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ABSTRACT: This paper proposes a ZSM-5@γ-Al2O3 composite
with a core−shell structure for the high-efficiency cocatalytic
conversion of a methanol−ethanol system to light olefins. Using
ZSM-5 and γ-Al2O3 as sole catalysts for comparison, the effects of
physical blending, impregnation, and liquid-phase precipitation
coating strategies on the catalytic performance and physicochem-
ical properties of the composite catalysts were systematically
investigated. The results indicated that the ZSM-5@γ-Al2O3
composite catalyst prepared by a liquid-phase precipitation coating
exhibited excellent catalytic performance. When the ethanol
content was 25 wt % and the reaction occurred at 350 °C, the conversion rates of methanol and ethanol were 96.1 and 99.9%,
respectively; the selectivity and yield of light olefins reached 92.3 and 89.9%, respectively. The introduction of ethanol into methanol
enhanced the selectivity of light olefins as target products. The interfacial composite phase formed by in situ nucleation growth of
pseudoboehmite produced distinct Brønsted−Lewis acid synergistic active centers. It also increased the mesopore/micropore ratio
in the composite catalyst.

1. INTRODUCTION

In the chemical industry, light olefins (ethylene and propylene)
are used to produce a variety of chemicals and polymers,1−5

such as polyethylene, poly(vinyl chloride), polystyrene,6,7

polypropylene, acrylic acid, and propylene oxide.8,9 Currently,
the production methods of light olefins mainly include naphtha
cracking,10 propane dehydrogenation,11 and the catalytic
cracking of methanol12−15 or ethanol.16,17 Recently, light
olefin production strategies employing methanol or ethanol as
feedstocks have attracted attention18,19 because they can enrich
the raw materials required for olefin production and also
reduce the consumption of petroleum resources.20,21 Industrial
crude methanol obtained from the conversion of coal via
synthesis gas usually contains ethanol,22 making it important to
study the direct cocatalysis of ethanol and methanol to olefins.
Previous studies have shown that adding ethanol to the
methanol-to-light olefin (MTO) process stimulates the
formation of hydrocarbons and shortens the induction period
of the reaction,23−26 which helps increase the olefin yield and
prolongs the catalyst life.27 Although the catalytic cracking of
methanol and ethanol to olefins have similar dehydration
processes, these two compounds have different catalytic
activities.
Up to now, a variety of zeolites have been used in methanol

conversion reactions.28−31 When ZSM-5 zeolite is employed as
the catalyst, the reaction temperature required for MTO
conversion is usually above 400 °C because lower reaction
temperatures result in a lower methanol conversion rate and

olefin selectivity.14,32,33 Bakare et al.34 employed a Mg-ZSM-5-
modified catalyst and reached a methanol conversion rate of
100% and a light olefin of 74% at 450 °C. Rostamizadeh et al.35

used Ni-ZSM-5-modified zeolite as a catalyst and found that
the conversion of methanol at 450 °C was 99.9%, and the
selectivity of light olefins was 84%. Conversely, ethanol to light
olefins (ETO) is more likely to proceed at a lower reaction
temperature (about 300 °C) since long-chain hydrocarbon
byproducts tend to appear at higher reaction temper-
atures.36−38 Zhang et al.39 used H-ZSM-5 as a catalyst, and
the yield of ethylene at 300 °C was around 93.1%. Gayubo et
al.40 employed an AT300-H-ZSM-5-modified catalyst and
found that the yield of ethylene reached more than 95% at 280
°C.
Accordingly, when focusing on the production of light

olefins using methanol and ethanol as raw materials, it is
necessary to first enable the conversion of methanol and
ethanol at similar temperatures. From the perspectives of
industrial catalysis and practical applications, performing a
reaction near the temperature required for the catalytic
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cracking of ethanol has industrial practicality, but the
insufficient activation of the ZSM-5 zeolite toward methanol
at low reaction temperatures must be overcome.
Due to its unique MFI topological structure, various and

