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Abstract: A series of catalysts based on hybrid intergrowth structure zeolites MFI-MEL, MFI-MTW,
and MFI-MCM-41 are studied in the reaction of olefins synthesis from dimethyl ether at atmospheric
pressure and a temperature of 340 °C. The total acidity of hybrid zeolite-based catalysts is shown to
correlate with their activity. However, the use of zeolite with the structure MFI-MCM-41, which is
characterized by a high content of medium acid sites, additionally catalyzes the methanol dehydration
reaction, resulting in a decrease in the observed DME conversion. The obtained product distributions
are brought into correlation with the texture of catalysts. It is shown that the use of hybrid zeolites
does not change the mechanism of reaction, but the structural features of zeolites influence the
priority of the competing MTO reactions: high ethylene yield is observed for catalysts with high
micropore volume. The topology of the hybrid zeolite has been shown to influence the hydrogen
transfer reaction rate, but not to change the isomerizing activity of the catalyst.

Keywords: hybrid zeolites; intergrowth structure; MTO reaction; dimethyl ether; light olefins; MEL;
MTW; MCM-41; MFI

1. Introduction

The reaction of oxygenates (methanol and dimethyl ether) to light olefins occurs with
the involvement of microporous catalysts based on MFI zeolite or CHA silico-
aluminophosphate [1-4]. A large number of studies using solid-state NMR spectroscopy, a
pulse reactor, and the reaction with labeled *C atoms have been conducted to determine
the MTO (methanol-to-olefins) reaction mechanism [5-11]. Despite the different structural
characteristics of MFI and CHA microporous materials, the reaction is considered to follow
a dual-cycle mechanism, which was proposed by a group of Norwegian researchers in
2007 [12-14]. This mechanism was subsequently confirmed by both theoretical studies and
a number of experimental observations [15-24]. According to this mechanism, in the first
step, hydrocarbon pool species (aromatic cations, alkyl cyclopentyl cations) are formed
in the micropores of the catalyst. Then, hydrocarbon pool species contact with reagents
and semi-products in a series of parallel methylation and dealkylation reactions to form
light olefins. The resulting products participate in oligomerization, isomerization, and
H-transfer reactions to form higher olefins, aromatic compounds, and alkanes [15,23,25,26].
Hydrocarbon pool species act as an organic catalyst for the conversion of oxygenates into
hydrocarbons, while Lewis and Brensted acid sites of zeolite or silicoalmoaphosphate
stabilize hydrocarbon pool species in micropores. Moreover, due to the molecular-sieve
properties, the structure of zeolite or silicoalamophosphate determines product selectivity.

However, the catalysts used in the MTO reaction are characterized by a low diffusion
coefficient of the molecules inside the zeolite or silicoalamophosphate micropores [27,28].
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The low diffusion rate of the reagents to the active sites leads to a decrease in the activity of
the catalyst, while the low diffusion rate of the reaction products from the micropores leads
to active secondary reactions, a decrease in the selectivity of target products, and rapid
catalyst deactivation [29-34].

To improve mass transfer, micro-mesoporous catalysts are used. In the case of MFI-
type zeolite, they can be obtained by mixing it with mesoporous materials (Al,O3, clay,
galloisite) or by posttreatment with alkali or acid, removing silicon or aluminum atoms
from the framework of the crystal lattice and forming the hierarchical structure [35-39]. The
use of such catalysts reduces steric difficulties and increases the diffusion rate of reagents
and products, which, in turn, leads to increased activity.

An alternative method of forming MFI-type zeolites with micro- and mesopores is the
synthesis of hybrid zeolites—co-crystallites, which, in addition to the MFI structure, contain
the structure of the other microporous material. Mesopores are formed directly during
synthesis by the formation of additional cavities at the intersections of the channels and/or
interparticle voids of zeolites [40-43]. Such hybrid zeolites in the reaction of hydrocarbon
synthesis from oxygenates have not been sufficiently investigated [42—-44].

In this paper, we conducted a study of the influence of textural and acid properties
of micro- and mesoporous structure catalysts based on hybrid zeolites MFI-MEL/ Al,O3,
MFI-MTW /Al,O3, and MFI-MCM-41/ Al,O3 on the distribution of reaction products in the
synthesis of light olefins from DME. The results were compared with the standard catalyst
MFI/ Al,O3, which was studied in [45].

2. Results and Discussion
2.1. Characterization of the Catalysts

The characterization of hybrid zeolites is presented in Supplementary Materials (Table
S1. Phase ratio, Si/ Al ratio; Figure S1. 2 Al MAS NMR spectra; Figure S2. IR spectra of
pyridine adsorbed on hybrid zeolites; Table S2. The distribution of Lewis and Brensted
acid sites; Figure S3. SEM and TEM micrographs).

