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ABSTRACT: The direct hydrogenation of CO, to dimethyl ether (DME) is _— 2.

studied using physically mixed bifunctional catalysts composed of conventional > T§§ @
CuO/ZnO/ALO; (CZA, for methanol synthesis) and phosphotungstic acid +@ Eg /
(H3[P(W;0,0)4]-«H,0, PTA)-modified y-Al,O; (for methanol dehydration to L3

DME). A 30 wt % PTA loading and calcination at S00 °C optimizes the P ° A A T T
Bronsted-to-Lewis acid site ratio and total acid site density, confirmed by NH;- e - . : '
TPD and in situ FTIR analyses of pyridine adsorption. Structural characterization CH,OH i : o-§ Y
reveals a disordered PTA overlayer on y-AlL,O; at S00 °C, which transforms into Pty o b /u'”;;\j‘\ 5 o b p
ordered WO; and W 4P,Osy domains at higher temperatures, leading to v g B " o
decreased Bronsted acidity and lower catalytic performance. Methanol adsorption e ’

on the optimized catalyst is examined using in situ FTIR spectroscopy to shed e ‘:-.*, T .

light on the catalytic dehydration of methanol to DME. Methanol dehydration DME_;‘} : Ny N NN

proceeds without the formation of formate intermediates, thus suppressing the
generation of side products other than DME, and suggesting a Brensted acid-mediated associative, direct concerted mechanism.
TPD analyses further confirm suppressed methanol dehydrogenation and limited byproduct formation (e.g., formic acid and CO),
supporting a direct DME-formation pathway on the Bronsted acid-enriched catalyst. Under optimized reaction conditions (245 °C,
3 MPa, CZA/acid catalyst mass ratio = 1/1), the CZA+PTA/y-AL, O catalyst achieves a CO, conversion of 21.4%, a DME yield of
~12%, and a DME productivity of 6.9 X 107> kgpy kge, ™' h™' corresponding to more than twice that of the benchmark CZA+y-
Al Oj; system. Stability tests over 72 h reveal ~8% deactivation, which decreases to <3% at 48—72 h, confirming good hydrothermal
durability. These results highlight that tuning the surface acidity and structural properties of y-Al,O; via PTA incorporation, in
combination with a conventional CZA catalyst, provides a robust platform for efficient low-temperature CO,-to-DME conversion.

KEYWORDS: CO,, hydrogenation, dimethyl ether, phosphotungstic acid, Bronsted acidity, methanol dehydration

1. INTRODUCTION (typically y-AL,O;).” However, this method is limited by the
thermodynamic constraints of methanol production, which
require high pressures and recycling to achieve acceptable
reactant conversions.” This limitation is addressed by
combining the methanol synthesis and methanol dehydration
reactions in a single reactor, using either the pertinent catalysts,
typically in a physically mixed form, or a hybrid catalyst
decorated with multiple active sites associated with both
reactions. The so-called one-step route promotes the
immediate conversion of synthesized methanol to DME and
reduces the impact of thermodynamic constraints on methanol

The adverse impacts of global warming on the climate and
environment have promoted efforts to reduce the carbon
dioxide (CO,) footprint of conventional technologies."” In
this context, the synthesis of sustainable alternative fuels, such
as dimethyl ether (DME), using CO, as the carbon source has
garnered considerable interest.”* DME is an alternative to
conventional diesel, offering soot-free, efficient combustion
with reduced CO, NO,, and hydrocarbon emissions, and can
be blended with liquefied petroleum gas (LPG) for domestic
use.” Additionally, DME is a potential hydrogen carrier due to
its favorable liquefaction and storage properties, and it serves

as a platform chemical for the synthesis of olefins and Received: December 10, 2025 Siistalnable
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Traditional DME synthesis involves a two-step process in Accepted:  March 4, 2026
which methanol is first produced from synthesis gas (syngas: Published: March 12, 2026
CO+CO,+H,) on a Cu-based catalyst and then dehydrated to
DME in a second reactor packed with a solid acid catalyst
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formation.”” Such an intensification scheme promotes CO,
conversion and DME synthesis in a single reactor, with capital
and operatin% costs lower than those of the conventional two-
step process. 0

Using captured CO, as the carbon source reduces the
carbon footprint of DME production related to syngas
production. This approach promotes a circular carbon
economy by balancing the CO, emitted from DME fuel
combustion with the CO, used in DME production, thereby
eliminating net positive carbon release to the atmosphere.''
The realization of this benefit also depends on producing green
H, by electrolyzing water with renewable energy (i.e., solar or
wind), which is expected to become economically feasible in
the near future.'” The combination of the following reactions
can describe the one-step synthesis of DME from CO, and H,:

CO, + H, 2 CO + H,0O  AH° = 41.0kJ mol’

(1)
CO +2H, 2 CH,OH  AH°=-904Kmol”" (2)
2CH,0H = CH,0CH, + H,0 AH°= —23.0kJ mol™'
(©)
CO, + 3H, @ CH,0OH + H,0 AH®= —49.4kJ mol™’
(4)

Reaction 1, the reverse water—gas shift (RWGS), and CO
hydrogenation (reaction 2) are typically run on a Cu-based
catalyst. The in situ synthesized methanol is then dehydrated
to DME via reaction 3 using an acidic cataly'st.9 Previous
studies on unpromoted CZA or promoted catalysts such as
CuO-Zn0O-ZrO, (CZZ) physically mixed with acidic catalysts
such as zeolites, PTA/MCM-41, and y-AL,O; point out 15—
46% CO, conversion and 15—82% DME selectivity depending
on temperature (240—270 °C), pressure (3—5 MPa), gas
hourly space velocity (GHSV) (2.5 x 10°—4 X 10* NL kg,
h™!), and H,/CO, feed ratio (3—5).”"*7'° In contrast to
syngas-to-DME conversion, CO, hydrogenation leads to
higher H,O formation, which thermodynamically limits DME
production via reaction 3 and causes activity loss due to
hydrothermal sintering and competitive adsorption with
methanol on the acidic sites of the dehydration catalyst.”"”
In addition to the in situ withdrawal of H,O from the reactive
mixture via steam-selective membranes'®™** and adsorb-
ents,”*"*° reducing H,O adsorption on the acidic catalyst is
considered a strategy to mitigate the adverse impacts of the
hydrothermal reaction environment.””** Due to its favorable
DME selectivity, y-Al,O5 is widely studied as an acidic catalytic
component. However, the Lewis acid sites in y-Al,O; suffer
from high susceptibility to H,0.”> H-ZSM-5, another widely
investigated methanol dehydration catalyst, involves Bronsted
acid sites, which make it less susceptible to hydrothermal
conditions.”® ™ Moreover, ferrierite-type zeolites exhibit
excellent activity and stability features in reaction 3.**7*°
However, when these materials coexist with Cu-based metallic
catalysts for driving one-step CO,-to-DME conversion, active
site loss can occur due to the exchange of zeolite protons by
Cu®* ions.'®*>*” Bonura et al.' reported that the interaction
between the metal-oxide phase and the zeolite was the only
root cause of activity loss that occurred in the early stages (<10
h) of the CO, hydrogenation run at 260 °C, 3 MPa, GHSV =
8800 NL kg, ' h™', and H,/CO,/N, = 9/3/1 on CZZ-
Zeolite (Sil-1, MFI, Zeolite Y, FER, BEA, MOR) catalyst
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mixtures. Ren et al.*” reported a decrease in CO, conversion
from 25.6 to 21.4% and in DME yield from 17.8 to 11.9%
during 100 h time-on-stream (TOS) CO, hydrogenation
testing over mechanically mixed Cu-ZnO and H-ZSM-$
catalysts at 240 °C, 2.8 MPa, GHSV = 1525 NL kg, ' h™",
and H,/CO, = 3/1. These findings underscore the importance
of acid catalysts that enable stable DME production.