adjustable acid properties, and longer reaction life, ZSM-5
zeolite has been used as an industrial catalyst for this type of
reaction. Moreover, its low surface charge density also gives it
good hydrothermal stability; however, its microporous
structure tends to form coke deposits that can cover the
active centers and block pores, thereby limiting the catalytic
efficiency.41−44 To effectively adjust the reaction activity and
find a pore structure that is suitable for cocatalyzing the
conversion of methanol and ethanol, this paper uses
mesoporous γ-Al2O3 (with Lewis acid properties)-modified
ZSM-5 zeolite to fabricate a composite with a core−shell
structure. The expected core−shell structure and properties
include more B−L (Brønsted−Lewis) synergistic active centers
that promote the dissociation and adsorption of methanol at a
lower reaction temperature,45,46 meso- and micropores that
facilitate the diffusion of reactant molecules and slow the
generation of coke deposits,47 and good hydrothermal stability
that ensures long-term activity. Therefore, this paper
investigates the effects of liquid-phase precipitation coating,
impregnation, physical blending, and other compositing
methods on the structural properties, catalytic performance,
and prevention of coke deposit generation of γ-Al2O3/ZSM-5
composite catalysts. The results are used to establish
structure−performance relationships of the composite catalysts
for methanol−ethanol catalytic conversion.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. 2.1.1. Preparation of γ-Al2O3.

γ-Al2O3 was prepared by a wet chemical precipitation method.
At room temperature, according to a molar ratio between
Al(NO3)3·9H2O and cetyltrimethylammonium bromide
(CTAB) of 2:1, Al(NO3)3·9H2O and CTAB were added
into deionized water and completely dissolved under stirring to
obtain a 0.05 mol·L−1 mixed solution. An ammonia solution
with a concentration of 1 mol·L−1 was pumped at 5 mL·min−1

to adjust the pH to 9. The solution was aged in a water bath at
80 °C, and the product was cooled, filtered, and then washed
with deionized water and absolute ethanol three times. The
washed product was dried at 105 °C for 12 h and calcined at
600 °C for 3 h to obtain mesoporous γ-Al2O3.
2.1.2. Preparation of ZSM-5. ZSM-5 zeolite was prepared

by hydrothermal synthesis. The molar ratio of raw materials
was TEOS/NaAlO2/TPAOH/H2O = 30:1:19:8077. Under
stirring at room temperature, sodium meta aluminate
(NaAlO2) was dissolved in deionized water, and then
tetraethylammonium hydroxide (TPAOH) was added after
the solution was uniformly stirred. A tetraethyl orthosilicate
(TEOS) solution was added dropwise to the solution. After the
mixed solution was uniformly stirred and became clear, it was
placed in a homogeneous reactor at 180 °C for 48 h to
complete the hydrothermal reaction. The product was cooled,
filtered, and then washed with deionized water and absolute
ethanol 3 times. The washed product was dried at 105 °C for
12 h and calcined at 550 °C for 3 h to prepare ZSM-5 (SiO2/
Al2O3 = 60) zeolite.
2.1.3. Preparation of the ZSM-5@γ-Al2O3 Composite

Catalyst. The composite catalysts with different γ-Al2O3
contents were prepared by the liquid-phase precipitation
coating method.45,46 Typically, according to the aforemen-

tioned preparation process of γ-Al2O3, 3.0 g of the 200-mesh
ZSM-5 powder was added to 200 mL of a 0.1 mol·L−1 mixed
solution of Al(NO3)3·9H2O and CTAB. The mixture was
stirred uniformly, and a 1 mol·L−1 ammonia solution was
pumped in at a flow rate of 5 mL·min−1 until the solution pH
was 9. The solution was aged in a water bath at 80 °C for 3 h.
The product was cooled, filtered, and then washed with
deionized water and absolute ethanol three times. The washed
product was dried at 105 °C for 12 h and calcined at 600 °C
for 3 h to obtain a 40% ZSM-5@γ-Al2O3-LC composite
catalyst.
The composite catalyst was prepared by an impregnation

method. According to a γ-Al2O3 content of 40%, 3 g of the
200-mesh ZSM-5 powder was added to a 1.0 mol·L−1

Al(NO3)3·9H2O solution for immersion. A uniform mixture
was obtained, and it was allowed to stand for 24 h. The
product was dried at 105 °C for 12 h, calcined at 600 °C for 3
h, and the γ-Al2O3/ZSM-5-IM composite catalyst was
obtained.
The composite catalyst was prepared by a physical blending

method. According to a γ-Al2O3 content of 40%, 3.0 g of the
200-mesh ZSM-5 powder and 2.0 g of 200-mesh γ-Al2O3 were
mixed uniformly, and the γ-Al2O3/ZSM-5-PB composite
catalyst was obtained.

