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A B S T R A C T   

The effect of crystal size of HMOR from micro size to 50 nm, with the apparent similar acid site density, on 
catalytic performance for the dimethyl ether (DME) carbonylation was investigated. The crystal size of HMOR is 
sensitive to the deactivation rate of DME carbonylation reaction, and the higher stability around 200 nm can be 
achieved. The characterization studies reveal that the diffusions of MA product play a key role during the in
duction and deactivation period in DME carbonylation. These will be helpful for guiding the large-scale synthesis 
of mordenite zeolites catalysts with high efficiencies for DME carbonylation.   

1. Introduction 

Ethanol has gained tremendous interest since it can be used as fuels, 
fuel additive, chemical feedstock, and so on [1]. Up to now, the con
ventional grain-based fermentation is still the commercial route for 
ethanol production round the world. Unfortunately, this is not suitable 
for China based on the consideration of food security of 1.4 billion 
people [2]. Thus, it is necessary and urgent to develop an alternative 
ethanol production route from other resources. Recently, the selective 
carbonylation of dimethyl ether (DME) to methyl acetate (MA) on solid 
zeolites followed by hydrogenation of MA over the copper-based cata
lysts, has attracted great attention due to its high atom economy and 
environmental friendliness [3–7]. More interestingly, DME as a “circular 
hydrogen carrier” if it is generated from CO2 and H2 from renewable can 
provide H2 for hydrogenation of MA to ethanol [8]. However, low ac
tivity and stability of zeolites in the carbonylation reaction is chal
lenging, therefore, numerous studies have been conducted to seek highly 
efficient catalysts of DME carbonylation for industrial practices. 

Up to now, HMOR zeolite has been found to be the most active 
catalyst in DME carbonylation among the zeolites with different topol
ogies [3,9]. MOR is characterized by a channel system composed of 12- 
membered ring (MR) main channel (0.65 × 0.7 nm) and 8-MR channel 
(0.26 × 0.57 nm) in the crystallographic c direction, which are con
nected to an 8-MR side pocket along the b direction [10]. Experimental 
and theoretical analyses have revealed that the acid sites within 8-MR 

channels of HMOR are the active centers for DME carbonylation 
[11–13]. Unfortunately, HMOR suffers from fast deactivation due to 
coke produced from DME in 12-MR [14], which prevents the occurrence 
of carbonylation reaction in 8-MR channels [11,15]. Therefore, it is 
urgent and challenging to decrease or eliminate the formation of coke in 
12-MR channels and thus improve catalytic activity and stability of 
HMOR zeolite during DME carbonylation. 

Reducing the crystal size of zeolite is an effective method to improve 
their catalytic performance in many reactions [16–19]. Regarding the 
process of DME carbonylation, there are three stags including induction, 
stable and deactivation periods. Different nanosized-mordenites have 
also been employed in this process and their effect on the stable and 
deactivation periods are often focused. [20–24]. Mordenite nanosheets 
with different thickness were fabricated, and exhibited the higher cat
alytic activity and stability than the commercial zeolites, which proves 
that the strategy of controlling crystal orientation during the hydro
thermal synthesis reaction is an effective approach to promote the per
formance of HMOR zeolite [21,22]. Further, a series of rod-assembled 
HMOR were successfully synthesized with a controllable c/b ratio. MA 
formation rates increase with enhancing c/b ratio whereas the catalysts 
suffer from the faster deactivation [23]. Our group has also successfully 
prepared a nanocrystal-assembled HMOR zeolite with 20–50 nm crys
tallites and achieved the higher activity and stability than micro-sized 
MOR zeolite in the DME carbonylation [24]. Induction period is an 
initial stage which relate to initial organic compounds formation on the 
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surface of HMOR in DME carbonylation reaction [13]. Unfortunately, 
the effect of different parameters on the induction period is hardly 
mentioned. On the other hand, the smaller crystal sizes must result in the 
higher costs of synthesis and separation, indicating that seeking MOR 
zeolite with suitable crystal size, eligible catalytic performance to meet 
the needs of industrial production but low synthesis cost, is of great 
significance for commercialization of this new approach for ethanol 
production. Thus, from viewpoint of industrial practices, it is desirable 
to establish a crystal size-reactivity relationship to guide the synthesis of 
MOR zeolites in large-scale. 

