Open Access Article. Published on 19 Waysu 2023. Downloaded on 15/02/2026 9:10:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Industrial
Chemistry
& Materials

COMMUNICATION

i '.) Check for updates ‘

Cite this: Ind. Chem. Mater., 2024, 2,

¥*® ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

A route to selectively increase the microporous
structure of zeolite and its optimization in the

100 ethanol to butadiene reactionf

Received 14th August 2023,
Accepted 18th September 2023

Tian Ye,® Yuhao Bai,? Kewei Wang,? Weijie Hu, © *P

Meng Zhang ©*@ and Li-Ming Wu ©°¢

DOI: 10.1039/d3im00087g

rsc.li/icm

Control over the pore structure of zeolite is very important, so
researchers are trying to regulate the pore structure of zeolite
through various methods to endow it with better performance in
industrial applications. Here, a confined etching route that could
selectively increase the microporous structure of zeolite is
developed using ethanol/amine buffer solution. Ethanol is
introduced into an aqueous amine solution, where it could
decrease the migration rate and concentration of hydroxyl ions
which can etch the framework atoms of zeolite to fabricate
various porous structures, consequently developing a confined
etching route that could selectively increase the microporous
structure of zeolite, unlike conventional approaches that
generally increase mesoporous and macroporous architectures.
In addition, ethanol enhances the solubility of amine in water,
and a buffer solution (ethanol/amine) is formed, which is able to
release hydroxyl ions continuously. Based on the above confined
etching route, a micropore-increased beta crystal is synthesized
and when used as a carrier in ZnLaY/beta catalysts, it achieves
excellent ethanol conversion of 96.04% and butadiene selectivity
of 64.22% in 20 h time-on-stream in an ethanol to butadiene

reaction.

Ethanol; Confined

increased; Beta zeolite; Ethanol to butadiene.
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1 Introduction

Zeolites have crystalline structures, uniform pore channels
and high surface areas, and they have been widely used for
diverse applications, including catalysis,'™ separation,® ionic

“School of Chemical Engineering and Technology, Sun Yat-sen University, Zhuhai
519082, Guangdong, PR China. E-mail: zhangm85@mail.sysu.edu.cn

b School of Chemistry, Guangdong University of Petrochemical Technology,
Maoming 525000, Guangdong, PR China. E-mail: huweijie@gdupt.edu.cn

“College of Chemistry, Beijing Normal University, Beijing, 100875, PR China

t Electronic supplementary information (ESI) available: The scheme of
mechanism for the conversion of ethanol to butadiene; the XP spectra of all
ZnLaY/beta catalysts. See DOI: https://doi.org/10.1039/d3im00087g

100 | /nd. Chem. Mater., 2024, 2, 100-109

exchange, etc.”” The porous structure of zeolite has a
significant influence on product selectivity and catalyst
lifetime,® ' and researchers are trying hard to modulate the
pore structure of zeolite.