2.2. Catalyst Characterization. The crystalline structure
of the catalysts was analyzed and characterized using an X-ray
polycrystalline diffractometer (D8-type, Bruker, Germany).
The instrument test conditions were as follows: Cu Kα
radiation, a scanning rate of 5°·min−1, and a 2θ scanning range
of 5−90°. Qualitative and quantitative analyses of the catalyst’s
elements were performed using a multifunctional X-ray
fluorescence spectrometer (Zetium type, PANalytical, the
Netherlands). The detection conditions of the instrument
were a rhodium target and a power of 3 kW. The specific
surface area and pore structure of the catalyst were detected
using a surface area and pore analyzer (ASAP2020M, American
Micromeritics Company) after the catalyst was degassed for 6
h at 200 °C; the nitrogen adsorption/desorption temperature
was −196 °C. The Brunauer−Emmett−Teller (BET) equa-
tion, density functional theory (DFT) theory, and t-plot
method were used to calculate the specific surface area, pore
diameter distribution, and pore volume, and the total pores
were calculated with P/P0 = 0.95. The micromorphology of the
catalysts was analyzed with a scanning electron microscope
(SEM, S-3400N, Hitachi, Japan). The detection conditions of
the instrument were an acceleration voltage of 30 kV and a
resolution of 3.0 nm. The catalyst microstructure was analyzed
with a field emission transmission electron microscope (FEI
Titan type 80, Thermo Fisher) under a test voltage of 200 kV.
The acid properties of the catalyst surface were characterized
by an automatic chemical adsorption analyzer (AutoChem II
2920, Micromeritics Co.). The test procedure was as follows:
the temperature was increased from room temperature to 300
°C at a heating rate of 10 °C·min−1 and then was decreased to
room temperature after holding for 1 h. After 30 min
adsorption and 30 min purging, the sample was heated to
700 °C at a rate of 10 °C·min−1 for desorption.
Pyridine was used as a probe molecule to detect the type of

acids on the catalyst surface with a Fourier transform infrared
spectrometer (FTIR, TENSOR27, Bruker, Germany) and high
vacuum in situ equipment. The detection procedure was as
follows: the sample was placed in a vacuum chamber, heated to
300 °C, and degassed for 2 h. After the vacuum chamber was
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cooled to room temperature, pyridine was adsorbed on the
surface until saturation was reached. The spectra were
collected at 200 and 350 °C. The elemental properties of the
catalyst surface were analyzed using a K-Alpha X-ray
photoelectron spectrometer (Thermo Fisher Scientific). The
test conditions were as follows: Kα X-ray of Al (hν = 1486.6
eV) and a power of 150 W. Carbon deposits on the catalyst
were analyzed with a thermogravimetric analyzer (TG209,
Netzsch, Germany). The test procedure was as follows:
approximately 10 mg of the sample was placed in a crucible
and heated to 700 °C at a heating rate of 10 °C·min−1 and an
airflow rate of 20 mL·min−1.
2.3. Evaluation of Catalytic Performance. The catalytic

performance was evaluated out on a fixed bed at atmospheric
pressure. Two grams of the catalyst was filled into the
constant-temperature zone of a fixed-bed stainless steel
reaction tube (the upper and lower parts of the tube were
filled with quartz wool). After confirming no leaks, methanol
and/or ethanol were pumped into the reactor in different ratios
under different temperatures. The reaction was carried out
with a vaporization temperature of 150 °C, a N2 flow rate of
100 mL·min−1, and a feed space velocity WHSV = 2 h−1. The
reactants and products were detected and analyzed with an
online Agilent 7820A gas chromatograph equipped with an
FID detector. Using an external standard method, the
conversion rates of methanol and ethanol, selectivity, and
yield of light olefins were calculated using eqs 1−4. All data
were collected after 6 h of reaction.
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3. RESULTS AND DISCUSSION
3.1. Catalytic Properties. To investigate the effect of

