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Abstract: The carbonylation of dimethyl ether (DME) to produce methyl acetate (MA) has a promising
prospect in industry. Mordenite (MOR) has been widely studied due to its excellent catalytic activity
and high MA selectivity; however, its microporous characteristic limits the intracrystalline diffusion
that influences the activity and stability. Therefore, it becomes essential to clarify the relationship
between catalytic activity and diffusion. In this study, a series of MOR samples with similar Si/Al
contents and aspect ratios, but different sizes, were successfully synthesized by adjusting the synthesis
parameters (Si/Al contents in gel, aging time, the amount of water, and alkalinity). Based on
quantitative analysis of acid properties and catalyst evaluation, both the apparent turnover frequency
of MA (TOFMA) and the stability decrease with the increase in particle size. Diffusion parameter
measurements and kinetic analysis via zero length column methods show that the intracrystalline
diffusion restriction becomes more serious with increasing particle size. The larger the MOR crystals
with enhanced mass transfer limitation that undergo lower activity, the higher the selectivity of
byproducts, as well as the faster their deactivation.

Keywords: dimethyl ether; carbonylation; mordenite; size effect; diffusion limitation

1. Introduction

Carbonylation is a typical and important reaction for carbon-chain growth, which usu-
ally has high atom economy and mild reaction conditions. The carbonylation of dimethyl
ether (DME) is an efficient way to produce methyl acetate (MA), which is an organic in-
termediate and solvent. This reaction is also a key step in producing ethanol from syngas,
which drew much attention in recent years [1,2]. Solid acids, such as heteropoly acids and
zeolites, are capable of catalyzing the carbonylation of DME, in which Brønsted acid sites
(BASs) are proven to function as active sites [3]. After methyl species generating on the
BASs via DME dissociation, CO inserts into methyl groups to form acetyl intermediates,
with this stage being the rate-determining step. Subsequently, the surface acetyl groups
react with another DME molecule to form methyl acetate. Among the reported solid acid
catalysts, mordenite (MOR) is currently the most promising catalyst for DME carbonylation
due to its high selectivity for MA (~99%) and outstanding reactivity [4,5].

MOR is a porous aluminosilicate, with one-dimensional 8- (8-MR, 2.6 × 5.7 Å) and
12-membered ring (12-MR, 6.5 × 7.0 Å) pore channels along the c-axis, as well as 8-MR
side pockets (3.4 × 4.8 Å) along the b-axis. Numerous studies established that BASs in
8-MR are the active sites because the spatial confinement of 8-MR reduces the energy
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of the transition state and stabilizes the acetyl intermediate [5–7]. Therefore, the MA
formation rate is proportional to the number of BASs in 8-MR in a lot of published works [8].
Meanwhile, increasing the quantity and strength of BASs in 8-MR was demonstrated as an
efficient strategy to boost the DME carbonylation reactivity [9–14]. On the other hand, the
BASs located in 12-MR with larger sizes allow for carbon deposition and lead to catalyst
deactivation [15–18].

