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MOR zeolite has been effectively utilized for dimethyl ether (DME) carbonylation reaction due to its unique pore
structure and acidity. During industrial production, the transformation of ammonium type MOR zeolite (NH4-
MOR) into proton type MOR zeolite (H-MOR) causes inevitable dealumination. Therefore, understanding the
influencing factors and dynamic evolution mechanism of zeolite dealumination is crucial. In this work, the sta-
bility of framework aluminum was studied by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spec-
troscopy, 29Si, 27Al, 1H magic angle spinning nuclear magnetic resonance (MAS NMR), and DME carbonylation
performance evaluation. These results indicate that extra-framework cation Naþ and NH4

þ could better preserve
the aluminum structure of the MOR zeolite framework compared to Hþ, primarily due to the different ‘attraction’
of the framework to water. Furthermore, the impact of water on the zeolite framework aluminum at high tem-
perature was studied by manipulating the humidity of the calcination atmosphere, revealing the formation of
extra-framework six-coordinated aluminum (Al(VI)-EF) and the mechanism of water influence on the zeolite
framework aluminum.
1. Introduction

Zeolite, a microporous crystal material formed by the combination of
TO4 tetrahedra (T atoms usually refer to tetrahedrally coordinated Si, Al,
or P) as the basic structural unit in strict accordance with the rules of
crystallographic symmetry, plays a very important role in the field of
catalysis [1–8]. Using coal-based syngas as a raw material, the process
route for ethanol production through DME carbonylation and hydroge-
nation is a unique environmentally friendly new technology pathway.Due
to the unique pore structure and acidity, MOR zeolites have been themost
active and selective catalysts in DME carbonylation [9–14]. They have
four crystallography unequal T sites (T1, T2, T3, T4) and ten O sites, and
there are oval 12-membered ring straight channels (12-MR, 0.67
nm � 0.70 nm) and 8-membered ring narrow channels (8-MR, 0.28
nm � 0.57 nm) in the [001] direction, connected by 8-membered ring
channels (8-MR, 0.34 nm � 0.48 nm) in the [010] direction, which are
called side pockets [15,16]. The Brønsted acid sites in 8- and 12-MR
exhibit different confined catalytic effects on the DME reactant. Theo-
retical calculations proved that the T3 site of 8-MR of MOR zeolites is the
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active site of DME carbonylation, and its confined environment is
conducive to the formation of acetyl groups on the surface of CO insertion.
The acid position in 12-MR is the reaction center of MTO (meth-
anol-to-olefin) and other side reactions, and its confined environment is
conducive to the formation of inactivation intermediates [13,17]. In DME
carbonylation reaction, DMEfirstly interacts with bridge hydroxyl Si(OH)
Al to form the surface methoxy group and methanol, then CO is inserted
into the methoxy group in 8-MR to generate acetyl group which reacts
with anotherDMEmolecule to formmethyl acetate [18–22]. Acetyl active
species have been spectrally confirmed by solid-state NMR technology,
providing sufficient evidence for the above mechanism [23,24].

The widespread application of zeolites in industrial catalysis is mainly
due to their strong acidity. When Hþ balances the framework negative
charge brought by the AlO4

� tetrahedron, zeolites generate a bridge hy-
droxyl group and thereby form a Brønsted acid center [25]. The location
of the framework aluminum atom in zeolites determines the position of
the catalytic acidic site, which influences the catalytic performance of the
zeolites. Furthermore, some specific extra-framework aluminum species
usually act as Lewis acid centers which also play an important role in
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cracking reactions and biomass conversion reactions [26–28]. Under
certain conditions, these two acid centers can convert into each other.
However, the structural versatility of aluminum results in many
aluminum species [29–31], thus leading to a plurality of potential Lewis
acid sites. At present, a variety of methods have been developed to
improve the carbonylation reaction performance, such as changing the
particle size of MOR zeolites [32], ion exchange [33,34], pyridine
modification in zeolite channels [35,36], water vapor, and acid or alkali
treatment [37,38], to increase the distribution of Brønsted acid in 8-MR.
In practical industrial applications, the dealumination phenomenon often
inevitably occurs in the process of NH4-MOR calcining to H-MOR zeo-
lites, resulting in the density decrease of zeolites Brønsted acid, and thus
lowering the catalytic activities for DME carbonylation reaction. In 1991,
researchers investigated different dealumination methods on various
zeolites, including thermal treatment, complexation by oxalic acid and
direct replacement of aluminum with gaseous silicon tetrachloride [39].
In conclusion, the identification of aluminum species in post-treatment
and calcining process of zeolites, the stability of zeolite framework
aluminum, and the microstructure evolution mechanism from frame-
work aluminum to extra-framework aluminum in the process of dealu-
mination are worthy of in-depth study.