different catalysts on the catalytic performance in the MTO at
lower reaction temperatures, pure methanol was used as the
raw material, and the catalytic performances at 350 °C of γ-
Al2O3, ZSM-5, ZSM-5@γ-Al2O3-LC, γ-Al2O3/ZSM-5-IM, and
γ-Al2O3/ZSM-5-PB were systematically investigated. The
catalytic performances of different catalytic systems are
shown in Figure 1a. Obviously, the reaction products include
CH4, C2H4, C2H6, C3H6, C3H8, and the others. It should be
noted that the others include C4+ and coke. The carbon atom
is conserved during the reaction. At 350 °C, the composite
catalyst and the sole catalyst (γ-Al2O3 or ZSM-5) have similar
methanol conversion rates, all exceeding 90%; however, the
olefin selectivity (ethylene and propylene) of sole γ-Al2O3 or
ZSM-5 catalysts was lower. The olefin yield of the sole γ-Al2O3
catalyst was less than 20%, showing the worst catalytic MTO
conversion. Compared with the sole catalyst, the catalytic
performance of the composite catalyst was significantly
enhanced at 350 °C, but different compositing methods

significantly impacted the catalytic performance. The ethylene
selectivity of γ-Al2O3/ZSM-5-PB prepared by physical
blending was 46.8%, the propylene selectivity was 22.1%, and
the yield of light olefins was 65.7%. For γ-Al2O3/ZSM-5-IM
prepared by impregnation, the ethylene selectivity was 53.3%,
the propylene selectivity was 26.0%, and the light olefin yield
was 73.4%. ZSM-5@γ-Al2O3-LC prepared by the liquid-phase
precipitation coating method showed the best catalytic
performance: the ethylene selectivity was 52.3%, the propylene
selectivity was 34.4%, and the light olefin yield was 81.9%,
which is about 35.9% higher than that of sole ZSM-5.
The mesoporous γ-Al2O3 with a Lewis acid center exhibited

the lowest catalytic activity toward methanol conversion at 350
°C; however, the catalytic performance of ZSM-5 was
significantly higher after compositing with γ-Al2O3, possibly
because the B (Brønsted) acid and L (Lewis) acid active
centers formed on the composite catalyst enhanced the
adsorption and dissociation ability of methanol molecules. In
addition, compared with the physical blending and impregna-
tion composite methods, the liquid-phase precipitate-coated

Figure 1. (a) Catalytic performance of various catalysts and (b)
catalytic performance of the γ-Al2O3@ZSM-5-LC composite with
different γ-Al2O3 contents. Reaction conditions: WHSV of methanol
= 2.0 h−1, 350 °C, and catalyst = 2.0 g. C2

0 = ethane, C2
= ethylene,

C3
0 = propane, C3

= propylene, and the others include C4+

byproducts and coke.
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samples exhibited the best catalytic performance, possibly
because the special interfacial effect of the compositing method
forms a novel B−L acid synergistic catalytic mechanism and
mesoporous and microporous transport paths. Mesoporous γ-
Al2O3, with a Lewis acid center, is a hydrophilic material with
poor hydrothermal stability at high temperatures. The harsh
hydrothermal environment of the MTO reaction easily causes
the γ-Al2O3 framework to collapse and deactivate. Therefore,
when ZSM-5 forms a composite catalyst with γ-Al2O3, it is
necessary to fully consider the effect of the MTO hydrothermal
environment on the structural stability of the composite
catalyst.
The γ-Al2O3 content also significantly affected the catalytic

performance of the composite catalyst. When the γ-Al2O3
content was 40%, ZSM-5@γ-Al2O3-LC showed the best
catalytic performance (Figure 1b) and also had better
hydrothermal stability and better resistance to carbon
deposition and deactivation. After the reaction for 50 h, the
crystal form and crystallinity of the composite catalyst did not
change (Figure 2). In addition, the spent ZSM-5 zeolite had

the most carbon deposit due to its micropore structure, but the
spent composite catalysts displayed a small amount of coke
deposit (Figure 3), suggesting that the formation of mesopores
in the composite catalyst helped alleviate the formation of coke
deposits.
The MTO catalytic performance of the ZSM-5@γ-Al2O3-LC

