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ABSTRACT: Catalysis research always pursues more efficient catalysts
and realizes selectivity-controlled conversion. The local environment of
acid sites in a zeolite is regarded as the vital reason for its catalytic
selectivity in many chemical reactions. Herein, we have demonstrated that
the acid sites in the 12-membered-ring (12-MR) channels of mordenite
zeolite could be selectively covered by a trimethylchlorosilane (TMCS)
silylation treatment, which could significantly improve the dimethyl ether
(DME) carbonylation performance. Detailed mechanism studies by in situ
DRIFT, 1H MAS NMR, and FTIR spectra analyses indicate that the
TMCS species replace the Brønsted H+ in the bridging hydroxyl groups
when chloro groups are rapidly hydrolyzed by the protons, accompanied
by the formation of siloxane bonds. Due to the space limitation, the
silylation reaction mainly occurred in the 12-MR channels and created
most of the remaining acid sites (80%) in the 8-MR channels of the MOR zeolite, which gave better selectivity and a much longer
lifetime in the DME carbonylation reaction. This work realizes a conceptual pathway to selectively control the distribution of acid
sites within different confinement positions of zeolites to improve the catalytic selectivity of catalysts.
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■ INTRODUCTION

Zeolites are widely employed as shape-selective catalysts that
can minimize the use of raw materials and the formation of
byproducts in many chemical processes.1,2 The excellent
catalytic performance of zeolites is usually attributed to the
location of catalytically active sites, Brønsted acid sites (BASs),
which are associated with protons compensating the negative
charge generated by the presence of framework Al in the
tetrahedral T sites.3,4 The well-controlled local environment of
BASs can restrict the formation of undesired products by
adjusting the reactant or product diffusion and stabilizing the
transition states and/or reaction intermediates for the desired
reactions.5,6 Hence, in the pursuit of unique reaction
selectivity, it is expected that the targeted reaction will be
performed at a specific position among all possible ones
existing in a zeolite.
Mordenite (MOR) zeolite consists of both parallel 12-

membered-ring (12-MR) (7.0 × 6.7 Å) and 8-MR (5.7 × 2.6
Å) channels, connected by 8-MR openings (4.8 × 3.4 Å)
known as side pockets.7,8 The BASs at different positions show
distinct confinement effects for reactant molecules, especially
reflected in a MOR zeolite catalyzing a dimethyl ether (DME)
carbonylation reaction, which is a key step in converting syngas
to ethanol.9−11 It has been demonstrated that the 8-MR
channels are preferred for the selective carbonylation of DME,

where the local environment of BASs could stabilize the
transition state involved in CO inserting into the bonded
methyl group.12−15 Corma et al. proposed from theoretical
studies that the T3-O33 site in the 8-MR channel is the only
position selective for carbonylation.14 In contrast, as the larger
12-MR channels could accommodate more reaction routes,
such as DME to hydrocarbons via a hydrocarbon pool (HCP)
mechanism, a further HCP transformation to a coke reaction,
etc., and the 12-MR channels provide transport channels for
the reactions; the BASs in the 12-MR channel will cause rapid
deactivation of the MOR zeolite.15−19 Therefore, it is necessary
to selectively remove the BASs in 12-MR channels and to
control the BASs preferentially located in 8-MR channels of
MOR to improve its catalytic performance in the DME
carbonylation reaction.
Hitherto, many researchers have established various ways to

tailor the acid site distribution of MOR zeolites. For instance,
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new synthetic methods using different organic structure-
directing agents (OSDAs) and introducing heteroatoms into
the framework were established.10,20,21 Postsynthesis treat-
ments, such as steam22 and alkaline/acid media23,24 treatment,
organic base modification,25−27 etc., have also been studied for
selective removal of the undesired acid sites within the 12-MR
channels of MOR zeolites. Pyridine adsorption is the most
effective method, since the stability of pyridine-adsorbed
catalysts in the DME carbonylation reaction is distinctly
superior to those prepared by other methods.27,28 However,
pyridine desorption often occurs under the reaction con-
ditions, resulting in a gradual loss of activity by coke
deposition.22 Furthermore, the pyridine-adsorbed catalysts
encounter challenges in their regenerability, in which
calcination in air is usually employed to treat the deactivated
catalysts, and preadsorption of pyridine was conducted again
after regeneration. Given this, subsequent approaches, aimed at
obtaining more efficient and lower-cost MOR zeolites for the
DME carbonylation reaction, should address the questions
mentioned above.
Another alternative approach to selectively control BAS