Supported heteropolyacid (HPA) catalysts exhibit superior
activity and stability in reaction 3. SiO, and TiO,-supported
silicotungstic acid (HSiW) catalysts can deliver >80%
methanol conversion (i.e, >90% of the pertinent thermody-
namic limit) and a DME production rate of 40—S0 mmol
DME g~ h™" at 180 °C and 1 bar.’® Moreover, the HSiW/
TiO, catalyst can offer stable (80 h) methanol conversions of
85—90% (i.e, close to the thermodynamic methanol
conversion limit of 91%) at 210 °C and 20 bar.*® Similarly,
incorporation of phosphotungstic acid (PTA) into y-ALO,
increases Bronsted acidity, which promotes resistance to H,O-
induced deactivation during the dehydration of methanol and
ethanol.””*® The use of mechanically mixed CZA+60%PTA/
MCM-41 catalysts with a mass ratio of 4/1 (CZA/PTA/
MCM-41) at H,/CO, = 3/1, 250 °C, 4S5 bar and GHSV of 4 X
10* mLco, g ' h™' gives 8.9% CO, conversion and 23.1%
DME selectivity without any remarkable activity loss in 120 h
TOS testing of one-step CO, hydrogenation to DME.* While
these findings clearly highlight the benefits and prospects of
using HPA catalysts for acidic catalytic function in the direct
conversion of CO, to DME, a detailed molecular-level
understanding of these complex catalytic systems has yet to
be established.

In this study, we aim to investigate the one-step CO,-to-
DME conversion using a conventional CZA catalyst for
methanol synthesis from CO,, which is physically mixed with
acidic y-Al,O; or PTA/y-Al,O; for methanol dehydration to
DME. The effects of CZA-to-solid acid catalyst mass ratio,
reaction temperature, and pressure on CO, conversion and
DME yield are systematically studied. To elucidate structure—
performance relationships, the catalysts are characterized using
Brunauer—Emmett—Teller (BET) specific surface area (SSA)
analysis, X-ray diffraction (XRD), ammonia temperature-
programmed desorption (NH;-TPD), H,-temperature-pro-
grammed reduction (H,-TPR), X-ray photoelectron spectros-
copy (XPS), Raman spectroscopy, and in situ Fourier
transform infrared (FTIR) spectroscopy. The effects of PTA
loading and calcination temperature on acidity and long-term
stability are examined. The results clearly show that tuning the
surface acidity and structural properties of y-Al,O; via PTA
addition enables Bronsted acid-mediated catalysis, favoring the
direct methanol-to-DME pathway and ruling out mechanisms
of methanol breakdown into other side products. Moreover,
the physical combination of the optimized PTA/y-Al,O; and
conventional CZA catalysts results in robust time-on-stream
performance in one-step DME synthesis via CO, hydro-
genation and significantly outperforms the benchmark CZA+y-
AL O case.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the CZA Catalyst

A conventional CZA methanol synthesis catalyst (CuO/ZnO/ALO,
= 65/25/10 by mass, nominal) is prepared in-house by ultrasound-
assisted one-pot coprecipitation from an aqueous solution of
Cu(NO;),-3H,0 (Sigma-Aldrich, 99%), Zn(NO,),-6H,0 (Sigma-
Aldrich, 98%), and Al(NO;);-9H,0 (Sigma-Aldrich, 98%) with a

https://doi.org/10.1021/acssuschemeng.5¢13468
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Na,COj solution (Sigma-Aldrich, 99.5%) at 70 °C in a 500 mL four-
neck flask. First, Cu, Zn, and Al nitrate solution (200 mL, ~0.40 M) is
added dropwise using a peristaltic pump (Cole Parmer, Masterflex
7518-00) at a rate of 0.067 cm® s™* to a 200 mL (~0.64 M) Na,CO,
(aq.) maintained at 70 °C under continuous ultrasound irradiation at
(90 W, SONOPULS HD 3200, 130 mm-diameter Ti horn). Then,
the resulting mixture (pH = 8.0—9.0) is first aged for 1 h (20 min with
ultrasound + 40 min without ultrasound) at 70 °C, followed by
filtration, rinsing with deionized water at room temperature, and
treatment in ambient air at 110 °C for 16 h. Next, the samples are
cooled to ambient temperature. Finally, the obtained powders are
calcined in static air by heating to 300 °C (at a heating rate of 5 °C
min~") and holding at this temperature for 3 h.

2.2. Synthesis of the PTA/y-Al,0; Catalysts

PTA/y-ALO; catalysts are synthesized using the incipient-to-wetness
impregnation method with PTA loadings of 10, 20, 30, and 40 wt %.
Before impregnation, y-ALO; (Alfa Aesar) is ground and sieved to a
particle size of 0.3 mm. The required amount of PTA (H;[P-
(W3040),)-«H,0, purity: 99.995%, Sigma-Aldrich) is dissolved in
deionized water and then impregnated onto y-Al,O; support material
under vacuum. The resulting slurry is dried at 110 °C for 16 h in air
and then calcined in a muffle furnace under static air at 500 °C for 3
h. Based on the characterization of the resulting 10—40% PTA-loaded
catalysts (Section 3.1), the 30% PTA loading is found to reveal the
maximum acidic strength. Optimal calcination conditions are
determined by synthesizing the 30 wt %PTA/y-Al,O; catalyst using
additional calcination temperatures of 300, 400, and 600 °C for 3 h
and characterizing the resulting samples. Based on the results
presented in Section 3.1, 30 wt %PTA/y-Al,O; calcined at 500 °C
is selected as the lead acidic catalyst. The support material, y-Al,O;, is
also used as the benchmark acidic catalyst in the current work. Acidic
catalysts synthesized in the current work are named in the following
manner: xPTA/Cy, where x represents the loading (wt %) of PTA
impregnation on y-Al,O;, C corresponds to calcination, and y stands
for the calcination temperature (in °C) in air for 3 h.