composite catalyst within a reaction temperature range of
300−450 °C was investigated, and the results are shown in
Figure 4a. As the reaction temperature increased, the methanol

conversion rate increased slowly, but the olefin yield exhibits a
volcano shape as the reaction temperature increased and
reached a maximum at 350 °C. A higher reaction temperature
enhanced the activation and dissociation of methanol
molecules induced by the composite catalyst, causing the
methanol conversion to increase with the reaction temper-
ature; however, a reaction temperature that is excessively high
or low will decrease the ethylene and propylene selectivities to
varying degrees. The reduction may occur because low
reaction temperatures tend to produce ethers, while high
reaction temperatures are more likely to form long-chain
hydrocarbon products. The liquid-phase precipitation coating
method was used to modify the microporous ZSM-5 zeolite
with B acid properties using mesoporous γ-Al2O3 with the
characteristics of L acid. This strategy enhanced the activation,
dissociation, and conversion capability of the composite
catalyst toward methanol molecules at 350 °C. This finding
demonstrates the feasibility of methanol−ethanol cocatalytic
conversion to olefins at lower reaction temperatures.

Figure 2. X-ray diffraction (XRD) patterns of the fresh and spent
ZSM-5@γ-Al2O3-LC and ZSM-5.

Figure 3. TG curves of various spent catalysts.

Figure 4. (a) Dependence of catalytic performance over the ZSM-5@
γ-Al2O3-LC composite on various reaction temperatures and (b)
dependence of catalytic performance over the ZSM-5@γ-Al2O3-LC
composite on various ethanol contents. Reaction conditions: WHSV
of alcohol = 2.0 h−1, 350 °C, and catalyst = 2.0 g. C2

0 = ethane, C2
=

ethylene, C3
0 = propane, C3

= propylene, and the others include C4+

byproducts and coke.
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The catalytic performance of ZSM-5@γ-Al2O3-LC during
methanol−ethanol conversion with different ethanol content is
shown in Figure 4b. At 350 °C, ZSM-5@γ-Al2O3-LC displayed
better catalytic performance for the ETO process, with a 100%
ethanol conversion rate and 96.7% light olefin selectivity.
Interestingly, during MTO, the conversion rate of ethanol was
always near 100%, and as the content of ethanol increased, the
light olefin selectivity increased from 81.9 to 96.7%. However,
the conversion rate of methanol first increased and then
slightly decreased but was always higher than 90%. When the
ethanol content was 25%, the conversion rates of methanol and
ethanol were 96.1 and 99.9%, respectively; the selectivity and
yield of light olefins reached 92.3 and 89.9%, respectively.
During the methanol−ethanol cocatalytic conversion to

olefins, the dehydration of methanol to olefins is exothermic,
while the dehydration of ethanol to olefins is endothermic. The
simultaneous progress of the two reactions maintained the
endothermic/exothermic equilibrium of the system. Thermo-
dynamically, ethanol dehydrates easier than methanol, and
when methanol and ethanol coreact, the two alcohol molecules
compete for acidic sites. Furthermore, ethanol tends to be
more predominant than methanol because it can preferentially

occupy acid sites on the catalyst surface. As the content of
ethanol in the MTO process increases, the product distribution
is more similar to that obtained using the ETO process.
Although the methanol conversion rate slightly decreased due
to competitive adsorption, the olefin yield increased in the
methanol−ethanol cocatalytic process. It can be seen that
ZSM-5@γ-Al2O3-LC with 40% γ-Al2O3 prepared by the liquid-
phase precipitation coating method was favorable for the
catalytic cracking of methanol, and also helped inhibit the
formation of byproducts during ETO conversion. Therefore,
the composite catalyst efficiently converted methanol and
ethanol to light olefins at 350 °C.

