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Replacing homogeneous catalytic processes by heterogeneous routes based on the utilization of solid catalysts is
of great interest from an environmental point of view. Owing to their genuine pore structure, zeolites such as
mordenites (MOR) have emerged as game-changing materials to enable the heterogenization of catalytic pro-
cesses including methanol carbonylation. Cu-exchange zeolites take the edge over pristine zeolites, leading to
enhanced catalytic performance in terms of greater activity, selectivity, and stability. Herein, the overall catalytic
activity and stability can be modulated upon controlling the environment and location of copper active sites in
zeolites. In this study, Cu-exchanged mordenites were strategically synthesized to investigate the role of Cu
location inside of MOR cavities under working conditions by means of in situ/operando infrared (IR) spectro-
scopic studies. The results obtained revealed that a major proportion of Cu in the MR-8 cavities notably enhances
the activity and stability of the catalyst. This study provides crucial insights for fine-tuning zeolite catalysts to

achieve the heterogenization of homogeneous carbonylation processes.

1. Introduction

The importance of acetic acid as a platform chemical compound
within the industrial domain has garnered notable attention. Over
recent years, there has been a substantial growth in both the production
and commercial distribution of this compound. Currently, approxi-
mately 80 % of acetic acid production is accomplished through
homogeneous-catalysed carbonylation of methanol, involving the utili-
zation of catalysts based on noble metals alongside halogenated and
corrosive promoters. However, transition towards a circular economy to
meet the Sustainable Development Goals brings new challenges to
chemical processes opening opportunities for the next generation of
optimised catalytic process. In particular, new trends in heterogeneously
catalysed carbonylation for the sustainable production of acetic acid and
derivatives are highly desired and are the subject of inspiring in-
vestigations [1]. In this context, catalytic systems such as carbon-based
catalysts [2], heteropoly acids [3], oxide-supported transition metals
catalysts [4], and immobilized metal complexes catalysts [5] are
currently being explored to achieve this objective. Beyond the
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mentioned materials zeolites, particularly the mordenite (MOR) type are
gathering momentum as promising systems for carbonylation processes,
due to their enhanced catalytic performance in the reaction [6]. This
superior activity is attributed to its intricate porous structure with both
size and distribution being suitable for carbonylation goals.

These solids present an orthorhombic structure and a hydrated
chemical formula NagAlgSisoOge -24HoO with an ideal composition.
Thus, they consist of 12-member ring-shaped main cavities along [0 0 1]
direction, and 8-membered ring-shaped cavities, commonly referred as
side pockets, along the [0 1 0] direction. This system of channels gives
rise to specific properties in the different acid sites located in both
cavities [7,8]. Various studies have demonstrated that methanol
carbonylation selectively takes place within the 8-membered ring
(MR-8) cavities of the solid [9], while the 12-membered ring (MR-12)
cavities are explicitly designated for facilitating the diffusion of reagents
and products [10]. The latter are involved in coke deposition, subse-
quently leading to the deactivation of the catalyst. Therefore, the active
sites for methanol carbonylation are Brgnsted sites inside the zeolitic
cavity. When placing Cu™ close to these sites the catalyst activity
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increases and the catalyst is less prone to deactivate [9]. Brgnsted sites
are located in eight membered rings (MR-8s), connected to
12-membered ring (MR-12s) channels in mordenite. However, methanol
carbonylation to acetic acid occurs selectively in the MR-8 pockets while
hydrocarbon formation resulting in deactivation is also easier in MR-12
cavities [6,11]. Still, there are evidence of a synergistic effect between
copper and zinc in the carbonylation reaction within Cu-Zn-exchanged
zeolites. Zn cations are preferentially located in T3 sites of the MR-8
pockets but exchanging H-MOR with Zn and Cu results in the presence
of Cu in these sites while Zn?* is now located in the T4 sites of the MR-12
cavities [12].

Furthermore, the zeolite crystallite size, topology and nature affect
to the acidity and diffusivity inside the channels, modifying both the
activity and the stability of the catalysts [13,14]. Therefore, it may be
possible to shift the reaction to the desired products by adjusting the
reaction conditions (temperature, pressure, and reactant concentra-
tions) once the catalyst active sites have been carefully designed.