In this study, MOR zeolite catalysts were investigated through sodium
ion exchange and calcination under different humidity atmospheres. The
effects of different extra-framework cations such as Naþ, NH4

þ and Hþ on
the stability of framework aluminum were carefully investigated by a
combination of XRD, FT-IR, 29Si, 27Al, 1H MAS NMR, and the evaluation
of carbonylation of DME. Then the effect of water on the framework
aluminum of zeolite was investigated at high temperature by manipu-
lating the humidity in the calcination atmosphere. Based on these results,
we elucidated the reason for the formation of Al(VI)-EF and proposed the
mechanism to explain the effect of water on the framework aluminum of
zeolites.

2. Results

2.1. Impact of cation types: the origin of four-coordinated framework
Al(IV)-2 and six-coordinated framework Al(VI)

The corresponding topological structure of MOR zeolite was obtained
(Figs. S1 and 2). After sodium ion exchange, the sample maintained good
crystallinity and exhibited a slight increase in crystallinity (Table 1),
indicating that sodium ion has a certain protective effect on the frame-
work of MOR zeolites. Scanning electron microscope (SEM) results
(Fig. S3) demonstrated that the morphology and size of the three samples
remained almost unchanged, with all samples composed of plate crystal
clusters with a size ranging from 200 to 300 nm. This shows that ion
exchange has minimal effect on the morphology of MOR zeolites.

Solid-state NMR technology has been widely used in structural
characterization, acidity characterization, and reaction mechanism of
zeolites [40–43]. 27Al MAS NMR spectroscopy was employed to inves-
tigate the samples with various degrees of sodium ion exchange (denoted
as xNa/(100� x)NH4-MOR and xNa/(100� x)H-MOR) after calcination.
Fig. 1(a) shows the 27Al MAS NMR spectra of sodium-ammonium mixed
type MOR zeolites with different sodium ion exchange degrees, denoted
as xNa/(100 � x)NH4-MOR (x ¼ 5, 9, 15 and 22). In all cases, only a
Table 1
The physicochemical properties of xNa/(100 � x)H-MOR (x ¼ 5, 9, 15, 22).

Sample CXRD (%) Si/Al ratioa 1H MAS NMR (mmol/g)

BAS Al–OH Si–OH

5Na/95H-MOR 91.8 8.9 1.18 0.07 0.02
9Na/91H-MOR 94.3 8.7 1.12 0.08 0.02
15Na/85H-MOR 94.6 8.4 1.06 0.06 0.02
22Na/78H-MOR 94.4 8.0 1.02 0.07 0.02

a) Framework Si/Al ratios obtained by 29Si MAS NMR experiments.
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symmetrical peak at 56 ppm corresponding to a four-coordinated
framework aluminum (Al(IV)-1) was observed. Fig. 1(b) shows the 27Al
MAS NMR spectra of sodium-proton mixed type MOR zeolites formed
from calcined sodium-ammonium mixed type samples with varying de-
grees of sodium ion exchange, denotes as xNa/(100 � x)H-MOR (x ¼ 5,
9, 15, and 22). As the concentration of Naþ decreases, the intensity of
Al(IV)-1 signal decreases accompanied by a certain degree of broadening
and the symmetry drops. Furthermore, the signals of Al(IV)-1 (55 ppm),
Al(IV)-2 (40–50 ppm) and Al(VI) (near 0 ppm) were identified by 27Al
multiple quantum (MQ) MAS NMR experiment (Fig. 1(c)). No signal for
pentahedral aluminum Al(V) is detected. Distorted tetrahedral and
pentahedral aluminum can be clearly distinguished in terms of their
chemical shifts [44]. Furthermore, according to previous reports [45],
signals for Al(V) can only be detected in MOR zeolite at calcination
temperatures above 650 �C, while our calcination temperature is 550 �C.
The Al(IV)-2 signal, previously referred to as ‘DTetrAl’ [46] and classified
in the literature as a distorted four-coordinated aluminum species con-
taining one or more Al–OH bonded to the framework part [29,30,47],
showed a gradual decrease in signal intensity when increasing the
Naþ concentration. These results indicate that the framework structure of
zeolite changes to a certain extent during calcination from NH4

