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Currently, acetic acid is produced via the carbonylation reaction of methanol with the main route entailing
the use of homogeneous noble metal-based catalysts, which has certain limitations, including the use of
polluting alkyl halide promoters and difficulty in catalyst recovery. To overcome these challenges, the
exploration of alternative methods utilizing heterogeneous catalysts, particularly zeolites with copper as a
redox center, has gained attention. Nonetheless, the conversion and selectivity obtained are sought after to
compete against the homogeneous route. Therefore, a deeper understanding of the reaction and
mechanism is needed to determine the weak points and overcome them. In this study, we propose the
use of time-resolved operando DRIFTS-MS to study the methanol carbonylation reaction over a Cu-H-
MOR catalyst. The study aimed to propose a reaction mechanism through an investigation of the behavior
of the catalyst, including potential identification of the location of the copper redox center in the zeolite.
The catalytic performance of the Cu-H-MOR catalyst was also evaluated, demonstrating its activity and
stability in the methanol carbonylation reaction. The operando DRIFTS-MS results provide insights into the
reaction mechanism and the involvement of the acid and redox centers in the process. Based on the
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findings, we propose a reaction mechanism for methanol carbonylation on Cu-H-MOR zeolite: (i)
methanol dehydration, (i) CO insertion into methoxide groups, (iii) reaction between dimethyl ether and
DOI: 10.1039/d3cy01271a acetyl groups, and (iv) hydrolysis of methyl acetate. Overall, we believe that this work contributes to a
deeper understanding of the heterogeneous route for acetic acid production and offers potential avenues

rsc.li/catalysis for optimizing the process.

Despite the initial adverse effects of the COVID-19
pandemic on the global acetic acid market, it is projected to
experience significant growth in the upcoming years,

Introduction

The insertion of carbonyl groups into organic molecules to

produce high-value added chemical compounds is a crucial
process in the chemical industry. One prominent example of
such processes is the carbonylation reaction of methanol to
produce acetic acid or methyl acetate."* Currently, the
industrial production of acetic acid is around 10 million ton
per year, and it is primarily utilized in the manufacturing of
vinyl acetate, acetic anhydride, and acetic acid esters.> Acetic
acid is a building block used in many chemical industries: (i)
in the textile industry for polyester production; (ii) in the
plastic industry for terephthalate production; (iii) in the food
and beverage industry; and (iv) in the construction and
automobile sectors to produce polymers, adhesives, paints,
and coatings.’
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primarily driven by a substantial surge in demand.* In fact,
the market volume of acetic acid has increased from 13.5 to
approximately 18 million metric ton from 2015 to 2023.°
Nowadays, about 60% of the total world acetic acid
manufactured is produced via the methanol carbonylation
reaction.® For more than 50 years, this reaction has been
industrially carried out through the Monsanto and BP
Cativa™ processes. These processes use homogeneous noble
metal-based catalysts (Rh and Ir) and an alkyl halide (CH;I)
as a promoter agent.” The typical operating conditions of
these processes are shown in Table 1.

While rhodium- and iridium-catalyzed processes for
methanol carbonylation demonstrate remarkable selectivity
in producing acetic acid (as indicated in Table 1), it is
important to note they have certain limitations. Among these,
the most important are: (i) the co-catalyst or promoter agent
that is used in the process (CH,I) is a highly polluting alkyl
halide, and (ii) the catalysts themselves, which are

This journal is © The Royal Society of Chemistry 2024
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Table 1 Operative conditions and results obtained in the Monsanto and BP Cativa™ processes. Adapted from ref. 8