2.3. Catalytic Activity Experiments

Catalytic activity experiments are conducted in an experimental
system that is capable of precise control of gas flow, pressure, and
catalyst temperature. Before each catalytic performance experiment, 1
g of CZA catalyst is mechanically mixed with the acidic catalyst
(30PTA/CS00 or y-Al,O;) whose amount is determined to achieve
the desired catalyst mass ratio in the physical mixture. Mechanical
(physical) mixing of the catalysts is preferred over their sequential
placement in the reactor due to the superior gerformance of the
former configuration, as discussed elsewhere.””***' The catalyst
mixture is packed into a downflow 1.27 X 1072 m (inner diameter)
stainless-steel reactor tube, and its vertical location is fixed by
sandwiching it between the quartz wool plugs. The packed reactor
tube is inserted into a Thermcraft XST vertical split-tube furnace and
connected to the reaction system by Swagelok fittings. Flow rates of
the gases (N,, CO,, H,, Ar, and He, all supplied by Linde GmbH,
with a purity of >99.99%) and reactor pressure are regulated by
Bronkhorst EL-FLOW mass flow controllers and a Bronkhorst EL-
PRESS back pressure regulator (BPR), respectively. The furnace
control unit adjusts reaction temperature through a Proportional
Integral Derivative (PID) mechanism that receives feedback from a K-
type thermocouple inserted into the catalyst bed mixture. Plug flow
behavior is ensured, and diffusive transport effects are avoided by
providing bed height-to-particle diameter (100 for CZA/acidic
catalyst mass ratio = 1/1) and tube-to-particle diameter ratios of 36
that exceed the respective limit values of 50 and 10.*

Typical catalytic performance experiments are conducted on the
CZA+y-Al,O5 and CZA+30PTA/C500 catalyst mixtures with a CZA/
acidic catalyst mass ratio ranging between 0.33 and 1.00 and within a
temperature range of 215—265 °C, at 3.0 MPa, and a molar inlet H,/
CO,/N, ratio of 3/1/1. The total inlet flow rate is fixed at 25 NmL
min~! to maintain a constant CZA catalyst-reactive flow contact time
and to deliver the same methanol synthesis function to the acid
catalysts. The effect of pressure is also studied within the 1.5—3.0
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MPa range by varying the temperature and catalyst composition to
obtain the highest productivity, defined as the mass of DME produced
per time per mass of catalyst mixture (kgpyg kge.. ' h™"). Before each
catalytic performance experiment, the pressure in the packed reactor
tube is increased to 3.0 MPa under inert N, flow to ensure there are
no leaks in the reactor, as verified by the absence of a pressure drop
exceeding 0.01 MPa over 1 h. The catalyst bed is pretreated under 10
NmL min™" pure H, flow at atmospheric pressure and 230 °C for 2
h.**** The pretreatment step is followed by purging with N, at 50
NmL min™' and setting the desired reaction temperature and
pressure. The reaction is initiated by introducing the reactive flow
for 3 h. The product stream is passed through a three-way valve and
then transferred to a heated gas line (> 200 °C) to prevent phase
change of the condensable species before reaching the first gas
chromatograph unit (GC-1, Shimadzu GC-2014). Before data
collection, an on/off valve is used to retain the gases in this heated
line. The three-way valve is also used to redirect the reactor effluent to
a parallel line linked to a cold trap (to remove the condensable
components) and the BPR unit. Following a reduction of the gas
pressure to 0.10 MPa using a needle valve, the gas sample in the
heated line is directed to GC-1 equipped with a thermal conductivity
detector (TCD) and a Porapak T-packed column. He is used as the
carrier gas to analyze CO,, DME, H,0, CH;0H, and any possible
C,—C, hydrocarbons. The exit of the BPR unit is sent to a second GC
(GC2, Shimadzu GC-2014) equipped with a Carboxen-1000 packed
column and a TCD using Ar as the carrier gas to quantify H,, N,, CO,
and CO,. Details regarding the data analysis, calculations, and
interpretation of the results associated with the catalytic performance
tests are provided in the Supporting Information (SI) Sections 1 and
2, as well as in Figures S1—S3 and Tables S1—-S3. N, is used as the
internal standard to compute the molar flow rates of the species. Six-
way valves are utilized for sample collection and injection to both GC
units every 0.5 h during the experiments. Considering the induction
period of the catalysts, the average of the data collected after the
second hour from the onset of the reaction is reported. Catalytic
activity is quantified in terms of CO, conversion (Xco,) and yields of

DME (Ypy) and other products (CO and methanol, Yo, peon):

Fco,in = Feo

Xco, = 2 X 100%
Feo,in (s)
2F,
Your = —22E % 100%
CO,,in (6)
__*& o
Y(comeon) = X 100% )
CO,,in

In egs 5—7, Fco,in refers to the inlet molar flow rate of CO, and F,

refers to the molar flow rate of species (i = CO,, CO, MeOH, DME)
in the product stream. For each catalytic performance test, the atomic
carbon balance (defined as the ratio of the absolute value of the
difference between the total moles of carbon atoms at the inlet and
the exit to the total moles of carbon at the inlet) is calculated as
described in SI Section 1. Closure of the carbon balance to < 5%
allows meaningful comparisons among experiments and can be used
as evidence to rule out the presence of significant amounts of surface
carbon species and C;—C, hydrocarbons. Reproducibility of the
results is ensured by a < 1% difference between the outcomes of
independent identical experiments run under identical conditions.
The method of calculating X, from the GC analysis is provided in

SI Section 2.

The CZA catalyst prepared according to the protocol given in
Section 2.1 is used as the standard Cu-containing catalyst in the
present work. The validity of the synthesis protocol is controlled by
comparing the synthesized CZA catalyst with a well-known
commercial benchmark catalyst (HiFuel R120, Johnson Matthey)
having the same nominal composition. Comparative activity tests,
presented and discussed in the Supporting Information (SI) Section
3, show that coupling of the synthesized and benchmark CZA

https://doi.org/10.1021/acssuschemeng.5¢13468
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Figure 1. In situ FTIR spectra for the pyridine adsorption on PTA/y-AL,O; catalysts at SO °C, followed by evacuation at 100 °C with (a) PTA
loadings of 10—40 wt %, all calcined at 500 °C, and (b) PTA loading of 30 wt %, calcined at 300—600 °C. Corresponding data for the y-ALO,

benchmark catalyst are also shown in both panels.

catalysts with the same solid acid catalyst (30% PTA/y-ALO;) under
identical reaction conditions gives almost the same CO, conversion
and DME yield. Values of these metrics at thermodynamic
equilibrium are computed via the Gibbs free energy minimization
technique using ChemCAD software (v. 8.1) as functions of
temperature and pressure. These values are also verified by the
results of the numerical solutions of the equilibria of reactions 1—4,
whose details are reported elsewhere.”> SI Section 3 also includes the
XRD and H,-TPR analyses of the synthesized CZA catalyst.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

The synthesized PTA/y-Al,O5 catalysts and reference y-Al,O;
are characterized by the BET method for SSA analysis, XRD,
Raman spectroscopy, in situ FTIR spectroscopy, NH;-TPD,
H,-TPR, and XPS. Associated experimental details are
provided in SI Section 4. The SSA of bare y-ALO; is 269 m*
g~ and decreases progressively to 242, 169, 149, and 132 m*
g~ at PTA loadings of 10, 20, 30, and 40 wt %, respectively
(Figure S6).