Although the one-dimension straight channels of MOR are relatively large compared
to other zeolites (e.g., FER, CHA, etc.), it is still noteworthy that the microporous character-
istics of MOR hinder the accessibility of active sites and limit internal diffusion, resulting
in negative effects on catalytic performance. Many researchers are dedicated to boosting
the DME carbonylation by adjusting crystal morphology [19–22] and modulating pore
structure [23,24]. Both top-down and bottom-up strategies are employed to promote mass
transfer within the zeolite crystals and, thus, enhance the catalytic performance. The for-
mer method typically involves post-treatment, such as steaming treatment, acid or alkali
treatment, etc., while the latter method applies specific structure-directing agents to obtain
nanoscale zeolites. Shen et al. reported a one-step hydrothermal synthesis technique to
produce MOR that ranged in size from 50 to 100 nm [25]. The obtained nanoscale MOR
shows dramatically enhanced activity and stability in DME carbonylation processes com-
pared to commercial micron-scale MOR. Subsequently, through means of mono-quaternary
ammonium surfactants, they achieved the synthesis of 20–40 nm MOR nanosheets, in which
the intracrystalline diffusion path was greatly shortened, leading to an acceleration in the
activity [20]. Li et al. reported a facile method for synthesizing nanosheet MOR without
using organic templates. The specific morphology facilitated the migration of carbonaceous
precursors to the external surface of MOR and dramatically promotes catalyst stability [21].
In our previous work, the MOR morphology was successfully tuned (e.g., assembled
nanosheets, bundles and flower-like MOR) using cetyltrimethylammonium bromide as a
growth modifier [19]. TG results confirmed that the enhanced DME diffusion dependent on
morphology boosted the DME carbonylation. Sheng et al. synthesized a series of hierarchi-
cal zeolites by employing n-butylamine and polyacrylamide as soft templating agents [26].
Consequently, the BASs in the 12-MR reduced, while the improved mass transfer efficiency
inhibited the formation of carbon deposits. Wang et al. created mesopores in MOR via
treatment in NaOH solution [24]. The promotion of diffusion and fewer acid sites in 12-MR
significantly delayed the deactivation rate, while carbonylation reactivity hardly changed
because the template protected the BASs in 8-MR during the treatment. Liu et al. created
mesopores in MOR after its gentle etching in NH4F solution [23]. The hierarchical structure
promoted both the diffusion of DME and coke precursors. Eventually, the coke formation
rate and diffusion rate might together contribute to the volcano-like deactivation rate. In
summary, it was established that diffusion had a crucial role in activity and stability [19–24].
Nevertheless, the correlation between mass transfer and catalytic properties in the literature
is mainly based on qualitative analysis. Therefore, a detailed quantitative description of
the diffusion effects through the implementation of diffusion kinetic study is critical for
gaining a thorough comprehension of the DME carbonylation reaction and guiding the
design of zeolite catalysts with high MA yield.

In this study, we aim to elucidate the size effect of MOR crystal on DME carbonyla-
tion, especially focusing on its diffusion behaviors and catalytic performance. Firstly, the
conditions for the synthesis of MOR crystals with high crystallinity and varied sizes were
investigated and optimized. Our previous work established a positive correlation between
the ratio of the length along with the c-axis to that with the b-axis (c/b aspect ratio) and the
catalytic activity of DME carbonylation [27]. Therefore, four MOR samples with similar
Si/Al contents, pore structures and c/b aspect ratios but incremental sizes were selected as
model catalysts. By combining analysis of the acidic properties and diffusion parameter
measurements, the size effect of MOR crystals is identified.
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2. Results and Discussion
2.1. Synthesis of MOR Zeolite Crystals with Different Size

The parameters of hydrothermal synthesis, such as aging time, alkalinity, and water
content, significantly affect the particle size of zeolites [28]; thus, we systematically inves-
tigated the effects of the conditions of hydrothermal crystallization on tuning the size of
MOR crystals. During the aging process of the initial gel, the silica and alumina sources
are dissolved or depolymerized, and repolymerization occurs. Next, the nucleation occurs.
Therefore, tuning the aging time could change the concentration of silica–aluminate in the
liquid phase, which affects nucleation and crystal growth; hence, the morphology, crys-
tallinity and size of zeolites will be influenced [29]. Here, 1, 4 and 8 h were chosen to study
the effect of aging time. XRD patterns (Figure S1) clearly show that all three samples have
great crystallinity without other impurity phases. The relative crystallinity was calculated
via peak areas of (200), (330), (150), (202) and (350) diffractions using the sample, with an
aging time of 4 used as the reference. The relative crystallinity of the three samples was
95.9%, 100% and 94.2%, meaning that the crystallinity increased and then decreased with
the increase in aging time. Figure 1 represents the SEM images of synthesized samples at
different aging times. Uniform size and regular morphology were observed for all three
samples. With the increase in aging time, the particle size first increased and then decreased.
Ogura et al. discovered that prolonging the aging time could increase the concentration of
silica–aluminate in the liquid phase, which facilitated nucleation and sped up the procedure
of crystallization, enabling the creation of smaller-sized products [30].
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Figure 1. SEM images of samples with different aging time.