þ- to
Hþ-type zeolites, but the presence of Naþ can protect the structure in
different degrees. This occurrence has been documented in prior
research, noting that the presence of ions such as Naþ or Cu2þ can lead to
a reduction of dealumination to some extent or even complete inhibition
of the process [48]. Notably, the protective effect increases with higher
Naþ concentration, suggesting that the existence of Naþ enhances the
aluminum stability of MOR zeolite framework. The samples with
different Naþ exchange degrees (xNa/(100 � x)H-MOR) were charac-
terized by 29Si MAS NMR. In Fig. 1(d), the signals at �99, �102 and
�106 ppm correspond to the framework Si(2Al), Si–OH and Si(1Al)
species, respectively. And the signals at �112 and �114.5 ppm are
attributed to Si(0Al) species, which are not equivalent in crystallography
[49–51]. By fitting the spectra with Gauss-Lorentz peak separation,
the framework Si/Al ratios of 5Na/95H-MOR, 9Na/91H-MOR,
15Na/85H-MOR and 22Na/78H-MOR samples were determinedwith the
values of 8.9, 8.9, 8.4, and 8.0, respectively (Table 1), which also shows
that Naþ can protect the framework aluminum atom of MOR zeolite with
almost no dealumination.

Further studies have been carried out on the formation of twisted
Al(IV)-2 and Al(VI) species [52]. This was achieved by NH4

þ re-exchange
experiment on samples xNa/(100� x)H-MOR, producing xNa/(100� x)
H-MOR-NH4

þ (x ¼ 5, 9, 15, 22) samples (after re-exchange, they become
the proton type MOR zeolite). Subsequently, the 27Al MAS NMR spectra
of xNa/(100 � x)NH4-MOR, xNa/(100 � x)H-MOR and xNa/(100 � x)
H-MOR-NH4

þ samples were compared, as shown in Fig. 2(a). In the case
of samples with different Naþ contents after NH4

þ re-exchange
(5Na/95H-MOR-NH4

þ, 9Na/91H-MOR-NH4
þ, 15Na/85H-MOR-NH4

þ and
22Na/78H-MOR-NH4

þ, Figs. S4–6), the signals of Al(IV)-2 and Al(VI)
disappeared, and the intensity of Al(IV)-1 signal peak increased, indi-
cating the transformation of Al(VI) and Al(IV)-2 into Al(IV)-1 species
after ammonium ion (NH4

þ) re-exchange, which also implies that the
Al(VI) produced after calcination belongs to the octahedral framework
aluminum Al(VI)-F. Because the sample was exposed to air before 27Al
MAS NMR experiments, the signal of the six-coordinated framework
aluminum (Al(VI)-F) detected on the 27Al MAS NMR spectra of the
sample calcined in the tube furnace may be caused by the interaction of a
portion of the water in air with the zeolite framework. In order to
validate this hypothesis, deamination and dehydration treatments of
xNa/(100 � x)NH4-MOR (x ¼ 5, 9, 15, 22) samples were performed on
the vacuum line at 823 K to eliminate the influence of water. Subse-
quently, the 27Al MAS NMR experiment was conducted, with the results
shown in Fig. 2(b). Obviously, only Al(IV)-1 signals and a few Al(IV)-2
signal peaks were observed in four samples, while the Al(VI) signal
disappeared. This observation indicates that the formation of 0 ppm
signal of Al(VI)-F results from the interaction between water and



Fig. 1. (a, b) 27Al MAS NMR spectra for (a) xNa/(100 � x)NH4-MOR (x ¼ 5, 9, 15, 22) and (b) xNa/(100 � x)H-MOR (x ¼ 5, 9, 15, 22), (c) 27Al MQ MAS NMR spectra
of 5Na/95H-MOR, (d) 29Si MAS NMR spectra of xNa/(100 � x)H-MOR (x ¼ 5, 9, 15, 22).
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framework aluminum, and this effect is reversible because the AlO4
�

tetrahedron in MOR zeolite has one unit of negative charge and conse-
quently, cations are needed to balance the charge before 27Al MAS NMR
experiments. Compared with Hþ, Naþ and NH4

þ exhibit lower polarity
and weaker affinity to water, explaining why Naþ and NH4

þ typed
samples have no Al(VI)-F signal while it appears in the Hþ typed one.