distribution is by a silylation treatment of the zeolites.
Silylation to preferentially cap the acid sites on the external
surface of zeolites has been investigated extensively.29−34 It
may also be an effective approach to deactivate acid sites
within the channels of zeolites when silylated agents are
introduced into the internal surface of zeolites. McAteer and
Rooney initially reported in 1973 that treatment with
methylsilane allows modification of the acidity of the internal
surface of HY zeolite.35 Next, Barrer et al. investigated the
silylation reaction of silane (SiH4) in channels of the MOR
zeolite and its sorption behaviors, without acidic and catalytic
property results.36,37 To obtain the desired distribution of acid
sites for the DME carbonylation reaction, we tried to probe
whether the acid sites in 12-MR channels of MOR can be
selectively removed via a silylation method by introducing the
silylated agent selectively and efficiently into the 12-MR rather
than the 8-MR channels of MOR, which may be achieved in
principle if the kinetic diameter of the chosen silylation agent is

between the size of the 12-MR and the side pocket channels.
The diffusion resistance imposed by the one-dimensional 12-
MR channels should also be considered in selecting an agent to
avoid a nonuniform internal silylation. It is expected that the
side chain of the silylated agent can be decomposed during
silylation to solve the problem. After many attempts with
different silylation agents, trimethylchlorosilane (TMCS) (6.9
Å) was selected as a suitable silylation probe to selectively
bond the Brønsted H+ atoms within the 12-MR channels of
MOR zeolites (Scheme S1).
Herein, we propose a facile approach for purposefully

tailoring the acid site distribution via selective silylation and
further elaborate the silylation reaction between TMCS
molecules and acid sites in different positions and channels
of MOR zeolites in a vapor-phase flow system. The TMCS-
silylated zeolites are examined for their distribution and
capacity of BASs in comparison to the untreated zeolite by
various techniques and sensitive catalytic test reactions. The
results indicate that this well-designed silylation method could
selectively cover most of the undesired acid sites within 12-MR
channels and ca. 80% of the remaining acid sites could be in
the 8-MR environment of MOR zeolites. This BAS distribution
significantly improves the catalytic selectivity and reaction
stability of the MOR zeolites in the DME carbonylation to
methyl acetate (MA) reaction.

■ RESULTS AND DISCUSSION

In Situ Insight into the Silylation Reaction of TMCS
on HMOR. First, we focus on the change of hydroxyl groups of
HMOR zeolites, which are responsible for reacting with the
TMCS molecules in the silylation reaction.38,39 In situ DRIFT
spectra were employed to investigate the silylation reaction of
TMCS on HMOR and provided an entire picture of the
variation trend of hydroxyl groups. Note that the IR band of
OH groups gradually shifts in the peak-top position to lower
frequencies and decreases in integrated intensity when the
zeolites are heated at a higher temperature.40 Figure 1 shows
the in situ DRIFT spectra of the silylation reaction of TMCS
on HMOR with time on stream (TOS) at 450 °C. The bands

Figure 1. In situ DRIFT profiles of the silylation reaction of TMCS on HMOR with TOS at 450 °C: (a) O−H stretching region (3800−3400
cm−1); (b) C−H stretching region (3000−2800 cm−1); (c) deconvolution of the bridging O−H stretching region. The spectra were collected
continuously after the TMCS molecules accessed HMOR zeolites at 450 °C. (d) DRIFT spectra of HMOR and silylated samples and the FTIR
spectrum of this sample after calcination in the air at 550 °C for 6 h. (e) Change of BASs in different channels with TOS, the data obtained for
BASs content acquired from the deconvoluted areas of Figure 1c.
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at 3732 cm−1, associated with the O−H stretching vibration of
terminal Si−OH groups,41 exhibited an overall declining trend
and shifted toward a lower wavenumber with TOS (Figure 1a).
This indicated that the terminal Si−OH groups could bond
with TMCS molecules during the silylation reaction, consistent
with previous studies.38,42