Process Catalyst T (°C) P (atm) CO/MeOH Selectivity to acetic acid
Monsanto cis-[Rh(CO),1,] 150-200 30-60 2:1 >99%
BP Cativa™ [1r(CO),1,] 190 28 2:1 >99%

homogeneous, make their recovery difficult and costly.
Furthermore, those catalysts are based on precious metals
that are expensive to use on an industrial scale. The
limitations mentioned above have prompted the exploration
of alternative methods utilizing heterogeneous catalysts that
can be conveniently recovered and reused. The
heterogeneous catalysts of major interest for this process are
zeolites, such as mordenite (MOR), ferrierite (FER), and
faujasite (FAU), or ZSM-5 doped with transition metals since
these materials are low-cost aluminosilicates with an
adequate porous structure for this reaction.” The choice to
utilize zeolites stems from their compatibility with the
requirements of the process. These materials exhibit a
bifunctional behavior, meaning they possess both acid sites
for methanol dehydration and metal sites that activate
carbon monoxide, enabling its insertion into the adsorbed
methyl (-CH;) groups located at neighboring acid sites.”'°
Due to the presence of Brgnsted acid sites in zeolites and the
potential inclusion of charge compensation cations, these
compounds are well-suited for utilization in carbonylation
reactions.""™"?

Among the transition metals that act as redox centers in
carbonylation reactions catalyzed by zeolites (e.g., Cu, Co, Zn,
Ni, Ag, and Fe), Cu has been the most studied due to its low
cost and interesting redox properties.'* In 1984, Fujimoto
et al. were pioneers describing the use of zeolites partially
exchanged with Cu (Cu-H-ZSM-5 and Cu-H-MOR) for the
methanol carbonylation reaction.> Ten years later,
researchers from BP Chemicals re-examined the catalytic
performance of H-MOR and Cu-H-MOR in the methanol
carbonylation reaction and achieved remarkable yields with
the Cu-H-MOR catalyst.'® Since then, MOR-type zeolites have
been extensively studied to correlate the characteristic
topology of these materials with their catalytic behavior."”'
The elimination of the separation issue associated with
homogeneous precious metal complexes as well as the
avoidance of costly and corrosive liquid halides are some of
the advantages obtained by using these heterogeneous
catalysts. Furthermore, the conventional synthesis method of
zeolites requires the use of a template to form the crystalline
structure. The use of templates can introduce residual
impurities into the synthesized zeolites, negatively affecting
their purity and quality. The use of a template can also limit
the diversity of the compositions and morphologies that can
be obtained in the zeolites' synthesis. By removing this
constraint, a template-free method would allow for better
flexibility in synthesis, facilitating the production of zeolites
with  specific characteristics tailored to customized
applications. Likewise, eliminating the required template

This journal is © The Royal Society of Chemistry 2024

removal step would reduce the overall synthesis time and
simplify the process. This would result in increased efficiency
and productivity in zeolite production, particularly for large-
scale applications. In this sense, a template-free synthesis
method for zeolites offers clear advantages over the
conventional approach. The elimination of the template
removal step, obtaining purer zeolites, and the flexibility in
composition and morphology are positive aspects that can
promote greater efficiency and quality in the synthesis
process. These benefits support the adoption of this strategy
in zeolite production for the carbonylation reaction proposed
in this work. These benefits alone present promising
opportunities for process optimization and cost reduction in
carbonylation reactions. Nonetheless, further research and
practical experiments are needed to validate the theoretical
projections and to explore the wider application of these
catalysts in carbonylation reactions. A more comprehensive
understanding of the Cu-H-MOR catalyst capabilities may
allow for the development of novel and efficient processes.