To investigate the effect of Si/Al content, MOR samples with Si/Al ratios of 10–25 were
prepared. As shown in Figure 2a, when the initial composition of Al source was too high
(i.e., Si/Al = 10), pure MOR could not be formed, and a considerable amount of P zeolite
was observed. As the Si/Al content increased, the P phase disappeared, and pure MOR
was formed with similar crystallinity.
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The SEM images in Figure 3 illustrate that the sample with a Si/Al ratio of 10 had a
prismatic morphology. Meanwhile, some small particles with rough surfaces were also
observed due to the presence of the P phase. The morphology of MOR particles became
more regular and uniform as the Si/Al ratio increased to 15 and 20, and the particle size
also grew. However, further improving the Si content led to a decrease in particle size.
Element analysis via ICP-OES (listed in Table 1) indicated that a higher Si/Al content in
the initial gel favored the incorporation of Si atoms into the MOR framework.
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Table 1. Conditions of hydrothermal synthesis and sizes of products.

Sample Si/Al in Gel H2O/SiO2 OH−/SiO2 Aging Time/h Size
/µm Si/Al in Product

1 20 7.79 0.5 4 10 × 16 5.3
2 20 7.79 0.5 8 7 × 15 -
3 20 7.79 0.5 1 4 × 7 5.1
4 20 7.79 0.6 4 12 × 17 6.2
5 20 7.79 0.7 4 7 × 18 -
6 20 5.79 0.5 4 17 × 24 7.0
7 20 6.79 0.5 4 11 × 22 -
8 20 8.79 0.5 4 8 × 14 5.1
9 15 7.79 0.5 4 16 × 17 -
10 25 7.79 0.5 4 6 × 11 8.0
11 25 7.79 0.5 1 8 × 13 6.1
12 25 8.79 0.5 4 3 × 7 6.5

The alkalinity, which is the ratio of NaOH to SiO2 in synthetic gel, was also stud-
ied. The XRD pattern (Figure 2b) shows that there was an unwanted γ-SiO2 phase at
OH−/SiO2 = 0.3. In this work, we used silica sol as the Si source. Having too low alka-
linity was not conducive to completing hydrolysis of Si sources and further nucleation.
As a result, a certain ratio of amorphous SiO2 appeared, some of which transformed into
γ-SiO2. As shown in the SEM image (Figure 4), there were lots of amorphous particles with
irregular morphology, which was in line with the XRD result. Once the OH−/SiO2 content
increased to 0.5 or more, the samples became highly crystallized without other phases.
Accordingly, the crystal morphology became more uniform. However, when the alkalinity
was too high (OH−/SiO2 = 0.7), the particle size decreased significantly, and many small
particles were obtained. This finding may be due to the higher solubility of the silicon sol
at high alkalinity. The high ion concentration in the liquid phase resultes in more nuclei
being produced [31]. Therefore, the optimized molar ratio of NaOH to SiO2 is 0.5 or 0.6.



Catalysts 2023, 13, 1049 5 of 14Catalysts 2023, 13, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 4. SEM images of samples with different OH−/SiO2 contents. 

In addition, the amount of water also has a heavy influence on zeolite production 

[28,32,33]. It influences the concentration of ions in the initial mixture. Moreover, changing 

the amount of water affects not only the hydrolysis of the silicon and aluminum sources, 

but also the rates of nucleation and crystallization. Therefore, different morphologies and 

crystal sizes were obtained. As shown in Figure S2, the highly crystalline pure MOR 

formed in the range of 5.79–8.79 for H2O/SiO2 content. When the water content increased, 

the concentration of ions decreased, which slowed the crystallization rate. Therefore, 

within the same crystallization time, as illustrated in the SEM images of MOR with 

different H2O/SiO2 contents (Figure 5), there was a significant decrease in the size of the 

MOR. 