The acidity of four samples with different sodium ion exchange de-
gree (xNa/(100 � x)H-MOR) was studied by 1H MAS NMR experiment,
as shown in Fig. 3. Signals at 3.9, 2.6 and 1.8 ppm were assigned to
bridging hydroxyl group (Brønsted acid site), Al–OH species and non-
acidic Si–OH species, respectively [34,52]. By fitting the 1H MAS NMR
spectra, the total amount of Brønsted acid of the four samples was
determined. As shown in Table 1, the Brønsted acid densities of
5Na/95H-MOR, 9Na/91H-MOR, 15Na/85H-MOR and 22Na/78H-MOR
samples are 1.18, 1.12, 1.06 and 1.02 mmol/g, respectively. With the
increase of sodium ion exchange degree, the Brønsted acid density of
zeolites decreases due to the fact that Naþ replaces part of NH4

þ during
ion exchange and thus leads to a reduction of the Brønsted acid density of
the zeolite sample after calcination. Additionally, the intensity of Al–OH
Fig. 2. (a, b) 27Al MAS NMR spectra of (a) MOR samples with different treat-
ment conditions and (b) xNa/(100 � x)H-MOR (x ¼ 5, 9, 15, 22) after
dehydration.
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and Si–OH peaks almost remained nearly unchanged, indicating no sig-
nificant dealumination during the calcination process, consistent with
the 29Si MAS NMR results.
2.2. Impact of calcination conditions: the origin of six-coordinated extra-
framework aluminum Al(VI)-EF

As mentioned earlier, the origin of Al(VI)-F (0 ppm) arises from the
interaction between water and framework aluminum, and this effect is
reversible. Under the previous experimental conditions, this conclusion is
limited by the interaction of water with the zeolite framework aluminum
Fig. 3. 1H MAS NMR spectra of xNa/(100 � x)H-MOR (x ¼ 5, 9, 15, 22).
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at room temperature. In order to investigate the effect of water at higher
temperature on the macroscopic and microscopic crystal structure of
MOR zeolite, NH4-MOR, HMOR-1, HMOR-2 and HMOR-3, it's essential to
note the distinct calcination conditions for these samples. HMOR-1 was
calcined in a vacuum environment, HMOR-2 in a tube furnace filled with
dry air dehydrated by silicone gel, and HMOR-3 in a muffle furnace
environment with ambient air in the laboratory, with their difference to
be the humidity of calcining atmosphere. XRD results show that the
characteristic MOR zeolite topology persisted in all samples, indicating
that the framework structures of the zeolites remain unchanged after
calcination under three environments. Particularly noteworthy is the
slight increase in relative crystallinity of the samples after calcining
under vacuum conditions (Fig. S7). The SEM results show that the
morphology and size of the samples before and after calcining exhibited
minimal alterations, which are all clustered by plate-like crystals with a
size of 200~300 nm (Fig. S8). These observations indicate that the di-
versity of calcining conditions, including vacuum, tube furnace and
muffle furnace environments, has negligible effects on the macroscopic
morphology of the MOR zeolite.

In order to further investigate the effect of water at high temperature
on the zeolite framework aluminum, the above three samples were
characterized by 27Al MAS NMR. Fig. 4(a) shows the 27Al MAS NMR
spectra of them after water absorption. Signals at 55, 40–50 and 0 ppm
were attributed to the Al(IV)-1, twisted Al(IV)-2 and Al(VI) signal,
respectively. Fig. 4(a) illustrates a discernible trend in the peak intensity
of Al(IV)-1 in the three samples. Evidently, the peak intensity of Al(IV)-1
gradually decreases, while a concomitant increase is observed in that
corresponding to the twisted Al(IV)-2 signal. Fig. 4(b) shows the 27Al
MAS NMR spectra of NH4

