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Abstract

An efficient catalyst for the reaction of ethanol–acetaldehyde into 1,3-butadiene (EATB)
is prepared through the grafting of zirconia into a zeolite Beta lattice. The grafting is
achieved through the dealumination of a zeolite framework by acid treatment followed by
zirconia impregnation, leading to the substitution of aluminum in the zeolite framework by
zirconia. The catalyst with zirconia grafted into the zeolite framework promotes desirable
catalyst properties like high zirconium dispersion, stability, and the close proximity of
Lewis acid, Bronsted acid, and medium basic sites. The phase, the coordination of zirconia,
the location of the active center and the cooperative synergism were elucidated through
various characterization techniques, including X-ray diffraction, Raman spectroscopy, N2

adsorption, UV–vis spectroscopy, XPS, 29Si MAS NMR, NH3-TPD, Py-IR, CO-IR and
CO2-TPD. The catalytic results show that a suitable phase and content of zirconia were
needed to improve the ethanol–acetaldehyde conversion, butadiene selectivity and catalyst
stability. Among the catalysts, m+t-ZrOx-Beta-H2O-9020 (m = monoclinic, t = tetragonal
ZrO2 phase) achieved the best butadiene selectivity of 82–73% at the conversion of 100–66%,
run over 200 h. The results allow us to propose a Lewis acid–medium basic pairing for the
Si–O–Zr–O–Si group, where the adjacent Si-OH is the active center for reactions.

Keywords: acid–basic catalyst; zeolite Beta; zirconia grafting; butadiene

1. Introduction
1,3-butadiene (BD) is an important monomer for synthetic rubber and polymer inter-

mediates. It is typically obtained as a byproduct from ethylene production via naphtha
steam cracking. In recent years, the growing use of shale gas as a feedstock for ethene
production has led to a decline in BD supply [1]. An alternative and sustainable route
to BD production is therefore needed. The catalytic conversion of ethanol into BD has
stimulated a new wave of research, with this being a promising substitute for the dominant
naphtha-based method [2–9].

Zirconia is widely used as a catalyst for various reactions, including alcohol dehydra-
tion, CO/CO2 hydrogenation, alkane isomerization, and the selective oxidation of alcohols
and alkanes [10–17]. It exhibits three different phases: monoclinic (m-ZrO2), tetragonal
(t-ZrO2), and cubic (c-ZrO2). The first two are the catalytically relevant phases. The coordi-
nation environments of zirconium and oxygen in zirconia polymorphs are different [18],
which strongly influences their catalytic properties. Li et al. [16] found that m-ZrO2 favors
the synthesis of isobutene from CO hydrogenation, whereas ethylene and propylene are
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the main products on t-ZrO2. Bell and co-workers [17] reported that Cu/ZrO2 catalysts
with m-ZrO2 are nearly an order of magnitude more active for methanol synthesis from
CO and H2, and that they exhibit higher methanol selectivity compared with those with
t-ZrO2. These findings demonstrate that the zirconia phase can fundamentally determine
the reaction pathway and product distribution.

Recent developments have made Zr-based catalysts highly promising for the con-
version of ethanol into BD. Zhang et al. [19] investigated the catalytic performance of
Zr-incorporated SiBEA zeolites in this reaction. The catalyst achieved 43.2% conversion of
ethanol–acetaldehyde and 73.9% BD selectivity at 6 h on stream. After 30 h, however, the
conversion and selectivity decreased to 26.3% and 67.3%, respectively. The metal zirconium
tends to aggregate and leach during the preparation and reaction process, which causes
catalyst deactivation. Mesoporous supports have been used to extend catalyst stability.
Cheong et al. [20] dispersed zirconia clusters on a mesoporous silica support with ultra-
large interconnected nanopores. High BD selectivity (up to 73%) and ethanol conversion
(up to 96%) were achieved, but only for 42 h. Zhang Tao et al. [21] prepared Mg–Zr/MFI
nanosheet catalysts by wet impregnation. The BD selectivity reached 74.6% with 41.5%
total conversion, and the catalyst operated for 168 h without deactivation. Despite this
progress, the relationship between the zirconia phase and the catalytic property in this
reaction has not been established. In particular, how the phase controls the nature and
density of the active sites remains unknown, which is essential for developing efficient and
stable catalysts that meet industrial needs.