Under these premises and motivated by the need to find new stra-
tegies to improve the catalytic performance of exchanged zeolites, the
present work evaluates the location of the active sites in the framework
of mordenite-type zeolites and its relevance in the catalytic activity.
Although some physicochemical properties of catalytic solids can be
understood by macroscopic phenomena, a thorough time and space-
resolved study is mandatory to shed lights on key structural and dy-
namic aspects at the molecular level leading to a comprehensive un-
derstanding of the role of the active sites [15]. Herein, the application of
in situ/operando infrared (IR) spectroscopic methods was employed to
gain a deeper understanding of individual active sites and the reaction
intermediates during methanol carbonylation as central process for
acetic acid production via heterogenous catalysis.

2. Materials and methods
2.1. Catalysts synthesis

Commercial ammonium MOR-type (CBV-21A) zeolite with SiOy/
Al,O3 ratio of 20, purchased from Zeolyst International and hydrated
copper acetate (II) from Panreac were utilized as reagents for the
preparation of copper exchanged zeolites.

Two distinct catalysts were obtained from the commercially supplied
MOR sample, which initially existed in its ammonic form. In the first
synthesis, a calcination process at 600 °C for 3 h with a heating rate of
2 °C min~! was conducted to obtain the protonic form, whereas in the
second synthesis, no calcination process was done, and the as-received
commercial ammonium sample was directly utilized as parent zeolite.
These zeolites were labelled as MOR-600 and MOR-fresh, respectively.
After that, a cationic exchange with Cu was conducted using a 0.01 M
solution of Cu(CH3COO)5-2H50 under stirring during 24 h. Subse-
quently, the solids were filtered, thoroughly washed, and dried at 100 °C
overnight. Finally, the solids were calcined during 3 h at 350 °C using a
heating rate of 2 °C min~!. The prepared catalysts were labelled as
CuMOR-600 and CuMOR-fresh.

2.2. Characterization techniques

Structural X-ray diffraction (XRD) analysis was performed with a
PANalytical X'Pert Pro diffractometer, featuring a Cu Ko anode oper-
ating at 40 mA and 45 kV. The diffractograms were acquired within the
20 range of 10-60°, using a 300 s acquisition time and a 0.05° step
width. Structural elucidation was conducted with the PDF2 ICDD2000
database. The Si/Al ratio of zeolites was determined using X-Ray Fluo-
rescence (XRF) on a Zetium Minerals device, while the Cu loading was
analysed through Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES) using an iCAP 7200 ICP-OES Duo spectrometer
(ThermoFisher Scientific) and digesting the solids in acidic media with a
Microwave Digestion System ETHOS EASY (Milestone). The textural
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properties were evaluated through Ny physisorption at liquid nitrogen
temperature (—196 °C) utilizing a Micromeritics TRIFLEX apparatus
specifically tailored for microporous and mesoporous solids. Before
adsorption, the samples were degassed for 4 h at 250 °C using a
Micromeritics vacuum system. The analysis was conducted via Bru-
nauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods.

2.3. Catalytic activity tests

A fixed-bed reactor (9 mm i.d.) of Hastelloy stainless steel connected
to an automatized microactivity PID Eng&Tech reaction equipment was
employed to measure the catalytic activity on the different catalysts. In a
typical experiment, ca. 80 mg of solid catalyst with a particle size of
100-200 pm was packed and activated for 1 h at 400 °C passing a flow of
50 mL min~! of 5 vol% Oy/He. Subsequently, the temperature was
decreased to 280 °C under He purge, and the pressure was increased to 8
bar. Then, the feed mixture consisting in a CO:methanol mixture with a
molar ratio of 5:1 was introduced, and the reaction was performed with
a weight space velocity hourly (WHSV) of 11 L g~ h™L. The composition
of gas mixture at the inlet and outlet was analysed on-line by gas
chromatography using an Agilent 6890 N system equipped with a J&W
DB-FATWAX Ultra Inert column. The catalytic activity data was evalu-
ated in terms of methanol conversion and the space-time yield (STY)
metric, which is defined as the molar production of methyl acetate/
acetic acid per mass of catalyst and per reaction time.