3.1.1. Nature of the Surface Acid Sites: Pyridine
Adsorption via In Situ FTIR Spectroscopy. The relative
strengths of the surface Bronsted and Lewis acidity of
supported HPAs may dictate their catalytic performance in
acid-catalyzed reactions, particularly those involving water-rich
environments such as CO, hydrogenation to DME.**** In situ
FTIR spectra obtained after pyridine adsorption on 10—
40PTA/CS00 and the 30PTA/C300—600 catalysts are
presented in Figure la and Figurelb, respectively.

These in situ FTIR spectra revealed characteristic bands at
1544 cm™ (v19b) and 1638 cm™" (vga) that can be assigned to
strong Brensted acid sites, and 1445 cm™ (v4b) and 1590—
1600 cm™ (vga) signals that can be attributed to weak/
moderate Lewis acid sites.** The band at 1484 cm™ (v192) is
associated with both moderate/strong Bronsted and Lewis acid
sites.**™ The bands at 1575, 1591, and 1601 cm™' are
ascribed to physisorbed pyridine.””>° To provide a
quantitative evaluation of surface acidity, all pyridine-FTIR
spectra are subjected to peak fitting and deconvolution. Using
the integrated band areas together with the corresponding
molar extinction coefficients (¢® = 1.67 and € = 2.22 cm
umol '), the individual concentrations of Brensted and Lewis
acid sites are quantitatively determined. The resulting values,
together with the Bronsted-to-Lewis (B/L) ratios, are
summarized in Table 1.
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Table 1. Quantification and Characteristics of the Acid Sites
of the 30PTA/C300—600 Catalysts Determined from NH;-
TPD and In Situ FTIR Spectroscopic Experiments

integrated Bronsted-to-Lewis  total moles of
NH; desorp- acid site ratio acid sites per
tion signal catalyst  (Cy/Cp) (pyridine catalyst mass
(x10% a.u.) mass adsorption via in  (mmolyys g7)
catalyst name  (NH;-TPD) (2) situ FTIR) (NH,-TPD)
30PTA/300 4.1 0.205 0.28 0.5
30PTA/400 4.4 0.229 0.64 0.5
30PTA/500 9.9 0.221 0.69 1.0
30PTA/600 7.8 0.250 0.1S5 0.6

This quantitative analysis reveals that both the total acidity
and the relative contribution of Brensted acid sites are
maximized for the 30PTA/CS00 catalyst, which exhibits the
highest B/L ratio among the investigated samples. These
results indicate that calcination at 500 °C optimally stabilizes
Keggin-type, highly dispersed PTA species on the alumina
support. In contrast, calcination at 600 °C leads to a
pronounced decrease in Brensted acidity, as evidenced by
the strong attenuation of the 1544 and 1638 cm™' bands and a
substantial reduction in the B/L ratio. This behavior is
consistent with partial decomposition of the heteropolyacid
structure and a shift toward a predominantly Lewis-acidic
surface, consistent with the structural changes observed by
XRD. The enrichment of strong Bronsted acid sites at
intermediate calcination temperatures correlates favorably
with the superior catalytic performance of the 30PTA/CS500
catalyst in DME synthesis and supports the established
requirement for robust Brensted acidity to enhance CO,
conversion to DME. This observation is also consistent with
the expectation that enrichment in Bronsted acidity is
beneficial for improving the catalyst’s resistance to steam-
induced deactivation.

3.1.2. Quantification of Surface Acid Sites: NH;-TPD.
Surface acidity of the 30PTA/C300—600 catalysts is also
further investigated via NH;-TPD (Figure 2 and Table 1). To
minimize the interference of water in the quadrupole mass
spectroscopy (QMS) signals during NH;-TPD experiments,
the m/z = 16 channel data are selected and smoothened for
clarity to monitor the NH; desorption process (for the raw
data of the TPD plots presented in Figure 2, see Figure S7). It
should also be noted that the currently used QMS does not
yield any significant mass spectroscopic fragmentation signal at
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Figure 2. NH;-TPD profiles for the 30PTA/C300—600 catalyst
samples.

m/z = 16 due to H,0. A typical NH;-TPD data for the
30PTA/CS00 catalyst with multiple desorption channels (m/z
=16, 17, 18) is also presented in Figure S8. The data in Figure
2 reveal desorption features at ca. 160 and 328 °C, which can
be attributed to NH; desorption from weak and strong acidic
surface sites, respectively.””>” It is apparent that the NH,
desorption signal for the 30PTA/CS500 catalyst in Figure 2
significantly surpasses that of 30PTA/C300—400—600 cata-
lysts, suggesting the presence of a noticeably greater total
number of surface acid sites on 30PTA/CS00 than the
remaining catalysts (Table 1). The results of NH;-TPD and in
situ FTIR analyses are used to determine the influence of
calcination temperature on the total number of acid sites
(assuming one NH; molecule per acid site) and relative
amounts of different types of surface acidic sites (Table 1).
The ratios of Bronsted-to-Lewis acid sites reported in Table 1
are calculated from the extinction coefficients of the bands at
1540 cm™' (Bronsted) and 1445 cm™ (Lewis) as explained
elsewhere.””>* These results clearly show that both the total
number of surface acid sites and the Brensted-to-Lewis acid
site ratio are maximized for the 30PTA/CS500 -catalyst.

Moreover, the acidity exhibits a strong dependence on
calcination temperature, where calcination at 500 °C enhances
Bronsted acidity and yields the highest Cy/Cy ratio (0.69),
whereas treatment at 600 °C leads to a pronounced decrease in
Bronsted sites and a predominance of Lewis acidity (Cy/C &
0.15).

3.1.3. Crystal Structure of the PTA Overlayer on y-
Al,03: XRD and Raman Spectroscopy. Structural changes
in the crystallinity of the PTA/y-ALO; catalysts as a function
of PTA loading and calcination temperature are investigated
using XRD and Raman spectroscopy. As shown in Figure 3a,
XRD patterns of the 10—30PTA/500 catalysts are similar to
that of bare y-Al,O;, revealing broad features that are
associated with the y-Al,O; domains, indicating the presence
of a highly disordered PTA overlayer structure on y-Al,O; in
agreement with earlier studies.”>* The absence of distinct
PTA-related XRD signals for 10—30PTA/CS00 and 30PTA/
C300—400 catalysts suggests that on these catalyst surfaces,
small PTA-related sites are presumably well dispersed on
alumina and exist in an amorphous form.