According to XRD patterns of the catalysts, all samples contain the MFI topology
structure, as evidenced by the presence of specific-to-MFI reflections at 26 = 7.9, §,23.2,
23.9, and 24.4° [46] (Figure 1A).
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Figure 1. XRD patterns of the catalysts. (A) WAXRD-patterns; (B) SAXRD-pattern of MFI-MCM-
41/A1,0;5.
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The presence of the MEL structure in the MFI-MEL/ Al,O3 sample is confirmed by the
presence of reflections at 20 = 7.92, 8.78, 23.14, 23.98, and 45.2° [47]. The MFI-MTW /Al,O3
catalyst XRD pattern contains reflections that are characteristic of the MTW type structure
at20=7.2,8.8,20.7, and 23.1° [48]. The presence of MCM-41 in the MFI-MCM-41/Al,03
catalyst is confirmed by the characteristic reflection of the amorphous SiO, of MCM-41
at 20 = 22.8° and the reflection at 26 = 2.2° on the small-angle X-ray diffraction pattern
(Figure 1B) [40].

Quantification of the hybrid zeolite phase ratio can be performed through an as-
sessment of the contribution of different structures to the final XRD pattern [49]. On the
catalysts MFI-MEL/ Al,O3 and MFI-MTW /Al,Os, the zeolite phase ratio is 55/45 and
60/40, respectively [50]. The MFI/MCM-41 ratio is 80/20. All hybrid zeolites have an inter-
growth structure and do not contain crystallites of individual phases, which is confirmed
by SEM and TEM micrographs (Supplementary Materials Figure S3).

Table 1 shows the texture properties of the samples. External surface areas, micro-
and mesopore surface areas, and the average diameters of micro- and mesopores for all
catalysts are presented in Supplementary Materials (Table S3).

Table 1. Textural properties of the MFI-MEL/Al,O3, MFI-MTW / Al,O3, MFI-MCM-41/ Al;,O3 samples.

Catal ) ) V(pore), cm3/g(Cat)

N atalyst Sger, m“/g(Cat Shicro, M-/g(Cat

© y peT, m/g(Cat) micro, M”/g(Cat) Total Micro Meso
1 MFI-MEL/ Al,O3 361 250 0.286 0.088 (30.8%) 0.198 (69.2%)
2 MFI-MTW /Al,O3 179 11 0.443 0.012 (2.7%) 0.431 (97.3%)
3 MFI-MCM-41/Al,03 250 42 0.340 0.040 (11.8%) 0.300 (88.2%)
4 MFI/Al,O3 293 181 0.198 0.057 (28.7%) 0.142 (71.3%)

Catalysts based on hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 have a
significantly larger mesopore volume (0.198-0.431 cm?/g) than the standard catalyst based
on MFI zeolite (0.142 cm3/ g).

The hybrid zeolite-based catalyst MFI-MEL/Al,Oj is characterized by the largest
specific surface area among the studied samples—361 m? /g, the average total pore volume—
0.286 cm3/g, and, at the same time, the largest micropore volume—0.88 cm? /g (30.8%).

The hybrid zeolite-based catalyst MFI-MTW / Al;Oj is characterized by the smallest
specific surface area—179 m? /g, and the largest total pore volume—0.443 cm?/g, while it
almost does not have micropores—their volume is 0.012 cm®/g (2.7%). The large total pore
volume of the MFI-MTW /Al,Oj3 catalyst is created by mesopores, which have a volume of
0.431 cm3/g.

The MFI-MCM-41/ Al,O3 catalyst is characterized by an average specific surface area
of 250 m? /g, which is slightly lower than for the standard MFI/Al,O3 sample, but higher
than for the catalyst based on the MFI-MTW / Al,O3 hybrid zeolite. This sample is in the
middle in relation to the total pore volume—0.340 cm®/g, and the micropore volume—
0.040 cm3/g (11.8%).

In terms of the reaction mechanism, MFI-MEL/ Al,O3 should be considered the most
promising sample, which has the largest volume of micropores necessary for stabilizing
hydrocarbon pool species.

The results of the analysis of the ammonia TPD spectra for the samples are shown in
Figure 2. It should be noted that the acidity determined by TPD NHj can be overestimated;
however, these values can be compared with each other with a high degree of confidence.
The TPD spectra are resolved to Gaussian peaks using the Peak Deconvolution tool of the
Origin 2018 software package [51,52].
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Figure 2. NH3-TPD profiles of ammonia: (A) MFI-MEL/Al,O3, (B) MFI-MTW /Al,O3, (C) MFI-
MCM-41/Al,03, (D) MFI/Al,O3 and their deconvolution into Gaussian peaks. The black solid line
is the experimental curve. The red dotted line is the cumulative curve of Gaussian peaks. Numbers
indicate the amount of acid sites corresponding to the peak, umol NHj3/g(cat).