Wang et al developed a strategy to form uniform
mesoporosity in  Zr-incorporated beta zeolite using
tetraethylammonium hydroxide and surfactants. In this
process, OH™ etched the zeolite framework and the mesopore
size could be tailored by changing the alkyl chain length of
the surfactants."’ Mesoporous ZSM-5 zeolite catalysts were
prepared by desilication upon heating in aqueous solutions
of  tetrapropylammonium  and tetrabutylammonium
hydroxide, and compared with NaOH leaching. Silicon
dissolution in organic hydroxides was much slower than in
NaOH, making the demetallation process highly controllable.
Treatment in organic hydroxides was less selective for silicon
extraction, hence a higher amount of aluminum was leached
into solution compared to NaOH treatment. The differences
in porosity development and chemical composition of the
zeolite were attributed to the effect of the cation." Using an
effective and environmentally friendly method, H,O,
microexplosion under microwave irradiation, MCM-68 zeolite
materials with abundant mesopores were successfully
prepared. H,O, molecules diffused into zeolite crystals could
release a large amount of gas under microwave irradiation
and generate mesopores from inside the crystals to the
outside. The mesopore volume of hierarchical MCM-68
zeolites can be up to 0.19 cm® g™."* In 2021, a mixed
solution of NaOH and cetyltrimethylammonium bromide was
used to construct intracrystalline mesoporosity in beta
zeolite. Several factors in the preparation process were
investigated, such as treatment time, hydrothermal
temperature, alkali  concentration, and  surfactant
concentration. Mesoporous beta zeolite incorporated with Zr
was used as the catalyst for ethanol-acetaldehyde conversion.
The total conversion increased by 10%, while butadiene
selectivity was well maintained."* With one organic amine,
silicoaluminophosphate SAPO-34 zeolites with a certain
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amount of mesopores could also be prepared. Chen's group
synthesized hierarchical SAPO-34 zeolites with mesoporous
pores by etching zeolite crystals in organic amine aqueous
solution coupled with a recrystallization process under
hydrothermal conditions. The mesopore volume increased
from 0 to 0.06 cm® g™ Tian et al reported a general
synthetic approach for aluminophosphate molecular sieves
(LTA, AEL, and AFI zeotypes) with intracrystalline mesopores
from highly homogeneous and concentrated precursors via
oriented attachment and crystallographic fusion processes.
These materials showed exceptional properties, including
good monodispersity, abundant mesopores, and excellent
thermal  stability."®  Nickel-layered double hydroxide
amalgamated  Y-zeolite  (NILDH@YZ) hybrids
synthesized. The micropore volume and mesopore volume of
NiLDH®@YZ hybrids varied with the mass percent of zeolite,
and they presented different catalytic activities in Glaser
homocoupling reactions.'” In 2020, our group developed a
green route for synthesizing an aluminosilicophosphate
SAPO-34 crystal with abundant mesopores; this approach is
green and low-cost because NaHCO; is an inexpensive dietary
alkali.*® Later, we also developed a simple in situ based
etching method to synthesize aluminosilicophosphate SAPO-
34 crystals with micropore, mesopore, and macropore
architecture. The volume ratio of macropores, mesopores,
and micropores could be appropriately regulated, and the
volume percentage of mesopore and macropore could reach
88% in total pore volume.*®

Generally, in research into modulating the porous
structures of zeolite, mesopores or macropores were without
exception introduced into the frameworks. How could only
the microporous structure of zeolite be increased selectively?
Perhaps mesopores or macropores are not welcome in some
cases, because they might reduce the yield of zeolites and
increase the selectivity for high olefins as by-products.

With increasing production of bioethanol from the
fermentation of carbohydrate-rich biomass, the direct
conversion of ethanol to butadiene (ETB) is becoming a
promising process to produce butadiene, which is a
monomer for the production of styrene-butadiene rubber
and polybutadiene.>®*" The mechanism of ETB conversion
has not yet been fully elucidated, but there is a consensus
that the main reaction pathway consists of five steps: (a)
ethanol dehydrogenation; (b) conversion of acetaldehyde to
acetaldol via aldol condensation; (c) dehydration of acetaldol
to crotonaldehyde; (d) transformation of crotonaldehyde and
ethanol into crotyl alcohol via the Meerwein-Ponndorf-Verley
(MPV) reaction; and (e) dehydration of crotyl alcohol to form
butadiene,’®** as shown in Scheme S$1f Among these
reactions, ethanol dehydrogenation and aldol condensation
are crucial. Mixed binary oxide compositions, e.g., SiO, with
MgO, ZrO,, HfO,, Y,0;, or Ta,0Os, have been found to be
effective for C-C bond formation, and these materials doped
with d-metal (Zn, Cu, or Cr) are effective for the EtOH to
butadiene reaction.”™**** Using Zn(NO;), and Y(NO;); as
metal precursors, beta zeolite was impregnated with the
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metal nitrate aqueous solutions. ZnO/beta and Y,Os/beta
catalysts were produced by calcination at 823 K in static air.
ZnO/beta was found to be highly active for EtOH
dehydrogenation, but exhibited little activity for the
formation of C-C bonds and butadiene. By contrast, Y,O3/
beta was highly active for C-C bond formation, but was
relatively inactive for the dehydrogenation of EtOH to
acetaldehyde. =Si-0-Zn-0O-Si= and =Si-O-Y(OH)-O-Si=
groups together with the adjacent hydroxyl group constitute
the active center.*!

