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Methanol synthesis via CO2 hydrogenation is an emerging Power-to-Liquid (PtL) technology aimed to accelerate
the energy transition and the defossilization of key sectors, particularly maritime transport. This study focuses on
the study of low loading formulations, to minimize the catalyst cost. Key operational variables including tem-
perature (T), Weight Hourly Space Velocity (WHSV), copper and zinc loadings, and aging state were systemat-
ically varied. An overall active phase loading of 10 %" emerged as optimal. Within this total loading, a 5 %"'Cu-
5 %"“'Zn/ZrO, catalysts delivered higher methanol productivity than 10 %"'Cu/ZrOy; however, the bimetallic
catalysts showed pronounced deactivation under water-rich atmospheres, establishing 10 %"'Cu/ZrO, as the
most promising catalysts. Operating temperature and WHSV exerted a strong, synergistic influence on CH3OH
formation; in particular, increasing WHSV shifted the reaction away from thermodynamic control and boosted
methanol synthesis. Finally, the catalytic performance of these low-loading catalysts was benchmarked against
high-copper-loading methanol catalysts reported in the literature by critically compare their activities as a
function of the residence time (t) calculated at reaction conditions. This assessment revealed that the proposed
formulation is highly competitive when compared to most conventional formulation, with a maximum methanol
space time yield (STYcu,on) of 3.9 gch,ou gCu'1 h'l. This comparison confirms that the catalysts proposed in this
study could offer a remarkably more efficient use of the active phase than the conventional high-copper-loading
catalysts.

stands out because it remains in the liquid phase under atmospheric
conditions, thereby reducing both transportation and storage costs
[42-44]. Green methanol synthesis by CO5 hydrogenation is a Power-to-
Liquid (PtL) process [38,45,46], which produces a synthetic fuel, or e-
fuel (to highlight its production from green-Hj), whose combustion
emits no net COy, thereby closing the carbon cycle [47-49].

1. Introduction

Global warming is among the most pressing challenges we face today
[1]. Its primary driver is anthropogenic CO2 emissions [2,3], which
derives from the continuous utilization of fossil fuels [1,4,5] and has

surpassed + 1 °C above preindustrial level [6,7] with concerning con- CO + 2H,=CHsOH AH® = —90.37 [k J-mol'l} (r.1)
T N .
sequences for the increase of the global temperature [8-10]. This
environmental crisis has prompted a shift away from fossil fuels toward CO, + Hy=CO + H,0 AH? = —41.21 [k J-mol'l] *.2)
= ;= . .

a decentralized, or “green,” energy transition [11-16]. Several alterna-
tives are being explored: from increasing the production of renewable

CO, + 3H,=CH30H + H,0
electricity [17] and advancing electrification [18], to adopting carbon- 2 2 3 2

AH? = —49.16 [kJ-mol ] (.3)

free fuels like NH3 or Hy [19-22], or even switching to synthetic fuels
such as CH4 and CH30H [23-27].

Among the synthetic fuels, this work focuses on a single compound:
methanol [28]. This product is widely used as a raw material in indus-
trial processes [29-36]. Additionally, it can serve as a fuel, particularly
in maritime applications [37-41]. Among synthetic fuels, methanol
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The PtL process is highly sensitive to operating conditions from a
thermodynamic standpoint [50-53]. Since methanol synthesis is an
exothermic reaction (r.1 and r.3), increasing the operating temperature
further limits the process thermodynamically. On the other hand, con-
ducting the process at lower temperature faces the kinetics limitations.
In addition, the operating pressure has the greatest influence, as the
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Nomenclature

ko1 — ko,3 Pre-exponential factor of reaction r.1 and r.3, mol g’1
s ! bar!

ko2 Pre-exponential factor of reaction r.2, mol g_1 s71
bar—1/2

Eaji Activation energy of reaction r.i, kJ mol~!

kq, ks Kinetic constant of reaction r.1 and r.3, mol g~ st
bar~!

ko Kinetic constant of reaction r.2, mol g’l s~ ! bar /2

Ko Equilibrium constant of reaction r.1, bar—2

K p2 Equilibrium constant of reaction r.2, —

K3 Equilibrium constant of reaction r.3, bar~3

K; Adsorption constant of the i-species, bar

on Fugacity of the i-species, bar

reaction is promoted by high pressures [54].

Methanol synthesis has traditionally been conducted using copper-
based catalyst, commonly combined with zinc and aluminum to form
a Copper-Zinc-Alumina (CZA) catalyst via coprecipitation method
[55-57]. This formulation suffers from two drawbacks. The first,
although less critical, is its high concentration of transitions metals (Cu
and Zn), since in many formulations aluminum accounts for only about
10-20 %" of the catalyst [58,59], which makes the catalyst expensive.
The second, more significant issue, is hydrothermal deactivation, which
is strictly related to the modern approach to methanol synthesis. Indeed,
it conventionally relied on the use of syngas (CO + Hj) derived from
natural gas steam reforming as feedstock [60]. However, in the pursuit
of carbon-neutral fuels, methanol production is now aimed to be con-
ducted via CO5 hydrogenation [61]: the switch to CO, feedstocks leads
to water formation through reactions r.2 and r.3, inducing hydrothermal
deactivation of the catalyst [62-66].

Low-loading catalysts offer economic benefits and have the poten-
tiality of presenting functional advantages as well: by reducing the
amount of active metal, they lower material costs; on the other hand, the
increased dispersion of the active phase can mitigate metal sintering and
hydrothermal deactivation, ultimately enhancing catalyst stability and
prolonging its operational lifetime. Copper is a commonly used active
phase in a wide range of catalytic processes [67], but to the best of our
knowledge, there are no studies in the literature focusing on the opti-
mization of low-loading catalysts for methanol synthesis, a gap that is
worth filling in light of the promises of this kind of formulation.

The present study aims to synthesize and systematically evaluate the
activity and stability of low-loading copper-zinc catalysts, with the goal
of identifying the optimal formulation, in terms of methanol yield. To
this end, an initial screening of different catalyst compositions was
performed under fixed reaction conditions, allowing for a preliminary
assessment of performance. The formulation exhibiting the highest ac-
tivity and stability was subsequently subjected to a more comprehensive
investigation, including variation of operating conditions and stability
testing, in order to fully characterize its potential in terms of CH30H
space-time yield (STYcu,on) and determine the factors governing its
performance.

2. Materials and methods
2.1. Catalysts preparation

This study utilizes copper-based catalysts supported on zirconium
oxide (ZrOs3), using a relatively low copper loading as the active phase.
ZrO, exhibits good synergy in methanol synthesis, as this support shows
high resistance under steam-rich conditions and strong affinity for COy
activation and adsorption. Moreover, ZrO, lacks intrinsic acidity, which
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prevents methanol from dehydrating into dimethyl ether (CH30CHj3). In
addition, the purpose of our group is optimizing a catalytic formulation
for its subsequent employment in a sorption-enhanced process to be
carried out in a patented application, the continuous sorbent flux flu-
idized bed reaction (CSF-FBR) [68]. To this aim, many preliminary
evaluations are needed, such as the optimization of the formulation,
which is the core of this study. The choice of ZrO, as the support, in this
sense, is also driven by its high mechanical strength, which is a critical
requirement for operation in a fluidized bed reactor. The primary
objective of this work is to determine the optimal copper content, given
that traditional formulations often include around 50 “'% copper [69].
In contrast, this study seeks to substantially reduce the amount of copper
present in the catalyst.