2.4. In situ/operando IR spectroscopic experiments

Three distinct types of IR spectroscopic experiments were performed
using a Thermo Nicolet iS50 FTIR spectrometer equipped with a Mer-
cury—Cadmium-Telluride (MCT) detector. Background correction was
performed by referencing the ambient conditions in the absence of the
sample. All the experiments were carried out in transmission mode using
a “sandwich” type reactor cell designed at LCS-Caen (France) [16,17],
equipped with a compressed air-cooling system. The cell consists of a
stainless-steel cylinder with an annular sample holder in the centre,
which holds a self-supporting wafer of 16 mm diameter. The space be-
tween each wafer face is filled with KBr windows, and sealing is ach-
ieved by using Kalrez O-rings between the windows and the ends of the
cell. The IR beam passes perpendicularly through the sample, mini-
mising the dead volume (equal to 0.12 cm®) and maximising the in-
tensity of the bands due to surface adsorbed species on the catalyst,
without superposition of the gas phase. Approximately a wafer of ca. 20
mg of catalyst was placed into the cell for each measurement. The
spectra were recorded at 128 scans and 4 cm™! of resolution and pro-
cessed using the OMNIC version 9.0 software. Each experiment can be
described as follows: i) In order to establish the temperature at which
commercial parent ammonium mordenite is completely transformed
into the protonic form, a preliminary in-situ IR spectroscopic study of
thermal treatment was performed. The commercially as-received
ammonia MOR-type zeolite was heated up to 400 °C with a heating
rate of 5 °C min~! under Ar flow of 50 mL min~'. During the thermal
pretreatment, IR spectra were recorded as a function of temperature. ii)
In another study, the location of copper sites was investigated by CO
adsorption at 40 °C followed by in situ IR spectroscopy. In a typical
experiment, the pelletized sample was pretreated through in-situ acti-
vation at a temperature of 400 °C under an Ar flow of 50 mL min™! to
remove impurities and adsorbed water on the solid surface, allowing for
a thorough investigation of the hydroxyl region. Subsequently, the
temperature was decreased to 40 °C, and 50 mL min~! of 5 vol% CO/Ar
flow was passed through the sample for half an hour to observe bands
assignable to the interaction of CO with the catalytic surface. iii) Finally,
operando IR spectroscopic studies were performed to investigate the
methanol carbonylation reaction. These experiments were also con-
ducted in transmission mode using the “sandwich-type” cell to analyze
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the catalyst surface without gas phase overlapping. Analogously, the
pelletized catalyst was pretreated at 400 °C under flow of 50 mL min~!
of Ar for 1 h. Then, the catalyst was cooled down to 200 °C and the
carbonylation reaction was performed for 1 h 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 at 0 °C to achieve a CO:methanol ratio of 3:1. The
gas effluents were analysed on-line by mass spectrometry (MS) in a
Pfeiffer Vacuum PRISMA PLUS spectrometer, and controlled by QUA-
DERA® software.