Herein, HMOR zeolites from 9 μm to around 50 nm with the similar 
Si/Al ratios were employed as catalysts in the DME carbonylation. The 
relationships between the adsorption capability, diffusion property and 
reaction behavior of HMOR with different sizes of crystal were investi
gated. It was found that the crystal size between 330 and 200 nm is quite 
sensitive to the DME carbonylation reaction. The induction periods 
become longer with reducing crystal size below 330 nm. The higher 
stability of HMOR catalyst is obtained when the crystal size is around 
200 nm, which is helpful to guide the production of industrial zeolites 
catalyst. Moreover, the diffusion of MA within the HMOR zeolite plays 
an important role in determining the lifetime of HMOR catalyst in DME 
carbonylation reaction. 

2. Experimental 

2.1. Materials and methods 

HMOR zeolites were obtained through ion-exchange methods, the 
details information of samples and preparation methods were given in 
ESI. The samples with crystal size increased were named as HMOR-1, 
HMOR-2, HMOR-3. The nanocrystal-assembled HMOR zeolite 
composed of 20–50 nm was used as a reference catalyst, named as 
HMOR-R [24]. 

2.2. Characterization 

XRD patterns of the samples were recorded on PANalytical X’Pert 
PRO X-ray diffractometer. The relative crystallinity was determined 
from the peak intensity using HMOR-1 sample as reference. XRF analysis 
was performed on Philips Magix X-ray fluorescence spectrometer. 
FESEM images were taken with a Hitachi SU8020 microscope at 2.0 kV 
accelerating voltage. N2 adsorption-desorption experiments were per
formed at 77 K on a Micromeritic ASAP 2020 instrument. NH3-TPD 
analysis was were recorded on Micromeritics AutoChem II 2920. FT-IR 
analysis using D3-acetonitrile as a probe molecule were recorded with 
a Bruker Tensor 27 FT-IR spectrometer according to the literature [25]. 
TG were performed on the automatic TG/DTA instrument. Solid-state 
NMR spectra were obtained on a Bruker Avance III 600 MHz spec
trometer with a 4 mm MAS probe. The uptake rate and adsorption 
isotherm were measured on an Intelligent Gravimetric Analyzer (IGA- 
100, Hidden Analytical). The details of characterization experiments 
could be found in ESI. 

2.3. Catalyst evaluation 

The reaction of DME carbonylation was tested in a continuous flow 
stainless steel fixed-bed reactor at 473 K, 2.0 MPa. The details of ex
periments could be found in ESI. 

3. Results and discussion 

3.1. Textural and chemical properties of the catalysts 

SEM images (Fig. S1) illustrate that three samples possess similar 
plate-like assembled structures. By measuring through SEM, the crystal 
sizes of HMOR-1 and HMOR-2 are about 200 nm and 330 nm, 

respectively, whereas the HMOR-3 is a micro-sized material with a size 
of about 9 μm. The powder XRD patterns of samples as shown in Fig. 1, 
all the samples exhibit a pure HMOR phase with good crystallinity. The 
diffraction peaks of the HMOR-1 sample are much broader compared to 
the other two HMOR zeolites, indicating that HMOR-1 has a smaller 
crystal size, which is consistent with the results obtained from SEM 
images. The N2 physisorption isotherms of the three as-prepared HMOR 
zeolites are displayed in Fig. S2, which can be considered as the com
bination of type I plus type IV isotherm. These observations are sug
gesting the coexistence of mesoporous and microporous. However, only 
hysteresis loops are observed in the relatively high pressure, indicating 
that most mesoporous likely result from the stacking spaces of crystal. 
The detailed textural properties are listed in Table 1. The BET and 
external surface areas, micropore surface area and micropore volume all 
increase as the crystal size decreases, which is consistent with the in
crease in specific surface area as the particle size decreases. The Si/Al 
ratios of the three samples are 8.31, 8.44, and 8.44, respectively, 
implying that all as-prepared HMOR zeolites have similar Si/Al ratios. 

Fig. S3a displays the NH3-TPD profiles of HMOR samples. Two 
ammonia desorption peaks at lower temperatures of around 220 ◦C and 
higher temperatures of about 520 ◦C, corresponding to the weak and 
strong acid sites [26], respectively, can be observed obviously. The 
positions of higher temperature ammonia desorption peak are almost 
the same, although the crystal sizes are different, indicating that acid 
strength of different samples are apparently similar. Moreover, the 1H 
NMR spectrum was performed to quantify the total amount of Brønsted 
acid sites for the catalysts. As shown in Fig. S3b, the samples show three 
bands at 1.8 ppm, 2.2 ppm and 3.8 ppm in the range of 1–6 ppm, rep
resenting the terminal silanol groups, the extra-framework aluminum 
species, and the bridged hydroxyl (Si-OH-Al), respectively [27]. The 
signal intensity at 3.8 ppm of these samples is highly similar, corrobo
rating with the results of the NH3-TPD. In order to strictly quantify the 
Brønsted acid sites, deconvolution analysis of the spectrum was carried 
out and the detailed results are listed in Table 1. The Brønsted acid 
densities of samples are 1.14, 1.27 and 1.15 mmol/gcat, respectively, for 
the HMOR-1, HMOR-2, and HMOR-3. These suggest that the dramatic 
discrepancies in acid properties could be excluded despite their differ
ence in crystal size. 