For all samples, there are two peaks of ammonia desorption at the temperatures of
170-180 °C and 215-230 °C that correspond to the aluminum oxide and zeolite weak Lewis
acid sites such as AIO" or charged Al,Oy"* clusters, respectively [53].

All samples are characterized by the desorption peak at the temperature of 350-380 °C.
These peaks correspond to strong Brensted acid sites represented by bridging OH* groups.

For the MFI-MCM-41/Al,0O3 and the standard MFI/Al,O3, superacid sites are ob-
served at a desorption temperature of 570 °C. These peaks correspond to strong Lewis acid
sites—extraframework aluminum atoms [53-57].

For MFI-MCM-41/ Al O3, there is no pronounced local minimum between the peaks
of weak 170-180 °C and strong 350-380 °C acid sites in the TPD spectra, and a peak at the
desorption temperature of 290 °C can be observed at deconvolution. This peak corresponds
to the Brensted acid sites of medium strength—the OH-group located on tetrahedral
embedded aluminum atoms in the structure MCM-41 [58-62]. As the unmodified MCM-41
has no aluminum in the lattice, the observed medium-strength Brensted acid sites confirm
the formation of a hybrid structure MFI-MCM-41/Al,O3 [63].

The centers of the peaks corresponding to the weak and strong acid sites on different
samples are slightly shifted along the temperature axis (within 10-30 °C), which is most
likely due to the different diffusion restrictions on different zeolite structures [53].

The total acidity of samples decreases in the series MFI-MCM-41/Al, O3 > MFI/ AL, O3 >
MFI-MEL/ Al,O3 > MFI-MTW / Al,O3 and is 550, 495, 339, and 267 pmol NHj /g(cat), respectively.

Numerical values of acidity for samples are presented in Table 2.
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Table 2. Acidic properties of catalysts.
Acidity of Fresh Catalyst, pmol NH3/g(cat)
Weak Sites Medium Sites Strong Sites
No Sample .
Tota Tl =170-180 °C _ o _ o — o
T, = 215-230 °C T3 =290°C T4 =350-380 °C T5 =570°C
1 MFI-MEL/ Al,O5 339 200 (59.0%) - 139 (41.0%) -
2 MFI-MTW/AlL,O3 266 132 (49.6%) - 134 (50.4%) -
3 MFI-MCM-41/Al,03 550 223 (40.5%) 79 (14.4 %) 219 (39.8%) 29 (5.3%)
4 MFI/Al,O5 495 245 (49.5%) - 220 (44.4%) 30 (6.0%)
2.2. DME Conwersion to Olefin
The dependence of DME conversion on the specified contact time for the samples
studied is shown in Figure 3A. For all catalysts, the DME conversion increases with an
increase in specified contact time. The resulting pattern of dependences can be described
by an S-shaped curve, which reflects the autocatalytic nature of the MTO reaction [25,64].
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Figure 3. DME conversion (A) and methanol yield (B) as functions of specified contact time. p = 1 atm,
T=340°C.

The activity of the studied catalysts decreases in the series MFI/Al,O3 > MFI-MEL/
Al,O3 > MFI-MTW/AI,O3, which correlates with the total acidity of these samples:
495 > 339 > 266 umol NHj3/g(cat).

At the same time, the sample based on the zeolite MFI-MCM-41/Al,O3, which is
characterized by the highest total acidity of 550 umol NHj3/g(cat), stands out from this
sequence. The dependence of the DME conversion on the specified contact time for the
MFI-MCM-41/ AL, O3 catalyst lies below the analogous curve for the MFI/Al,O3 standard
sample. Furthermore, on the MFI-MCM-41/Al,O3 sample, there is a significant decrease in
the yield of methanol compared to the standard MFI/Al,O3 sample (Figure 3B). This is
due to the fact that medium-strength acid sites (in the amount of 79 umol NHj3/g(cat)) of
MCM-41 do not participate in the reaction of hydrocarbon synthesis from oxygenates, but



Catalysts 2023, 13, 570

60of 17

activate the dehydration of methanol with the formation of DME, as was shown in [65,66].
Therefore, for the sample based on the MFI-MCM-41 zeolite, not only are hydrocarbons
formed due to the structure of the MFI, but the additional formation of the DME from
methanol also occurs due to the presence of MCM-41.