þ re-exchange HMOR samples, named HMOR-x-
NH4

þ (x ¼ 1, 2 and 3). For HMOR-1-NH4
þ and HMOR-2-NH4

þ samples, the
disappearance of Al(VI) signal indicates that majority of the generated
Al(VI) signals after calcining are Al(VI)-F, with only a trace of Al(VI)-EF.
Fig. 4. (a) 27Al MAS NMR spectra of HMOR-1, HMOR-2 and HMOR-3 after water ab
with NH4

þ re-exchange after water absorption; (c) 29Si MAS NMR spectra of HMOR-
HMOR-3.
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On the contrary, for HMOR-3-NH4
þ samples, the clear presence of Al(VI)

signal suggests a more substantial production of Al(VI)-EF after muffle
furnace calcining, which proves that part of the framework of the sample
calcined in the muffle furnace environment is damaged, and the extent of
damage increases in the presence of higher moisture content in air. In
addition, in previous work [44,52,53], counter ion exchange experi-
ments were carried out on NH4NO3 for H-MOR obtained at different
calcining temperatures in tube furnaces, demonstrating a decrease in the
signal intensity of Al(VI) in H-MOR zeolite. However, the signal does not
entirely disappear after NH4

þ re-exchange, proving evidence for the
existence of Al(VI)-EF. In order to further investigate the effect of water
at high temperatures on the structure of zeolite framework, a 29Si MAS
NMR characterization was performed, with the results shown in Fig. 4(c)
in which a gradual decease in the peak intensity of Si(1Al) signal from
HMOR-1 to HMOR-3 indicates that the framework Si/Al ratios of these
three samples are increasing sequentially. By fitting the Gauss-Lorentz
peaks to the spectra, such ratios were derived and summarized in
Table 2, 10.4, 11.2 and 12.6 for HMOR-1, HMOR-2 and HMOR-3,
respectively. The results indicate that under calcination conditions of
both tube and muffle furnaces, the presence of water has an impact
leading to the partial destruction of zeolite framework structures and an
increase in the Si/Al ratio of the framework. Although there is still a trace
amount of water present in the air during calcination in the tube furnace,
its influence is significantly less than that of the samples calcined in the
air atmosphere of the muffle furnace. The occurrence of Al(VI)-EF in-
dicates that water will cause irreversible transformation of framework
aluminum at high temperature, different from the reversible change
caused by water at room temperature.

The acidic properties of calcined samples under different air atmo-
spheres were quantitatively studied by 1H MAS NMR combined with FT-
IR spectroscopy (Fig. S9). As shown in Fig. 4(d), the total amount of
Brønsted acid for the three samples can be obtained by peak fitting of the
sorption; (b) 27Al MAS NMR spectra of HMOR-1, HMOR-2 and HMOR-3 samples
1, HMOR-2 and HMOR-3; (d) 1H MAS NMR spectra of HMOR-1, HMOR-2 and



Table 2
Physicochemical properties of HMOR-1, HMOR-2 and HMOR-3.

Sample CXRD
(%)

Si/Al
ratioa

1H MAS NMR (mmol/g) FT-IRb

BAS Al–OH Si–OH 8-MR 12-MR

HMOR-1 101.8 10.4 1.35 0.04 0.03 0.77 0.58
HMOR-2 93.0 11.5 1.35 0.20 0.04 0.62 0.46
HMOR-3 97.4 12.6 1.08 0.44 0.03 0.43 0.33

a) Framework Si/Al ratio, obtained by 29Si MAS NMR experiments.
b) The Brønsted acid content of 8-MR and 12-MR was obtained by combining

FT-IR spectroscopy and 1H MAS NMR.
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1H MAS NMR spectrum. The Brønsted acid densities of HMOR-1, HMOR-
2 and HMOR-3 samples are 1.35, 1.08 and 0.76 mmol/g, respectively
(Table 2). Therefore, the Brønsted acid density of tubular and muffle
furnace calcining environment is lower than that in vacuum, which once
again proves that the joint influence of water and high temperature leads
to the destruction of part of the framework structure of zeolite. In addi-
tion, the concentration of Al–OH species in the HMOR-1 sample was
0.04 mmol/g, indicating basically no dealumination phenomenon ap-
pears in the calcined zeolite under vacuum environment. The Brønsted
acid distribution ratios of 12-MR and 8-MR in H-MOR zeolite were ob-
tained by FT-IR spectroscopy. Combined with the total amount of
Brønsted acid given by 1H MAS NMR, the Brønsted acid contents of 12-
MR and 8-MR can be further obtained, with the results listed in
Table 2. It can be seen that the HMOR-1 sample has more Brønsted acid
content in both total acid content and 8-MR than other samples, indi-
cating it may have relatively high DME carbonylation activity. Further
verification is required through experiments on the carbonylation of
DME.