Another important observation of the HMOR samples
during the silylation reaction is the appearance of vibration
signals in the 3000−2800 cm−1 region (Figure 1b), which is
usually the C−H stretching vibration region. These signals,
related to the C−H bands of TMCS attached onto HMOR
samples, can be divided into methyl, symmetric methylene, and
antisymmetric methylene, respectively.43,44 However, TMCS
species attached on the HMOR sample only showed a single
signal corresponding to methyl groups. These C−H stretching
signals that appeared at 3000−2800 cm−1 might be attributed
to the side products of methyl groups. At such high
temperatures and feeding, the reaction between the methyl
group as opposed to the chloro group in HMOR cannot be
ruled out demonstrably, resulting in the further formation of
the hydrocarbon species reflected by the bands at 3000−2800
cm−1.42 These C−H bands disappeared in the TMCS-silylated
samples after calcination in the air (Figure 1d).
The most striking difference of HMOR zeolites duringthe

silylation reaction was observed for the most important
hydroxyl bands in the Si−OH−Al regions relevant to the
catalytically active sites, which are actually composite bands
comprised of high-frequency (HF) and low-frequency (LF)
components at 3593 and 3572 cm−1. They are related to
stretching vibrations of the bridging hydroxyl groups within the
12-MR and 8-MR channels, respectively.12,45 As shown in
Figure 1a, the bridging O−H bands shifted to lower frequency
and became more symmetrical with TOS, due to a preferential
weakening of the HF band as TMCS bonded with HMOR
zeolites. The detailed deconvoluted area ratios corresponding
to BASs within 12-MR and 8-MR are given in Figure 1c,e. In
the initial stage of the silylation reaction, about 2 min, both 12-

MR and 8-MR BASs were reduced rapidly. Then 12-MR BASs
were continuously and quickly decreased (slope of the change
curve: −3.48) until about 30 min, at which time there
appeared to be a maximum accessibility loss; beyond 30 min,
they only showed a slightly reduced trend (slope of the change
curve: −0.129). On the other hand, after 2 min, the 8-MR
BASs remained slowly reduced (slope of the change curve:
−0.391) with TOS. It can be seen that most of the TMCS
molecules preferentially deposit in the 12-MR channels as
opposed to the 8-MR channels of HMOR to bond with the
BASs in channels. However, the remarkable thing is that the
BASs within 8-MR environments also decreased during the
silylation reaction. However, due to the restriction of the
molecular size, TMCS molecules (6.9 Å) may not penetrate
the 8-MR channels of HMOR zeolites to bond with the BASs.
A possible explanation for this phenomenon is that the BASs in
8-MR channels are accessed and chemisorbed by the methyl
groups and light hydrocarbon species formed during the
silylation reaction. This hypothesis is verified by almost no loss
of BASs in 8-MR channels after calcination, as shown in Figure
4. Therefore, we can conclude that this proposed treatment
could remove the BASs selectively within 12-MR channels of
HMOR zeolites by bonding with TMCS molecules.
The combination of an online mass spectrometer (MS)

(Figure S1) and gas chromatograph (GC) (Figure S2) was
employed to monitor the silylation reaction products
continuously at different temperatures. During the silylation
reaction, the main components of the outlet gas are HCl,
methane, and unreacted TMCS (Figure S1a). Figure S1b
shows that a higher temperature is beneficial to the evolution
of methyl groups, but more HCl is produced at 450 °C (Figure
S1c), which may be the optimal temperature for TMCS
bonding with acid sites within HMOR. The GC studies
suggest that ethylene, ethane, etc., are also released during the
silylation reaction (Figure S2). On the basis of these analyses
and the known reaction between the methyl groups with a
chlorine group (or residual water) to give chloromethane (or

Figure 2. (a) 1H−29Si cross-polarization (CP), (b) 27Al, and (c) 29Si MAS NMR spectra of the untreated HMOR, TMCS-silylation HMOR at 450
°C, and this silylated HMOR zeolite after calcination in the air at 550 °C for 6 h.
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methanol), we can conclude that the silylation reaction is
accompanied by chloromethane and/or methanol to hydro-
carbons side reactions,46−48 consistent with the in situ DRIFT
results that showed the complicated C−H stretching bands.
From the photos of all HMOR zeolites after the silylation
reaction (Figure S3), coke formation was clearly seen on the
surface of the treated zeolites. This is another indication that
the side reaction occurred during the silylation reaction.
Unfortunately, these hydrocarbon species and TMCS mole-
cules adsorb competitively at the BASs that are responsible for
TMCS bonding, which is disadvantageous to the level and
efficiency of the removal of acid sites via a TMCS-silylation
treatment.
Evolution of TMCS Species Anchored on HMOR. We