A total of seven copper-based catalysts were synthesized. Five of
them contained only copper, with nominal Cu loadings ranging from 5
to 15 %"* in increments of 2.5 %"". Two catalysts were synthetized by
co-impregnating copper and zinc, maintaining a fixed total metal
loading of 10 %", For these bimetallic catalysts, Cu/Zn weight ratios of
1:1 and 3:1 were employed.

Monoclinic ZrO,, supplied by ThermoScientific, was used as the
support in the preparation of all catalysts by the wet-impregnation (WI)
method. The required amounts of copper (Cu(NO3)-3H,0, ALDO, >99
%) and zinc (Zn(NO3)-6H20, ALDO, >98 %) precursors were dissolved
in 300 mL of distilled water, and the support was added in a single
impregnation step. The suspension was stirred at 150 rpm for 7 h. Re-
sidual solvent was removed at 70 °C under vacuum in a rotary evapo-
rator (Buchi).

The resulting solid was calcined in two stages: (i) 90 °C for 4 h to
ensure complete removal of physisorbed water and (ii) 350 °C for 3 h.
Both stages were reached using a heating ramp of 2 °C min . Finally,
the calcined catalyst was sieved to 250 — 400 pm particle size range.

2.2. Experimental setup

The catalytic tests were carried out at laboratory scale using a
stainless steel fixed-bed reactor 12 mm i.d., followed by a cryogenic trap
submerged in an ice/salt/ethanol bath (—15 °C). A back-pressure
controller was installed downstream of the liquid trap. Temperature
monitoring was achieved using a K-type thermocouple positioned at the
midpoint of the catalytic bed. The reactor outlet stream, consisting of
both unconverted reactants and products, passed through the cryogenic
trap/condenser to collect condensable compounds (H20 and CH3OH).
Non-condensable gases were decompressed and analyzed online using
an Agilent 490 MicroGC. At the conclusion of each catalytic test, the
system was depressurized, and the condenser was removed to recover
the accumulated liquid, which was subsequently analyzed using a Shi-
madzu QP2010 Ultra Gas Chromatography-Mass Spectrometry (GC-MS)
system.

For all the experimental tests, the catalytic bed was diluted with inert
material (quartz sand, 75 — 150 pm particle size) until a fixed volume
(25.5 cm®).

2.2.1. Catalytic tests

Prior to the catalytic tests, the catalyst required an activation stage.
This procedure involved a flow of 150 mLgp/min of 50/50 %" Hy/Ar at
1 atmosphere for 60 min.

Once the catalyst activation stage was over, the catalytic test was
immediately carried out. The system was pressurized with argon to 20
atm, once the desired operating conditions (P and T) were reached, the
reaction gas mixture (Hy + CO3) was introduced. The reactor already
loaded the catalyst and was filled with quartz particles to achieve the
fixed volume (25.5 cm®).

Furthermore, complementary high-pressure experiments were con-
ducted at MOEVE (a global, integrated energy and chemicals company,
formerly Cepsa). These tests were performed at their Centre for Inno-
vation in Energy Transition (CITE, located in Madrid, Spain) using
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elevated pressure, increased catalyst loadings, and higher gas flow rates
(denoted by an asterisk in Table 1). These conditions resulted in corre-
spondingly higher weight hourly space velocity (WHSV) values. The
inert/catalyst mass ratio (I/C) was approximately 98 %, ensuring that
the bed remained isothermal and thermally homogeneous.

The fixed and variable operating conditions are detailed in Table 1.

It should be noted that this experimental procedure introduced a
significant dead volume due to argon accumulation during the pres-
surization of the experimental setup. At the beginning of the experiment,
the interior of the reactor and condenser is occupied by Ar, which is
necessary to reach the desired pressure. Consequently, when the reac-
tion feed (CO2 + Hy) is introduced, it initially remains inside the system,
displacing the pre-existing Ar. This results in a dead volume (Vp) and a
time lag between the feed introduction and the outlet response of the
system. Therefore, to enable continuous time-resolved analysis, a blank
experiment is required to characterize the system response. This blank
test was conducted under the same operating conditions as the main
experiments but in the absence of the catalyst, allowing the evaluation of
the intrinsic system response to the step feed input.

2.2.2. Aging tests

A key performance parameter for these catalysts is their hydrother-
mal stability because copper-based catalysts are highly susceptible to
deactivation in streams with high water—vapor partial pressure
[62-64,66,70-72], which appears to be produced by hydrothermal
sintering of Cu crystallites. To probe this, the catalyst was deliberately
exposed to severe stream conditions: it was held at 250 °C for 75 h in a
fully water-saturated gas flow to accelerate hydrothermal deactivation.
This aging procedure was carried out using a quartz fixed-bed reactor
with a constant water atmosphere generated by evaporating distilled
water in a tank directly connected to the reactor. The aging test was
carried out by evaporating 500 mL of liquid-phase HO as feed. The
water was progressively evaporated over 75 h in a continuous Ny stream.
This amount corresponds to a water vapor flow rate of 8.2 L h™! fed into
the reactor containing the catalyst.

After this aging treatment, a standard catalytic activity test was
performed to assess how the steam exposure affected the catalyst’s
efficiency.

2.3. Data treatment

Once the system response was determined through initial blank ex-
periments, key parameters such as CO; conversion (Eq. (1), selectivities
(Eq. (2), and yields (Eq. (3) can be analyzed. These metrics facilitate the
assessment of the effects of operating temperature and Weight Hourly
Space Velocity (WHSV).

Out
. n;-s
CO, conversion (%) = xco, (%) = 100. # (€))
Neo,
Table 1
Fixed and variable operating conditions.
Parameter Value
Solids volume, V; (cm®) 25.5
H,: CO, molar ratio 3
Pressure (atm) 20 - 30" — 40*
Time on stream, TOS (min) 130

Catalyst load, W, (g)
WHSV (Lstp geheh ™)
Temperature, T (°C)

Flow rate qo (mLgrp min ")
Catalyst (—)

0.5-0.6-0.75-1 -4~

6-8-10-12* -18* - 24*

220 - 240—260

100 — 800" — 1200* — 1600*
M%"“'Cu/ZrO, (M = 5; 7.5; 10; 12.5; 15)
M%"'Cu-N%""Zn/Zr0>

(@ M=5.0and N=5.0
({)M=75and N =25

* carried out at the CITE (MOEVE) facilities.
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.pOut
k selectivity (%) = Sk (%) = 100. (%) @
N oy _ Xco,-Sk o S
k yield (%) = (%) = ZS%% (%) = 100. | %7 3)
COo

n -(n /100)-My, c,0n
STY chyon (mgCHgngEL} h71> = STYcuyon = < ( I;j]z(.n({ToS /20) -

4

k = product (CO and CH30H)
s = stoichiometric coefficient (s = 1 for CO and CH30H)
My, x = molecular weight of the product k (mg/mmol)