 

Figure 5. SEM images of MOR with different H2O/SiO2 contents 

  

Figure 4. SEM images of samples with different OH−/SiO2 contents.

In addition, the amount of water also has a heavy influence on zeolite production [28,32,33].
It influences the concentration of ions in the initial mixture. Moreover, changing the amount
of water affects not only the hydrolysis of the silicon and aluminum sources, but also the
rates of nucleation and crystallization. Therefore, different morphologies and crystal sizes
were obtained. As shown in Figure S2, the highly crystalline pure MOR formed in the range
of 5.79–8.79 for H2O/SiO2 content. When the water content increased, the concentration of ions
decreased, which slowed the crystallization rate. Therefore, within the same crystallization time,
as illustrated in the SEM images of MOR with different H2O/SiO2 contents (Figure 5), there
was a significant decrease in the size of the MOR.
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Figure 5. SEM images of MOR with different H2O/SiO2 contents.

The synthesis conditions for all highly crystallized products are summarized in Table 1,
together with the Si/Al ratio and particle size. The MOR samples with particle sizes ranging
from 3 × 7 to 30 × 36 µm can be successfully obtained in the ranges of Si/Al = 15–25,
H2O/SiO2 = 5.79–8.79 and OH−/SiO2 = 0.5–0.7. To simplify the study of the diffusion
effect on catalyst performance, four samples with similar Si/Al contents, aspect ratios, and
size gradients were selected. As illustrated in Figure 6, the samples with sizes of 0.1 × 0.2,
3 × 7, 8 × 13 and 17 × 24 µm were selected and named MOR-0.2, MOR-7, MOR-13 and
MOR-24, respectively; among these samples, MOR-0.2 was a commercial sample with
spherical morphology and a Si/Al ratio of 7.7. N2 adsorption–desorption isotherms (see
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Figure S3) showed isotherms typical of type I on all four samples, which is in line with the
microporous characteristics of MOR. In particular, MOR-0.2 displayed a small hysteresis
loop at high p/p0, indicating the existence of a mesoporous structure, probably due to
the stacking of small crystals. The textural parameters summarized in Table 2 suggested
that the as-prepared three samples had almost identical pore structures. Only MOR-0.2
possessed a small amount of mesopores, though the difference was very limited. Thus, the
effect of pore structure can be excluded as an influencing variable in the following study of
catalytic performance and diffusion behavior.
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Table 2. Textural properties of MOR samples with different sizes.

Sample
Surface Area (m2·g−1) Pore Volume (cm3·g−1)

BET Micropore Mesopore Total Micropore Mesopore

MOR-0.2 548 526 22 0.254 0.203 0.051
MOR-7 560 557 3 0.214 0.210 0.004
MOR-13 559 559 0 0.210 0.210 0
MOR-24 550 549 1 0.208 0.210 0.002

2.2. Acidity Characterizations

As we previously mentioned, BASs in 8-MR were generally accepted as active sites for
DME carbonylation. Therefore, quantitative analyses of acid concentration and distribution
are required to elucidate the influence of intrinsic reactivity and diffusion property. Taking
the accessibility of acid sites at different locations into consideration, NH3 and pyridine
were used to titrate all acid sites and acid sites only in 12-MR, respectively [5,34]. The
NH3-TPD profiles of samples were displayed in Figure 7a, all of which showed three
overlapping desorption peaks. The peaks centered around 458 K, 573 K and 743 K were
assigned to weakly adsorbed NH3 and NH3 that interacted with Lewis acid sites (LASs)
and BASs, respectively [35,36]. The total amounts of BASs in different samples were listed
in Table 3. Obviously, the number of BASs growed with the increased particle size of MOR.