As above-mentioned, many works have previously studied
the heterogeneous route for acetic acid production. However,
the conversion and selectivity obtained in the heterogeneous
alternative are far from those offered via the homogeneous
catalytic process. In line with this, a deeper understanding of
the reaction mechanism and the catalyst behavior is needed
to advance the potential commercial use of heterogeneous
acetic acid production. To this end, in this work we propose
the use of time-resolved operando DRIFTS-MS for the
methanol carbonylation reaction over a Cu-H-MOR catalyst.
This study allows us to understand the behavior of the
catalyst during the reaction, and hence to propose potential
modifications on the catalyst to improve the reaction
performance. Furthermore, the location of the Cu redox
center in the MOR-type zeolite is still not clear. As shown in
previous works, the active sites for methanol carbonylation
are Brgnsted acid sites located within the zeolitic cavity. Cu
ions positioned near these sites enhance the catalyst's
activity, making it less susceptible to deactivation by water."’
In the MOR structure, the Bronsted sites are found in
8-membered rings (8-MR) connected to 12-membered ring
channels (12-MR). Interestingly, the carbonylation of
methanol to acetic acid predominantly occurs selectively
within the 8-MR pockets, while hydrocarbon formation,
leading to deactivation, is more likely to happen in the 12-
MR pockets.>® Nonetheless, the effect of the Cu location has
not been studied in depth before. In this work, we reveal
where this redox center is located via an in situ-FTIR study of
CO adsorption. To achieve these two objectives (ie., (i) the
investigation of the reaction mechanism and (ii) the study of
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the Cu location), this work is organized as follow: first, the
synthesis of the catalyst and the experimental setup used in
this work are described, followed by the physicochemical
characterization, including the in situ-FTIR CO adsorption.
Afterwards, the time-resolved operando  DRIFTS-MS
experiment is analyzed, along with the experimental results
of the carbonylation reaction using the selected Cu-H-MOR
catalyst. We finish this work by proposing a potential
reaction mechanism for the reaction studied.

Experimental
Catalyst synthesis

In the synthesis of mordenite-type zeolites, sodium hydroxide
pellets (NaOH, Panreac), sodium aluminate (NaAlO,, Sigma-
Aldrich, 99%), and high-purity silica (SiO,, Sigma-Aldrich,
99.5%) were utilized without further purification. Ammonium
chloride (NH,Cl, Panreac) and hydrated copper acetate(n)
(Cu(CH3CO0),-xH,0, Panreac) were used in the subsequent
stages of cationic exchange.

A mordenite zeolite in its sodium form was synthetized
with the molar composition of 6Na,O : Al,O3; 30Si0,;780H,0
and the ratio X = Si/Al of 15 via hydrothermal synthesis in
the absence of a template, as previously described in the
literature.>" Mordenite in its protonic form (H-MOR-X) was
prepared by cation exchange with ammonium chloride and a
subsequent calcination step. Finally, the zeolite in its proton-
copper form was prepared by a cation-exchange process with
hydrated copper(n) acetate according to a procedure
previously reported in the literature.>” The solid obtained was
calcined at 350 °C for 3 h with a heating ramp of 2 °C min™".

Physicochemical characterization

The prepared catalyst was characterized by X-ray fluorescence
(XRF), N, adsorption, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and the in situ adsorption of CO
at 77 K followed by infrared spectroscopy (FTIR). The
chemical composition of the samples was characterized by
XRF in a Zetium Minerals device. Nitrogen adsorption/
desorption isotherms were measured at liquid nitrogen
temperature (77 K) wusing a Micromeritics TRIFLEX
instrument. The textural properties were studied using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods. Initially, the sample was degassed for 4 h at
250 °C under vacuum. X-ray diffraction was carried out using
an X'Pert Pro PANalytical diffractometer with Cu Ko radiation
(40 mA, 45 kV) in the 20 range 5-80°. To obtain the
micrographs, a HITACHI S-4800 SEM-FEG (Scanning Electron
Microscopy-Field Emission Gun) microscope was used,
equipped with secondary and backscattered electron
detectors for elemental analysis on the surface of the
material.

In situ CO adsorption at 77 K followed by IR spectroscopy
in transmission mode was carried out using a vacuum line.
In this system, the sample was placed in a cell in the form of
a 13 mm-diameter wafer, and, after a pretreatment of 12 h at
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200 °C under vacuum of 10> mbar, CO was introduced in
small doses at 77 K until complete saturation was reached.
For each dose of CO, the spectrum was recorded on a
THERMO NICOLET Avatar 380 spectrophotometer, equipped
with a DTGS/KBr detector. In each spectrum, 128 scans were
accumulated at a resolution of 4 cm™".