3.2. Structure and Properties of Catalysts. To reveal
the structure−performance relationship of the catalyst, γ-Al2O3
and ZSM-5 catalysts were used to comparatively study the
physicochemical properties of different composite catalysts.
The XRD patterns of the different catalysts are shown in
Figure 5. The XRD patterns of γ-Al2O3 or ZSM-5 catalysts are
in complete agreement with those shown in standard cards
(PDF No. 10-0425 and PDF No. 44-0003, respectively),
indicating their high purity. The intensity of the diffraction
peaks of ZSM-5 and γ-Al2O3 in the γ-Al2O3/ZSM-5-IM sample

Figure 5. (a) XRD patterns of various catalysts and (b) enlarged view of ZSM-5@γ-Al2O3-LC, γ-Al2O3/ZSM-5-PB, and γ-Al2O3/ZSM-5-IM (2θ =
7−16°).

Figure 6. SEM images of various samples: (a) γ-Al2O3, (b) ZSM-5, (c) γ-Al2O3/ZSM-5-PB, and (d) ZSM-5@γ-Al2O3-LC.
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prepared by the impregnation method were both weakened.
The diffraction peaks of γ-Al2O3 were more pronounced, and
some of the diffraction peaks of ZSM-5 shifted to slightly larger
angles (Figure 5b). The results indicate that the γ-Al2O3
component loaded onto the pores of ZSM-5 zeolite was
dispersed, exhibiting a certain interfacial interaction. Both the
physically blended sample and the liquid-phase coated sample
exhibited characteristic diffraction peaks of ZSM-5 (PDF No.
44-0003) and γ-Al2O3 (PDF No. 10-0425), indicating that
both crystal phases existed in γ-Al2O3/ZSM-5-PB and ZSM-
5@γ-Al2O3-LC composite samples. However, compared with
γ-Al2O3/ZSM-5-PB, the 2θ angle corresponding to a part of
the ZSM-5 diffraction peaks of ZSM-5@γ-Al2O3-LC signifi-
cantly shifted to larger angles (Figure 5b), indicating a
reduction in the spacing between crystal planes.
During liquid-phase coating preparation, the ZSM-5 solid

powder was put into a synthesis reaction system containing γ-
Al2O3. After the addition of an alkaline precipitant, the
pseudoboehmite precursor formed by the precipitation
reaction adhered to the surface of ZSM-5 grains and then
underwent in situ nucleation and growth. The formation of a
special composite interfacial phase thereby partly reduced the
crystal plane spacing of ZSM-5. Different compositing methods
significantly impacted the structures of the composite phases,
which was also verified by the SEM and high-resolution TEM
(HRTEM) analysis of different catalysts. The SEM result
shows that γ-Al2O3 consists of typically nearly spherical
nanoparticles (Figure 6a), while the ZSM-5 zeolite with Si/
Al=60 is formed with micron-sized irregular blocks with rough
surfaces (Figure 6b). The morphology of γ-Al2O3/ZSM-5-PB
was only a simple physical mixture of two phases (Figure 6c),
without any special chemical interfaces. In ZSM-5@γ-Al2O3-
LC, the spherical γ-Al2O3 nanoparticles were attached to the
surface of the irregular ZSM-5 blocks (Figure 6d).
To further reveal the special composite phase structure of

the ZSM-5@γ-Al2O3-LC catalyst, the liquid-phase-coated
sample was analyzed and characterized by HRTEM (Figure
7). The crystal lattice spacings of grains on the surface of ZSM-
5 were 0.139 and 0.198 nm, which correspond to the (440)
and (400) crystal planes of γ-Al2O3. These results confirm that

the micron-sized ZSM-5 grains were covered by many nearly
spherical γ-Al2O3 nanograins, and the two phases showed a
higher affinity, indicating that a composite interface formed
between the two phases, which gave rise to novel
physicochemical properties.
The N2 adsorption−desorption isotherms and pore structure