The relatively large diameter of pyridine (~5.9 Å) allows it to selectively interact
with the acidic sites within 12-MR [5,37]. The bands at 1540 and 1450 cm−1 in the Py-
IR spectra of the samples are characteristics of pyridine adsorbed on BASs and LASs,
respectively (Figure 7b). The calculated results based on the two peak areas were sum-
marized in Table 3 [38]. As the particle size expanded, the number of BASs in 12-MR
first enlarged and then decreased, while the number of BASs in 8-MR gradually rose
from 779 to 1345 µmol·g−1.
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Table 3. Content of acid sites in MOR samples with different sizes.

Sample BASTotal
a

(µmol·g−1)
LASTotal

a

(µmol·g−1)
BAS12-MR

b

(µmol·g−1)
LAS12-MR

b

(µmol·g−1)
BAS8-MR

c

(µmol·g−1)
TOFMA

(h−1, 1.5 h)

MOR-0.2 1016 681 237 67 779 9.4
MOR-7 1380 1218 321 58 1059 6.8

MOR-13 1421 1033 304 40 1117 6.4
MOR-24 1593 876 248 39 1345 4.7

a: calculated based on NH3-TPD; b: calculated based on Py-IR; c: BAS8-MR = BASTotal − BAS12-MR.

2.3. Catalytic Performance

Figure 8 shows the DME carbonylation performance on the four MOR catalysts. After
an induction period, the space–time yield of MA (STYMA) on different catalysts reached
the maximum at 1.5 h, and the catalysts then deactivated very quickly. The maximum
value of STYMA showed a slight decrease in line with the increment of MOR size (from
MOR-0.2 to MOR-13), and the value then dropped considerably when the MOR size
became 17 × 24 µm.
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On the other hand, the stability of catalysts with different particle sizes varied dra-
matically. For MOR-0.2, only a decline of around 33% in activity was observed after 8.5 h,
and the MA selectivity remained above 99%. However, the STYMA on MOR-7 decreased
to 28 g·kgcat

−1·h−1. It is more remarkable that MOR-13 and MOR-24 underwent quicker
deactivation, which only took 6.5 h or, in some cases, an even shorter period of time. Mean-
while, the selectivity of related by-products, such as methanol and propane, gradually grew
with time. Therefore, it can be considered that particle size had a significant effect on side
reactions and the formation of carbon deposits.

As we mentioned before, the BASs in 8-MR are accepted as active sites, while BASs in
12-MR and Lewis acid sites are not related to DME carbonylation. Therefore, to eliminate
the influence of the number of active sites on activity, we normalized the STYMA at 1.5 h,
based on the amount of BASs in the 8-MR, to obtain the apparent TOFMA for the four
samples (Table 3). In many previous studies, a linear relationship between the STY of
MA and the amount of BASs in the 8-MR was established. This trend suggests that the
catalytic efficiency or ability of each BASs in the 8-MR is identical. However, in this work,
the apparent TOFMA of the samples decreased significantly with an increase in the particle
size. It is speculated that the diffusion path is prolonged as the particle size increases.
Accordingly, the more severe mass transfer limitation lowers the apparent activity and
accelerates the coke formation.

2.4. Effect of Mass Transfer on DME Carbonylation

The DME desorption curves on different samples at different temperatures were
displayed in Figure 9a–c. The experimental data fit well with the theoretical curves, as
confirmed in Figures S4–S6. It is clear that as the particles increased, the DME desorption
became faster at the same temperature, while the desorption rate increased with improved
temperature. To further quantify the DME diffusion in the different samples at the same
temperature, the desorption data were analyzed and compared based on the equations
listed in the Supplementary Materials document. The obtained effective diffusion time
constant values for (D/r2) and L (a parameter in the ZLC model defined via Equation (S2))
were listed in Table 4. The values of L for all samples were greater than 10, indicating
that the desorption process was kinetically controlled. For the same samples, the D/r2

increased with elevating temperature, demonstrating that the DME diffusion rate was
accelerated at higher temperatures. While comparing D/r2 values of different samples at
the same temperature, it is noteworthy that the DME diffusion was enhanced in smaller
MOR particles, indicating that shortening the diffusion path efficiently accelerated the mass
transfer in MOR channels.

Table 4. Summary of diffusion parameters derived from ZLC experiments.