Catalytic performance

The catalytic performance was evaluated in a Hastelloy 9
mm-diameter tubular reactor coupled to a microactivity PID
Eng&Tech device. Thus, ca. 80 mg (100-200 pm) were loaded
in the reactor and pre-activated at 400 °C under 5 vol% O,/
He during 1 h. Then, the catalytic activity was recorded at 8
bar with a CO/MeOH molar ratio of 5 in the temperature
range 220-300 °C. Evaluation of the catalytic performance
was carried out using the space-time yield (STY) metric,
quantified as the production of umol of methyl acetate per
gram of catalyst per hour of the reaction. Furthermore,
catalytic stability tests were performed at 300 °C. The inlet
and outlet gas mixtures composition were analyzed online
with an Agilent 6890N gas chromatograph equipped with an
Agilent J&W DB-FATWAX Ultra Inert column.

Operando DRIFTS-MS experiments

Time-resolved operando DRIFTS-MS studies were conducted
in a Praying Mantis (Harrick) optical system with ZnSe
windows that supported a high-temperature reaction cell
where the sample was located (40 mg). The spectra were
taken with a resolution of 4 cm™ and an average scan of 64
scans using a Thermo Nicolet iS50 FTIR spectrometer
equipped with an MCT detector cooled with liquid nitrogen.
The spectra were corrected with the background initially
taken on the spectrometer using an aluminum mirror; and
all the mathematical treatments of the spectra were
performed in OMNIC software version 9.0. The gas phase was
analyzed on-line by mass spectrometry coupled to the IR
equipment. The reactants were fed using a system of mass
flow controllers and mixers to prepare the streams both in
the activation of the catalyst (Ar) and in the reaction (CO +
methanol + Ar). According to the experimental protocol
followed, an initial pretreatment of the sample consisting of
in situ activation at 350 °C with an Ar flow of 25 mL min™"
was carried out in order to remove the absorbed water and
completely dehydrate the zeolite. The system was then cooled
to 200 °C and the carbonylation reaction was carried out at
atmospheric pressure by passing through the cell a flow of 30
mL min™" of 17% v/v of CO in Ar saturated in methanol. The
reaction time was 60 min and throughout the period the IR
spectra were recorded continuously.

Results and discussion
Structure, morphology, and textural properties

The structure and morphology of the synthesized catalyst
were analyzed by XRD and SEM, respectively. Fig. 1A shows

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) The XRD patterns of the prepared sodium-mordenite, H-

mordenite, and Cu-H-mordenite; (B) SEM micrographs of H-MOR and
Cu-H-MOR.

the XRD patterns of the prepared catalyst in its sodium form,
in its proton form, and after the cation exchange. It can be
observed that the catalyst in its sodium form presented a
mordenite-like crystal structure (JCPDS: 043-0171) and this
framework remained for both the H-MOR and Cu-H-MOR
exchanged zeolites. Therefore, after cation exchange and
calcination, the crystal structure of mordenite remained
unchanged and no copper aggregates were observed. This
allows us to assume that the metal was highly dispersed in
the cavities of the material.

Concerning the morphology, the SEM micrographs of the
H-MOR and Cu-H-MOR samples are presented in Fig. 1B.
The analysis of the morphology revealed that the crystals
presented the characteristic shape of mordenites according
to the conditions of synthesis; that is, needle-shaped crystals
elongated on the z-axis.*® Furthermore, after exchange with
copper, no significant changes in the particles were induced.

The N, adsorption-desorption isotherms at 77 K for the
mordenite samples (i.e., H-MOR and Cu-H-MOR) are shown
in Fig. 2. Following the IUPAC classification,** typical type I
isotherms were found in both samples, indicative of
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Fig. 2 (A) N, adsorption-desorption isotherms at 77 K for mordenite

samples and (B) the pore-size distribution.
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microporous solids with a narrow porous distribution.
Table 2 contains details of the specific surface area,
micropore surface area, and micropore volume parameters as
well as data from the XRF chemical analysis. It is noteworthy
that the H-MOR catalyst presented a higher surface area,
whereas Cu-H-MOR presented a larger micropore surface
area. This fact was primarily attributed to the unique
breathing phenomenon observed in zeolites when metal
species are present inside the cavities.>> >’