have efficiently identified the TMCS functional groups
anchored on the framework of HMOR zeolites during the
silylation reaction by 1H−29Si cross-polarization (CP) NMR.
Figure 2a shows the 29Si CP NMR spectra of the untreated
HMOR and the TMCS-silylated HMOR (450 °C) before and
after calcination in air at 550 °C for 6 h, respectively. The
resonance signals at −102 ppm in the three samples can be
assigned to the Q3, Si(OH)(OSi)3, species. It is worth noting
that the resonance peaks are also contributed by the presence
of framework Al species (Si/Al = 16), corresponding to a
neighboring signal at −106 ppm. The neighboring Q4 signals at
−112 ppm are related to Si(OSi)4 units, originating from Si
fully surrounded by other Si atoms. Moreover, a signal at −92
ppm can also be seen, assigned to the Q2 species,
Si(OH)2(OSi)2.

49,50 After the reaction with TMCS, the
intensities of Q3 and Q2 resonance signals obviously decreased,
indicating that the silanol groups could bond with TMCS
molecules during the silylation reaction. Simultaneously, a
newly appearing peak at −66 ppm of the NMR spectrum was

observed, which might be related to tertiary silylation products
(MeSi(OSi)3), on the basis of a previous study.38,51,52 The
possible steps in the formation of tertiary methyltrisiloxysilanes
are depicted in Scheme S1. Through the primary and
secondary products, the TMCS species gradually react with
three hydroxyl groups with concomitant evolution of HCl and
a methyl group.51 Unfortunately, we did not observe the
primary and secondary products on silylated samples due to
the higher silylation temperature. Moreover, after TMCS reacts
with Si−OH−Al, Si−C bonds are broken at elevated
temperature, splitting off methyl groups, and more highly
substituted siloxane species are anchored to the framework.52

After calcination, the newly appearing signal peak at −66 ppm
faded away. Simultaneously, the Q2 and Q3 peaks increased
significantly, indicating that the anchored TMCS functional
groups transformed into new silanol groups (Si−OH) after
calcination in air.
The thermal stability of the adsorbed TMCS species on

HMOR samples was tested by a thermogravimetric analysis
(TGA) combined with an online MS. A continuous mass loss
was attributed to the desorption of water before 200 °C; after
200 °C, only a negligible mass loss was associated with the
decomposition of the adsorbed TMCS species (Figure S4).
According to the trend of MS, only m/z 15 corresponding to
the methyl group was observed. Conversely, the amount of m/
z 73 ((CH3)3Si) was almost negligible. Thus, it has been
demonstrated that the methyl groups can be decomposed from
the Si−C bond of TMCS species breaking with the elevated
temperature, consistent with the presence of tertiary silylation
products (MeSi(OSi)3) as determined by 29Si CP NMR
spectra. The TMCS species bond stably with HMOR zeolites
under all silylation conditions and the conditions chosen for
property testing.

Scheme 1. Schematic Depiction of a Typical Silylation Process, Showing Enriched BASs in the 8-MR Channels of HMOR
Zeolite via a Selective TMCS-Silylation Treatment: (a) Silylation Reaction at the External Surface of HMOR Zeolite; (b)
Silylation Reaction in the Internal Channels of HMOR Zeolite
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To further trace the effect of the TMCS-silylation treatment
on the framework of HMOR zeolites, 27Al and 29Si MAS NMR
spectra were obtained, and the corresponding spectra of the
untreated HMOR, the TMCS-silylated HMOR at 450 °C, and
this silylated HMOR zeolite after calcination in the air at 550
°C for 6 h are given in Figure 2b,c, respectively. The 27Al MAS
NMR spectra show two apparent signals at 57 and 0 ppm,
associated with the tetrahedrally coordinated and octahedrally
coordinated Al species, respectively.22,53 After silylation, the
percentage of octahedrally coordinated Al increases from
14.1% to 15.2% in comparison to the untreated HMOR,
indicating that a small fraction of Al is removed from the
zeolite framework, which may be caused by the interaction
with HCl that formed during the silylation reaction. In
comparison, up to 18.5% of Al adopts an octahedral
coordination after calcination in air at 550 °C for 6 h, due
to the further removal of framework Al, which often occurs in
zeolites during a thermal treatment.54