Sample T (K) L D/r2 (s−1) Ea (kJ/mol)

MOR-0.2
313 123.0 3.2 × 10−4

4.7333 117.0 3.6 × 10−4

353 116.0 3.9 × 10−4

MOR-7
313 99.0 2.2 × 10−4

9.6333 91.7 2.7 × 10−4

353 94.3 3.4 × 10−4

MOR-13
313 70.6 2.1 × 10−4

10.4333 60.3 2.7 × 10−4

353 54.2 3.2 × 10−4

MOR-24
313 54.4 1.8 × 10−4

12.3333 45.7 2.2 × 10−4

353 54.5 3.1 × 10−4
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The Arrhenius plots of DME diffusion for the four samples were displayed in Figure 9d,
and the activation energy Ea calculated from the curves was also listed in Table 4. The
results showed that the diffusion activation energy increased with the increase in particle
size, which was indicative of the gradually enhanced diffusion limitation. Therefore, we can
conclude that the lower apparent TOFMA and the faster deactivation rate with incremental
particle size occurred mainly due to diffusion properties.

To further identify the influence of diffusion properties caused by particle size, the
two spent catalysts with the largest size differences (i.e., spent MOR-0.2 and spent MOR-24)
were characterized via N2 physisorption, XPS and TG. As shown in Table 5, compared
to the fresh MOR-0.2, the micropore volume and BET surface areas of the spent MOR-0.2
were reduced by ~30% and ~45%, respectively, while the spent MOR-24 pore channels
were almost completely blocked, and the surface areas were reduced to 4 m2·g−1. These
observations suggested that the coke was deposited in the MOR channels, becoming more
severe as the particle size increased. The thermogravimetric analysis (TG, solid lines) and
derivative thermogravimetry (DTG) curves were shown in Figure 10. In the DTG curve,
the weight loss at around 400 K is attributed to the removal of water, and the weight
losses at 500–600 K and 600–800 K are associated with the combustion of soft and hard
carbon accumulations, respectively [39]. Thus, the content of carbon species found on the
two spent catalysts can be assessed. The coke content is 11 wt.% on the spent MOR-24,
which is much higher than that on the spent MOR-0.2 (4 wt.%). The element analysis
via XPS showed that the carbon content significantly increased after etching. This result
indicated that the coke was mainly deposited inside the micropores, rather than on the
external surface, which is in line with the results of N2 physisorption. In addition, as the
particle size increased, the carbon contents on the surface and in the bulk both improved.
Therefore, the mass transfer limitation caused by a larger particle size facilitated the coke
deposit, resulting in faster catalyst deactivation.
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Table 5. Carbon content and textural properties of spent MOR-0.2 and MOR-24.

Coke Content (wt.%)
Obtained via TG

C Content (%)
Obtained via XPS

C Content (%)
Obtained via XPS

with Etching

BET
Surface Area

(m2·g−1)

Micropore Volume
(cm3·g−1)

Spent MOR-0.2 4 16 76 296 0.108

Spent
MOR-24 11 36 80 4 0.002
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3. Materials and Methods
3.1. Catalyst Preparation

MOR was prepared via the hydrothermal method, and the corresponding schematic
representation is shown in Figure S7. In a typical synthesis, the appropriate amounts of
Al(OH)3 (Aladdin Reagent Co., Ltd., Ontario, CA, USA), NaOH (Tianjin Guangfu Fine
Chemical Co., Ltd., Tianjin, China), silica sol (40 wt.% SiO2 (Alfa Aesar Co., Ltd., Lancashire,
UK)) and deionized water were mixed and stirred for 4 h. The molar composition of the
synthesized gel was xSiO2:Al2O3:yNa2O:zH2O (x = 5–12.5, y = 3–7, z = 57.9–87.9). The gel
was transferred to a Teflon-lined stainless-steel autoclave and heated to 423 K for 5 days.
After the autoclave was cooled to room temperature, the solid product was separated via
centrifugation, washed with distilled water, dried at 383 K for 12 h and calcined at 773 K
for 4 h to obtain Na-form MOR. To explore the synthesis conditions of micrometer MOR
particles, MOR particles with different sizes were subsequently obtained via adjusting
a single synthesis parameter (Si/Al content in gel, aging time, the amount of water or
alkalinity) based on the initial hydrothermal method. The samples were labeled as MOR-x,
where x represents the particle size measured via SEM. Next, the samples were exchanged
twice at 353 K with 0.1 mol/L (NH4)2SO4 aqueous solution for 6 h and washed with
deionized water. To obtain H-MOR, the samples were calcined at 773 K for 4 h.