On the MFI-MEL/ Al,O5 catalyst, at low specified contact times (up to 0.25 h-g(cat)/g(C)),
the DME conversion is lower than that of the standard MFI/Al,O3 sample. At specified
contact times of more than 0.5 h-g(cat)/g(C), the DME conversion increases sharply and, at
1.2 h-g(cat)/g(C), it is close to DME conversion on MFI/Al,Os.

The MFI-MEL/Al,O3 sample is characterized by the largest micropore volume
(0.088 cm®/g). Micropores of zeolite are associated with the formation and stabilization of
hydrocarbon pool species such as aromatic and polymethylcyclopentyl cations. The rate of
this stage is low; therefore, an induction period is observed on the DME conversion curve
at small specified contact times. However, when the hydrocarbon pool is already formed, it
can be seen that DME conversion on MFI-MEL/ Al,O3 increases sharply.

The interrelation between the micropores volume of the catalyst and its catalytic
properties can be seen in the dependence of the methanol yield on the DME conversion.
The maximum yield of methanol decreases in the series MFI-MTW /Al,O3 > MFI-MCM-
41/Al,03 > MFI-MEL/ Al,O3 (Figure 3B). The minimum yield of methanol (5.0% C) is
observed on MFI-MEL/Al,Os, while the maximum yield (8.5% C) is observed on MFI-
MTW /AL, Os. In terms of catalyst micropore volume, the samples are in the inverse
sequence MFI-MTW /Al,O3 < MFI-MCM-41/Al,03 < MFI-MEL/ Al,O3: 0.012 < 0.040 <
0.088 cm3/g(cat).

The greater the number of micropores, the greater the number of diffusion restrictions.
In the case of successive reactions, diffusion restrictions lead to a longer contact of interme-
diate products with the inner surface of the catalyst, which leads to more active secondary
reactions. Methanol is an intermediate product. The priority pathway for its formation is
the methylation of olefins and aromatics by DME [25,45]. Subsequently, methanol itself
reacts as a methylating agent and is consumed. Therefore, the dependence of the methanol
yield on the specified contact time passes through a maximum, then decreases. When
methanol is formed in the system, it competes with DME in the diffusion rate into zeolite
micropores and the participation in methylation reactions. The more micropores in the
catalyst, the greater the methanol participation in methylation reactions due to smaller
molecular size. That leads to the lower methanol yield observed in the gas phase.

The hypothesis about the determining role of micropores in the hydrocarbon pool
formation and in the rate of products diffusion is supported by the graphical dependences
of the products distribution (% mol) on DME conversion (Figure 4). In Figure 4, product
selectivities are located one above the other along the Y-axis, and their sum is 100%. The
product composition at a specified DME conversion is determined by the width of the bands
corresponding to a specific component. For example, for a standard MFI/Al,O3 catalyst at
a DME conversion of 43%, the selectivity for the formation of ethylene, propylene, butenes,
and methanol is 9.3, 17.9, 7.7, and 48.5% mol, respectively.

The hybrid zeolite-based MFI-MEL/Al,Oj3 catalyst is characterized by the highest
ethylene and propylene selectivity over the entire DME conversion range among the
studied samples. The selectivity for ethylene and propylene is 19.4 and 24.2% mol at 50%
DME conversion, and 26.8 and 22.2% mol at 95% DME conversion (Figure 4A), respectively.
The ratio of ethylene/propylene ranges from 0.7 to 1.2 (Figure 5).
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Figure 4. Dependence of the product selectivity (Cp-Cy4 olefins, C1-C4 alkanes, C5-Cg hydrocar-
bons, and methanol) on DME conversion on catalysts (A) MFI-MEL/Al, O3, (B) MFI-MTW /Al,O3,
(C) MFI-MCM-41/Al,03, (D) MFI/AlLO;5. p = 1 atm, T = 340 °C.

On the catalyst based on hybrid zeolite MFI-MTW / Al, O3, the selectivity for ethylene
and propylene is 8.3 and 19.4% at 50% DME conversion and 16.4 and 18.8% at 95% DME
conversion, respectively. In the range of low DME conversion values, the selectivity of
ethylene is close to zero (Figure 4B). The ethylene/propylene ratio ranges from 0.15 to
0.75 (Figure 5).
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Figure 5. Ethylene/Propylene mole ratio as a function of DME conversion. p =1 atm, T = 340 °C.