The conversion of ethanol–acetaldehyde into BD (EATB) involves multiple sequential
steps [22]. An effective catalyst must integrate multiple well-balanced active centers
that operate together to drive the sequential transformations [23]. These centers include
Brønsted-type hydroxyl groups and Lewis acid sites, along with basic metal sites. The
synergistic effect between these sites is crucial for maintaining reaction flux and suppressing
side reactions. Incorporating metal species into the zeolite framework can be an effective
strategy to achieve the required combination of functions. Grafting zirconia into the
zeolite framework at vacant T-sites (crystallographic tetrahedral sites) via a dissolution–
precipitation process is one of the developed routes for EATB catalysts [24]. Compared to
conventional methods such as impregnation and dry mixing, grafting produces different
catalytic properties. However, the grafting procedure needs to be investigated carefully.
The solvent type has an impact on the phase of zirconia [25]. The synthesis conditions
also affect the particle size, the dispersion of zirconium, the crystallinity of the ZrOx-Beta
catalysts, and the synergistic effect between the defect sites generated by acid leaching and
the grafted metal species [26].

In the present work, we test the hypothesis that the monoclinic ZrO2 phase promotes
the formation of open Zr sites (Si–O–Zr–OH) in the zeolite Beta framework. These open
sites, together with adjacent Si–OH groups, create Lewis acid–medium base pairs that serve
as the active centers for the ethanol–acetaldehyde to butadiene (EATB) reaction. To test this
hypothesis, a series of ZrOx-Beta catalysts with controlled ZrO2 phases were prepared by
grafting zirconia onto dealuminated–recrystallized Si-Beta. The structural properties and
acid–base characteristics of the catalysts were correlated with the EATB performance to
establish the structure–activity relationship.

2. Results and Discussion
2.1. Preparation and Characterization of ZrOx-Beta Catalysts

The ZrOx-Beta catalysts were first prepared by a dissolution and precipitation process
using Si-Beta as a support and 2.0 wt% ZrO2 content. Preparation and characterization for
the zirconia can be found in the Supporting Information (Figures S1–S5 and Tables S1–S3).
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2.1.1. Preparation and Characterization of Zeolite Beta

For the ETB process, zeolite Beta underwent a dealumination process and a metalliza-
tion process to prepare the heteroatom-incorporated zeolite catalyst, both of which may
damage the structure of zeolite Beta and affect the catalytic properties of the catalysts. A
more complete structure of zeolite Beta, as obtained by recrystallization, can improve the
catalytic performance of the catalysts [19].

The XRD profiles of the Si-Beta sample are shown in Figure S6 and Table S4. The
sample has the characteristic diffraction peaks of zeolite Beta at 2θ = 7.6◦ and 22.4◦, in-
dicating that the BEA framework was retained after dealumination and recrystallization.
The relative crystallinity of the as-made Si-Beta was 90.2%, which decreased to 75.4% after
calcination (Table S4).

The TEM micrographs of samples (Figure S7) indicate that the crystal morphology
of samples become more regular after recrystallization; also, the particle size was smaller
(ranging from 20–30 nm) after recrystallization.

The textural properties of samples show that the surface area, micropore area and
micropore volume of samples were increased, indicating the presence of a more complete
structure in the samples after recrystallization, which is consistent with the XRD results
(Table S5). The increase in surface area and mesopore volume of Si-Beta indicates a decrease
in the particle size of the sample, which is consistent with the TEM result.

2.1.2. The Phase/Dispersion of Zirconium and Crystallinity of the ZrOx-Beta Catalyst

The XRD diffraction patterns of ZrOx-Beta catalysts are consistent with those of the
Beta zeolite (Figure S8). No diffraction peaks due to zirconia were detected, indicating the
absence of bulk crystalline ZrO2. Combined with the UV–Raman results (Figure S9), which
show characteristic bands of crystalline ZrO2 phases but no bands of amorphous ZrO2, the
ZrO2 crystallites are concluded to be highly dispersed, with a size below the XRD detection
limit of ~4 nm.