3.2. Catalytic Characterization

X-ray diffraction (XRD) measurement was carried out via Rigaku D/MAX-2500 (Rigaku
Corporation, Tokyo, Japan) using Cu Kα characteristic diffraction radiation (λ = 1.54056 Å,
40 kV, 200 mA). The scanning range was 5–50◦, and the scanning speed was 8◦/min.

N2 adsorption–desorption isotherms of fresh and used catalysts were obtained at
77 K using a Micromeritics ASAP 2460 (Micromeritics, Atlanta, GA, USA). The total pore
volume and median pore width were determined based on the Horvath–Kawazoe (H-K)
equation. The total specific surface area and pore volume were calculated using the
Brunauer–Emmett–Teller method, and the micropore surface area was calculated via the
t-plot method.

The elemental compositions of Si and Al were measured via inductively coupled
plasma optical emission spectrometry (ICP-OES) (VISTA-MPX, Varian, Palo Alto, CA,
USA). Before the experiment, all samples were dissolved in HF solution and complexed
with excess H3BO3.
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The images of the samples were taken using a FEI Apreo S LoVac scanning electron
microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA).

Temperature-programmed desorption of ammonia (NH3-TPD) was carried out via a
Micromeritics Autochem II 2920 instrument (Micromeritics, Atlanta, GA, USA). Typically,
100 mg samples were pre-treated at 473 K for 1 h under Ar atmosphere to remove impurities.
Subsequently, the temperature was lowered to 423 K and 10% vol. NH3/He was introduced
for 1 h to saturate the sample. Next, the inlet gas was switched to He to remove physically
adsorbed NH3 at 373 K. The sample was heated to 1173 K at a rate of 10 K/min, during
which period the signal was recorded using a thermal conductivity detector (TCD).

Fourier Transform infrared spectroscopy of pyridine adsorption (Py-FTIR) was per-
formed via a Thermo Scientific Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA).
A self-supporting wafer of samples (~20 mg) was placed into an in situ cell equipped with
CaF2 windows. The samples were pre-treated at 673 K under vacuum for 1 h before testing.
The samples were exposed to pyridine for 30 min and degassed for 30 min at 423 K to
remove gaseous and physically adsorbed pyridine. IR spectra were collected via 32 scans
in the range of 4000–1100 cm−1 at 4 cm−1 resolution using a background collected at 423 K.

TG analysis was conducted via TGA Q50 (Waters, Agawam, MA, USA) to analyze the
coke deposits in the spent catalysts. Approximately 10 mg of spent catalyst was heated
from 323 K to 1073 K at a rate of 5 K/min under a steady airflow (40 mL/min).

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Fisher Sci-
entific ESCALAB Xi+ (Waltham, MA, USA). The obtained data were calibrated with C 1s
(284.6 eV) as an internal reference. Depth profiling was obtained at the time stage of 600 s
for argon ion etching.