In this contribution, ethanol is introduced into aqueous
amine solution; a confined etching buffer solution is formed,
which could selectively increase the micropores of zeolites
without an increase in mesoporous and macroporous
structures. It offers a new approach to control the porous
structure of zeolite. ZnLaY/beta catalysts based on the
micropore-increased beta crystal show excellent performance
in the ethanol to butadiene reaction.

2 Results and discussion
2.1 Morphology analysis, textural and structural properties

Fig. 1 shows the scanning electron microscopy (SEM)
images of all the beta zeolites. The Beta0 crystal (Fig. 1a)
is the parent zeolite, which has not been etched by the
ethanol/amine buffer solution. As for the Betal to Beta4
crystals (Fig. 1b-e), they have all been etched by the
buffer solution with a gradual increase in treatment time.
It is obvious that from BetaO to Beta4 crystal, the surfaces
of the =zeolites appear rougher and rougher with the
extension of etching time; many crystalline particles and
pores could be clearly observed for the Beta2, Beta3 and
Betad samples. Base treatment makes the surfaces of the
crystals rough, which is consistent with many reports in
the literature.”*™>®

The transmission electron microscopy (TEM) pictures of
all the beta crystals are presented in Fig. 2. It is obvious that
base-treated crystals (Betal to Beta4) present more pores
compared to the parent BetaO crystal, a result that is
consistent with the SEM images. Fig. 2c is the enlarged image
of the rectangular region marked in Fig. 2b; the widths of
these pores are about 1.9 nm.

The porosity and surface area of all the beta crystals were
investigated by N, adsorption-desorption measurement (as
shown in Fig. 3 and Table 1). For Beta0O zeolite, the majority
of the micropore width is in the range 0.43 to 0.62 nm
(Fig. 3a and b) and the micropore volume is about 0.135
em?® ¢! (Fig. 3d). For Betal to Beta4 zeolites, the micropore
widths and volumes all increase with buffer solution etching,
because the hydroxide could dissolve Si sources in the
microporous structure. The majority of their micropore
widths are in the range 0.45 to 0.65 nm, and their micropore
volumes are about 0.148 to 0.155 cm® g . In the mesopore
region, the mesopore widths of the crystals decrease
gradually from Beta0 (the majority being 10 nm) to Beta4 (the
majority being 6 nm; Fig. 3c).

Ind. Chem. Mater., 2024, 2,100-109 | 101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00087g

Open Access Atrticle. Published on 19 Waysu 2023. Downloaded on 15/02/2026 9:10:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Communication

View Article Online

Industrial Chemistry & Materials

nm_20.00 KV 250000 x 508 nm.

S
»‘&N&‘&N e
Ty

)M _OptiPlan T2 10.8 mm

20.00kV_250000 x 508 nm ! 4_OptiPlan T2 10.0 mm 20.00kV_250000 x 508 nm

Fig. 1 SEM images of all the beta crystals: (a) BetaO, (b) Betal, (c) Beta2, (d) Beta3 and (e) Beta4.

Due to buffer solution etching, the micropore volumes,  mesoporous framework. An appropriate base treatment could
widths and surface areas increased from BetaO to Betad4, lead to slight zeolite growth, which has been reported in

while the mesopore widths decreased. It is proposed that the  several studies in the literature.

19,29,30

particles produced from the etching of micropores The XRD patterns of all the beta crystals are presented
transferred to the mesopore region, where they repaired the  in Fig. 4. All the samples show the typical diffraction peaks

Fig. 2 TEM images of all the beta crystals: (a) BetaO; (b) Betal; (c) enlarged region of Betal; (d) Beta2; (e) Beta3 and (f) Beta4.
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(a) Micropore size distributions for BetaO, Betal and Beta2; (b) micropore size distributions for BetaO, Beta3 and Beta4; (c) mesopore size

distributions for all the beta crystals; (d) micropore surface areas and volumes of all the beta crystals.

of beta zeolite. It is interesting to note that with an
extension of buffer solution etching time, the relative
crystallinities (RC) of BetaO to Beta4 gradually increase from
100% to 106.29%.