The time-dependent curves of DME conversion and methyl acetate
selectivity of HMOR-1, HMOR-2 and HMOR-3 are shown in Fig. 5, which
shows three obvious stages of induction period, high efficiency period
and inactivation period in the carbonylation process of DME. The methyl
acetate formation rate of H-MOR increased rapidly after a short induction
period and decreased rapidly after the highest point, indicating that the
zeolite began to deactivate. In the initial stage of the reaction (1 h), the
conversion rates of DME of HMOR-1, HMOR-2 and HMOR-3 were
respectively 27.2%, 27.6% and 22.4%, all higher than 20%. After
reacting for 2 h, the conversion of DME of HMOR-1 and HMOR-2
increased respectively to 38.7% and 36.8%, and that of HMOR-3
increased to 26.8%, which was the induction stage. Then the reaction
experienced a relatively high efficiency conversion period of 2 h, and the
catalyst began to deactivate. Among them, the highest conversion of DME
Fig. 5. DME conversion and MA (methyl acetate) selectivity as a function of
time during DME carbonylation over HMOR-1, HMOR-2 and HMOR-3.
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of HMOR-1 is 43.7%, followed by 40.5% for HMOR-2, which is close to
that of HMOR-1, and then 29.7% for HMOR-3. Therefore, the activity
order of carbonylation of DME is HMOR-1 > HMOR-2 > HMOR-3,
consistent with the change of Brønsted acid concentration in the eight-
membered ring. It shows that the co-existence of water and high tem-
perature will cause irreversible damage to framework aluminum, which
should be controlled to reduce the emergence of extra-framework
aluminum. Therefore, calcining in vacuum and dry air (strict dehydra-
tion) can protect the framework aluminum to the greatest extent and
improve the stability of the framework aluminum.

3. Conclusion

In this study, we investigate the stability of framework aluminum in
MOR zeolite through various analytical techniques including XRD, FT-IR,
29Si, 27Al, 1H MAS NMR, and DME carbonylation performance assess-
ment. The summary of the work is presented in Fig. 6, and the structural
representations of aluminum species mentioned in the figure are based
on previous studies [31]. Various possibilities for Al(IV)-2 and Al(VI)-F
arise from the fact that there could be multiple scenarios for the cleav-
age of Al–O–Si bonds, resulting in a diverse distribution of Al–OH groups
after cleavage. As shown in Fig. 6, compared to Hþ, the Naþ and NH4

þ ions
better protect the aluminum structure within the MOR zeolite framework
primarily attributed to variations in the framework's affinity for water.
Furthermore, we explore the influence of water on zeolite framework
aluminum at a calcination temperature of 550 �C, observing the forma-
tion of Al(VI)-EF by manipulating the humidity of the calcination
atmosphere. Our investigation also sheds light on the mechanism by
which water affects extra-framework aluminum. The interaction between
water and framework aluminum results in the transformation of frame-
work Al(IV)-1 into twisted Al(IV)-2, ultimately leading to the emergence
of Al(VI)-F. Importantly, this transformation process is reversible. Under
elevated temperatures, water induces irreversible deterioration in the
framework aluminum structure, resulting in the creation of Al(VI)-EF. It's
worth highlighting that, under Naþ protection, the transformation of
Al(IV) is limited to Al(VI)-F. These discoveries provide more reliable
evidence for the characterization of aluminum species in the
dealumination process, illuminating the complex mechanism governing
the impact of water on the framework structure during the dealumination
of MOR zeolite.