Location of Cu sites: in situ-FTIR CO adsorption study at a
temperature of 77 K

The adsorption of CO at 77 K followed by FTIR spectroscopy
is a widely employed technique for characterizing solid
surfaces. This method allows investigation of the interaction
of CO with both Brensted and Lewis acid sites present on the
catalyst's surface.”® Fig. 3 shows the FTIR results for the
adsorption of CO at 77 K for the H-MOR and the Cu-H-MOR
samples. As can be seen, three bands appeared in both
samples: 2137, 2160, and 2178 cm™!, whereas in Cu-H-MOR,
an additional band appeared at 2156 cm'. The 2137 cm™
band could be attributed to CO physiosorbed inside the pores
of zeolite.>**° The bands observed at 2160 and 2178 cm™"
could be assigned to the interaction of CO with hydroxyls
located inside both cavities, i.e., in the main channels (2178
em™) and in the side pockets (2160 cm™).*°** Meanwhile,
the additional band observed at 2156 cm ™" in the Cu-H-MOR
catalyst was associated with the interaction of CO with
copper species forming monocarbonyls Cu’~(CO). According
to previous works, the presence of Cu’ was due to the fact
that during calcination or in the ion-exchange process itself,
copper is reduced from Cu(u) to Cu(i), and Cu(i) is stabilized
inside the cavities of the mordenites.*® The deconvolution of
the saturation spectra of both samples suggested that copper
species were mainly located in the small cavities, whereas
they only partially filled the main cavities. As will be further
discussed, the location of copper species plays a key role in
the catalytic performance.

Catalytic performance

Fig. 4a shows the catalytic activity in terms of methyl acetate
production (STY/umol g™* h™) exhibited by the Cu-H-MOR
sample in the methanol carbonylation reaction as a function
of temperature, ranging from 220-300 °C. As can be seen, the
production of methyl acetate increased with the temperature.
Significantly, only DME and methyl acetate were produced
during the reaction. This observation is in agreement with
the results reported by Blasco et al,” in which the
production of acetic acid was inhibited in Cu-exchanged
mordenite. The active sites for methanol carbonylation are
Bronsted sites inside the zeolitic cavity, so when placing Cu®
close to these sites, the catalyst activity increased and the
catalyst was less prone to be deactivated by water.** Bronsted
sites are located in eight membered rings (8-MRs), connected
to 12-ring channel in mordenite. However, the carbonylation
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Table 2 The textural properties of the prepared materials and XRF chemical analysis results

Surface area t-plot micropore

t-plot micropore

(Sper)/m” g surface area/m” g volume/cm® g™ Pore size (A) Cu/molar % Si0,/Al, 05
H-MOR 441 330 0.17 24.3 — 17
Cu-H-MOR 436 357 0.18 22.8 0.54 17

of methanol occurs selectively in the 8-MR pockets, while
hydrocarbon formation resulting in deactivation is easier in
12-MR pockets.*>°

In order to evaluate the long-term stability of the catalyst,
additional tests were conducted over a period of 20 h to
investigate any potential deactivation. Understanding the
deactivation behavior of zeolitic heterogeneous catalysts is
critical for optimizing their performance and extending their
lifetime in practical applications. In this context, Fig. 4b
illustrates the results of the stability tests performed on the
Cu-H-MOR catalyst at 300 ©°C. The results obtained
demonstrated that the catalyst rarely exhibited minimal
deactivation over time, indicating a high level of stability.
The stability of the catalysts can be compromised by the
formation of coke in the zeolitic cavities, since zeolites are
also active for the transformation of DME into hydrocarbons.
By controlling the acidity, the dehydration rate may be
enhanced with respect to coke formation.** Moreover, the
temperature control of the reaction also plays a key role since
the hydrocarbon formation occurs at higher temperatures
than the dehydration process and therefore the control of hot
spots should improve the selectivity.