An appropriate base treatment could result in slight
zeolite regrowth.®® The obvious crystallinity increase at 26 =
22.4° should be attributed to the increase in micropore
volume and decrease in mesopore width from Beta0 to Beta4
(Fig. 3 and Table 1), which could affect the intensity of the
XRD peaks.*> The XRD patterns of the crystals are consistent
with their N, adsorption—-desorption isotherms.

Table 1 Textural properties of all the beta zeolites

2.2 Proposed reason for the selective increase in micropore
volume

The characteristics and formation process of the buffer
solution were investigated to provide a reasonable
explanation for why the ethanol/amine solution etching leads
to a selective increase in micropore volume.

With the addition of ethanol, triethylamine which was
mostly located at the top of liquid mixture gradually dissolves
in the solution; liquid layering finally disappears and an
ethanol/amine buffer solution is produced (Fig. 5b). With an

Smicma Smesoa Vtotalb Vmicroa Vmesoc HierarChy Relative
Sample (m>g™) (m>g™ (em® g™ (em® g™ (em® g™ Vinicro/ Vineso factor? crystallinity”
Beta0 349 91 0.2790 0.1350 0.1440 0.9375 0.100 100.00%
Betal 384 80 0.2694 0.1473 0.1221 1.2064 0.094 103.77%
Beta2 389 94 0.2875 0.1498 0.1376 1.0887 0.101 105.20%
Beta3 395 82 0.2753 0.1516 0.1237 1.2255 0.095 105.34%
Betad 400 95 0.2895 0.1545 0.1350 1.1444 0.102 106.29%

 Smicro (Micropore area), Smeso (Mesopore area) and Viiero (Micropore volume) were calculated using the ¢-plot method. ? Vi (total volume) is
the single-point desorption total pore volume of the pores. ¢ Vieso (mesopore volume) = Vioral = Vinic- d Hierarchy factor = (Viicro/ Viotal) X (Smeso/
Sger).>' ¢ The relative crystallinity was calculated from the peak area at 26 = 22.4° and the relative crystallinity of the parent beta (Beta0) was set

to 100%.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Ind. Chem. Mater., 2024, 2,100-109 | 103


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00087g

Open Access Article. Published on 19 Waysu 2023. Downloaded on 15/02/2026 9:10:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

(302

3
& .\ Beta 3
=y
2
g . Beta 2
£
Beta 1
Beta 0

T T T T
10 20 30 40 50 60 70 80
2 Theta (Degree)

Fig. 4 XRD profiles of all the beta zeolites.

increase in the volume percent of ethanol, the pH value
and electrical conductivity of the buffer solution gradually
decrease (Fig. 5a), which means that the concentration
and transport speed of hydroxide correspondingly become
lower.*** 1t is inferred that the attraction between
ethanol and amine makes the hydrolysis of triethylamine
difficult, thus reducing the hydroxide concentration; the
attraction between ethanol and hydroxide lowers OH
transport speed and contributes to the low electrical

View Article Online
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conductivity. The ethanol/amine buffer solution with
limited etching capacity could selectively increase the
microporous volume.

2.3 Catalytic performances of ZnLaY/beta catalysts

Yttrium nitrate hexahydrate, lanthanum nitrate
hexahydrate and zinc silicate hemimorphite as metal
precursors, are ground with beta zeolite. The catalysts are
produced by calcination of the mixture at 400 °C in air.
For concision, the catalysts are named ZnLaY/beta. It is
reasonable to estimate that the metals exist as metal
oxide species, which is consistent with the literature.***¢
Yet no characteristic peaks of bulk ZnO, La,O; or Y,0;
are observed (Fig. 4), suggesting that the metal oxide
species are dispersed on the beta zeolite or that the
crystal sizes of the metal oxide species are lower than the
detection limitation of XRD.