In contrast, new diffraction features appear for high PTA
loadings and elevated calcination temperatures (i.e., 40PTA/
CS500 and 30 PTA/C600, Figure 3b). These peaks do not
match those of crystalline PTA (ICDD: 00-050-0655),
indicating that the PTA structure is no longer preserved
under these conditions. Instead, this new set of diffraction
features resembled those of WO, (ICDD: 00-020-1323) and
W,P,05 (ICDD: 00-041-0371).°° This finding is also
supported by Raman spectroscopy (Figure 4), which shows a
new prominent Raman band at 807 cm™" for the 40PTA/C500
and 30PTA/C600 catalysts, corresponding to the presence of
crystalline WO, domains on these catalysts.*”*” In addition,
Raman signals at 276 and 712 cm™' are also assigned to
crystalline WO; domains, supporting the degradation and
sintering of the well-dispersed and disordered PTA overlayer
structure on 40PTA/CS500 and 30 PTA/C600 catalysts.*>**>*
Furthermore, the terminal W=0 stretching Raman feature at
980 cm™" is visible in all of the investigated catalysts,59 and the
shoulder at 865 cm™ is attributed to the bending vibration of
the W—O.—W linkages.54’60 These results indicate that
moderate PTA loadings stabilize PTA in the form of a well-
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Figure 3. XRD patterns of PTA/y-Al,O5 catalysts: (a) effect of PTA loading (10—40 wt %) at a calcination temperature of 500 °C, showing the
preservation of the amorphous nature of PTA on the alumina support at lower loadings, (b) effect of calcination temperature (300—600 °C) for the
30 wt % PTA/y-Al,O; illustrating phase transformation and the emergence of crystalline phases at higher temperatures, presented along with the

corresponding ICDD reference XRD patterns.
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dispersed amorphous overlayer (monotungstate/polytungstate
2D islands or monolayer). In contrast, higher loadings and
harsher calcination temperatures promote PTA sintering,
decomposition, and the formation of crystalline WO; species.
This observation is consistent with a previous study on
methanol dehydration to DME over WO,/AL Oy catalysts.’” In
this former work, it is demonstrated that catalytic activity was
higher for the disordered monotungstate and polytungstate
surface WO, overlayers on Al,O; below the monolayer WO,
surface coverage. Furthermore, it was shown that the catalytic
activity decreased with increasing WO, surface coverages along
with the formation of crystalline WO; nanoparticles and large
bulk-like WO; crystals. Thus, the attenuation in catalytic
performance was associated with the loss of strong W—O—Al
acidic sites.>”

3.1.4. Surface Elemental Composition and Oxidation
State Analysis by XPS. XPS analysis supports the
incorporation of tungsten species on the catalyst surface. As
shown in Figure S9 (SI Section 4), XPS-based surface
elemental composition analysis confirms the presence of W
on the PTA-loaded catalysts. Moreover, W4f spectra (Figure
S10a, SI Section 4) reveal that tungsten exists predominantly
in the W state, as evidenced by the W4f,,, and W4,
doublets centered at ca. 35.9 and 38.0 eV, respectively.”’
Variations in W4f peak shapes and shoulders are observed
among different catalyst samples. These variations may
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indicate the presence of minority species comprised of reduced
W states; however, their precise and unambiguous identi-
fication via spectral deconvolution is challenging due to
overlapping signals and the complexity of the W4f signal.‘sz’63
Similarly, the Ols region shows overlapping contributions
from both y-Al,O; and PTA-related species, making reliable
deconvolution imprecise (Figure S10b).

3.1.5. Reducibility of the Catalysts: H,-TPR. H,-TPR
results of the 30PTA/C300—600 catalysts (Figure S11) show
minimal H,O formation, in line with the reported thermal
stability of y-AL,O; and PTA. y-ALO; is not reducible (Figure
S11), and PTA remains mostly stable under H, up to ~300
°C.%*7% The low-temperature H,O signal is assigned to
hydrogen-assisted removal of weakly bound oxygen species
from PTA-derived WO, sites, while the higher-temperature
H,O release (> 300 °C) is attributed to the reduction of
bridging W—O—W lattice oxygen, accompanied by partial
reduction of W® to a minority W** species.””*>®’

3.1.6. Types of Adsorbates Generated upon Meth-
anol Adsorption: CH;OH Adsorption via In Situ FTIR
Spectroscopy. Methanol adsorption and thermal evolution of
methanol on y-Al,O; and 30PTA/CS00 catalysts are
investigated via in situ FTIR spectroscopy to shed light on
the catalytic transformations relevant to DME synthesis
(Figure S). Previous reports in the literature®®™""  often
proposed that methanol dehydration over acidic catalysts
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Scheme 1. Proposed Concerted Associative Mechanism for Methanol Dehydration to DME over the 30PTA/CS500 Catalyst

Surface, Adapted from Ref 70.
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proceeds via multiple pathways depending on the type and
strength of acid sites, including dissociative or associative
bimolecular routes. In a typical dissociative bimolecular route,
methanol may undergo O—H cleavage on a surface Brensted
acid functionality of a bridging oxygen site and result in the
formation of an adsorbed methoxy functionality and H,O via
dehydration. Consecutively, this generates methoxy species
that may interact with another methanol molecule adsorbed on
an adjacent bridging surface oxygen site and leads to —CHj
transfer from methoxy to methanol, producing CH;—O(H)—
CH,; (ads), which desorbs as DME, and regenerates the
Brensted acid functionality on the bridging oxygen site of the
surface. On the other hand, in a typical associative route,
methanol adsorbed on the Brensted acid functionality of a
surface bridging oxygen site may interact with another
adsorbed methanol molecule in proximity on the surface to
form a protonated methanol dimer (H(CH;)O—(H")—
O(CH;)H), where decomposition of this protonated methanol
dimer yields DME and H,O, while regenerating Bronsted acid
site. on the surface. In addition to these bimolecular
mechanisms, other unimolecular @-elimination pathways have
also been proposed, though they are less common.®®~

In situ FTIR spectra for methanol adsorption on y-Al,O; at
50 °C and the thermal evolution of the adsorbates are
presented in Figure Sa. A detailed list of IR peak assignments is
also provided in Table SS. These results reveal both
molecularly adsorbed methanol and dissociatively formed
methoxy species on the y-Al,O; surface, in line with previous
reports.’””” Broad and relatively weak OH bands at 3444 and
3200 cm™" on the y-Al,O; surface indicate the presence of a
limited extent of hydrogen-bonded adsorbed molecular
methanol species on y-Al,O; interacting with the —OH
functionalities of the alumina surface.”” Dissociative methanol
adsorption on y-Al,O; is observed to occur in two different
configurations, namely, bridging methoxy groups, formed on
the stronger Lewis acidic sites, and linear methoxy groups,
weakly bound on weaker Lewis acid sites. Likely, these
bridging methoxy species (v,,(CH;) = 2941 cm™, v (CH;) =
2847 cm™!, §(CH;) = 1458—1454 cm™, 1(CO) = 1102 cm™")
are primarily coupled with each other through an associative
pathway resulting in the formation a dimer intermediate to
yield DME, thus acting as key intermediates in methanol
dehydration.”””*~7* In addition, the weak IR band at 2892
em™' is assigned to a Fermi resonance of the v,(CH,)
mode.”*”* Additional features at 1476 and 1458—1454 cm™
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(6(CH,)) further confirm the coexistence of molecularly
adsorbed methanol and different methoxy groups stabilized on
Lewis sites (Figure Sa andFigure S12a).””’° The negative
feature at ~1656 cm™ (S(HOH)) is attributed to desorption
and substitution of physisorbed water upon methanol
adsorption.”®

Furthermore, in addition to bridging methoxy species,
linearly adsorbed methoxy species on y-Al,O4 (Vsy(CHs) =
2820 cm™’, p(rocking, CHj;), or £(CO)1188 cm™) are also
visible in Figure Sa at 50 °C.”> These species are either
desorbed as methanol or converted into formate species upon
heating.”””® The appearance of formate-related bands at 1556
and 1391 cm™" (corresponding to v,,(COO), and v,(COO),
respectively) on y-Al,O; (Figure S12a) confirms that methanol
undergoes dehydrogenation on 7-Al,0;.”*”””" In contrast,
bridging methoxy species persist even at 300 °C (Figure S13a),
underscoring their greater thermal stability and central role in
DME formation, whereas linear methoxy species desorb as
methanol or transform into formates at elevated temperatures.
Note that in the literature, DME formation from methanol is
suggested to occur on Lewis acid sites via the dissociative
pathway, while the associative mechanism, involving proto-
nation of methanol, is linked to Bronsted acid sites.”"””