In these equations, n{* and nj" represent the cumulative molar
amounts (mmol) of each compound exiting and entering the reactor,
respectively, over the entire experiment. The moles of gaseous products
and unconverted reactants leaving the system were determined by
integrating the exiting molar flow rates (F?“)monitored via pGC over
time during the experiment (Eq. (5). The total moles of condensable
products were quantified by weighing and analyzing the liquid fraction
using GC-MS. Additionally, material closure balances were performed
for each element present in the system (C, H, and O) to ensure consis-
tency in mass accounting. In all experiments the atomic mass balance
error was smaller than 2 %.

t=end
nd" = Fo.dt %)
=0

The conventional descriptors Gas/Weight Hourly Space Velocity
(GHSV/WHSYV) suffer from an inherent limitation: they depend on the
operating temperature (T) and pressure (P) because the volumetric flow
rate of a gas changes with both variables. Thus, keeping the same GHSV
or WHSV while altering T or P inevitably shortens or lengthens the
actual residence time in the rector. To avoid this ambiguity, the present
work analyses catalytic performance in terms of effective residence time,
7, considered as the space time under the operating conditions in the
catalytic bed (Tqp and Pgp); that is, the time required for the feed gas to
traverse the catalyst bed. 7 is calculated from the inlet volumetric flow
rate at the experimental temperature (Tpp) and pressure (Pgp), ensuring
that experiments are compared under truly identical operating condi-
tions (Eq.6).

_ Poy-Tsrp-3600

= Zopr s o000 6
)= Psip-Top-GHSV ©)

2.4. Kinetic model

For evaluating the kinetic behavior of the catalysts employed in the
present study, the model proposed by Graaf et al. [73] and recently
recalculated by van Kampen et al. [74] was employed. It is a three-
reactions model: methanol is potentially produced from CO; (r.3) and
from CO (r.1) with a stepwise mechanism, where rWGS reaction (r.2)
offers the first reaction step and describes the conversion of CO5 into CO.
The equilibrium constants K, (with p = 1, 2, 3) and the adsorption
constants K; (with i = CO, CO,, Ho0 and Hy) were retrieved from [74].
The kinetic analysis is based on the hypotheses of: ideal conditions,
isothermal reactor, plug flow, and absence of mass transfer limitations.
Kinetic constants were calculated based on the Arrhenius equation
(Eq.16) where k; is the kinetic constant of the i reaction, and E, ; and kg ;
represent its activation energy and pre-exponential factor. All the
equations and parameters are listed in Table 2.

The Euler method was used for the discretization of the system and
the optimization of the parameters was based on the minimization of an
objective function defined as eq. (17), where c represents the
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Table 2
Rate equations and parameters of the applied kinetic model.
k3Kco {(ﬂcowi/zz ~ Pcuson/ (¢111/22Kp1) ] Eq. (7)
r =
(1 +Kcowco + Kcozgcoz) [(ﬂHz (KHZO/ K )‘PHzo ]
r = k2Kcoz [0co20us — PcoPrzo/Kpz) Eq. (8)
(1 4+ Kcopco + Kco20coz) [4”;12 (KHZO/K )lﬂmo]
k1Kco2 {lﬂcoz(/)z/z PcrzonPrzo/ (‘/’Hz 3) } Eq. (9)
r3 =
(14 Kcowco + Kco2¢coz) [wm (Kyzo/K )lﬂﬂzo ]
1 Eq. (10
Keo :7.99x10’7exp(M> q- (10)
RT
Eq. (11
Keoa = 1.02x10’7exp(w) a- (D
RT
1 1 Eq. (12
Ko /Kzy = 4.13x10*“exp( 0;?00) a- (12)
log,oKp1 = 751T39 ~12.621 Eq. (13)
—2
logioKys = —2273 | 2,029 Fq. (14)
Kps = KpnxKpa Eq. (15)
ki = ko, exp( — Eqi/RT) Eq. (16)

experimental condition (in the present case the temperature, varying in
the three conditions 220, 240 and 260 °C), X, represents the exper-
imental value of test ¢ and X4, represents the model results for the c
condition.

f = min ( > (Kexp, — Xmody) a7

c=1
3. Results and Discussion
3.1. Characterization

Characterization encompassed specific surface area (SSA), X-ray
fluorescence (XRF) and X-ray diffraction (XRD). SSA was determined in
a Quantachrome Autosorb iQ3 sorptometer, with values calculated from
Ng-adsorption isotherms using the Brunauer-Emmet-Teller (BET) equa-
tion. Elemental composition was measured by XRF on a Thermo Fisher
Scientific PERFORM-series spectrometer fitted with a Rh anode; semi-
quantitative, pattern-less evaluation (sequential F — U) was per-
formed with UNIQUANT software. XRD patterns were collected on a
Rigaku RU-2500 diffractometer equipped with a rotating Cu anode (40
kV, 80 mA) and graphite monochromator to isolate Cu Ko radiation;
data were recorded over 5° < 20 < 70° with a 0.03° step. Hydrogen
temperature-programmed reduction (Hz-TPR) measurements were car-
ried out on a Quantachrome iQ3 chemisorption analyzer operated with
TPR-Win software. Approximately 0.2 g of the catalyst was loaded into a
quartz U-tube reactor and subjected to a three-step sequence: (i)
degassing, performed at 140 °C with a heating rate of f; = 20 °C min~!
for 30 min under flowing Ny; (ii) cooling to a room temperature while
maintaining the inert purge; and (iii) TPR analysis, conducted with a 5
%" Hy/N, mixture using a heating rate of p; = 5 °C min~" up to 500 °C.
Hydrogen consumption was monitored online with a thermal-
conductivity detector (TCD).

The surface elemental composition of the catalyst particles was
analyzed by Energy-Dispersive X-ray Spectroscopy (EDX) using an
Inspect F-50 SEM instrument, as illustrated in Fig. 3. The images reveal a
homogeneous distribution of Cu (green) active sites and Zr (red) support
over the catalyst surface. Furthermore, the quantitative elemental re-
sults obtained from EDX (not shown) are consistent with the elemental
composition determined by XRF analysis (Table 4).

3.1.1. H,-TPR analysis
Fig. 1 presents the Ho-TPR profiles of all calcined catalysts: five
monometallic Cu/ZrO, samples with different copper weight loadings
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%"'Cu/1rO,

7.5%"'Cu/1rO,

10%"'Cu/210,

12.5%"'Cu/1rO,

Signal (a.u.)

15%"'Cu/1rO,

5%“'Cu-5%"'In/1rO,

WICu-2.5%"'In/1rO,

oA
Y -
M
o=

0 400 500

Temperature (°C)

Fig. 1. H,-TPR profiles of calcined catalysts.

and two Cu-Zn bimetallic formulations. The colored solid lines corre-
spond to the overall reduction signal, whereas the deconvolution of
individual peaks is represented as overlapping colored areas of different
intensities. As the Cu loading was increased, the first maximum (asso-
ciated with highly dispersed CuO species or very small crystallites)
shifted from 150 °C to 180 °C, while the peak assigned to less dispersed
CuO larger crystallites (centered at 200 °C) became more intense. For
the bimetallic catalysts, incorporation of zinc markedly lowered the
intensity of the first peak and shifted both reduction maxima to higher
temperatures, evidencing a strong Cu-Zn interaction.

The Hy-TPR profiles of the seven catalysts exhibited two reduction
peaks. The first peak gradually decreased as the active-phase loading,
particularly copper, increased. Table 3 presents the percentage contri-
bution of each peak to the total hydrogen consumption.