Time-resolved operando DRIFTS-MS during the methanol
carbonylation reaction

In order to identify the possible reaction intermediates in
methanol carbonylation, the reaction was studied by DRIFT
spectroscopy coupled to mass spectrometry by passing the
reactants (CO/methanol/Ar) at 200 °C for 1 h over the sample
Cu-H-MOR, which was initially thermally pretreated at 350
°C for 2 h. These reaction conditions were selected to ensure
a high concentration of surface intermediates.

Fig. 5 shows the results obtained during the activation
thermal pretreatment in the 4000-800 cm™ fundamental

(A) H-MOR (B) Cu-H-MOR 2156
2178
2137
02 2178 0.1 2160 2156
| 2160
\ 2160 2178 A 2137

2180 2160 2140 2120
2137
|

2190 2160 2130 2100

Increasing
CO doses

Absorbance / a.u.
Absorbance / a.u.

T T T
2200 2180 2160 2140 2120 2100 2220 2190 2160 2130 2100

Wavenumber / cm’' Wavenumber / cm’

Fig. 3 The FTIR study of adsorption of CO at 77 K over (A) H-MOR
and (B) Cu-H-MOR samples.
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region (a) and in the NIR region, including the deconvolution
of the combination bands associated with hydroxyl groups in
the final spectrum (b).

In the fundamental region (Fig. 5a), at RT, a strong band
at 1637 cm " and a broad complex band centered at 3200
cm ™! could be observed, and both were associated with the
presence of physisorbed water interacting with hydroxyl
groups in the cavities.®" Increasing the temperature led to
the disappearance of these bands, giving rise to another band
around 3600 cm™' with two components at 3605 and 3580
em™, assigned to the vibration of Si(OH)Al bridge-type
hydroxyl groups inside the main cavities (12-MR) and in the
side pockets (8-MR), respectively.*' In addition, a less intense
band appeared at 3740 cm ™", corresponding to the vibration
of the terminal Si(OH) silanol hydroxyl groups located,
probably, on the exterior of the cavities.>***” On the other
hand, the region between 1400 and 750 cm ™ was
characteristic of Si-O and Al-O vibrations in the structural
framework of the zeolite.®® A summary of the band
assignments is provided in Table 3.

In the NIR region (Fig. 5b), at RT, the characteristic
combination band (v + d)gon of physisorbed water molecules
inside the zeolite cavities®® at 5244 cm™ was present. With
temperature treatment, three bands appeared at 4557, 4645,
and 4664 cm™', associated with the combination of the
vibrational stretching and bending modes (v + d)ou of
different hydroxyl groups.*>*® The 4557 c¢cm™ band was
related to the hydroxyls of the terminal silanol groups, while
the bands at 4645 and 4664 cm ™" corresponded to hydroxyls
in the main cavities and side pockets, respectively.’® A
summary of the band assignments is provided in Table 4.

300 400
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Fig. 4 (a) Catalytic performance as a function of the temperature and

(b) catalytic stability test during 20 h at 300 °C for the methanol

carbonylation reaction in terms of methyl acetate productivity over the

Cu-H-MOR catalyst.
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Fig. 5 (a) The evolution of the IR spectra during the activation

pretreatment in the fundamental region 4000-800 cm™ and (b) in the

NIR region, including the deconvolution of the combination bands

associated with hydroxyl groups in the final spectrum.

Table 3 Bands obtained during the in situ activation at 350 °C in the
fundamental region (4000-800 cm™?) followed by DRIFTS results

Temperature Vibration frequency Band assignment
RT 1637 cm™" H,O0 (bending)
3200 cm ™t HO:'--OH,
350 °C 3580 cm™ Si(OH)AI (8-MR)
3605 cm™" Si(OH)AI (12-MR)
3740 em™ SiOH (external framework)
RT-350 °C 1400-750 cm™* Si-0; Al-O (framework)

Table 4 Bands obtained during the thermal treatment in the NIR region

Vibration frequency Band assignment

4557 cm™" SiOH
4645 cm™! Si(OH)AI (12-MR)
4664 cm™! Si(OH)AI (8-MR)

Considering the areas obtained from the deconvolution, it
could be deduced that the number of hydroxyl groups in the
main cavities was greater than the number of hydroxyl
groups in the side pockets. This observation was in good
agreement with the results obtained through CO adsorption,
where it was concluded that the proportion of Cu atoms
incorporated in the side pockets was higher than in the main
cavities. Consequently, there will be a higher concentration
of Bronsted acid sites in the main cavities compared to the
side pockets.