On 30PTA/CS500, methanol adsorption shows features
distinct from those on y-Al,O;, due to the significant Brensted
acidity introduced by PTA-related sites. At low temperatures
(50—100 °C), strong #(O—H) hydrogen-bonded bands appear
at 3444 and 3260 cm™' (Figure 5b). These bands are more
intense than those of y-Al,O;, indicating a stronger interaction
between adsorbed methanol species and surface hydroxyl
functionalities due to the presence of a greater number of
Breonsted acid sites on 30PTA/CS00. In parallel, C—H
stretching features of adsorbed methanol are observed at
2898, 2957, and 2836 cm™' (Figure Sb and Figure S13b),
accompanied by 5(CH,) bending at 1466—1447 cm™' and C—
O stretching at 1081 cm™".*" Upon heating, the methanol-
related IR signatures start to attenuate and eventually vanish at
300 °C on 30PTA/C500, while no stable formate signals are
observed. The thermal evolution of adsorbed methanol species
on 30PTA/CS00 is quite different from that on y-Al,O3, where
methoxy species persist, and formates accumulate at elevated
temperatures (Figure S12b). Based on the current results as
well as the former reports in the literature,”*™”" enrichment of
the Bronsted acid sites on the 30PTA/CS00 catalyst surface
coupled with the enhancement in the catalytic activity toward

https://doi.org/10.1021/acssuschemeng.5¢13468
ACS Sustainable Chem. Eng. 2026, 14, 5650—5663


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c13468/suppl_file/sc5c13468_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c13468?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c13468?fig=sch1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c13468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

— m/z=18
—m/z=28
— m/z=29
- m/z=31
—— m/z=45
1x10®

CH,OH

Y-Al,04

Q.M.S. Intensity (Torr)

Q.M.S. Intensity (Torr)

b
30PTA/C500

—m/z=18
— m/z=28
— m/z=29
—m/z=31
—— m/z=45
H,0

1x10®

200 300 400 500

Temperature (°C)

200 300 400 500

Temperature (°C)

100

Figure 6. Methanol-TPD profiles on (a) y-ALO; and (b) 30PTA/CS00 catalysts.
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DME production suggests that a concerted associative reaction
mechanism mediated by the surface Bronsted acid sites of the
30PTA/CS00 similar to the one given in (eqs 8—12 and
Scheme 1) may be operating on the 30PTA/CS00 catalyst
surface during methanol dehydration to DME:

CH,0H(ads) + H*(surf) # CH,OH - H*(ads) (8)
CH,OH - H*(ads) + CH,OH(ads)

2 (CH,OH - H"' - HOCH,)(ads) 9)
(CH,0H - H" -- HOCHj) (ads)

2 CH,0CH, - H"*(ads) + H,0(g) (10)
CH,0OCH, -~ H" & CH,0CH,(ads) + H*(surf) (11)
CH,0CH,(ads) = CH,;0CH,(g) (12)

In this reaction route, methoxy species are not expected to
accumulate on the catalyst surface. The absence of formates
favors direct DME formation, which is in line with the current
in situ FTIR spectroscopic and catalytic performance data on
the 30PTA/CS00 catalyst, suggesting that selective enrichment
of Bronsted acid sites on the 30PTA/CS00 catalyst surface-
enhanced DME production on this catalyst as compared to
that of other catalysts tested in this study.

3.1.7. Thermal Stability of Surface Species Generated
upon Methanol Adsorption: CH;OH-TPD. Figure 6 shows
methanol-TPD measurements on y-Al,O; and 30PTA/CS500
catalysts, obtained under conditions similar to those of the
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current in situ FTIR measurements. Comparable masses of y-
AL, O5 and 30PTA/CS00 catalysts are used in the methanol-
TPD experiments. However, the relative SSA values of these
two catalysts are significantly different (i.e,, 269 m*> g™* for y-
ALO; and 149 m* ¢! for 30PTA/C500). Figure 6 indicates
that molecular methanol desorbs prominently at 120 °C from
both catalysts with an additional weaker desorption shoulder at
310—320 °C. While the intensities and line shapes of the
molecular methanol desorption signals are rather similar for
both catalysts, significantly greater amounts of additional
product desorption signals corresponding to HCCOH, CO,
H,O0, and DME are observed for y-AlL,O; due to the greater
extent of dissociative methanol adsorption on y-Al,O; as
compared to that of 30PTA/CS500. Along these lines, Figure 6a
and 6b reveals a very intense HCOOH desorption signal for y-
Al,O;, which is associated with the greater formate surface
coverage as well as the relatively higher thermal stability of
formates on y-Al, O3, surpassing that of 30PTA/CS500. In good
accordance with the current in situ FTIR spectroscopic results
for temperature-dependent methanol adsorption (Figure $),
the current methanol-TPD data (Figure 6) also suggest a
greater formate surface coverage (evident by the greater total
HCOOH desorption signal) and a higher formate thermal
stability (apparent by stronger HCOOH desorption at elevated
temperatures such as 205 and 310 °C). Furthermore, thermal
decomposition of HCOOH on y-Al,O; probably also occurs at
elevated temperatures (>350 °C) in the form of CO(g) and
H,0(g). Note that the water desorption signal at T > 350 °C is
also likely to have a contribution from methanol dehydration
to form DME as well as dehydroxylation of alumina surface
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Figure 8. Effect of temperature on the (a) CO, conversion and (b) DME vyield obtained on the CZA+30PTA/CS500 catalyst mixture at CZA/

(30PTA/CS500) mass ratios 1/1 and 1/3.