3.2. DME carbonylation 

The catalytic performance of the samples was carried in a fixed-bed 
reactor at 473 K, 2.09 MPa, and GHSV of 1500 ml/g⋅h. The DME con
version and product selectivity versus time on stream are illustrated in 
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Fig. 1. XRD patterns of the HMOR-x catalysts.  
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Fig. 2. The induction periods of 4, 3, 1.5 and 1.5 h were observed for 
HMOR-R, HMOR-1, HMOR-2 and HOMR-3, respectively, indicating that 
the crystal sizes in the special ranges would play an important role in the 
initial stage of DME carbonylation. Similar results could be found using 
HMOR nanosheet assemblies and nanocrystal-assembled hierarchical 
HMOR as catalysts, respectively, comparing with commercial micro- 
sized HMOR [22,24]. Compared with different samples, the DME con
version was obtained with 32.5% for the HMOR-3 zeolite with a crystal 
size of around 9 μm. Enhanced performance by smaller crystal sizes was 

achieved with the DME conversions of 37.5%, 39.0% and 41.5% for the 
HMOR-2, HMOR-1 and HMOR-R, respectively. After the stable period, 
the catalysts begin to deactivate with the formations of hydrocarbons 
and methanol as the main byproducts in Fig. S5. The lower selectivities 
of byproducts could be achieved for the HMOR with shorter crystal size 
under the same reaction conditions, indicating that diffusion effect 
result from the changes of crystal size plays an important role in 
determining catalytic activities [20,24]. Moreover, the spent catalysts 
were investigated by TG/DTA analysis in Fig. S6. The peaks at about 
320 ◦C and 600 ◦C could be observed, which are attributed from the 
adsorbed species such as the methyl and acetyl groups retained within 
the zeolite and the heavy coke species formed in the reaction process, 
respectively. For comparison, the lowest amount of coke species over 
HMOR-1 is achieved in the samples investigated. These suggest that the 
diffusion effect on carbonaceous deposits of HMOR-1 is strengthened 
due to the reduction of crystal size. 

It has been accepted that the better stability of nano-sized catalysts 
can be obtained compared with that the micro-sized zeolite [20–22]. To 
determine the influence of the crystal size on the deactivation period, 
the deactivation rate constants from DME carbonylation were calculated 
by introducing the definition of deactivation degree (Dx) according to 
the literature [28]. The calculation formula of Dx is shown in Eq. (1): 

Dx =
STYmax

MA − STYMA

STYmax
MA

*100% (1) 

STYMA
max is the maximum space time yield (STY) of MA during an 

experiment and STYMA is the STY at a given time after STYMA
max has been 

reached. The plots of Dx as a function of the deactivation time are shown 
in Fig. 3a. It is evident that the linear relationship between the Dx and 
deactivation time, suggesting that the catalysts deactivate at a constant 
rate which can be represented using the slope of line. The deactivation 
rate values are 7.77, 8.47, 16.98 and 19.21% per hour for HMOR-R, 

Table 1 
Composition, Brønsted acid density and Textural Properties of HMOR with Different Crystal Sizes.  

Sample Si/Ala Acid densityb (mmol/g) Relative crystallinityc (%) Surface area (m2/g) Pore volume (m3/g)  