parameters of different catalysts are shown in Figure 8 and

Table 1. γ-Al2O3 mainly exhibited typical characteristics of a
mesoporous structure, while ZSM-5 zeolite was a typical
microporous material. The composite catalysts all exhibited
characteristics of both mesoporous and microporous struc-
tures, and the specific surface area of micropores was higher
than that of mesopores because the content of the mesoporous
γ-Al2O3 phase was only 40%. Compared with γ-Al2O3/ZSM-5-
PB, the decline of both the micropore and mesopore volumes
of γ-Al2O3/ZSM-5-IM may be related to the blocking of
micropores of ZSM-5 and/or the breaking of the framework of
ZSM-5 during the wet impregnation process. Interestingly, the
mesopore/micropore ratio in ZSM-5@γ-Al2O3-LC was sig-
nificantly promoted in comparison with γ-Al2O3/ZSM-5-PB.
During the preparation of a liquid-phase precipitation coating,
the formation of special composite interfacial phases enhanced
the mesopore structure characteristics of the composite
catalyst to a certain extent. During MTO and ETO conversion,
although the shape-selective function of the microporous
structure is favorable for the production of small olefins such as
ethylene and propylene, it also aggravates the conversion of
intermediates into coke deposits, which block micropores and

Figure 7. HRTEM images of the composite sample ZSM-5@γ-Al2O3-
LC.

Figure 8. N2 adsorption/desorption isotherms of various catalysts.

Table 1. Specific Surface Area, Pore Volume, and Average
Pore Diameter Data of Various Catalysts

BET surface area
(m2·g−1) pore volume (cm3·g−1)

samples SBET Smic Smes Vt Vmic Vmes

pore
diameter
(nm) D

ZSM-5@γ-
Al2O3-LC

296 158 138 0.33 0.08 0.25 4.4

γ-Al2O3/
ZSM-5-
PB

267 172 95 0.30 0.09 0.21 4.4

γ-Al2O3/
ZSM-5-
IM

164 91 73 0.15 0.05 0.10 3.5

γ-Al2O3 169 5 164 0.45 0.45 9.8
ZSM-5 338 311 27 0.20 0.16 0.04 2.3
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quickly deactivate the catalyst. The formation of mesoporous
and microporous systems promoted molecular diffusion and
alleviated the formation of carbon deposits.
The formation of an interfacial composite phase also

provided novel Brønsted (1490 and 1535 cm−1)−Lewis acid
(1450, 1490, 1575, and 1610 cm−1) synergistic active centers
(Figure 9a and Table 2) in the composite catalyst. Addition-

ally, to a certain extent, the introduction of L acids and the
formation of the interfacial phase decreased the total acid
strength (Figure 9d). These modifications not only helped
enhance the catalytic activity of ZSM-5 during the MTO
reaction at lower reaction temperatures but also inhibited the
formation of byproducts in the ETO reaction and alleviated
the formation of carbon deposits.
Although γ-Al2O3/ZSM-5-PB and γ-Al2O3/ZSM-5-IM com-

posite catalysts also exhibited meso/microporous systems and
B−L acid active centers, γ-Al2O3/ZSM-5-PB was only
physically mixed, and no interfacial phase was formed, so it
has a weaker synergistic mechanism and a slightly higher
catalytic performance. In contrast, γ-Al2O3/ZSM-5-IM dis-
played two-phase interfacial interactions due to the loading
effect, but the impregnation method was more likely to
substantially decrease the specific surface area and pore volume
of the mesopores and micropores, which inhibited its catalytic
performance.

4. CONCLUSIONS
The ZSM-5@γ-Al2O3-LC composite catalyst prepared by the
liquid-phase precipitation coating method enhanced the
catalytic performance for methanol dehydration in the MTO
reaction at 350 °C, reaching a conversion rate of 94.5% and a
light olefin selectivity of 86.7%. The composite catalyst also
exhibited excellent catalytic performance in the cocatalytic
system for a methanol−ethanol mixture. At 350 °C, when the
ethanol content was 25 wt % in the alcohol mixture, the
conversion rate of methanol was 96.1%, the conversion rate of
ethanol was 99.9%, and the selectivity and yield of olefins
reached 92.3 and 89.9%, respectively. The incorporation of
ethanol in the cocatalytic system for methanol−ethanol further
enhanced the selectivity and yield of the light olefins.
In the composites prepared by the liquid-phase precipitation

coating, the interfacial phase formed by the in situ nucleation
growth of pseudoboehmite enriched the types of acid centers
and weakened their strength. This also increased the
mesopore/micropore ratio in the composite catalyst. These
novel changes in physicochemical properties are the crucial
factors for improving the efficient cocatalytic conversion of
methanol and ethanol to light olefins.
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