The oxidation states of Zn, La and Y were determined
by X-ray photoelectron spectroscopy (XPS), and the XP
spectra are shown in Fig. S1.f For all the ZnLaY/beta
catalysts, two peaks corresponding to Zn 2p 1/2 and Zn
2p 3/2 are observed (Fig. Slatf); and all the binding
energies of Zn 2p 3/2 (1022.75-1022.97 eV) are higher
than those of pure ZnO bulk, which suggests the
formation of Zn-O-Si bonds.’” Four peaks are presented
in Fig. Sib:f the peaks at about 855 and 852 eV are
ascribed to doublet peaks of La 3d 3/2, the peaks at
about 839 and 835 eV correspond to doublet peaks of La

a 125 4.0
E@pH  WEl Electrical conductivity

12.0 4 F35
o
115 L3o &
>
11.0 4 25 3,
2
pH 10.5 - r20 %
2
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o
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Fig. 5
the formation process of ethanol/amine buffer solution.
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(a) pH and electrical conductivity of ethanol/amine buffer solution with different ethanol volume percent; (b) schematic diagram showing
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3d 5/2.%® Similar to the ZnO species in the catalysts, all
the binding energies of La 3d 5/2 doublet peaks (839.00-
839.25 eV, 835.51-835.74 eV) are higher than those of the
Y,0; bulk, suggesting the formation of La-O-Si bonds.
The bonding energy values of Y 3d 3/2 and Y 3d 5/2 are
about 160 and 158 eV, respectively (Fig. Slct); these
higher bonding energy values compared to bulk Y,O; are
due to the formation of Y-O-Si bonds.>*** The XPS
results are consistent with the XRD analysis: there is no
bulk ZnO, La,0O; or Y,O; in any of the catalysts; the metal
oxides species are dispersed on beta zeolite forming M-O-
Si bonds.

Catalytic tests of the ethanol to butadiene reaction were
performed in a fixed-bed microreactor at 623 K over all the
samples (Fig. 6). Buffer-solution-treated zeolites were used as
carriers in the Zn,La, sY,/Betal, Zn,La, ;Y,/Beta2, Zn,La, 5Y,/
Beta3 and Zn,La,sY,/Betad catalysts, and untreated parent
zeolite was used as a carrier in the Zn,La, 5Y,/Beta0 catalyst.
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It is apparent that the Zn,La, 5Y,/Betal, Zn,La, ;Y,/Beta2,
Zn,La, sY,/Beta3 and Zn,La,sY,/Betad catalysts all present
higher ethanol conversion and butadiene selectivity than the
Zn,La, sY,/Beta0 catalyst. In particular, Zn,La,;Y,/Beta3
shows the best catalytic performance of 99.56% ethanol
conversion and 69.43% butadiene selectivity at TOS of 10 h;
when the reaction time reaches 20 h, its ethanol conversion
and butadiene selectivity are still 96.04% and 64.22%
respectively. The excellent catalytic performance of Zn,La, s-
Y,/Beta3 might be ascribed to two reasons (Fig. 7). First, it
has a very large micropore volume (0.1516 cm® g™'); second,
its micropore volume/mesopore volume (1.226) is the
highest.

A larger micropore volume could decrease diffusion
limitation and diffusion path length, which is beneficial for
the catalytic performance of catalysts that are a long time on
stream.*™*> Micropores could offer a better confinement
effect for the formation of butadiene, while mesopores may

b 100
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Fig. 6 Ethanol conversion and butadiene selectivity with time-on-stream of (a) Zn;La,sY4/Betal and ZnyLa,sY4/BetaO; (b) ZnsLa, sY4/Beta2 and
ZnyLa,5Y4/Beta0; (c) ZnsLa, sY4/Beta3 and Zn,La, sY4/BetaOl; and (d) Zn,La, sY4/Betad and ZnsLa, sY4/Betal.
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produce carbon species with a larger space volume than
butadiene;>** hence, it is reasonable that a high ratio of
micropore volume to mesopore volume could improve the
performance of catalysts in the ETB reaction. The catalytic
performance of the regenerated catalyst was studied. The
regenerated Zn,La, 5Y,/Beta3 catalyst after one use presents
ethanol conversion of 86.82% and butadiene selectivity of
66.59% after 20 h time-on-stream in the ETB reaction; the
butadiene yield had decreased to some extent compared with
the corresponding fresh catalyst.