4. Experimental

4.1. Preparation of the catalysts

The zeolite material used in the experiment was pure Na-MOR (Si/
Al¼ 8, containing a template) purchased from the Nankai Zeolite Catalyst
Factory. Initially, the zeolite was calcined at 550 �C for 6 h in a muffle
furnace to remove the template. Next, a solution of NH4NO3 with a con-
centration of 1 mol/L was prepared for ion exchange with Na-MOR
zeolite. The ion exchange conditions of this stage were as follows: a
water bath temperature of 80 �C, a total of 3 exchanges, each lasting for
2 h. After centrifugal washing, the samples were dried in an oven for 12 h
to obtain NH4-MOR samples. Different concentration gradients of NaNO3
solutions were prepared for ion exchange with NH4-MOR samples. Ion
exchange conditions of this stage are a water bath temperature of 80 �C,
single exchange and a duration of 2 h. After centrifugal washing, the
samples were dried in an oven for 12 h to obtain sodium-ammonium
mixed type MOR zeolite samples with varying sodium ion exchange
degrees (xNa/(100 – x)NH4-MOR). X-ray fluorescence (XRF) spectroscopy
analysis revealed sodium ion exchange levels of 5%, 9%, 15% and 22% for
the four samples named 5Na/95NH4-MOR, 9Na/91NH4-MOR, 15Na/
85NH4-MOR and 22Na/78NH4-MOR, respectively. These samples were
placed in a tube furnace and heated to 550 �C continuously for 4 h using a
room temperature heating program in flowing dry air (100 mL/min),
resulting in the formation of sodium-hydrogen mixed type MOR zeolite



Fig. 6. Schematic representation of Al species structural evolution during ion exchange process and calcination in MOR zeolite. Some possible schematic structures of
Al(IV)-1 and Al(VI)-F are shown in the dashed box.
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samples: 5Na/95H-MOR, 9Na/91H-MOR, 15Na/85H-MOR and 22Na/
78H-MOR. The steps for ammonium exchange experiment involve
weighing 1 g of zeolite sample, adding it to an 80 mL solution of NH4NO3
with a concentration of 1 mol/L, and exchanging it at 80 �C for 5 h in a
water bath. Subsequently, the samples were centrifuged and washed with
deionized water at room temperature. The samples after NH4

þ exchange
were named 5Na/95H-MOR-NH4

þ, 9Na/91H-MOR-NH4
þ, 15Na/85H-

MOR-NH4
þ and 22Na/78H-MOR-NH4

þ. The previously obtained NH4-MOR
samples were subjected to calcining at 550 �C under different conditions,
providing HMOR-1 in a vacuum environment, HMOR-2 in a tube furnace
with dry air as the gas, and HMOR-3 in a muffle furnace environment with
laboratory air as the gas.

4.2. Characterizations

All XRD experiments for the solid zeolite powder samples were con-
ducted using the X'Pert PRO instrument from PANalytical in Netherlands
under the following conditions: Cu target, Kα line radiation source with a
wavelength of 1.5418 Å, operating voltage of 40 kV and current of
40 mA. The scanning range was from 5� to 60� at a scan rate of 5�/min.

Field emission SEM analysis was performed using the Hitachi SU8020
instrument at Hitachi Corporation in Japan to observe the size and
morphology of the zeolite samples. Prior to testing, a small amount of the
zeolite sample was dispersed onto a conductive adhesive and then
transferred to the sample chamber, which was evacuated. The typical
testing conditions were as follows: acceleration voltage of 2 kV, current
of 10 mA, and working distance of 6 mm.

XRF was determined using the Magic-601 instrument from Philips in
Netherlands to analyze the elemental composition of the zeolite samples.
Prior to testing, the samples needed to undergo a pressing procedure to
create pellets.

FT-IR experiments were conducted using the TENSOR 27 FT-IR
spectrometer from Bruker in Germany. Initially, the powdered samples
were pressed into self-supporting circular pellets with a diameter (φ) of
14 mm, placed in an in-situ infrared cell, and then pretreated in vacuum at
300 �C for 1 h to remove moisture from the samples. The temperature
was then lowered to 50 �C for infrared spectrum scanning. The scanning
range was from 4000 to 1000 cm�1 with 32 scans and a resolution of
4 cm�1.