Fig. 6a shows a three-dimensional representation of the
evolution of the species adsorbed on the surface, and Fig. 6b
shows the two-dimensional projection in which the contours
reflect the evolution of the bands associated with the
adsorbed species. The presence of vibrational bands related
to ven, Och, and veo vibrations could be observed, alongside
the disappearance of negative bands attributed to hydroxyl
groups resulting from their interaction with the reactants.
Furthermore, a highly intense band could be observed,
indicating the presence of a copper carbonyl complex.

Fig. 7 provides a more detailed analysis of the observed
changes in the IR spectra during the reaction, highlighting
the most significant variations in the bands. In the OH

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (@) The three-dimensional and (b) two-dimensional
representations of the bands that appear and disappear as a function
of time during the carbonylation reaction at 200 °C and 1 bar in the
Cu-H-MOR sample.

region (3800-3500 cm™'), it was observed that the bands
associated with the bridge hydroxyls Si(OH)Al in both
cavities (3605 and 3580 cm') had disappeared.
Concurrently, a distinct set of complex bands emerged
between 2800 and 3010 cm™', suggesting a potential
correlation between these observations. It is well known that
the reaction of methanol with the acid centers produces a
dehydration reaction in which dimethyl ether (DME) and
water are formed.”"** The presence of DME could be
indicated by the bands that appeared in the region vqy, and
also the bands observed at 1730, 1560 and 1360 cm %3
Therefore, the dehydration of methanol at acid sites is one
of the fundamental stages of the reaction."” On the other
hand, methanol interacted with the surface forming
methoxide species with characteristic bands at 1194 and
1178 em™".*" It should also be noted that CO was activated
forming carbonyl species in the centers of Cu. The band
observed at 2156 cm ' was characteristic of Cu’~(CO)
species and it was detected at the beginning of the reaction.
As the reaction time elapsed, the intensity of this band
decreased and a new band appeared at 2132 cm . This
band could be associated with the formation of
intermediate acetyl species via CO insertion into methoxide
species. Finally, the reaction between acetyl species and
DME produced by dehydration produced methyl acetate,
which was desorbed to the gas phase.

Fig. 8 shows the evolution of the bands associated with
the surface species involved in the reaction (Fig. 8A) and the
evolution of the gas phase (Fig. 8B). There was a direct
correlation between the production of DME (m/z = 45) and
methanol consumption (m/z = 31) at the same time that the
hydroxyls associated with the Brensted acid centers
disappeared (3580 and 3605 cm™"). This clearly indicates that
the acid centers were responsible for the dehydration of
methanol to produce DME. Conversely, methanol was
adsorbed forming methoxide species (1194 cm™) on the
surface of the zeolitic catalyst and CO was activated by
forming Cu” monocarbonyls (2156 cm™*).**

As can be seen in Fig. 8A, during the first minutes of the
reaction a new band appeared at 2132 cm ™", According to the
evolution of the bands of Cu*(CO) at 2156 cm™" and the one
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Fig. 7 The time evolution of the IR spectra during the carbonylation reaction at 200 °C and 1 bar with the Cu-H-MOR catalyst.

of the adsorbed methoxides at 1194 cm ™, it seems that the
band at 2132 cm™' appeared after a reaction between both
surface species. In addition, it could be observed that the
evolution of this band followed the trend of methyl acetate
production (m/z = 43). According to these observations, an
insertion of CO takes place on the methoxides catalyzed by
the Cu’ redox centers to form an intermediate acetyl that
leads to the production of methyl acetate by reaction with the
DME and the subsequent regeneration of methoxides and
Cu" centers. These observations are supported by the results
published by Corma's group'® and highlights the
bifunctional behavior of the Cu-H-MOR catalyst, in which
acid centers and redox centers are directly involved in the
process, leading to the preferential absorption of carbon
monoxide and dimethyl ether on the copper surface,
ultimately resulting in the predominant production of methyl
acetate, and proving the synergistic effect of the Bronsted
acid sites and redox (Cu’) sites.
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Fig. 8 (A) The evolution of the bands associated with the surface
species involved in the reaction and (B) evolution of the reactants and
products in the gas phase analyzed online by MS during the reaction.
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Proposed reaction mechanism