The MFI-MCM-41/ Al,Os5 catalyst is characterized by the product distribution, which
can be defined as “average” between the two samples MFI-MEL/Al,O3 and MFI/Al,Os.
Like MFI-MEL/ Al,Og, it has a high ethylene and propylene selectivity—12.5 and 20.5% at
50% DME conversion, and 23.0 and 16.4% at 95% DME conversion (Figure 4C), respectively.
At the same time, the selectivities of C5—Cg hydrocarbons and C;—C, alkanes on the MFI-
MCM-41/Al,O3 are the highest: up to 30% mol. and up to 12% mol, respectively. An
additional feature of this catalyst is a sharp increase in the ethylene/propylene ratio from
0.18 to 1.4 with an increase in DME conversion. The ratio increases due to an increase
in the ethylene selectivity from 1.7 to 12.3% mol, while the propylene selectivity remains
approximately constant at 15-20% mol over the entire range of DME conversions (Figure 5).

As mentioned above, the MFI-MEL/ Al,O3 catalyst has the highest micropore volume
and the highest ethylene/propylene ratio. On the other hand, the MFI-MTW /Al,O3
catalyst has almost no micropores and has the lowest ethylene/propylene ratio.

The increase in the yield of ethylene on MFI-MEL/Al,O3 can be related to the low
rate of diffusion of C5-Cg hydrocarbons from zeolite micropores. According to the dual-
cycle mechanism, aromatic polymethyl-substituted intermediates are formed from Cs-Cg
hydrocarbons. Methylation and dealkylation of this type of hydrocarbon pool species lead
to the formation of ethylene [12,23,67]. Thus, diffusion difficulties of C5-Cg hydrocarbons
in zeolite micropores determine the yield of ethylene.

In addition to hydrocarbon selectivity, isomerizing activity and activity in hydrogen
transfer reactions are important characteristics for zeolite catalysts.

The comparison of the hydrogen transfer index in C,—Cs hydrocarbons for the studied
samples is shown in Figure 6. The hydrogen transfer index HTI is calculated according to
the standard method as the ratio of the number of alkanes with n carbon atoms to the total
number of alkanes and alkenes with n carbon atoms [68,69].
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Figure 6. Hydrogen transfer index (HTI) for hydrocarbons with chain length (A) 2 (e), 3 (H),
(B) 4 (), and 5 (A) for MF-MEL/Al,O3, MFI-MTW /Al,O3, MFI-MCM-41/Al,03, MF1/Al,O3
catalysts, respectively. p = 1 atm, T = 340 °C.

The hydrogen transfer index increases in the series C; < C3 < C4 < Cs5 as shown in
Figure 6. The HT-index for C; hydrocarbons is low (less than 0.012), and it almost does not
depend on the DME conversion for all studied samples. The dependence of the HT-index for
C3 hydrocarbons on DME conversion can be approximated by an exponential function and
for C4—Cs5 hydrocarbons by a linear one. This means that for C3—Cs hydrocarbons, the rate
of the H-transfer reaction increases with an increase in DME conversion. Consequently, the
contribution of hydrogen transfer reactions to the distribution of products also increases—
the yield of alkanes rises.

In comparison to other samples, the MFI-MEL/Al;O3 is characterized by a high HT-
index for C3 hydrocarbons (0.075 at a DME conversion of 95%) and minimum HT-index for
C4 and Cs hydrocarbons (0.15 and 0.38 at a DME conversion of 95%).

The maximum HT-index for C3-C5 hydrocarbons is observed for MFI-MCM-41/Al,Os.
This catalyst has a large mesopore volume (0.300 cm3/g) and it is not a catalyst with a
low activity as MFI-MTW /Al;O3 is. As the hydrogen transfer reaction proceeds between
the lower and higher olefins, the coordination of the reactants requires space, which is
apparently provided by the mesopores of the hybrid structure.

To estimate the isomerizing activity of the catalysts, the dependences of the iso-/n-
alkenes mole ratio on DME conversion were plotted (Figure 7).

It can be seen that the ratio of iso-/n-isomers does not depend on the DME conversion,
and all the studied samples have the same isomerizing activity. Olefins with a longer
carbon chain are more actively involved in isomerization: the iso-/n-ratio for C4Hg olefins
is 0.08, and for CsHyg olefins, it is 0.38.
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Figure 7. Iso-/n-olefins mole ratio as a function of DME conversion for MF-MEL/Al,O3;, MFI-
MTW/Al,O3, MFI-MCM-41/ Al,O3, MFI/ Al; O3 catalysts. p = 1 atm, T = 340 °C.

3. Materials and Methods
3.1. Catalyst Synthesis

Hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 were synthesized according
to the method described in patents [50,70].

The industrial zeolite IK-17-1 (Novosibirsk Chemical Concentrates Plant (NCCP),
Novosibirsk, Russia) was used as the MFI zeolite, which is the Russian analog of the ZSM-5
zeolite (Zeolyst, Conshohocken, PA, USA).