Table 3
Percentage contribution of each reduction peak to the total H, consumption for
the studied catalysts.

Catalyst H, uptake (%)
First peak Second peak

5 %"“'Cu/ZrO, 75.4 24.6
7.5 %"“'Cu/ZrO, 57.8 42.2
10 %"'Cu/ZrO, 53.4 46.6
12.5 %"“'Cu/ZrO, 27.9 72.1
15 %"“'Cu/Zr0, 26.5 73.5
5 %"'Cu-5 %"'Zn/Zr0, 66.0 34.0

7.5 %"'Cu2.5 %"“'Zn/Zr0O, 34.5 65.5
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The Hy uptake of each peak showed a strong dependence on the
active-phase loading on the support surface, particularly on the copper
content in the bimetallic catalysts. The first peak (associated with the
reduction of the surface, homogeneous, and highly dispersed active
phase) decreased in intensity as the copper loading increased. In
contrast, the second peak (related to agglomerated and less dispersed
active species) displayed the opposite behavior. As the copper content
increased, the catalyst evolved from a highly dispersed to a selectively
agglomerated state, as also observed in the FESEM/EDX images (Fig. 2),
leading to an increase in the intensity of the second peak. Regarding the
bimetallic catalysts, although the total active-phase loading was fixed at
10 %", a clear trend reflecting the Cu-Zn interaction was observed. Zinc
exhibited higher reducibility; at higher Zn contents, the first peak
showed greater intensity, while decreasing the Zn amount on the cata-
lyst surface led to an increase in the contribution of the second peak,
corresponding to larger crystallite sizes.

3.1.2. XRF and BET

Table 4 presents the results of BET and XRF analyses for the calcined
catalysts and some aged samples.

Upon impregnation with copper or copper-zinc, the catalysts
exhibited a progressive reduction in specific surface area (Sggr) as the
nominal metals loading was increased. In contrast, the samples sub-
jected to the aging test preserve their original surface area, consistent
with the fact that the combined metals accounted for only 10 %"* of the
overall solid, thus limiting pore blockage and sintering during thermal
exposure.

The average pore size remained unchanged, both with varying
active-phase loadings on the support surface and after subjecting the
catalyst to the aging test; as well, the same average value was found for
the spent catalysts. This can be attributed to the generally low amount of
active phases, that makes the pore size distribution basically determined
by the support. As well, no relevant changes in the specific surface area
of the fresh catalysts were noticed after use, showing a reduction of
about 3 % for all samples. In contrast, the catalysts that underwent a
prior aging exhibited a more pronounced decrease in surface area after
reaction, with a reduction of approximately 22 %. This loss was attrib-
uted to the sintering and agglomeration of copper and zinc particles, and
indicated that the aging procedure affected the samples, inducing higher

£ Cuo
0 70 7.5%"Cu-2.5%"In/1rO,
MM
5%“CU-5%"In/1rO,
(=] & o
R S
% . 15%Cu/1r0,
Bl
) 12.5%*Cu/7r0,
2 o o 2
>
=
e W
c o 10%"Cu/ZrO
[0] By ‘ 2
-— \ { A -
c i/ A 2 AN NN
7.5%"“'Cu/1rO,
g o
5%MCu/1rO,
o
o
1 rO
ro,
v Y x vV v VA VYV °
T T T T T T
10 20 30 40 50 60 70
26 (%)

Fig. 2. XRD patterns of calcined catalysts: (a) ZrO,; (b) 5%"“'Cu/ZrO,; (c)
7.5%"'Cu/ZrOq; (d) 10%"'Cu/Zr0s; (e) 12.5%"'Cu/ZrOy; (f) 15%“'Cu/ZrOy;
(g) 7.5%""Cu-2.5%""Zn/Zr0,; (h) 5%"'Cu-5%""Zn/Zr0,,
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Table 4
Catalysts specifications (XRF and BET results).

Catalyst Cu Zn SBET SBET Average pore
(%" (%™ fresh spent radius (A)
(m®/g) (m?/g)
5 %"“'Cu/Zr0, 5.02 - 89.0 + 86.5 36.5
0.2
7.5 %"“'Cu/ 7.47 - 88.2 + 86.3 36.3
ZrO, 0.2
10 %"'Cu/Zr0, 9.93 - 87.2 + 84.5 36.1
0.2
12.5 %"'Cu/ 12.56 - 85.6 + 82.1 36.5
ZrO, 0.2
15 %"“'Cu/Zr0,  14.89 - 81.3 + 79.0 36.2
0.2
5 %"'Cu-5 5.05 5.10 88.7 + 87.0 36.2
%"“'Zn/ZrO, 0.2
7.5 %"“'Cu-2.5 7.43 2.53 89.1 + 82.7 36.2
%"“'Zn /Zr0, 0.2
10 %"“'Cu/Zr0, 9.92 - 87.3 + 70.3 36.3
(aged) 0.2
5 %"“'Cu-5 5.03 5.09 86.3 + 71.6 36.6
%"'Zn/Zr0O, 0.2

(aged)

mobility of the active phases, with sintering only occurring during
reaction.

3.1.3. XRD spectra

Fig. 2 shows the X-ray diffractions patterns of all calcined catalysts;
the monoclinic ZrO, support is included for visual reference.

The discrimination of minor oxides phases within the diffraction
patterns is inherently challenging because the dense array of reflections
arising from monoclinic ZrO, masked many secondary signals (Fig. 2),
while the low nominal loadings of Cu and Zn further diminish the peak
intensities of their corresponding oxides. Fig. 2 shows the XRD pattern of
m-ZrOy, confirming that the support used corresponds to the monoclinic
phase. The diffractogram reveals high crystallinity and the absence of
peaks associated with tetragonal or cubic phases. Seven characteristic
diffraction peaks were identified at 26 values of 24° (011), 28.2° (—111),
31.5° (111), 34.3° (200), 35.3° (002), 50.3° (022), and 60.1° (220).

Nevertheless, tenorite-type CuO can be unequivocally recognized in
every catalyst, its intensity was enhanced with the increase in nominal
loading of Cu, with the reflections at 35.5° (111) and 38,7° (200) (JCPDS
card 45-0937). In the bimetallic formulations, wurtzite-type ZnO was
likewise detected via its characteristic peaks at 31.8° and 36.3°, corre-
sponding to the (100) and (101) planes listed in (JCPDS card 36-1451).

3.1.4. FESEM/EDX

Fig. 3 presents the FESEM/EDX analysis of the support (ZrO,) and
three copper-based catalysts containing 5, 10, and 15 %"* of Cu, cor-
responding to the lowest, a medium, and the highest copper loadings,
respectively, in order to evaluate the copper dispersion.

In the first column (FESEM), the surface morphology of both the
support and the catalysts was presented. The pure zirconia sample
exhibited a relatively uniform texture, composed of fine and well-
dispersed nanoparticles with a rough surface typical of high surface
area oxide support. Upon copper incorporation, subtle morphological
variations were observed. For the catalyst containing 5 %"' Cu, the
particles remained small and evenly distributed over the support, with
no clear evidence of metallic segregation. In the case of the 10 %" Cu/
ZrO, catalyst, some larger aggregates started to appear, and the surface
became slightly less homogeneous, suggesting the partial coalescence of
metallic domains. Finally, the 15 %"“' Cu/ZrO, sample displayed a
distinctly more heterogeneous structure, characterized by larger parti-
cles and clear Cu agglomerations, indicating a reduced metal dispersion
at higher copper loadings.