Table 2. CO and Methanol Yields Obtained on CZA+y-Al,O; and CZA+30PTA/CS00 Catalysts as Functions of CZA/Acid

Catalyst Mass Ratio and Temperature

CZA/y-ALO, = 1/1

CZA/y-ALO, = 1/3

CZA/30PTA/CS00 = 1/1 CZA/30PTA/CS00 = 1/3

temperature (°C) Yeo (%) Yieon (%) Yo (%) Yyteon (%) Yeo (%) Yareon (%) Yeo (%) Yareon (%)
215 4.9 104 4.4 8.2 5.0 4.1 4.7 3.4
225 5.8 109 4.6 8.4 5.3 3.7 4.6 2.4
235 7.1 8.7 5.3 7.3 6.2 3.1 5.3 2.9
245 7.8 8.6 5.6 7.9 7.8 2.5 6.7 2.4
PAN) 9.2 6.7 7.3 7.3 10.2 2.0 8.6 3.9
265 104 6.6 8.1 5.9 134 1.7 119 1.6

hydroxyls. These observations suggest that methanol thermal
decomposition involves additional dissimilar reaction routes on
7-Al,O; than that of 30PTA/C500, boosting the formation of
surface formates and desorption of HCOOH on y-AlLO;.
Overall, it is apparent that y-Al,O; facilitates both methanol
dehydration and dehydrogenation, leading to formate/formic
acid and CO formation, whereas PTA modification decreases
surface area, enhances Brensted acidity, and suppresses
secondary oxidation pathways.

3.2. Catalytic Activity Experiments

To understand the effect of temperature on CO, conversion
and product yield, CZA+y-Al,O; and CZA+30PTA/CS500
catalyst (i.e, CZA+acid catalyst) mixtures are compared in
one-step CO, to DME reaction at 215—-265 °C, 3 MPa, H,/
CO, = 3, and CZA/acid catalyst mass ratios of 1/1—1/3. In
the catalytic performance experiments using y-Al,O; as the
acid catalyst, increasing temperature increases CO, conversion
from ~19 to ~22% in both catalyst bed compositions (Figure
7a). This indicates that CO, is converted primarily via the
endothermic RWGS reaction on the CZA catalyst, whose
amount remains unchanged in this study. The weak response
of CO, consumption to temperature change can be attributed
to the combination of enhanced kinetics and the counteracting
effects of CO and H,0O, which are consumed by reaction 2 and
produced by reaction 3, respectively. DME yield increases from
2.0 to 8.2% upon changing the temperature from 215 to 265
°C. The negative effect of H,0O on the Lewis acid sites of the y-
Al,O; catalyst due to competitive adsorption with methanol
has been reported in previous studies.”” Facilitating H,O
desorption from these sites by elevating the temperature
improves DME formation.®' Figure 7b also shows that DME
yield is maximized at 8.3% at 255 °C, above which the
thermodynamic limit is evident, with a slight decrease to 8.2%
at 265 °C.
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Considering the positive effect of surface acidity on the
extent of reaction 3, incorporation of PTA to y-ALOj is
investigated to enhance the surface Brensted acidity and
improve resistance against deactivation via H,0 adsorption.38
This hypothesis is examined by studying the CZA+30PTA/
C500 catalyst mixture under conditions identical to those used
to test the benchmark CZA+y-Al,O; system. The evolution of
CO, conversion with temperature on CZA+30PTA/CS500
differs slightly from that of the CZA+y-Al,O; benchmark
(Figures 7a and 8a). The response of CO, conversion to
temperature in the 215—235 °C range is more remarkable for
CZA+30PTA/CS500, where CO, conversion increases from
19% to 22% and from 17% to 23% at CZA+30PTA/CS500
mass ratios of 1/1 and 1/3, respectively. At higher temper-
atures (245—265 °C), the dependence on catalyst composition
fades out due to the onset of thermodynamic restrictions
(Figure 8a). The impact of incorporating PTA into the acid
catalyst is more evident in DME formation (Figure 8b). At the
lowest temperature (215 °C), DME yield is 8.6%, which
exceeds the value (2%) obtained on the benchmark y-Al,O,
catalyst at CZA/acid catalyst ratio of 1/3. DME production on
the 30PTA/CS500 catalyst is further promoted by increasing
temperature and maximized at ~ 12% in the 235-245 °C
range, where the DME yield on y-AL,O; is 7% (Figures 7b and
8b). After reaching 93% of its theoretical limit at 245 °C, the
DME vyield decreases at higher temperatures due to
thermodynamic constraints on CO, conversion (Figure 8).
The possibility of DME conversion to other hydrocarbons
because of increased acidic strength is ruled out, since none of
these products are detected by GC analysis. Moreover, the
closure of the atomic carbon balance to <5% in each
experiment (SI Section 1) ensures that neither carbon-
containing compounds other than DME and MeOH, nor
coke are generated to a significant extent.
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To provide useful insight into the trends in Figures 7 and 8,
the yields of CO and MeOH are reported in Table 2. These
results clearly show that CO formation increases with
increasing temperature, regardless of catalyst type or
composition. This finding is likely related to the increased
extents of endothermic RWGS and the reverse of reaction 2,
the latter of which is supported by the decreasing MeOH
yields at elevated temperatures. Nevertheless, the response of
Ymeon to temperature change is not as distinct as that of Yq
due to the interplay between the reverse of reactions 2 and 3,
which thermodynamically leads to the consumption and
production of MeOH, respectively, at increased temperatures.

Comparative Yy oy values obtained in the presence of y-
Al,O; and 30PTA/CS00 catalysts provide solid evidence for
the impacts of catalyst acidity on the extent of reaction 3.
Presence of the Bronsted acid sites on the CZA+30PTA/C500
catalyst (see Section 3.1) leads to a significant leap in MeOH
consumption and DME formation (Table 2 and Figures 7b
and 8b). The difference between the performances of the acid
catalysts is more evident at T < 245 °C where the adverse
effects of the unwanted H,O adsorption to the Lewis acid sites
of the y-Al,O; are more severe. Along these lines, the strategy
of minimizing H,O adsorption by introducing Brensted acidity
appears useful for DME synthesis from CO, at low
temperatures. The simultaneous decrease in the yields of
DME and MeOH at T > 245 °C points out the fact that
reaction 2 is reversed to a greater extent than DME to MeOH
conversion via the reverse of Reaction (3).

Table 2 provides insight into the effects of catalyst
compositions on performance. Increasing the CZA/acid
catalyst mass ratio from 1/1 to 1/3 decreases the yields of
CO and MeOH, the latter of which is consumed due to the
increased availability of acid sites and the resulting longer
contact with the reactive mixture, whose feed flow rate is
unchanged in the experiments (Section 2.3). This finding is
consistent with higher DME yields at higher amounts of acid
catalyst (Figures 7b and 8b). Increased MeOH consumption
via reaction 3 thermodynamically promotes CO hydro-
genation, thereby reducing CO yields (Table 2). The results
also reveal that, despite the longer interaction time of the
reactive flow due to the increased amount of acid catalyst, the
magnitude of change in DME and MeOH yields as a function
of catalyst composition is weaker for the CZA+30PTA/CS500
catalyst mixture. In other words, DME can be synthesized with
less acid catalyst inventory, which is particularly important
when considering the complex hydrodynamics and heat
transfer requirements of larger production scales. To highlight
the effect of increasing acid catalyst loading, performance is
also evaluated in terms of catalyst productivity, defined as the
mass of DME produced per unit mass of catalyst (CZA + acid
catalyst) per unit time. This metric, calculated for all
combinations of catalyst type, catalyst composition, and
reaction temperature, is presented in Figure 9. The results
clearly reveal higher productivities in favor of using a smaller
mass of acid catalyst (i.e., mass ratio = 1/1) except for CZA/y-
AL, O; = 1/3 at 215-235 °C where the additional use of the y-
Al,O; catalyst justifies the increase in DME production. The
maximum productivity of 6.9 X 107> kgpyg kg, ' h™' and
approach to equilibrium (93% of the theoretical DME vyield)
are found at 245 °C and CZA/30PTA/C500 = 1/1. At these
conditions, the CZA+y-AL O, system delivers 2.9 X 107 kgpy
kg, ' h™! of DME productivity and can be maximized only to
3.8 X 107 kgpye kgee ' b7 at 265 °C. These findings clearly
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functions of reaction temperature (215—265 °C), catalyst type (CZA
+30PTA/CS00 and CZA+y-Al,O4), and catalyst composition (CZA/
acid catalyst mass ratios = 1/1 and 1/ 3).