The broad peaks from −90 to −120 ppm of 29Si MAS NMR
spectra can be divided into four types of signals related to
Si(2Al) (−98 ppm), Q3 (−102 ppm), Si(1Al) (−106.6 ppm),
and Si(0Al) (−112.6 and −115.3 ppm), respectively (Figure
2c).24,55 Therefore, deconvolution was used to calculate the
proportion of each signal, and the corresponding results are
shown in Table S1. After reaction with TMCS, the intensity of
the Si(1Al) and Si(2Al) resonance signals slightly decreases
and the framework Si/Al ratio also increases from 16.2 to 17.1
correspondingly. Furthermore, the framework Si/Al ratio
increases to 19.0 after calcination. This is consistent with the
27Al MAS NMR result that a fraction of the framework Al
adopts an octahedral coordination during the silylation
treatment, and the removal of framework Al is mainly caused
by the calcination after silylation.
The above physicochemical analyses of materials give an

entire picture of the evolution of TMCS molecules bonding on
HMOR zeolites and the change in the distribution of acid sites
for materials during the TMCS-silylation reaction, to further
infer the silylation reaction networks along with time on stream
(Scheme 1). TMCS molecules first spread to the external
surface of HMOR and gradually bond with three neighboring
terminal Si−OH groups via a hydrolysis reaction accompanied
by the formation of tertiary silylation products (MeSi(OSi)3)
and the release of methyl groups and HCl. Next, TMCS
molecules diffuse into the channels of HMOR to react with the
BASs within the internal channels. Due to the restriction of

molecular size, TMCS (6.9 Å) only accesses 12-MR channels
and replaces the Brønsted H+ atoms via hydrolysis with the
chloro groups. Then, the Si−C bonds are broken at elevated
temperatures, splitting off methyl groups, leaving trisubstituted
methyltrisiloxysilanes anchored onto the HMOR framework.
The decomposition of methyl groups is beneficial to avoid
hindering the back TMCS to enter into 12-MR channels.
Methyl groups and HCl produced during the TMCS-silylation
treatment further interreact through the intermediate products
to give hydrocarbons, adsorbed competitively with TMCS on
the BASs. These hydrocarbon species can also access 8-MR
channels and bond with BASs here. Finally, the adsorbed
hydrocarbon species are removed, and the anchored TMCS
functional groups are transformed into new Si−OH groups
after calcination in air.

Structural and Compositional Analyses. We prepared
two representative samples with different treatment times at
450 °C (Figure S5) to test the effect on the physicochemical
properties and catalytic performances in compariso to the
parent HMOR materials. Combined techniques were em-
ployed to characterize the TMCS-silylated HMOR materials
for their structure and composition. First, Figure S6 shows the
XRD profiles of the parent and TMCS-silylated HMOR
samples. All samples appear to the typical diffraction peaks of
an MOR-like type. On the basis of the data, no shifts in the
positions of diffraction peaks of all zeolites are observed after
the silylation treatment, indicating that this modified treatment
hardly changes the unit cell size of HMOR zeolites. The
scanning electron microscopy (SEM) images show that the
surface morphologies of the parent and TMCS-silylated
HMOR samples are generally identical (Figure S7). Moreover,
all HMOR zeolites exhibit a blocklike morphology with a size
of about 200 nm and a significantly smooth surface, revealing
that the silylation treatment has no effect on the crystalline
structure of the HMOR samples, consistent with XRD results.
The specific surface areas and pore size distributions on the

untreated and TMCS-silylate HMOR samples were deter-
mined by an N2 adsorption−desorption experiment, which
gives further evidence for the change in the structure of
HMOR zeolites after the silylation treatment. The N2 sorption
isotherms and pore width distributions of all samples are given
in Figure 3, and the corresponding data are given in Table S2.
As shown in Figure 3a, the N2 adsorption−desorption data are
roughly similar. Additionally, the BET surface areas show an
overall slight drop with increasing silylation time, and the