3.1.1. MFI-MEL Synthesis

Amounts of 3.73 g of aluminum decahydrate sulfate and 10.1 g of N',N'%-bis(2-
hydroxyethyl)-N!,N!,N10 N'0-tetramethyldecane-1,10-diammonium bromide are dissolved
in 12.6 g of distilled water (Solution 1).

Then, with stirring, 1.5 g of sodium hydroxide was added to Solution 1—the solution
was stirred until the solid reagents were dissolved (Solution 2).

In a separate container, 25.2 g of a 40% (wt.) colloidal solution of silicon dioxide brand
LUDOX HS-40 and 10.1 g of water were mixed until homogeneous (Solution 3).

Solution 2 was added dropwise to Solution 3 and mixed until a homogeneous gel-like
mass was formed. For crystallization, the resulting gel was placed in a Teflon cup of the
autoclave, sealed, and thermostated at 160 °C for 3 days. The resulting product was filtered
off under reduced pressure (101.325 kPa) on a glass porous filter and washed with distilled
water until the pH of the filtrate reached 9.0. The sample was transferred to a Petri dish
and dried in an oven at 100 °C for 12 h; calcined in a muffle furnace, starting from room
temperature, then with a heating step of 1 °C/min up to 520 °C, then at this temperature
for 6 h. Ion exchange to obtain the NHy4 form of the zeolite was carried out witha 1.1 M
aqueous solution of ammonium chloride for 15 h. The mixture was filtered under reduced
pressure (98.5 kPa) on a porous glass filter, washed with distilled water until the pH of the
filtrate reached 8.0, and dried in an oven at 100 °C for 12 h; calcined in a muffle furnace,



Catalysts 2023, 13, 570

11 of 17

starting from room temperature, then with a heating step of 1 °C/min up to 460 °C, then at
this temperature for 4 h to obtain the H-form of the zeolite.

3.1.2. MFI-MTW Synthesis

Hybrid-structure zeolite MFI-MTW was prepared similarly to MFI-MEL with the dif-
ference that Solution 1 was prepared as follows: 3.73 g of aluminum decahydrate sulfate and
10.1 g of 8.95 g of N',N®-bis(2) bromide-hydroxyethyl)-N!,N!,N®, N®-tetramethylhexane-
1,6-diammonium were dissolved in 12.6 g of distilled water.

3.1.3. MFI-MCM-41 Synthesis

Amounts of 0.69 g of sodium hydroxide, 5.8 mL of a 1 M solution of tetrapropylammo-
nium hydroxide, and 35.5 mL of water were stirred until all components were completely
dissolved. An amount of 6.9 g of pyrogenic silicon dioxide was added to the resulting
solution for an hour in portions with continued stirring, and the mixture was stirred at
room temperature for another 1 h; then, the mixture was placed in a Teflon cup (Solution 1).

In a separate Teflon cup, 2.20 g of hexadecyltrimethylammonium bromide, 0.44 g of
sodium hydroxide, and 43.3 mL of water were mixed until complete dissolution of the
template. An amount of 0.51 g of sodium aluminate was added to the resulting solution
and mixed. An amount of 4.92 g of silicon dioxide was added to the resulting solution
in portions with stirring for one hour. The mixture was stirred for three hours at room
temperature until complete homogenization (Solution 2).

Both Solution 1 and Solution 2 were placed in an autoclave and thermostated at
100 °C for 16 h. An amount of 6 g of Solution 1 was added to Solution 2 in a Teflon
cup. The resulting mixture was stirred on a mechanical stirrer until homogeneous for one
hour. For crystallization, the resulting mixture was placed in the autoclave, sealed, and
thermostated at 180 °C for 3 days. The resulting product was filtered off under reduced
pressure (101.3 kPa) on a glass porous filter and washed with distilled water until the pH
of the filtrate reached 9.0. The sample was transferred to a Petri dish and dried in an oven
at 90 °C for 6 h; calcined in a muffle furnace, starting from room temperature, then with
a heating step of 1 °C/min up to 550 °C, then at this temperature for 6 h. Ion exchange
to obtain the NHy4 form of the zeolite was carried out with a 1.1 M aqueous solution of
ammonium chloride at 85 °C for 2 h. The mixture was filtered under reduced pressure
(98.5 kPa) on a porous glass filter, washed with distilled water until the pH of the filtrate
reached 8.0, and dried in an oven at 90 °C for 6 h; calcined in a muffle furnace, starting
from room temperature, then with a heating step of 1 °C/min up to 550 °C, then at this
temperature for 5 h to obtain the H-form of the zeolite.