The EDX analysis corroborated these morphological observations by
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Fig. 3. FESEM and EDX analysis for the support (ZrO5) and 5, 10 and 15 wt% of Cu over ZrO, showing the dispersion of the copper.

providing detailed information on the elemental composition and
spatial distribution of copper across the catalyst surface. The full EDX
maps showed the combined presence of Zr, and Cu, illustrating how
their distribution changed with increasing copper content. For the bare
ZrOy, only the zirconium signal (red) was detected, uniformly distrib-
uted throughout the surface, confirming the compositional homogeneity
of the support and the absence of metallic impurities. In the catalyst with
5 %" Cu/ZrO,, the Cu map (green) revealed a finely dispersed and
homogeneous distribution of the metal over the entire surface. The
continuous Zr signal suggested that Cu was well dispersed in the form of
small particles or highly divided species, likely anchored to the surface
sites of ZrO,. This type of distribution was typically associated with
strong metal-support interactions, which could enhance the thermal
stability and accessibility of active sites during the catalytic reaction.

When the copper loading increased to 10 %", a clear evolution in the
dispersion pattern was detected. The Cu-EDX map showed regions with
higher signal intensity, indicating the formation of Cu-enriched zones.
Although the overall distribution was still relatively uniform, the
appearance of these brighter areas evidenced the onset of agglomera-
tion, where Cu particles began to coalesce partially. This phenomenon
was likely related to the saturation of available anchoring sites on the
ZrO, surface, leading to a decrease in the effective metal dispersion.

At the highest loading, 15 %"" Cu, the elemental mapping revealed a
clear segregation between the Zr and Cu signals. The copper distribution
became markedly heterogeneous, with large, high-intensity regions
corresponding to metallic or oxidized Cu aggregates. These agglomer-
ates reduced the active surface area of the metal phase, which could
negatively influence both the activity and selectivity of the catalyst.
Overall, the EDX results confirmed that low copper loadings (around 5
%"") led to a more uniform and finely dispersed catalyst, whereas
increasing the metal content promoted particle growth and the forma-
tion of larger metallic domains.

The copper particle size on the catalyst surface shown a strong
dependence on the total copper loading, as higher Cu content led to a
clear trend toward agglomeration and heterogeneous distribution. The

catalyst with the lowest Cu loading, 5 %" Cu/ZrO,, exhibited an
average particle size of approximately 3 pm, with high dispersion and
homogeneity. As the Cu loading increased, these particles gradually
agglomerated, resulting in an average size of around 8 pm and reduced
copper dispersion. When the copper content on the catalyst surface was
tripled (15 %""), the particles further agglomerated into irregularly
shaped copper clusters with an average size of about 15 + 5 pm, yielding
a highly heterogeneous surface morphology.

3.2. Copper loading

Fig. 4 illustrates how the copper mass fraction in the catalyst influ-
enced (a) CO, conversion and (b) CH3OH yield.

The copper mass fraction in the catalyst (%"“'Cu) had a pronounced
impact on both COy conversion and CH3OH yield (Fig. 4). Raising the
reaction temperature increased the intrinsic reaction rate [75], which
manifests as a higher CO5 conversion (Fig. 4a). CH3OH yield, however,
did not rise monotonically owing to two factors: (i) the increased reac-
tion rate (r.1 and r.3) and (ii) the limited thermodynamic equilibrium of
the exothermal process. As the temperature climbs, the equilibrium
yield becomes more restrictive even though the kinetic rate is enhanced.
Consequently, increasing the temperature from 240 °C to 260 °C led to a
decline in CH30H yield because thermodynamic limitations prevailed.

Both performance metrics exhibit a clear maximum as a function of
copper loading: 10 %" Cu afforded the highest CO, conversion and
CH3OH yield. Catalysts synthesized by wet impregnation (WI) showed a
measurable decline in catalytic performance once the active phase
loading exceeds 10 %"*. This behavior reflects the competition between
two antagonistic effects. Increasing the Cu mass fraction augments the
surface density of metallic Cu® sites, thereby enhancing the intrinsic
reaction rate. Simultaneously, excess Cu suppresses the formation of
vacancies-critical defect sites that mediate CO, adsorption and activa-
tion on ZrO,. The constrictive contribution of additional Cu® sites and
the detrimental impact of vacancy depletion intersected at an optimum
of 10 %" Cu, which delivers the highest catalytic activity within the
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Fig. 4. CO, conversion (a) and CH30H yield (b) as a function of copper loading
("'%Cu). WHSV = 6000 mLgrp gexch *. Dashed lines only for visual guidance.

series investigated. This optimum is consistent with prior works by Vu
et al. [76] and Zhou et al. [77], who observed analogous maxima near 8
% “'Cu.

The observed trend in catalytic activity as a function of copper
loading, showing an optimum at 10 %"“'Cu followed by a noticeable
decrease at 15 %", was closely related to the dispersion of copper
species and the strength of the metal-support interaction. At low copper
content, particularly for the 5 %" Cu/ZrO, catalyst, the copper was
highly dispersed and uniformly distributed over the zirconia surface.
This high dispersion favored intimate contact between the copper and
the ZrO, support, promoting strong metal-support interactions that
enhanced both the activation of reactant molecules and the stability of
the active sites during the reaction. As a result, this catalyst exhibited a
balanced combination of surface accessibility and stability, which
contributed to its good catalytic performance. As the copper loading
increased to 10 %", the catalytic activity reached its maximum. This
behavior suggested that an intermediate copper concentration provided
an optimal balance between the number of active sites and their
dispersion. At this composition, sufficient copper species were available
to form active surface ensembles without yet suffering from severe ag-
gregation. Moreover, the interaction between Cu and the ZrO, support
likely remained strong enough to stabilize the dispersed metallic phase,
resulting in the highest overall activity. However, when the copper
loading was further increased to 15 %", a decline in catalytic activity
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was observed. This reduction was attributed to the progressive segre-
gation and agglomeration of copper particles, as confirmed by the
FESEM and EDX analyses discussed in Fig. 3. Such agglomeration led to
a decrease in the active surface area and, consequently, to fewer
accessible active sites for the reaction. Additionally, the formation of
larger copper clusters weakened the interfacial contact with the zirconia
support, reducing the beneficial metal-support interaction that had
previously stabilized the active phase.

Fig. 5 shows the dependency of CH3OH selectivity on CO, conversion
for catalysts with different copper loadings; dashed lines represented iso-
yield contours.