In this ETB reaction, Zn species are highly active for
ethanol dehydrogenation and exhibit low activity for
butadiene generation; Y species are active for C-C bond
formation, but exhibit no activity for ethanol
dehydrogenation.>® Y and La have the same electron
distributions on the outermost layer and approximately equal
atomic radii, so it is speculated that La species will show
similar catalytic action to Y species. The great innovation of
this work is the development of a route that could selectively
increase the microporous structure of zeolite. The
improvement in ethanol to butadiene performance is mainly
due to control over the pore structure of zeolite, but less
attention has been paid to the catalytic mechanism.

3 Conclusions

A route that could selectively increase the micropore volume
has been successfully developed in this contribution. Ethanol
can increase the solubility of triethylamine in buffer solution.
The attractions between species in ethanol/amine solution
reduce the hydroxide concentration and transport speed,
which leads to limited etching capacity contributing to a
selective increase in microporous volume. A Zn,La, 5Y,/Beta3
catalyst presents the best catalytic performance in the ETB
reaction, which is ascribed to both the very large micropore
volume and the highest value of micropore volume/mesopore
volume.
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4 Experimental section
4.1 Materials

Beta zeolite (pure-silica) was purchased from Zhuoran Ltd,
Dalian, China; triethylamine (TEA, 99.5% GR), zinc acetate
dihydrate (Zn(Ac),-2H,0, 99.5% wt), and sodium silicate
pentahydrate (Na,SiO3-5H,0, 99.9% wt) were provided by
Tianjin Damao Chemical Reagent Factory; yttrium nitrate
hexahydrate (Y(NO3);-6H,0, 99.5% wt), ethanol (>99.8%, GR)
and lanthanum nitrate hexahydrate (La(NOs);-6H,0, 99.0%
wt) were purchased from Aladdin Industrial Corporation;
nitrogen (=99.999% wt) was provided by Zhuhai Huaxin Gas
Company. All chemicals were used as received without
further purification.

4.2 Catalyst preparation

4.2.1 Selective increase in micropores of beta crystal. In a
typical synthesis, 5 ml of TEA was mixed with 36 ml of
deionized water, then 9 ml of ethanol was added to form an
ethanol-TEA buffer solution. Subsequently, 3 g of beta zeolite
was added to the buffer solution and stirred at room
temperature for 0, 72, 96, 120 and 144 h, respectively. The
synthesized crystal samples were filtered, washed with
deionized water, dried overnight at 80 °C, and finally
calcined in air at 600 °C for 4 h. Five beta zeolites with
different pore architectures were obtained and named Beta0,
Betal, Beta2, Beta3 and Beta4, respectively.

4.2.2 Preparation of ZnLaY/beta catalysts. First, zinc
silicate hemimorphite (Zn,Si,0,(OH),-H,0) was synthesized
by a precipitation method. Typically, 4.5 g of Zn(Ac),-2H,0
and 1.3 g of Na,SiO;-5H,O were dissolved in 100 ml of
deionized water respectively. The Zn(Ac),-2H,O aqueous
solution was added into Na,SiO;-5H,0 aqueous solution and
stirred for 24 h, filtered, washed with deionized water, and
then dried at 80 °C for 12 h.

Second, ZnLaY/beta catalyst samples were synthesized by
solid-state grinding. In a typical synthesis, 0.13 g of
Y(NO3);-6H,0, 0.07 g of La(NO;);-6H,0, and 0.1 g of zinc
silicate hemimorphite were ground with 1 g of beta zeolite
for 0.5 h, The resulting solids were calcined at 400 °C for 6 h.
The nominal loadings of ZnO, La,0;, and Y,0; are 7.0 wt%,
2.5 wt%, 4.0 wt%, respectively. Based on different beta
zeolites (BetaO to Beta4), five catalysts of Zn,La, ;Y,/Beta0,
7n,La, sY,/Betal, Zn-,La,s;Y,/Beta2, Zn,La, ;Y,/Beta3, Zn,-
La, 5Y4/Betad were correspondingly obtained.