3.1.4. Catalyst Preparation

An amount of 42.7 g of AIO(OH) was placed in a mixer and 20 mL of a peptizing
solution (5 mL of 1.0 M aqueous HNOj3 + 15 mL of H,O) was added. The mixture was
stirred for 5 min. An amount of 76.5 g of dry zeolite was added. The mass was stirred for
20 min at 60 °C. After that, the catalytic mass was passed through an extruder with a die
diameter of 2.5 mm. The extrudates were dried in an oven at 80 °C, 90 °C, 100 °C, 110 °C,
and 120 °C for 3 h at each temperature, then calcined in a muffle furnace at 550 °C for 7 h.
During calcination, AIO(OH) was converted to Al,O3. The final content of AlO3 in the
material obtained was 30% wt.

3.1.5. Hydrothermal Treatment

The MFI/Al,O3 standard sample was hydrothermally treated before catalytic experi-
ments at 500 °C for 6 h at WHSV of steam 12 h~!. The detailed description of the catalyst
preparation method can be found in the patents [45,71,72].



Catalysts 2023, 13, 570

12 of 17

3.2. Catalyst Characterization

X-ray powder diffraction (XRD) patterns of samples were recorded on a Rigaku
Rotaflex RU-200 diffractometer with Cu K« radiation (1.5418 A, 50 kV, and 160 mA). The
zeolites phase ratio was determined by the Reference Intensity Ratio (RIR) method using
the MDI Jade 6 program [73].

The textural characteristics of the catalyst samples were studied by N, adsorption/
desorption isotherms at —196 °C on a Belsorp mini X instrument (MICROTRAC MRB,
Osaka, Japan). Prior to measurement, catalyst samples were degassed under a high vacuum
at 350 °C and 1.36 10~® atm for 3-6 h. The total specific surface area of the catalyst
was determined by the BET method (Brunauer—-Emmett-Teller). The total pore volume
was determined according to the amount of adsorbed nitrogen at a relative pressure of
p/po = 0.95. The mesopore volume was determined as the difference between total pore
volume and the micropore volume (t-plot). The micropore surface area was calculated as
the difference of the total surface area (BET) and sum of the external surface area (t-plot)
and the mesopore area (BJH method (Barrett-Joyner—-Halenda), desorption curve). The
average mesopore diameter was determined by the BJH method and the average micropore
diameter was determined by the MP-plot.

The amount, strength, and distribution of acid sites were determined by NH3-TPD
on a chemical adsorption analyzer USGA (Moscow, Russia) with a thermal conductivity
detector. All samples (0.15 g) before measurements were pretreated by heating in a helium
flow at 500 °C (heating rate of 20 °C/min), calcination at 500 °C for 1 h, and cooling to 60 °C.
Then, the samples were saturated with NHj for 15 min, flushed with helium at 100 °C for
1 h to remove physically adsorbed NH3, and cooled to 60 °C. The final desorption of NH3
was performed at 60-750 °C at a heating rate of 8§ °C/min in a helium flow. The released
ammonia was recorded using a thermal conductivity detector.

X-ray fluorescence elemental (XRF) analysis was conducted with the Thermo ARL
Perform’x Sequential XFR instrument (Thermo Fisher Scientific, Waltham, MA, USA) using
a 2500 W X-ray tube. Before the analysis, the samples weighing 200 mg were pressed into a
tablet with boric acid.

Scanning electron microscopy (SEM). The micrographs of the samples were taken on a
Hitachi (Chiyoda City, Tokyo, Japan) TM3030 desktop scanning electron microscope.

The structure and surface morphology of the synthesized samples were studied using
transmission electron microscopy (TEM) on an LEO AB OMEGA instrument with the
magnification from 80 to 500,000 and the image resolution of 0.2-0.34 nm.

Nuclear magnetic resonance spectra were recorded at a rotation magnetic angle on a
Bruker AVANCE-II 400 WB spectrometer with a magnetic field of 9.4 T, which corresponds
to operating frequencies of v(*H) = 400.13 MHz and v(*’ Al) = 104.2 MHz, using a MAS
(magic-angle spinning), with the diameter of the MAS-rotor of 4 mm and the rotation
frequency of 12,000 Hz. Before registration, air-dry samples were kept in a desiccator with
a 25% aqueous ammonia solution for 24 h at room temperature. Spectra on 2’ Al nuclei
were recorded using a single-pulse technique (15° pulse) with the following parameters:
the exciting 15° pulse width was 0.8 us, the number of scans was 1024, and the interval
between scans was 0.5 s. An 1 M Al(NO3)3-HpO aqueous solution was utilized as an
external reference (0 ppm).