According to the results obtained, the reaction mechanism of
methanol carbonylation on Cu-H-MOR zeolite can be
described in a general way through the following stages:

(i) Dehydration of methanol on the Brgnsted acid centers
to form methoxide (CH;0 ) and dimethyl ether (DME)
groups;

(ii) Insertion of CO into the methoxide groups forming
acetyl groups (CH3;-COO");

(iii) Reaction between DME and acetyl groups to produce
methyl acetate and regenerate methoxide groups;

(iv) Hydrolysis of methyl acetate to give acetic acid.

Fig. 9 includes a schematic representation of the proposed
reaction mechanism. Corma et al.*® proposed that the acid
centers located in the 8-MR cavities are responsible for the
carbonylation reaction in H-MOR. Iglesia et al.>* also showed
that methoxide groups formed inside 8-MR cavities react
more quickly with CO than those formed in 12-MR cavities.
Apparently, there are no differences in the reaction
mechanism that takes place in the different cavities. The
acetyl intermediate reacts with water or DME producing

o CH,0H co
I| H Cu
Hico” " em (l) o 6
3 3 1y, e R
A s N Ny DME + H,0
+ + ocC.
@®H" @Cu (|:H3 \(I:u
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oll; \\o \\\o
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Fig. 9 A schematic representation of the possible reaction mechanism
of methanol carbonylation on Cu-H-MOR.
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acetic acid or methyl acetate and restoring the Bronsted acid
centers and methoxide groups.

Nevertheless, other reactions that compete with
carbonylation and that do not occur in the 8-MR cavities due
to steric impediment could also take place in the 12-MR
cavities. For example, methoxide groups can react with DME
to form a trimethyl oxonium cation (TMO') leading to
hydrocarbon production and coke formation.*® This reaction
is much less favored in the 8-MR cavities. On the other hand,
the carbonylation reaction can also be inhibited in the 8-MR
cavities when there are many water molecules already present
due to the formation of clusters blocking these cavities. This
can be avoided by increasing the temperature of the reaction,
but thermodynamically the carbonylation reaction is not
favored at high temperatures.

Conclusions

In this work, time-resolved operando DRIFTS-MS was used to
investigate the methanol carbonylation reaction over a Cu-H-
MOR catalyst hydrothermally synthesized in the absence of a
template. The primary goal was to elucidate the reaction
mechanism by studying the catalyst's behavior, including
potential determination of the copper redox center's location
within the zeolite. The catalytic performance of the Cu-H-
MOR catalyst also assessed, demonstrating its
effectiveness and stability in the methanol carbonylation
process. The operando DRIFTS-MS results provide valuable
insights into the reaction mechanism and the involvement of
the acid and redox centers during the reaction. The results
obtained suggest that Cu-H-MOR follows a bifunctional
mechanism, in which Breonsted acid sites favor the
dehydration of methanol to form methoxides and DME, and
redox sites (Cu’) are responsible for the activation of CO for
insertion into methoxides, giving rise to an acetyl-like
intermediate complex with which DME reacts to form methyl
acetate, which can be further hydrolyzed to acetic acid. This
approach provides new insights into the rational design of
more efficient catalysts to replace conventional processes (BP
Cativa™ and Monsanto) and for achieving sustainable acetic
acid production. Overall, this work significantly contributes
to enhancing our understanding of the heterogeneous
approach for acetic acid production and opens potential
avenues for optimizing the process. By addressing the
weaknesses and uncovering the underlying mechanisms, this
study paves the way for advancements in heterogeneous
catalysis to more efficiently produce acetic acid and other
valuable chemicals.
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