Figure 3. (a) N2 sorption isotherms and (b) pore width distributions of the untreated and various TMCS-silylated HMOR zeolites.
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maximum drop in surface area is only 7% for the HMOR-
TMCS-M sample. It is also key to note as well in the pore
structure that no change in micro areas and volumes was
observed for TMCS-silylated samples in comparison with the
parent HMOR zeolite.
Another important consideration is the difference in pore

size distributions in the parent and TMCS-silylated HMOR
zeolites. The differences in pore size distributions of all
samples are shown in Figure 3b, and the micropore size
distribution was obtained by a DFT analysis of the N2
physisorption data. As previously reported in the literature,
pores of about 0.67 nm can be assigned to the main channel of
12-MRs and pores of about 0.51 nm correspond to the 8-MR
side pockets of HMOR zeolites.56,57 Obvious information
about both 8-MR and 12-MR channels can be observed in all
HMOR zeolites, indicating that the pore sizes hardly change
during the TMCS-silylation treatment.
Acidic Properties. The most important consideration is

whether the TMCS-silylation treatment preferentially removes
the BASs within the 12-MR channels of HMOR zeolites,
leaving most of the BASs within 8-MR channels. To answer
this question, we have quantified the distribution and capacity
of the BASs within different channels of HMOR zeolites before
and after a TMCS-silylation treatment by 1H MAS NMR
spectral analyses of adsorbed pyridine. Pyridine molecules
(kinetic diameter 0.58 nm) are mainly absorbed in the 12-MR
channels.12,58 This analysis could help us directly identify the
distribution and capacity of BASs within HMOR zeolites, and
the corresponding profiles of all samples after exposure to
pyridine are illustrated in Figure 4a. Upon chemisorption on
HMOR samples, pyridine exhibits unique 1H NMR resonance
signals at 15.3 ppm as adsorbing on BASs (i.e., forming a
protonic pyridine, PyH+), and the major signals at 3.8 ppm
corresponding to the rest of the bridging Si−OH−Al groups
(BASs), located in the 8-MR channels of HMOR zeolites,
hardly bond with pyridine molecules. The signals at 2.3 and 1.6

ppm can be attributed to extraframework Al−OH and
nonacidic Si−OH species, respectively. After pyridine
adsorption, the signals of pyridine itself at 6.5−8.3 ppm can
also be observed.18,59 Deconvolution of 1H NMR spectra
allows us to quantify the BASs of all HMOR zeolites, and one
example of the deconvolution processing of the 1H NMR
signals for the HMOR-TMCS-M catalyst is shown in Figure
4b; calculated results of acid sites are given in Table 1. By
comparison with the resonance signals of the parent sample at
15.3 and 3.8 ppm, it is found that about 46% of the original
BASs are adsorbed by pyridine, located in 12-MR channels,
implying that the rest of the BASs (54%) are within the 8-MR
channels, which remain inaccessible to pyridine molecules.
From an analysis of NMR spectra, the resonance signals

corresponding to protonic pyridine at 15.3 ppm exhibit a
dramatic drop with increasing treatment time, indicating that
most BASs within the 12-MR channels are removed during the
TMCS-silylation treatment. The significant decrease in the
number of BASs within the 12-MR channels of HMOR was
also evidenced by the decrease in adsorbed pyridine in a Py-
TGA analysis (Figure S8) and a reduced cumene conversion in
cumene cracking reaction experiments (Figure S9). In contrast,
the resonance peaks (3.8 ppm) corresponding to the BASs
within the 8-MR channels hardly change for all samples
(maximum loss about 4.8%), with very similar intensities,
which directly testifies that the acid sites within the 8-MR
environments could remain after this treatment. In conjunction
with Figure 1a, it could be demonstrated that the loss of BASs
within 8-MR channels during the silylation reaction
determined by in situ DRIFT spectra may be caused by the
adsorption of hydrocarbons rather than TMCS molecules, and
these BASs are recovered after calcination in the air. What
becomes obvious is that, as mentioned above, this TMCS-
silylation treatment preferentially and drastically removes the
BASs within 12-MR channels and the BASs remain in the 8-
MR channels of the HMOR zeolites.

Figure 4. (a) 1H MAS NMR spectra of the untreated and TMCS-silylated HMOR zeolites, (b) Deconvolution of 1H MAS NMR spectra of
HMOR-TMCS-M using DMFIT software. (c) FTIR spectra of the untreated and TMCS-silylated HMOR zeolites and deconvolutions in the
3660−3560 cm−1 region.