Solid-state NMR characterization experiments were conducted using
the Bruker Advance NEO 500 (11.7 T) and Bruker Advance III 600
(14.1 T) spectrometers manufactured by Bruker in Switzerland. The 1H
MAS NMR spectra were acquired on the Bruker Advance NEO 500
(11.7 T) NMR spectrometer using a 3.2 mm H-X-Y triple-resonance
probe, operating at a 1H resonance frequency of 500.1 MHz. The
6

experiment employed a one-pulse sequence with a spinning rate of
20 kHz, a power of 48 W, a π/2 pulse width of 3.8 μs, a pulse delay of
100 s and 8 scans. The chemical shifts were calibrated with adamantane
as a reference, corrected to 1.74 ppm. Prior to testing, the samples were
dehydrated under vacuum conditions (< 10�3 Pa) and maintained at
420 �C for more than 12 h. After that, they were transferred into a glo-
vebox for preparation. The quantification of the Brønsted acid density in
the zeolite samples was performed using Gaussian-Lorentz line shape
deconvolution fitting in DMFIT. Using adamantane as an external stan-
dard, the peak areas in the spectra were compared to normalize the
sampling times and masses of the test samples. The hydrogen content in
the zeolite samples was determined by comparing the peak areas through
1H NMR. 29Si MAS NMR experiments were conducted on the Bruker
Advance NEO 500 (11.7 T) NMR spectrometer using a 4 mm H-X double-
resonance probe with the 29Si resonance frequency to be 99.4 MHz. A
high-power proton decoupling sequence was employed with a spinning
rate of 8 kHz, a power of 130 W, a sampling interval of 10 s, a π/4 pulse
width of 2.2 μs and 512 scans. Chemical shifts were referenced to kaolin
and calibrated to �91.5 ppm. 27Al MAS NMR experiments were con-
ducted on the Bruker Advance NEO 500 (11.7 T) NMR spectrometer
using a 4 mm H-X double-resonance probe, and the 27Al resonance fre-
quency was 130.3 MHz. A one-pulse sequence was employed with a
spinning rate of 12 kHz, a power of 88 W, a π/12 pulse width of 0.39 μs
and a sampling interval of 1 s. Chemical shifts were referenced to a
1 mol/L Al(NO3)3 aqueous solution and calibrated to 0 ppm. The 27Al MQ
MAS NMR experiments were performed on the Bruker Advance III
600 MHz (14.1 T) NMR spectrometer using a 3.2 mm H-X probe. The
experiments utilized the mp3qzqf sequence with a spinning rate of
20 kHz and a relaxation time of 0.5 s. The optimized pulse widths for the
sequence were as below: the excitation pulse width (p1) was 4.5 μs, the
conversion pulse width (p2) was 1.5 μs, and the selective pulse width
(p3) was 17.5 μs.

4.3. Catalyst evaluation

The evaluation of DME carbonylation performance was conducted in
a high-pressure fixed-bed reaction system. The catalyst loading was 0.2 g,
with a particle size ranging from 40 to 60 mesh. The reaction conditions
were as follows: under a nitrogen atmosphere (30 mL/min), the tem-
perature was ramped up to 300 �C, and then held for 1 h for dehydration.
Then the temperature was lowered to 200 �C, and the gas was switched to
the reaction mixture (DME:CO:N2 ¼ 5:35:60). The reaction pressure was
raised to 2.0 MPa, and the gas flow rate was set at 1800 mL/gcat./h. The
gases produced in the reaction were separated using an Agilent 7890A
gas chromatograph, and various compounds were detected using flame



X. Ding et al. Chinese Journal of Structural Chemistry 43 (2024) 100247
ionization detector (FID) and thermal conductivity detector (TCD) de-
tectors. The conversion of the reactant DME and the selectivity of product
methyl acetate, among others, were calculated based on the conservation
of carbon atom moles, with the following results:

ConDME ¼ 1� 2CDME

2CDME þ 2CMAc þ CMeOH þ ΣiiCi

SelMAc ¼ 2CMAc

2C þ CMeOH þ ΣiiCi

CDME, CMAc and CMeOH represent the molar concentration of DME,
methyl acetate and methanol in the reactor outlet gas, respectively, and
Ci represents the molar concentration of hydrocarbons in the reactor
outlet gas, and i refers to the number of carbon atoms contained in the
hydrocarbon.
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