3. Results and discussion
3.1. Preliminary in situ IR study: effect of thermal treatment

Fig. 1 displays the evolution of the spectra (a-j) acquired during the
thermal treatment of the commercial ammonium MOR-type zeolite. In
the initial spectrum recorded at room temperature, two discernible
bands are clearly observed: an intense one at 1628 cm™! and another
broad band around 3800 - 2500 cm L. The first band is attributed to
physisorbed water interacting with hydroxyl groups in the cavities of the
zeolite whereas the latter can be ascribed to both the presence of water
and ammonium groups in the zeolitic material. The presence of
ammonium groups complicates the IR spectrum as the vibrations of
these groups depend on their position in the solid framework, their co-
ordination (multiple H-bonding) with the basic oxygen atoms of the
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structural network, the Fermi-type resonance interactions in the vyg
region and the combination bands in the bending region [18,19]. In this
way, due to the different symmetry, the differentiation of mono- (Csy),
bi- (Cay), tri- (C3v/Cs) and tetradentate (Cs) ammonium adsorbed in the
Brgnsted acid sites is difficult but feasible. With the increasing temper-
ature, the band at 3740 cm ™! attributable to the presence of silanols
(SiOH) external to the zeolite framework is the first to appear because of
ammonium weak interaction with these groups, being desorbed as soon
as the thermal treatment initiates. Furthermore, it is also noticed the
emergence of a band at 3380 cm ™! with the increase of temperature.
This feature can be assigned to the stretching vibration of free/-
unperturbed N-H groups. In other words, the observation of these bands
indicates the presence of tridentate ammonium species. One can see that
this band shows a not well-defined shoulder of the band at 3250 cm_l,
indicating the prevalence of tetracoordinated species in which all N-H
bonds must be engaged in H-bonding interactions, which are not com-
mon in zeolitic materials. Their existence and stability require confine-
ment in narrow channels, such as the side pockets of mordenite-type
zeolites. Hence, they represent the more stable ammonium species and,
consequently, undergo decomposition at higher temperatures. Addi-
tionally, two Evans windows can be discerned at 3125 and 2875 cm ™,
arising from Fermi-type resonant interactions characteristic of ammo-
nium ions present in the cavities of the solid [18,20,21].

To study the position of ammonium ions within the MOR-type cav-
ities, the difference between the spectra (h-e), corresponding to the

1628

Physisorbed
water

RT - 400 °C

3900 3600 3300 3000 2700 2400 2100 1800 1500

Wavenumber / cm’”

Fig. 1. Evolution of IR spectra with the temperature during thermal treatment of MOR-type fresh zeolite. Inset: differences spectra between spectra recorded at
200 °C (e), 300 °C (h), and 400 °C (j). The figure includes a schematic representation of the distribution of ammonium species with different coordination inside of

cavities of the zeolite.
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disappearance of the band at 3380 cm ™}, as well as the difference (j-h),
corresponding to the reduction in intensity of the band at 3250 cm ™},
were inspected in the hydroxyl region. As shown in Fig. 1 inset, the
disappearance of the band at 3380 cm ™! (tridentate NHY) is intimately
related to the emergence of a band at 3590 cm™?, ascribed to the vi-
bration of hydroxyl groups within the main cavities (MR-12). Concur-
rently, the diminishing intensity of the band at 3250 cm™! (tetradentate
NHZ) is intricately tied to the appearance of a band at 3569 cm™,
designated to the vibration of hydroxyl groups within the side pockets
(MR-8) of the zeolite [22]. In this way, it can be asserted that tetra-
coordinated ammonium ions decompose at higher temperatures and are
located on the side pockets of mordenite, while tricoordinated ammo-
nium ions are present within the larger cavities. Therefore, it can be
concluded that temperatures above 400 °C are required to completely
remove the ammonium ions coordinated in both MR-8 and MR-12
cavities to achieve the protonic mordenite. Based on these observa-
tions, the commercial ammonium MOR-type (MOR-fresh) was calcined
at 600 °C to ensure the complete decomposition of all ammonium spe-
cies and the production of protonic MOR-type zeolite. Subsequently,
copper exchange was performed on both MOR-fresh and MOR-600, and
the resulting solids were calcined at 350 °C to decompose the copper
precursor salts, resulting in the CuMOR-fresh and CuMOR-600 catalysts.

3.2. Physicochemical properties

Fig. 2a includes the diffraction patterns of both MOR-type of zeolites,
while Fig. 2b displays the corresponding diffractograms of both zeolites
after cationic-exchange. As intended in the X-Ray patterns, all prepared
zeolitic materials showed a mordenite-like crystal structure (JCPDS:
043-0171), being evident the no modification of the crystal structure
after thermal treatment. Moreover, there were no diffraction peaks due
to metallic copper species nor copper oxides, indicating well-dispersed
Cu species. In this way, the procedure for introducing copper into the
zeolite pores resulted effective.