3.3. Zero Length Column for Diffusion Measurement

The zero length column (ZLC) method was used to measure the intracrystalline
diffusion coefficients [40–42]. A small amount of sample (2–3 mg) was sandwiched between
two microgrids and loaded within a 1/8 in. union, which was then placed in a gas
chromatograph oven (GC, Agilent 7890B, Agilent Technologies, Santa Clara, CA, USA).
The samples were pre-treated in a flow of N2 at 473 K for 2 h before the experiment. The
samples were then saturated with DME at designed temperatures (313, 333, 353 K). After
reaching the adsorption equilibrium, N2 was introduced into the cell, at which point the
concentration of DME desorbed from the sample was detected using a flame ionization
detector (FID). To ensure the samples were saturated via DME before desorption, as well
as to exclude the effect of external diffusion, the adsorption of DME was conducted at
the following conditions: a DME pressure of 200 Pa, an adsorption time of 30 min and a
flowrate of N2 90 mL/min. The data of the desorption process were analyzed by applying
the full process method [43]. The detailed analysis process is given in the Supplementary
Materials document.

3.4. Catalyst Evaluation

The catalytic properties were evaluated via a fix-bed reactor with an inner diameter of
8 mm. Generally, 0.5 g catalyst (40–60 mesh) was loaded into the tubular reactor. Before
it was fed into the reaction gas, the catalyst was pre-treated for 9 h under N2 flow at
473 K. The DME carbonylation was performed at 473 K, as well as at 1.5 MPa of total
pressure of DME/CO (1/49, volume ratio). The input gas flow was 100 mL/min, giving
the gas an hourly space velocity (GHSV) of 6000 h−1. The effluent gases were analyzed
using an online GC (Shimadzu 2014C, Shimadzu Corporation, Kyoto, Japan), which was
equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID).
The conversion of DME (XDME) and the selectivity of product i (Si) were acquired via
Equations (1) and (2), respectively.

XDME(%) =
nDME,inlet(mol) − nDME,outlet(mol)

nDME,inlet(mol)
× 100% (1)
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Si(%) =
nDME,i(mol)

nDME,inlet(mol) − nDME,outlet(mol)
× 100% (2)

where nDME,i is the molar amount of DME converted to product i. The space–time
yield of MA (STYMA) and the turnover frequency of MA (TOFMA) were calculated via
Equations (3) and (4), respectively.

STYMA(g ·g−1
cat ·h

−1) =
flow rate of DME(mol/h) × XDME × SMA ×MMA(g/mol)

mcat(kg)
(3)

TOFMA(h
−1) =

flow rate of DME(mol/h) × XDME × SMA

mcat(g) × number of Brønsted acid sites of 8−MR(mol/g)
(4)

4. Conclusions

In this work, we successfully adjusted the crystal size of MOR zeolite by systematically
investigating the composition of the initial gel and the crystallization conditions. Among
the obtained pure MOR with high crystallinity, four samples with similar Si/Al contents,
aspect ratios, pore properties and gradient crystal sizes were selected to investigate the
influence of mass transfer on DME carbonylation. Based on quantitative analysis of acidic
properties, the normalized MA formation rates on the BASs in 8-MR were determined,
reflecting the influence of diffusion properties on catalytic performance. With increasing
particle size, the improved diffusion efficiency resultes in higher MA yield, lower selectivity
of byproducts and moderate deactivation. DME diffusion measurements and kinetic studies
based on ZLC methods provides quantitative analysis regarding the size effect on diffusion
behaviors. The expansion of the diffusion path entails an elevation in the activation energy
and a decline in the DME diffusion rate. The results demonstrate that the decreased
activity and stability in MOR-catalyzed DME carbonylation were caused by the enhanced
diffusion limitation. Therefore, the development of nano-sized or nano-assembled MOR is
a promising research direction that would boost the DME carbonylation rate.

Supplementary Materials: The following supporting information can be downloaded via this hy-
perlink: https://www.mdpi.com/article/10.3390/catal13071049/s1. Figure S1: XRD patterns of
samples with agitation times of 1, 4 and 8 h; Figure S2: XRD patterns of samples with different
H2O/SiO2 contents; Figure S3: N2 adsorption and desorption isotherms of the (a) fresh and (b) spent
MOR samples with different sizes; Figures S4–S6: ZLC curves and fitting curves of DME in different
samples at 313 K, 333 K and 353 K via the full range method; Figure S7: schematic representation of
the MOR hydrothermal synthesis.
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