Fig. 5 reveals a clear trend: as CO, conversion rises, selectivity to-
ward CH3OH falls. This behavior stems from three factors. (i) the
exothermic character of the methanol-forming reactions (r.1 and r.3);
(ii) the inherently low thermodynamic ceiling of the overall process; and
(iii) operation near that limit. Because reactions r.1 and r.3 are
exothermic and therefore thermodynamically favored only at low tem-
peratures, increasing the reaction temperature lowers the attainable
CH30H equilibrium yield [51-53]. Running near the thermodynamic
limit means COy conversion approaches its maximum feasible value,
with CO becoming the majority product. Operating temperature exerts a
strong effect: increasing it shifts the data so that COy conversion rises
while CH3OH selectivity declines. Each cluster of points bearing the
same symbol lies close together, and the dispersion in CO, conversion
and CH3OH selectivity induced by differences in the Cu mass fraction
narrows as temperature increases. The highest-temperature experiment
(T = 260 °C, spheres symbols) show this scatter to be almost eliminated,
indicating that all catalysts approach thermodynamic-equilibrium per-
formance under those conditions. Consistently, CO is the major product
and every measured CH3OH selectivity remains below 50 %.

Regarding the effect of the copper mass fraction, the catalyst con-
taining 10 %"“'Cu (purple symbols) exhibits the highest methanol pro-
ductivity, a result consistent with the CH3OH yield (Fig. 4b). This
formulation provided results closest to the 3-4 % iso-yield contour,
settling its superior performance. In contrast, the samples at the
compositional limits-5 %"“'Cu and 15 %"'Cu-show roughly the lowest
intrinsic catalytic activity, underscoring the non-linear dependence of
activity on copper loading.
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Fig. 5. CH30H selectivity as a function of CO, conversion. Catalyst and Tem-
perature (T) represented with different colors and symbols, respectively. WHSV
= 6000 mLgyp geith™ . Dashed lines only for visual guidance (Cu content rise).
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3.3. Zinc doping

Industrial methanol-synthesis catalysts, although copper-based,
commonly incorporate zinc as a structural and electronic promoter
[78-82]. Accordingly, fine-tuning the Cu-Zn composition of the active
phase is a central optimization variable. Maintaining the total active-
phase loading at the previously identified optimum of 10 %"* (Figs. 4
and 5), two new formulations were prepared in which copper and zinc
were present at Cu/Zn mass ratios of 1/1 and 3/1 (Wgy/Wgzpn),
respectively.

Fig. 6 illustrates the influence of COy conversion on the selectivity
toward CH3OH over catalysts with different copper/zinc mass fraction
with a 10 % of total active phase loading; iso-yield lines are indicated by
continuous traces.

The addition of zinc to the catalyst modified both the CO, conversion
and the CH3OH selectivity. At low temperatures, zinc had a detrimental
effect in terms of CO; conversion, whereas at higher temperatures, its
impact (either positive or negative) depended on the mass ratio between
the two metals. Fig. 6 shows that introducing zinc at low Cu/Zn ratio led
to a decrease in performance, while using an equimass ratio of zinc to
copper resulted in enhanced CO4 conversion and CH3OH selectivity.

When a small amount of zinc was added (blue symbols), a significant
decrease in CO» conversion was observed at all temperatures, although
the CH3OH selectivity increased. However, the product of both param-
eters (CH3OH yield) remained lower than that achieved with the refer-
ence 10 %"'Cu/ZrO; catalyst. Conversely, when zinc was added in equal
mass to copper (pink symbols), a marked positive effect was observed at
higher temperatures, reaching the maximum methanol yield in this
study at 240 °C (pink star). Notably, this Cu/Zn mass ratio is consistent
with that commonly used in the synthesis of the CuO-Zn0O-Al;O3 cata-
lyst, whose traditional formulation is 45/45/10, maintaining a 1:1 Cu/
Zn ratio.

3.4. Aging tests

The main limitation of copper-based catalysts lies in their pro-
nounced deactivation in the presence of moisture. Water formed as by-
product during the methanol synthesis reaction is primarily responsible
for this deactivation. To simulate and accelerate this phenomenon, the
catalysts were exposed to an atmosphere with a high concentration of
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© *  7.5%"Cu-2.5%""In/1rO,
or * 10%"'Cu/zr0, I
= & 220°C
Sl * 240°C
E '0 e @ 260°C
O
O 30 |
3
T
P
>0t i
@) o.._:::::;o %
3%
10 %]
Neon = 1%
0 1 1 1 1 1
0 5 10 15 20 25 30

CO, conversion (%)

Fig. 6. CH30H selectivity vs CO, conversion for the bimetallic catalysts.
Catalyst and Temperature (T) represented with different colors and symbols,
respectively. WHSV = 6000 mLgrp geth . Dashed lines only for visual guid-
ance (Zn content rise).
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water vapor. As aforementioned, the objective of these tests was to
promote rapid deactivation (i.e., to artificially age the catalyst). Subse-
quently, the aged catalysts were subjected to catalytic tests in order to
evaluate the impact of aging on their catalytic performance.

Fig. 7 shows the catalytic activity of the most active catalysts,
including both the copper-only formulation (10 %"“'Cu/ZrO,) and the
bimetallic formulation containing zinc (5 %"“'Cu-5 %"“'Zn/ZrOs), in
their fresh and aged states.

The aging tests revealed a significant effect on catalytic activity
(Fig. 6). Both catalysts subjected to the aging process exhibited a marked
decrease in catalytic performance. The extent of deactivation depended
on the specific metals present in the catalyst formulation.

The catalyst containing zinc experienced a more pronounced deac-
tivation than the catalyst composed solely of copper. This behaviour can
be attributed to structural and chemical factors. Firstly, ZnO is more
susceptible to sintering under the influence of water vapor. This sin-
tering leads to significant crystal growth of ZnO, which alters its surface
distribution and reduces the number of active Cu-ZnO interface sites
[83,84]. In contrast, metallic copper tends to retain its crystalline
structure with higher chemical and structural stability in the presence of
steam [84,85].

Water vapor can also promote the hydration of ZnO, leading to the
formation of amorphous species that are chemically inert under reaction
conditions, potentially blocking active sites [86]. This transformation
simultaneously exerts a detrimental effect by waking the synergistic
interaction between Cu and ZnO, thereby diminishing the promotional
role of zinc in the catalyst [87,88].

Hydrothermal deactivation of both catalysts was more pronounced
in terms of CO; conversion (Figs. 7a and 7b), which decreased signifi-
cantly after the aging tests. Specifically, COs conversion dropped to
roughly 20 % for the 10 %"“'Cu/ZrO; catalyst and to over 50 % for 5
%"'Cu-5 %"“'Zn/ZrO, catalyst. In contrast, CHsOH yield showed a
comparatively lower decline (Figs. 7c and 7d), with a reduction of
around 10 % for the Cu-only catalyst and over 50 % for the Zn-
containing catalyst. This deactivation effect also depended strongly on
the reaction temperature. At lower temperatures, the impact of deacti-
vation was more severe, whereas at higher temperatures, its effect was
significantly reduced. This behaviour is attributed to the enhancement
of reaction kinetics with increasing temperature, which partially offset
the loss of catalytic activity.

Interestingly, despite the overall reduction in performance, the aged
catalyst exhibited higher CH30H selectivity than their fresh counter-
parts. This increase in selectivity was reflected in the fact that CO;
conversion declined more sharply than CH3OH yield, thereby raising the
proportion of CO; converted to CH3OH.