Table 1 summarizes the textural properties of all the prepared ma-
terials along with the metal loadings and the SiO3/Al,03 molar ratios
determined through ICP-OES and XRF analysis, respectively. Both the
total surface area and micropore surface area increase upon copper ex-
change in all the studied zeolites. This phenomenon may be attributed to
the characteristic breathing phenomena exhibited by zeolitic materials
when metallic cationic species are introduced inside the cavities of ze-
olites [23-25]. Additionally, one can notice that the pore volume and
pore size are hardly altered with the incorporation of copper and
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Fig. 2. XRD patterns of the MOR-type zeolites fresh and pretreated at 600 °C
before (a) and after copper exchanging (b).
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preserve the same order of magnitude. Nevertheless, when comparing
these catalysts in terms of t-plot micropore surface area is evident from
Table 1 that the CuMOR-600 sample has a larger surface area than the
other ones. This fact could be related to ammonium ions are more easily
exchanged than protons by copper cations in the MR-8 cavities due to
confinement factors, in fair agreement with previous reports [26]. Other
techniques have confirmed this observation (vide infra). On the other
hand, XRF analysis results demonstrate that the SiO2/Al;,O3 ratio re-
mains unaltered in comparison with the commercial as-received solid
(SiO/Aly,03 = 20). Likewise, the ICP-OES analysis reveals that the
amount of copper exchanged in both protonic form (MOR-600) and
ammonic form (MOR-fresh) is closely identical.

3.3. In situ IR dynamic CO adsorption: location of Cu sites

To investigate the location Cu sites in both exchanged CuMOR-600
and CuMOR-fresh catalysts, CO adsorption at 40 °C was performed
and followed via in situ-IR spectroscopic study. In this way, the catalysts
were pretreated at 400 °C for 1 h under Ar flow to remove impurities and
water adsorbed in the solid prior to CO adsorption. Fig. 3 shows the IR
bands in the 3500-3800 cm ™ region ascribed to stretching vibrations of
hydroxyl groups in all the samples after thermal treatment. The presence
of hydroxyls in the CuMOR-fresh zeolite clearly indicates that ammo-
nium species were decomposed into protons during the thermal treat-
ment. The bands at 3587 and 3607 cm ! are related to the Si(OH)Al
bridging Brgnsted acid sites inside the side pockets (MR-8) and the main
cavities (MR-12), respectively [8], see Fig. 3e. Meanwhile, the band at
3740 cm™! is associated to terminal silanols (SiOH) stretching vibra-
tions, while the bands at 3713 and 3652 cm ™! are attributed to defective
hydroxyls produced by dealumination of the framework as well as the
formation of extraframework Al species during the thermal treatment
[27-29]. The fitted Gaussian curves of these bands shown in Fig. 3c and
d clearly reveal that the abundance of defective hydroxyl and extra-
framework Al sites is notably superior in the CuMOR-600 sample. The
thermal treatment undertaken at 600 °C in this sample induces the
dealumination process in the framework to a greater extent.

Moreover, the relative intensity of the bands at 3607/3587 cm ™!
shown in Fig. 3b-d provides relevant information on the nature and
structural environment of hydroxyl species as well as the location of
copper. It is evident that in the CuMOR-600 sample, there is a noticeable
decrease in the distribution of hydroxyls in the main cavities (MR-12).
This observation suggests that copper was predominantly located in
these cavities. Meanwhile, the solid CuMOR-fresh shows a lower con-
centration of hydroxyls in the side cavities (MR-8), which is associated
with a higher concentration of Cu ions in these cavities.

Upon the thermal treatment to achieve a clean surface of the cata-
lysts with exposed hydroxyl groups and Cu sites, the temperature was
decreased to 40 °C and a dynamic CO adsorption was performed in both
Cu-exchanged solids by passing a flow of 5 % CO/Ar. Fig. 4 shows the
evolution of the bands in the CO stretching range in both solids.