The concentration of acid sites in the samples was determined by the IR spectroscopy
of adsorbed pyridine. IR spectra were recorded on a Nicolet Protégé 460 instrument with
an optical resolution of 4 cm~! and a range of 4000-400 cm ~!. Samples in the form of disks
(diameter 1.6 cm, density ~10 mg cm~2) were activated in an IR cell at 400 °C (heating rate
of 7.5 deg min~!) for 2 h at a pressure of 107> Torr. The adsorption of probe molecules
was carried out at 150 °C and a pressure of 2 Torr of pyridine for 30 min. At the end of
the adsorption cycle, pyridine was desorbed at 150 °C for 15 min. The concentrations of
Bronsted acid sites (BAS) and Lewis acid sites (LAS) were determined from the intensity
of the adsorbed pyridine bands (1545 and 1450 cm !, respectively); the molar extinction
coefficients were e(BAS) = 1.67 cm-pmol ! and €(LAS) = 2.22 cm-pmol 1.
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3.3. Catalytic Tests

Catalytic experiments were performed in a fixed-bed continuous flow quartz reactor
with an inner diameter of 10 mm at 1 atm and 340 °C. Here, the catalyst, weighing 0.5 g
(dp = 0.4-0.63 mm), was mixed with quartz (dp = 0.5-1.0 mm) with the volume ratio of
1:1. Prior to the experiment, the catalyst was preheated and purged with nitrogen flow at
400 °C for 1 h to remove physically adsorbed water. The dimethyl ether /nitrogen mixture
with a concentration of DME of 10-13% vol was used as a feedstock. The GHSV was varied
in the range of 2500-25,000 h—1.

The specified contact time per carbon for DME (t) varied from 0.2-3.0 g(cat)/g(C)-h, cor-
responding to DME conversion in the range of 5-95%. The results averaged over three parallel
measurements with a relative error of 5-7% were used for the calculation of catalytic activity.

The reaction products were analyzed using an on-line gas chromatograph (Crystallux-
4000 M) equipped with a flame ionization detector (FID) and a thermal conductivity detec-
tor (TCD). The capillary column with the CP-Poraplot Q phase (27.5m x 0.32 mm x 10 pum)
was used to determine the composition of hydrocarbons C;-Cg, methanol, and DME. The
packed column with a Porapak Q phase (3.0 m X 4 mm X 3 pm) was used to determine
N,. The analysis was performed at the programmed temperature increase from 90 to
250 °C with a heating rate of 30 °C/min, and the carrier gas was helium. Chromatograms
were processed using the NetChromWin software (Version 2.0, JSC Scientific Production
Company Meta-Chrome, Yoshkar-Ola, Russia, 2017) and hardware systems.

The reaction products observed were methanol, alkenes C,—Cy, alkanes C;—Cy4, and
hydrocarbons C5—Cg (alkanes, cyclo-, and aromatic compounds).

The DME conversion (1) and the selectivity of products (2) were used as the main
indicators for characterizing the processes. The specified contact time was calculated by
Equation (3)

1y (DME) — 15, (DME)

XDME = ., (DME) , %o 1)
nci
Si = ’ % mol. 2
Y NG @)
Meat 8cat X h

T= , 3
min, c(DME) " gc ©
where n;,(DME) and n,,:(DME) are moles of DME at the reactor inlet and outlet, respec-
tively, nc; is mole of the i-th carbon-containing compound in products at the reactor outlet,
mole; ) ; ncj is the sum of moles of all products at the reactor outlet, mole; 11, is mass of
the catalyst, g; minc(DME) is mass flow of carbon in the DME at the reactor inlet, g~ /h.

4. Conclusions

The catalysts based on hybrid zeolites MFI-MEL, MFI-MTW, and MFI-MCM-41 have
been studied in the reaction of lower olefins synthesis from dimethyl ether. The texture-
acid properties of the samples have been studied, and their influence on the activity and
distribution of the reaction products has been established.

It has been shown that the activity of the zeolite catalyst is determined by the total acid-
ity of weak (ammonia desorption temperature T = 170-230 °C) and strong (T = 350-380 °C)
active sites, while the participation of medium-strength acid sites (T =290 °C) in the reaction
of hydrocarbon formation from oxygenates is unlikely.

It has been shown that the volume of micropores in the catalyst is responsible for the
ethylene selectivity and the ethylene/propylene ratio in the reaction products. An increase
in the volume of micropores contributes to an increase in the ethylene selectivity due to the
stabilization of aromatic hydrocarbon pool species.

It has been shown that the topology of the hybrid zeolite affects the rate of hydrogen
transfer reactions but does not affect the isomerizing activity of the catalyst.
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