4.3 Catalyst characterization

The porosity of the samples was measured with a
Micromeritics ASAP2460 analyzer (USA) at liquid nitrogen
temperature (77 K) after the sample was degassed at 350 °C
for 8 h under vacuum. The Brunauer-Emmett-Teller (BET)
method was used to calculate the specific surface area. The
total pore volume was the single-point adsorption total pore
volume. The micropore volume was calculated using the
t-plot method. The micropore width distribution was
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calculated from the Horvath-Kawazoe differential pore
volume plot. The mesopore size distribution was calculated
with the Barrett-Joyner-Halenda (BJH) model with the
adsorption branch of the N, physisorption isotherms.

Transmission electron microscopy (TEM) images were
obtained with an FEI Tecnai G2 F30 electron microscope. The
acceleration voltage was 300 KkV. The scanning electron
microscopy (SEM) images were obtained with a Thermo
Fisher Apreo2S Hivac (20 kV) to observe the size and
morphology of zeolite.

The conductivity was measured with a conductivity meter
FE38 (METTLER TOLEDO Instruments Shanghai Co., Ltd.).
The pH value was measured with an FE28K pH meter
(METTLER TOLEDO Instruments Shanghai Co., Ltd.)

All of the samples were analysed using power X-ray
diffraction (XRD) patterns measured with a Rigaku Ultima IV
diffractometer (Rigaku Corporation, Japan) using Cu Ko
radiation (1 = 0.1542 nm) with a scanning rate of 5° min™" in
the range of 26 = 5-80°. The relative crystallinity (RC) was
calculated from the peak area at 26 = 22.4°.

X-ray photoelectron spectroscopy (XPS) experiments were
carried out using a Thermo Fisher Escalab Xi" spectrometer
equipped with monochromatic Al Ko radiation (1486.6 eV).
Binding energies were calibrated according to the Si 2p core
level set at 103.5 eV.

The acidity of the samples was measured by ammonium
temperature-programmed desorption (NH3;-TPD) on a TP-
5080 apparatus (XianQuan Company, Tianjin, China).
Samples (100 mg) were activated at 500 °C under He flow (30
ml min™") for 1 hour, then cooled to 50 °C, saturated with an
NH;/He mixture (5 vol% NH;) for 30 min, and then purged
with He for 45 min at 50 °C to remove the physically
adsorbed NH;. The desorption of NH; was measured from 50
to 800 °C at a heating rate of 10 °C min " under He.

The basicity of the samples was measured by carbon
dioxide temperature-programmed desorption (CO,-TPD) on
a TP-5080 apparatus (XianQuan Company, Tianjin, China).
Samples (100 mg) were activated at 500 °C under He flow
(30 ml min™) for 1 hour, then cooled to 50 °C, saturated
with a CO,/He mixture (10 vol% CO,) for 30 min, and then
purged with He for 45 min at 50 °C to remove the
physically adsorbed CO,. The desorption of CO, was
measured from 50 to 800 °C at a heating rate of 10 °C
min~" under He.

4.4 Catalyst evaluation

Catalytic conversion of the ethanol to butadiene (ETB)
reaction was performed in a tubular fixed-bed reactor at 350
°C at atmospheric pressure.

Typically, 0.3 g of calcined catalyst (40-80 mesh) was
pretreated in flowing N, (40 ml min™") at 450 °C for 1 h. After
the sample had cooled down to the required reaction
temperature, ethanol was first vaporized at 180 °C through a
preheater and then pumped into the reactor with a weight
hourly space velocity (WHSV) of 0.5 h™". The gaseous
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products were analyzed using an online gas chromatograph
(Shimadzu GC-2014CAFA/APC) equipped with a flame
ionization detector (FID) and an HP-PLOT/Q + PT capillary
column (30 m x 0.320 mm x 20 pm). The ethanol conversion
and butadiene selectivity are defined as follows: ethanol
conversion (mol%) = ([ethanol]iyjec [ethanol]oyger)/
[ethanol]iyee X 100%; butadiene selectivity (mol%) = 2 x
[butadiene]oyger/([ethanol]iyiee [ethanol]outer) > 100%;
butadiene yield (%) = ethanol conversion(%) x butadiene
selectivity(%)/100.
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