3.5. WHSYV and 7 influence

Methanol production (expressed as Scuson Or Ncuson), exhibited a
strong dependence on COy conversion (Xcoz), as operating closer to
thermodynamic equilibrium generally resulted in lower CH3OH selec-
tivity, a trend clearly observed in Figs. 5 and 6. Therefore, achieving
high CH30H selectivity required operating under conditions of low CO,
conversion [89]. Additionally, CO2 conversion in the process was
strongly influenced by the Weight Hourly Space Velocity (WHSV).
Lower WHSV values led to longer residence times, which in turn fav-
oured higher CO; conversion. Consequently, exploring a broader range
of WHSV values beyond those previously employed was expected to
result in increased CH3OH production.

Fig. 8 illustrate the influence of CO5 conversion on CH3OH selectivity
across different Weight Hourly Space Velocity (WHSV). The 10 %"'Cu/
ZrO, catalyst was selected over the 5 %"“'Cu-5 %"“'Zn/ZrO, catalyst
because the latter exhibited significant deactivation after the aging test
(Fig. 7), resulting in a shorter operational lifetime.

Fig. 8 clearly shows a strong inverse relationship between CO5 con-
version and CH3OH selectivity at any operating temperature. As CO;
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increased, CH3OH selectivity decreased, indicating that the process
approached thermodynamic equilibrium. High CH30H selectivity was
achieved only at low CO4 conversion levels, since CO formation became
predominant as conversion increased.

The effect of WHSV on the process was significant, as operating at
high WHSV values led to a decrease in CO2 conversion, which favored
process selectivity. The influence of WHSV was also temperature-
dependent: while a decrease in WHSV improved selectivity when the
system operated near thermodynamic equilibrium, this trend was not
observed at high temperatures (T > 240 °C). At lower temperatures (T =
220 °C), however, this behaviour was evident. At this temperature, the

process was far from thermodynamic equilibrium, and increasing the
WHSYV operating temperature caused such a pronounced reduction in
CO;, conversion that the gain in selectivity was offset by the loss in ef-
ficiency. Under these conditions, a maximum in selectivity was observed
at WHSV = 8000 mLgrp géth_l (half-full orange rhombuses), attributed
to the marked drop in CO; conversion.

Fig. 9 shows the evolution of the methanol space-time yield as a
function of the operating temperature for different WHSV values. The
methanol space-time yield STY g3y is expressed in g'clu, as this unit
emphasized the amount of active phase present in the catalytic bed. This
choice is particularly relevant given that the present work focuses on



R. Gonzalez-Pizarro et al.

60 T T U . :
* 6000 Mlgp Qg b
: 8000 MLgrp Gegr ' h'
50 | o\ * 10000 MLgp gegr' b
~, Th
_ $ * 12000 mlge gegr” b
® *
< ol 0 & 220°CH
z N % 240 °C
2 . @ 260°C
30t i
Q e
I A
O Q\
20+ @ |
5 oy %
3%
10 |
2%
Nenor=1%
o
0 5 10 15 2 2 %

CO, conversion (%)

Fig. 8. CH3OH selectivity as a function of CO, conversion. WHSV and Tem-
perature (T) represented with different colors and symbols, respectively.
10%"“'Cu/ZrO, catalyst. Dashed lines only for visual guidance (WHSV rise).

T T T
1200 |- -®- 6000 mLgpp Geor ' ' e
8000 mLgrp gy 0! v
1100 |- |-k 10000 mLgrp gey " ' -
- ¥+ 12000 mgrp ge ' 0! 1
< 1000 | 4 .
2 .
2 900 x
T
@] 5 i
& 800 -
é i .
g 700+ I -
T " R Tl
o &
> L -
e 600
V.. N |
500 - @ m J
400 | -
1 1 1
220 240 260

Temperature (°C)

Fig. 9. CH30H space-time yield (mgcuson g’cluh’l) as a function of the tem-
perature (T). 10 %"“'Cu/ZrO, catalyst. Dashed lines only for visual guidance
(same WHSYV).

catalysts with a reduced active phase loading and aims to optimize its
utilization.

Fig. 9 clearly demonstrates the combined effect of WHSV and oper-
ating temperature on methanol production, expressed as the methanol
space-time yield (STYcuson)- As previously shown in Fig. 7, the isolated
effect of WHSV reveals that increasing WHSV value leads to a decrease in
CO4, conversion. However, this increase in WHSV simultaneously results
in an enhancement of CH30H production. This behavior can be attrib-
uted to the system moving away from thermodynamic equilibrium,
allowing higher methanol flow rates as the process is no longer limited
by thermodynamic constraints. This phenomenon is reflected in the
variation of STYcysoy with temperature: at low WHSV values, where
thermodynamic limitations are more pronounced -—especially at
elevated temperatures- a maximum STYcysoy is observed at 240 °C.
However, as WHSV increases, STYcnson also increases, broadening the
temperature effect. This results in a flattening of the STYcyson peak at
240 °C and shift of the maximum towards higher temperatures at

10
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elevated WHSYV values.

A literature review has been conducted on methanol production,
focusing on the space-time yield (STYcyson) achieved using various
copper-based catalyst and operating conditions. The collected data were
normalized with respect to the copper content and corrected for resi-
dence time (t) to allow for meaningful comparisons across different
studies [79,90-112]. Fig. 10 presents the CH30H space-time yield,
expressed as mgcyson g&;luh’l, as a function of residence time (7).

The study presented in Fig. 10 shows the effect of residence time (1)
and the strong influence of the copper mass fraction in the catalyst.
Residence time (t) was a strong dependence on pressure and signifi-
cantly impacts CH3OH production, as increasing pressure leads to a
proportional increase in residence time (Eq. (6). This increase drives the
system closer to thermodynamic equilibrium, thereby reducing the
CH30H space-time yield (STYcyson)- Consequently, scaling the process
to higher pressures or comparing analytic activities requires a correction
of the WHSV value, as it is pressure-dependent. This dependency hinders
the direct comparison of results obtained at different pressures and
further accentuates the constraints imposed by thermodynamic limita-
tions. Fig. 10 shows that methanol production at t > 20 s was lower than
at shorter residence times (as observed in both experimental data and
literature), due to the emergence of thermodynamic control at pro-
longed t. When the operating pressure is raised and the Weight Hourly
Space Velocity (WHSV) is simultaneously adjusted to keep the residence
time constant (iso- t) following Eq. (6), rather than holding WHSV fixed
(iso-WHSYV), methanol productivity increases sharply. The larger WHSV
value shortens t, driving the system further from thermodynamic
equilibrium and boosting both methanol selectivity and space-time
yield. Under iso-t conditions pressure becomes the sole independent
variable; increasing P, for instance from 20 atm to 40 (large stars sym-
bols), elevates the methanol space-time yield (STYcuson) to approxi-
mately 4 gcuson ceh }, more than double the highest values reported in
literature.

The experimental values shown (large stars) in Fig. 10 were higher
than those reported in the literature. This discrepancy was attributed to
the higher copper mass fraction in the CuO-ZnO-Al,O3 catalyst used in
the literature (typically 50 + 10 %"“'Cu), compared to the 10 wt.%Cu
employed in the present work. Expressing the CH3OH space-time yield
(STYcHu30n) in units of gz;lu was intended to normalize the analysis to the
active phase. This normalization revealed that catalysts with lower
copper loading (this work) achieved a more efficient utilization of the
active phase compared to conventional CuO-Zn0O-Al;O3 catalyst.