show that the use of 30PTA/CS00 catalyst is more suited to
CO,-to-DME conversion at low temperatures (< 245 °C),
where reactor intensification strategies, such as in situ H,O
adsorption, can further improve catalyst productivity.”*~>°
The catalyst type, composition, and the conditions leading
to peak productivity are investigated in the 1.5—3 MPa range
to understand the effect of pressure on reaction performance.
The results presented in Figure 10 show that increasing the

25 - 25
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__ | =DME Yield 197 2.
X 20 y 20
T:’ 16.8 171 (]
o =
E 15 15 2
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3 =
o 5 F 4 5
o
0 0
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Figure 10. Effect of pressure on CO, conversion and DME yield
obtained at 245 °C on the CZA+30PTA/CS00 catalyst mixture at
CZA/(30PTA/C500) mass ratio = 1/1.

pressure improves CO, conversion and DME yield, from 16.8
to 21.4% and from 4.1 to 10.3%, respectively. CO, and DME
are involved in equimolar reactions 1 and 3 that are
individually insensitive to pressure variation. However, these
reactions are affected by kinetic and thermodynamic
promotion of CO hydrogenation at high pressures, which
promote CO consumption and MeOH formation through the
RWGS and MeOH dehydration reactions, respectively.” Even
though the trend in Figure 10 continues at pressures > 3 MPa,
this value is reported as optimal when the balance between the
fixed and operating cost of increasing pressure and the
improvement in performance metrics are considered.*”

3.3. Catalytic Stability Experiments

The CZA+30PTA/CS00 catalyst mixture is tested for stability
in a 72 h TOS experiment conducted under peak productivity
conditions. Initially, the catalyst mixture gives 21.8% CO,
conversion and yields 10.2% DME, 7.5% MeOH, and 6.1% CO
(Figure 11). At the end of 72 h, CO, conversion and DME
yield decrease by 8 and 13%, respectively, and MeOH yield
declines by 1%. The initial DME selectivity (=2Fpyg X 100/
(2Fppe + Fyeon + Fco)), 42.8%, is found to diminish by
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Figure 11. 72 h TOS stability testing of the CZA+30PTA/C500 catalyst mixture at CZA/ (30PTA/CS500) mass ratio = 1/1, 245 °C, and 3 MPa.

~10%. In contrast, CO yield increases by ~ 8% (Figure 11).
The atomic carbon balance is closed to an average of 2% in the
duration of the TOS experiment. This data rules out a
significant extent of coke formation in the current catalyst
system and operating conditions. Decreasing MeOH and
increasing CO yields in Figure 11 are correlated with the
reversal of reaction 2, which is presumably caused by the
decrease in the extent of MeOH dehydration reaction, possibly
due to H,O accumulation in the reactive mixture, and, most
likely, its competitive H,O adsorption to the Lewis acid sites of
the 30PTA/C500 catalyst.*> The increase in CO yield may
also explain the decrease in CO, conversion via the water—gas
shift reaction (i.e., the reverse of reaction 1). The results in
Figure 11 also show that the deactivation rate decreases over
time. The changes in CO, conversion and DME yield do not
exceed 3% in the 48—72 h period. This suggests that the
possible adverse effects of H,O affect performance at earlier
stages and that the catalysts eventually approach a steady state.
The TOS stability performance of the CZA+30PTA/C500
system is compared with that of systems involving zeolites as
the acid function. It is reported that 100 h of CO,
hydrogenation at 240 °C, 2.8 MPa, 1525 NL kg ' h™, and
H,/CO, = 3/1 on the Cu-ZnO/H-ZSM-S catalyst mixture
results in ~ 16% and 33% decreases in CO, conversion and
DME yield, respectively.32 Long-term testing the same reaction
at 260 °C, 3 MPa, 8800 NL kg, ' h™ and H,/CO,/N, = 9/
3/1 on CZZ/Zeolite (Sil-1, MFI, Zeolite Y, FER, BEA, MOR)
mixtures decreases CO, conversion and DME selectivity in the
ranges of ~13—38 and ~17—24%, respectively, as of 72 h from
the onset of the experiments.'® Considering the literature data
reported at operating conditions similar to those in the present
work (Table S6), the CZA+30PTA/CS00 catalyst appears to
exhibit superior stability compared to zeolite-based catalysts.

4. CONCLUSIONS

This study establishes a structure—functionality relationship
between nature and the relative extent of surface acidic sites,
and the catalytic performance in one-step CO,-to-DME
conversion using bifunctional CZA+PTA/y-Al,O; catalysts.
Bronsted acidity is significantly enhanced by PTA incorpo-
ration, and the optimal composition, 30 wt.% PTA loading
calcined at 500 °C, exhibits the highest Bronsted/Lewis acid
site ratio and total acid site density, as confirmed by NH,-
TPD, and pyridine adsorption via in situ FTIR analyses.
Structural characterization reveals that under these conditions,
PTA remains in a well-dispersed or amorphous state, whereas
higher temperatures cause the formation of WOj; crystallites
and a corresponding decrease in Bronsted acidity. XPS and
TPR analyses show that tungsten predominantly exists in the
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stable W® oxidation state, with no significant reduction to
W3, indicating the catalyst’s hydrothermal stability. In situ
FTIR studies demonstrate that methanol dehydration proceeds
via a direct DME-forming route, without the formation of
formate intermediates, suggesting a Bronsted acid-mediated
associative, direct concerted mechanism. Moreover, methanol-
TPD analyses show that methanol either desorbs and converts
into DME on the PTA-modified catalyst, while methanol
dehydrogenation and byproduct (formic acid, CO) formation
are strongly suppressed, indicating a direct DME-formation
pathway on Brensted acid-enriched surfaces. Physical mixing of
the optimized 30PTA/CS00 catalyst with conventional CZA at
equal masses achieves a maximum DME productivity of 6.9 X
107 kgpye kgt h™' at 245 °C and 3 MPa, significantly
outperforming the benchmark case involving y-Al,O; as the
acid catalyst. Furthermore, a limited 72 h TOS activity loss of
~8%, which decreased to <3% in the 48—72 h time span,
highlights strong resistance to steam-induced deactivation.
These findings demonstrate that tuning surface acidity and
preserving structural integrity are key strategies for enhancing
activity, selectivity, and long-term stability in the valorization of
CO, to DME.
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