Supporting Information (Figure
S5).

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

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

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

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

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

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

B CONCLUSIONS

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