Methanol space-time yield (STYcuson) shows a counter-intuitive
trend with single-pass conversion. As operation approaches thermody-
namic equilibrium (high t values), STYcyson falls because the equilib-
rium composition is only weakly selective toward CH3OH. Conversely,
when the process is driven further from equilibrium by lowering t
values, STYcyson rises. The overall conclusion is that achieving a high
methanol space-time yield (STYcuson) requires operating at elevated
WHSYV and temperatures (Figs. 9 and 10).

3.6. Kinetics

As discussed in Section 2.4, three reaction pathways were considered
for the evaluation of kinetic parameters. These included: (i) the direct
hydrogenation of CO2 to methanol (Reaction r.3), and (ii) a stepwise
mechanism involving the reverse water-gas shift (rWGS) reaction (Re-
action r.2), wherein COs is first converted to CO, followed by methanol
synthesis from CO (Reaction r.1). The reaction rate expressions, the
adsorption constants and the equilibrium constants were calculated
according to the equations 7-15, reported in Table 2.

The kinetic parameters were initially optimized using the 10 %"'Cu/
ZrO, catalyst under all tested gas hourly space velocity (GHSV) condi-
tions to enable a more robust and comprehensive parameter estimation.
As a result, the apparent activation energies were determined to be 106
kJ/mol for r.1, 125 kJ/mol for r.2, and 118 kJ/mol for r.3. The model,
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incorporating these optimized parameters, exhibited excellent agree-
ment with the experimental data across all conditions, as shown in
Fig. 11, thereby validating the model capability to accurately represent a

broad range of operating scenarios.
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For subsequent kinetic analyses of the other catalyst formulations,
the activation energies were fixed at the previously determined values,
and only the pre-exponential factors were allowed to vary. The corre-
sponding results are shown in Fig. 12, where the calculated kinetic
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Fig. 11. Comparison between experimental (symbols) and calculated (lines) products molar flowrates (F; out i — CO, CH30H, and H,0) obtained with the catalyst 10
%"'Cu/ZrO, in all the WHSV operating conditions.
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constants are reported at each temperature. As evidenced, the rate
constant for the direct hydrogenation of CO5 (r.3) is several orders of
magnitude lower than those for the stepwise pathway, underscoring the
predominance of the latter under the investigated conditions. This evi-
dence clearly outlines how the preferential reaction mechanism for the
studied catalysts is the stepwise reaction (CO, — CO — CH3OH), while
the direct CO3 conversion (COy — CH3OH) is clearly inhibited.
Furthermore, the kinetic constant for the rtWGS reaction (r.2) was
consistently lower than that of the CO hydrogenation step (r.1) across all
catalysts, indicating that CO; activation is the rate-limiting step in the
overall process. This suggests that CO formation via riWGS is thermo-
dynamically and kinetically favored over the direct generation of reac-
tion intermediates for methanol synthesis. Once CO is formed, its
subsequent conversion to methanol proceeds rapidly. The examination
of the optimized kinetic constants at the three investigated temperatures
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revealed no evidence of a mechanistic shift within the studied temper-
ature range, suggesting that the dominant reaction pathway remains
consistent across these conditions.

Additionally, this analysis highlights the superior performance of the
10 %"“'Cu/ZrO, catalyst, which consistently exhibited the highest k
value. This observation aligns with experimental performance trends
and reinforces the conclusion that the rWGS step governs the overall
reaction rate. Accordingly, the catalyst that facilitates the fastest CO5-to-
CO conversion demonstrates the highest overall activity for methanol
production. Finally, it is possible to observe that the bimetallic formu-
lation 7.5 %"“'Cu-2.5 %"“'Zn/ZrO, always demonstrated the highest k;
kinetic constant, thus indicating that this catalyst outperformed the
others in the promotion of CO to methanol conversion, indicating that
Cu/Zn interfaces can be used to tune methanol production. Neverthe-
less, since CO formation was hindered for this formulation, its overall
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performance in COy hydrogenation remained limited by the sluggish
rWGS step, highlighting the importance of balancing both CO genera-
tion and conversion steps when designing efficient methanol synthesis
catalysts.

4. Conclusions

The optimal copper-based catalyst evaluated in this study, 10
%"'Cu/ZrO,, exhibits high catalytic activity. At T = 260 °C and WHSV =
6000 mLgrp géth’l thermodynamic control of the reaction is observed.
Once the optimal active phase loading (10 wt%) was established, the
introduction of a small mass fraction of zinc modified the catalysts ac-
tivity profile. Especially, Zn addition decrease catalytic activity at low
temperatures, while enhancing it at high temperatures. A Cu/Zn mass
ratio of 1:1 resulted in the highest CH;0H yield observed in this work.

Catalysts subjected to an aging test exhibited partial deactivation,
with a significant decrease in CO, conversion. However, the methanol
yield was less affected, leading to an increase in CH3OH selectivity
compared to the fresh catalyst. The 5 %"“'Cu-5 %"“'Zn/ZrO, catalyst
showed more pronounced hydrothermal deactivation than the 10
%"'Cu/ZrO, catalyst, attributed to the higher susceptibility of ZnO to
steam-induced sintering.

The CO; hydrogenation to methanol exhibited a strong correlation
between CO5 conversion and CH3OH selectivity. As the CO2 conversion
approaches thermodynamic equilibrium, CH3OH selectivity decreased.
Conversely, when CO, conversion is low CH3OH selectivity increase.

Increasing the WHSV enhances the selectivity when the system
operates near thermodynamic equilibrium. However, under conditions
far from equilibrium, excessive WHSV may lead to a decrease in CH30H
selectivity. In this case, the gain in CH3OH selectivity due to the
increased WHSV value is counterbalanced by the associated decrease in
CO, conversion.

A strong synergy exixts between operating temperature (T) and
Weight Hourly Space Velocity (WHSV), whereby the negative effect of
increasing temperature-associated with a reduction in thermodynamic
conversion limit is counterbalanced by higher WHSV values, which
drive the system further from equilibrium. As a result, CH30H produc-
tion, expressed as the methanol space-time yield (STYcuson), increases
with WHSYV, effectively mitigating thermodynamic constraints due to
the lower proximity of the process to equilibrium conditions.

Elevating the operating pressure (P) inevitably alters the residence
time (t) for a fixed Weight Hourly Space Velocity (WHSV) value,
because a higher P compresses the gas phase. Besides widening the
thermodynamic equilibrium for methanol synthesis, this pressure in-
crease also allows a proportionally larger volumetric feed. Experimen-
tally two strategies arise when the pressure is raised from a lower value:
(i) keep WHSV constant (iso-WHSV) or (ii) readjust WHSV value to
restore the original 7 (iso- 7). The data showed that methanol space-time
yield (STYcuson) is maximized at shorter t; hence, to capitalize on the
beneficial effect of higher pressure, WHSV value must be increased
accordingly to maintain a low 7 and thus sustain high methanol
production.

The catalyst proposed in this work (10 %"'Cu/ZrO,), that is char-
acterized by its low active-phase mass loading, exhibited a (STYcnson)
CH30OH space-time yield per gram of copper higher than that of con-
ventional CuO-ZnO-Al,O3 catalyst (with a higher copper loading
composition). This result demonstrates a cost-effective catalytic meth-
odology, featuring high catalytic activity and optimal utilization of the
active phase.
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