BET Micropore External Total Micropore 

HMOR-Rd 9.1 – – 471 369 102 0.62 0.17 
HMOR-1 8.31 1.14 100 472.7 417.8 55.0 0.26 0.19 
HMOR-2 8.44 1.27 87 439.8 396.4 43.5 0.23 0.18 
HMOR-3 8.44 1.15 101 322.8 290.0 32.8 0.17 0.13  

a Obtained from XRF results. 
b Calculated from 1H MAS NMR based on peak deconvolution. 
c Calculated based on the intensity of the eight strongest peaks(2θ = 6.544, 9.77, 13.53, 19.71, 22.43, 25.78, 26.44 and 27.79◦) in the XRD patterns. 
d data from reference [24]. 
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Fig. 2. The DME conversion and MA selectivity of DME carbonylation over 
HMOR-x catalysts. Reaction conditions: T = 473 K, P = 2.09 MPa, DME/CO/N2 
= 5/35/60, GHSV = 1500 ml/g⋅h. 
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HMOR-1, HMOR-2 and HMOR-3, respectively. A plot of deactivation 
rates as functions of crystal size is shown in Fig. 3b. It is fascinating and 
unexpected that there is an inflection point between the deactivation 
rate and the crystal size. The deactivation rate reduced slightly when the 
crystal size is reduced from micron meter to around 330 nm. However, 
the dramatic change for the deactivation rate could be found when the 
crystal size is changed from 330 nm to 200 nm. The results indicate a 
critical value for crystal size on the stability of HMOR zeolites in the 
DME carbonylation. 

3.3. Adsorption isotherm and uptake rate 

It is widely accepted that the shortening of crystal size would 
enhance the diffusion of guest molecules in microporous zeolites 
[29–31]. Herein, the CO, DME, and MA, the reactant and product mol
ecules, were employed as probe molecules to measure the adsorption 
behavior of HMOR with different crystal sizes by using IGA. Fig. S4 
displays the adsorption isotherms with pressure for CO, DME and MA on 
the HMOR with different crystal sizes. The isotherms for DME and MA 
over the HMOR zeolites exhibit the typical Langmuir Type-I adsorption, 
which reach saturation at lower pressure and the increases slightly with 
further increase of pressure. However, the isotherms for CO showed a 
completely different trend compared to DME and MA on the HMOR with 
different crystal sizes. Furtherly, it can be observed that the saturated 
adsorption capacity increases with decreasing crystal size for the HMOR 
zeolites for all the probe molecules, especially for CO, which might be 
attributed to the changes of texture properties due to the reduction of 
crystal size considering the identical acidity properties [32]. Since it has 
been reported that the productivities of MA do increase linearly with CO 
pressure [3], we deduce that the increase of adsorption capability for CO 
might be responsible for the enhanced performance for HMOR with 
smaller crystal size. Moreover, the diffusivities of DME and MA except 
CO since its adsorption processes is fast equilibrium were measured 
under fixed certain pressure by uptake rate method. The effective 
diffusion coefficient was obtained by Fick’s second law using Eq. (2) to 
fit the experimental results [33]. 

m(t)
m(∞)

=
6
π

̅̅̅̅
D
r2

√
̅̅
t

√
(2) 

Where m (t)/m (∞) represents the adsorption amount after 
normalization and r is the effective radius of crystal. The normalized 
loading varies with the t1/2 as shown in Fig. 4, and a linear relationship 
could be observed. The slopes of the curves represent the effective 
diffusion coefficients. The effective diffusion coefficients for DME in the 
HMOR-1, HMOR-2 and HMOR-3 are almost the same despite 

remarkable difference in their crystal sizes (200 nm vs. 9 μm). A 
remarkable difference of the slopes in the HMOR-1 and HMOR-2 could 
be found for the uptake rates for MA, whereas highly similar slopes can 
be obtained for HMOR-2 and HMOR-3. These results are consistent with 
their comparison in induction period and deactivation rate constants 
with crystal size in DME carbonylation [20]. Therefore, we can deduce 
that there is a “turning point” in the crystal size and the diffusion of MA 
play a critical role in the deactivation period for DME carbonylation. 

4. Conclusions 

In summary, the dependence of catalytic performances including 
induction, stable and deactivation periods on the crystal size of HMOR, 
with the similar acid properties, from micro-size to nano-size has been 
established. The enhancement of the adsorption capability of CO, due to 
the smaller crystal sizes of HMOR zeolite, results in the increase of ac
tivities for DME carbonylation. The induction and deactivation period in 
the DME carbonylation reaction is closely related to the diffusion of MA 
within the HMOR zeolites, and the longer induction period and slower 
deactivation rate can be achieved by enhancing the diffusion of MA. In 
addition, we proved that there is a certain “turning point” of crystal size 
between 200 and 330 nm, and the better stability can be obtained if the 
crystal size is about 200 nm. These results are helpful for development of 
industrial catalysts with high-efficiencies for ethanol synthesis via DME 
carbonylation route. 
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Fig. 4. Uptake rate for DME (a) and MA (b) in the HMOR-x zeolites at 313 K, respectively.  
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