As can be noticed, three bands ascribed to copper carbonyl species
with distinct coordination geometries are observable. Both bands at
2178 and 2152 cm™! are typical of Cu T-(CO), gem-dicarbonyl species
while the band at 2156 cm ™! is characteristic of Cu * -CO linear mon-
ocarbonyl species [30,31]. To analyze the relative proportion of both
types of copper carbonyl species in the two Cu-exchanged mordenites,
Fig. 4a-b at the bottom include the deconvoluted spectra recorded after
CO saturation at 40 °C. It is clearly evidenced that CuMOR-600 shows a
major relative proportion of linear carbonyl species than CuMOR-fresh
sample. Previous studies revealed that in MOR-type zeolites, the CO
interaction and CO density can be even ten times greater in the MR-8
than in the MR-12 cavities [10], and that Cu*-NHj exchange is fav-
oured over Cu "-H" exchange [26]. In agreement, the results discussed
above confirm the presence of tetradentate ammonium inside the MR-8
cavities and the existence of more Cu ions in these cavities. In this
context, the adsorption of CO suggests that upon introducing CO, more
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Table 1
Textural properties of the prepared solids.
Sample Sger (m?g™!)  t-plot micropore surface area (m? g~')  t-plot micropore volume (cm® g!)  Pore size (A)  Cu loading” (wt.%)  SiO»/Al,0s"  Cu/Al
MOR-600 429 368 0.19 24 - 23 -
CuMOR-600 478 455 0.19 25 1.7 23 0.1
MOR-fresh 354 311 0.18 25 - 22 -
CuMOR-fresh 423 365 0.19 24 1.6 22 0.1
? Determined via ICP-OES analysis and.
b Determined via XRF analysis.
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Fig. 3. Stretching vibrations of hydroxyl groups for thermally activated samples (

a), fitted Gaussian curves for MOR-600 (b), CuMOR-600 (c), and CuMOR-fresh (d)

zeolites, and illustration of Si(OH)AI bridging Brgnsted acid sites within the side pockets (MR-8) and the main cavities (MR-12) (e).

Cu™(CO), adducts will be formed inside these cavities due to a higher
proportion of Cu ions and confinement effects in the side pockets of the
CuMOR-fresh zeolite. Finally, it should be mentioned that after CO
saturation was feed a purge of Ar at 40 °C and only Cu't-(CO) species
remained on the surface while gem-dicarbonyls were rapidly evacuated.

3.4. Catalytic performance in methanol carbonylation

The catalytic activity towards methanol carbonylation reaction of
both Cu-exchanged zeolites was evaluated in terms of methanol con-
version, and methyl acetate and acetic acid production. As shown in
Fig. 5a, the CuMOR-fresh catalyst exhibits stable methanol conversion
while CuMOR-600 was drastically deactivated after 5 h of continuous
reaction run. It is also evident that CuMOR-fresh presents a higher
methanol conversion than CuMOR-600, although this superior conver-
sion is related to a major production of dimethyl ether (Fig. 5a inset) by
dehydration of methanol. Analysing the product distribution in
Fig. 5b—c, we see that CuMOR-600 shows superior STY of the oxygen-
ated compound of interest, methyl acetate, and acetic acid. However,
the production of both valuable chemicals declines sharply after 2 h. By
contrast, the CuMOR-fresh catalyst presents lower values of methyl ac-
etate and acetic acid productivity although the production was more
stable. It is noteworthy that in both cases methyl acetate was initially
produced, and subsequently acetic acid was formed, indicating that the

formation of acetic acid results from the hydrolysis of methyl acetate.

Based on these observations, considering that CuMOR-fresh exhibi-
ted a higher concentration of Cu ions inside the MR-8 cavities and
proved to be the most stable catalyst, it could be inferred that methanol
carbonylation to valuable oxygenated compounds predominantly occur
in the MR-8 side pockets. Conversely, deactivation appears to be more
favoured in CuMOR-600 catalyst, possibly indicating that when the re-
action takes place in the MR-12 cavities, hydrocarbon formation and
subsequent coke deposition occurs. This finding aligns with previous
studies in the field reported elsewhere [6,9,11].

It seems clear that the main challenge with zeolites is their rapid
deactivation since they are prone to channels clogging by the formation
of coke deposits. Thus, the presence of Cu" in close contact to Brgnsted
sites in confined MR-8 side pockets increases the catalyst activity and
makes it less prone to deactivation.