Table 1. Distribution and Capacity of the BASs of HMOR Zeolites Calculated on the Basis of the 1H MAS NMR and FTIR
1H MAS NMR (mmol/g)

sample total 8-MR 12-MR 8-MR/12-MR FTIR 8-MR/12-MR

HMOR 0.575 0.311 0.264 1.2 1.2
HMOR-TMCS-L 0.427 0.305 0.122 2.5 2.2
HMOR-TMCS-M 0.368 0.296 0.072 4.1 3.6
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The significant change in the acid site distribution within the
12- and 8-MR channels is also confirmed by the FTIR spectra
(Figure 4c). The spectrum of the parent HMOR shows a
highly asymmetric band at 3608 cm−1 representing hydroxyl
groups. As was mentioned above, this band can be
deconvoluted into 3611 and 3592 cm−1, corresponding to
the vibration of the Si−OH−Al groups within the 12- and 8-
MR channels, respectively. The Si−OH−Al bands in the
treated samples became more symmetrical, due to the selective
removal of acid sites within 12-MR channels during the
TMCS-silylation treatment.
Catalytic Performances for DME Carbonylation. To

evaluate the catalytic performances of the parent and TMCS-
silylated HMOR catalysts in chemical processes, we consider
the carbonylation of DME to MA reaction, which has been
proved to be a representative spatially confined reaction on
catalytic BASs.14,60 Figure 5 shows the corresponding DME

conversion and MA selectivity of all samples with time on
stream (TOS). All HMOR catalysts showed a distinct
induction period at the beginning of the reaction. The DME
conversion rose rapidly and reached the maximum value as the
reaction proceeded. Then, there were distinct differences in the
reaction performances of all HMOR catalysts. The DME
conversion gradually decreased after reaching the highest value
due to coke formation within the 12-MR channels of the
untreated sample.15,61 In the case of TMCS-treated samples, a
striking difference is the significantly longer lifetime, especially
for the HMOR-TMCS-M catalyst, which has the lowest
capacity of acid sites within 12-MR channels in comparison
with other samples, which are typically assumed to be
responsible for coke formation and catalyst deactivation in
the DME carbonylation reaction.17,19,61

Another clear observation in the catalytic performances of all
samples is the approximate DME conversion along with
TMCS treatment time, due to the similar amounts of acid sites
within 8-MR channels determined by 1H MAS NMR spectra.
As shown above, these reaction results demonstrate that the
preferential removal of the BASs within 12-MR channels to
drastically prolong the catalyst service lifetime in DME
carbonylation is achieved through the TMCS-silylation
treatment.
To investigate the potential regenerability and reusability of

TMCS-treated catalysts on the DME carbonylation reaction,
the following experiments were conducted. First, the DME
carbonylation reaction was routinely run until the HMOR-

TMCS-M catalyst was deactivated in the fixed-bed reactor as
described above. After this first reaction run, to avoid an
artificial loss of catalyst during the regeneration process for the
second reaction run, in situ regeneration of catalysts (denoted
HMOR-TMCS-M-Re) was conducted in the reactor in dry air
at 550 °C for 6 h. A comparison of the catalytic performance
between the first and second runs is shown in Figure 5. The
DME carbonylation performance of the HMOR-TMCS-M
catalyst changed little after regeneration and reuse, indicating
that the TMCS-modified HMOR zeolites have good
regenerability and reusability.

■ CONCLUSIONS
In summary, the combined use of in situ DRIFT and 29Si CP
NMR spectroscopic techniques has been employed to
investigate the interaction of trimethylchlorosilane (TMCS)
molecules with the bridging hydroxyl groups within different
positions of the HMOR zeolite. TMCS molecules bridge on
the HMOR framework via a hydrolysis reaction between
chloro groups and Brønsted H+ atoms to cover the acid sites.
This silylation treatment selectively retains the most of the
BASs in the desired position (8-MR environment) by TMCS
replacing the Brønsted H+ atoms within 12-MR channels in the
HMOR zeolite, which leads to a better performance in the
DME carbonylation reaction. We propose that this modified
approach could be further improved by using other silylating
agents capable of reacting with the BASs within 12-MR
channels, which should be easily diffused through the main 12-
MR channels of the HMOR zeolite.
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