3.5. Operando IR spectroscopic studies: elucidating the reaction
mechanism

Operando IR spectroscopy studies were conducted to gain insights
into the active sites participating in the methanol carbonylation and the
evolution of the intermediates involved in the reaction pathway in the
Cu-exchanged zeolites. Fig. 6a-b shows the evolution in time of the IR
spectra exhibited by the two Cu-exchanged zeolites during the methanol
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Fig. 4. Evolution of IR spectra in the CO stretching region during the dynamic CO adsorption at 40 °C on thermally activated CuMOR-600 (a) and CuMOR-fresh (b)
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07 a) 3049 b) 1 ¢©
85 T la T 30
80 - CuMOR-fresh  _ ) . -
T 754 ..‘ ® = 3007 < 25 °
4 ee ® % 25
i ® - 8 A - 8 AA
= 70] % ﬁ..'.:bg“."" = - = A
E 651 @ £ A g 2504 A € 204 2
(o] 4 = =
D 60- ﬁﬁm‘h% Ads = {1 2 NOF = _ Wk,
T 55 ]o” = . = s °
> 55 + ‘rlﬂ,ﬂ\:ﬁ 0 200—A AL& = 15 - “ " T MOR. 0
S sod . o Ny N - A ‘N 4
5 5] 5] a 5 . ol 54 8 ] AL
% ‘_ E - CuMOR-fre:;h A 8 150 A AA& o 10 4 gﬁ
£ 40 - s !‘ 'Iw A 2 *v 6 4
) 1 5 .1 > E .~ “m s} A
S 354 go,a e % o ~ A < 5 CuMOR-fresh
1 & 100 @ & 7
304 § oz = e » o
sl TTTTTTEY | CuMOR-fresh ® 14 * s
20 L TOS/h 04
————— 50 +————————————7— ————————————
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
TOS/h —* TOS/h — TOS/h —

Fig. 5. Evolution of methanol conversion (a), methyl acetate STY (b) and acetic acid STY (c) as a function of the time-on-stream during methanol carbonylation for
both Cu-exchanged zeolites after thermal activation in argon at 400 °C for 1 h. Inset: Evolution of DME production. Reaction conditions: WHSV =11 Lg ' h™}, T

= 280 °C, P = 8 bar and CO/MeOH ratio of 5:1.

carbonylation reaction. An evident disappearance of bands related to
hydroxyl groups (3800-3100 cm ™) occurred simultaneously with the
emergence of bands in the C-H stretching region (3100-2800 cm ™) in
both catalysts. These latter bands are mainly ascribed to vcy of meth-
oxide species [32] and adsorbed dimethyl ether (DME) produced
through methanol dehydration with the acidic hydroxyl groups [33-35],
as it is well known that the dehydration of methanol at acid sites is a
fundamental step in the reaction. Additionally, several bands in the
range 1700-1350 cm ™! appeared, characteristic of C=0 stretching, C-H
bending and C-O stretching vibrations of surface-adsorbed acetyl spe-
cies [36,37]. The main distinction between both Cu-exchanged zeolites
lies in the presence of additional bands at 1610, 1430 and 1375 cm™!

with a weak, discernible band at 3230 cm ™! in the CuMOR-fresh zeolite.
These features are related to acetates and acidic compounds unrevealing
the formation of acetic acid [11]. Upon closer inspection of the carbonyl
stretching region, Fig. 6a-b inset shows evidence in both cases of the
disappearance of features ascribed to copper monocarbonyls species
(2156 cm™!) and the evolution of a band at 2133 cm ™! which is ascribed
to the formation of an acetyl-type copper carbonyl complex [11]. This
intermediate is formed by CO insertion into copper adsorbed methoxy
groups at low/moderate pressures and may drive the reaction to
adsorbed acyl intermediates that further evolve into acetic acid [9]. A
similar mechanism has been proposed for the polyoxometalate-based
catalysts, in which methoxy groups adsorbed con acid sites react with
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Fig. 6. Time evolution of the IR spectra during the methanol carbonylation reaction at 200 °C and 1 bar on CuMOR-600 (a) and CuMOR-fresh (b). Inset: Evolution of

CO adsorbed species in both Cu-exchanged catalysts.

cationic species that hold CO molecules [38].

Fig. 7 displays the evolution of the gas phase analysed by mass
spectrometry during methanol carbonylation and the evolution of the IR
bands associated with the most relevant surface species involved in the
reaction in both CuMOR-600 (Fig. 7a) and CuMOR-fresh (Fig. 7b).

As can be observed in Fig. 7a, DME production (m/z = 45) is
accompanied by methanol consumption (m/z = 31) and the disappear-
ance of the bands ascribed to the Brgnsted acid sites in MR-12 main
cavities (3607 cm 1) in the CuMOR-600 sample. This suggests that these
hydroxyl groups are actively involved in the methanol dehydration re-
action. Another clear correlation evidenced is the disappearance of the

band assignable to the external SiOH groups (3740 cm™!) with the
appearance of Si-O-methyl species (2856 cm™1) [39], which highlights
the importance of these groups in the reaction in MOR-type zeolites.
These tendencies are also noticeable in the CuMOR-fresh sample
(Fig. 7b), although in this case the production of DME is superior. The
most noteworthy distinction is related to the presence and evolution of
the band at 3230 cm ™! attributed to the vibration of OH group in car-
boxylic acids [40,41], which is only appreciable in the CuMOR-fresh
sample. The growth and evolution of this band are evident in Fig. 7b,
although the gas phase analysis by MS does not reveal a substantial
presence of acetic acid. This observation may be expected due to the
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Fig. 7. Evolution of the gas phase followed on-line by MS and evolution of the main bands related to surface species involved in the reaction analysed by operando IR

spectroscopy in both CuMOR-600 (a) and CuMOR-fresh (b) catalysts.
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very low conversion and potential diffusional limitations in the pellet.

Considering operando IR-MS studies and the catalytic performance
results, a mechanism for this reaction was proposed, also supported by
earlier studies [14,42] and in agreement with reported studies by other
authors [11,43]. As illustrated in Fig. 8, methanol dehydration initially
occurs at the Brgnsted acid centers of both MR-8 and MR-12 cavities,
resulting in the formation of dimethyl ether (DME) and methoxides
adsorbed on the catalyst surface. Simultaneously, CO activation takes
place at the copper redox centers in the MR-8 cavity, leading to the
formation of copper monocarbonyls. Subsequently, the methoxide
groups are inserted into these carbonyls, generating an acetyl-type in-
termediate specie. This intermediate reacts with desorbed DME in the
gas phase, finally producing methyl acetate. Lastly, the formed methyl
acetate undergoes hydrolysis, yielding acetic acid. A schematic mecha-
nism is provided in Fig. 9.

4. Conclusions

Structure-activity correlation is at the heart of catalyst design being a
fundamental guiding factor in the pursuit of optimised catalytic mate-
rials for multiple applications. In this study, two different copper-
exchanged catalysts derived from NH4-MOR and H-MOR have been
prepared and tested with the aim of understanding the location of the
active copper sites and subsequently improving the activity and stability
of catalysts based on MOR-type zeolites in the methanol carbonylation
reaction. With equivalent metal loading for both catalysts, a thermal
treatment followed by CO adsorption was employed to assess the dis-
tribution of hydroxyls and Cu location, respectively, within the zeolite
cavities. This analysis revealed a preference for NH4<~Cu cation ex-
change over H~Cu in the 8-membered ring (MR-8) cavities, which are
selectively involved in the targeted reaction. Furthermore, our
comprehensive catalytic activity study showcases enhanced activity and
stability of the Cu-exchanged catalyst originated from NH4-MOR in the
methanol carbonylation process, leading to the production of acetic
acid. Operando IR-MS results also provide valuable insights into the
bifunctional mechanism followed by these catalysts during the consid-
ered reaction. All in all, our work evidences the power of operando
spectroscopy for heterogenous catalysts design paving the way to
exploring promoted mordenites as highly efficient systems for methanol
carbonylation and ultimately leading to greener routes for acetic acid
production in the context of a circular economy.
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Fig. 8. Proposed reaction mechanism for methanol carbonylation on Cu-
exchanged MOR-type zeolite.
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