The UV–Raman spectra provide more information about the ZrO2 phase and dis-
persion, as shown in Figure S9. Bands at 560 cm−1 and 476 cm−1 ascribed to the three-
dimensional amorphous ZrO2 [14] were hardly found in ZrOx-Beta catalysts, which in-
dicates that ZrO2 crystallites were highly dispersed over the catalyst, with crystallite
sizes being smaller than 4 nm. The major bands assigned to the t-ZrO2 phase [27–29]
were at 438, 327 and 277 cm−1 for the t-ZrOx-Beta-EtOH-8003 catalyst at 80 ◦C 3 h, while
the bands at 400, 340, 316 and 185 cm−1 assigned to the m-ZrO2 phase appeared on the
m-ZrOx-Beta-H2O-HDP-9048 and m-ZrOx-Beta-H2O-HDP-15020 catalysts. The mixture
phase of t-ZrO2/m-ZrO2 for the m+t-ZrOx-Beta-H2O-HDP-9020 and m+t-ZrOX-Beta-NDP-
9006 catalysts.

The XRD pattern and UV Raman spectra show that the t-ZrO2 phase was obtained
during the ethanol synthesis, whereas the mixture of t-ZrO2/m-ZrO2 was formed at 90 ◦C
for 6 h–20 h during the water–urea synthesis; the m-ZrO2 phase was transformed at
extended time, high temperature and high pressure.

Also, the relative crystallinity of the ZrOx-Beta catalysts changed, as shown in Table S6.
The decrease in crystallinity occurred in the following order: m-ZrOx-Beta-mix > m+t-ZrOx-
Beta-H2O-NDP-9006 > m+t-ZrOx-Beta-H2O-HDP-9020 > m-ZrOx-Beta-H2O-HDP-9048 >
m-ZrOx-Beta-H2O-HDP-15020. This is due to the fact that the crystallinity of the Beta
zeolite was affected by the large amount of -OH generated during the hydrolysis process of
the urea. The crystallinity of the catalyst t-ZrOx-Beta-EtOH-NDP-8003 was comparable to
that of the m-ZrOx-Beta-mix.

The surface area and pore volume of the ZrOx-Beta samples are shown in Table S7.
Compared to Si-Beta, the surface area and pore volume decreases for ZrOx-Beta samples

https://doi.org/10.3390/catal16060542

https://doi.org/10.3390/catal16060542


Catalysts 2026, 16, 542 4 of 15

in the following order: m-ZrOx-Beta-mix > t-ZrOx-Beta-EtOH-NDP-8003 > (m+t)-ZrOx-
Beta-H2O-NDP-9006 > (m+t)-ZrOx-Beta-H2O-HDP-9020 > m-ZrOx-Beta-H2O-HDP-9048 >
m-ZrOx-Beta-H2O-HDP-15020. The loss is more obvious for the catalysts prepared in the
water–urea solvent, especially for the catalysts under higher temperatures and extended
time conditions. This finding indicates that the major parts of the ZrO2 were on the
micropore surface and on the micropores of the samples prepared under high-temperature
and extended time conditions using urea/H2O.

Therefore, (m+t)-ZrO2 crystallites measuring < 4 nm were found on the micropores
of the m+t-ZrOx-Beta-H2O-NDP-9006 and m+t-ZrOx-Beta-H2O-HDP-9020 samples with
higher crystallinity.

2.1.3. The Coordination of Zr in the ZrOx-Beta Catalyst

The Zr 3d XPS spectra and the binding energy of samples were shown in Figure S10.
Compared to ZrO2 and m-ZrOx-Beta-mix samples, an obvious shift of the Zr 3d5/2 binding
energy in the range of 0.5–1.5 eV was found for the ZrOx-Beta samples [29]. This indicates
that an interaction between ZrO2 and Si-Beta occurred; this finding is in line with results
reported for ZrBEA [30], Zr-KIT-5 [31], and Zr-UTD-1 [32].

The Zr coordination of samples was studied using UV–vis diffuse reflectance spectra,
as shown in Figure S11. The absorbance of bulk ZrO2 was around 220–240 nm, which can
be ascribed to the octahedral coordination state [33–35]; the absorbance was at 190–210 nm,
which can be attributed to the ligand-to-metal charge transfer (LMCT) from an O2− ion to
an isolated Zr4+ ion in a tetrahedral configuration. Among the catalysts, the m+t-ZrOx-Beta-
H2O-HDP-9020, m-ZrOx-Beta-H2O-HDP-9048 and m-ZrOx-Beta-H2O-HDP-15020 have a
higher Zr4+-O2− characteristic peak at 190 nm and a lower characteristic peak at 230 nm,
indicating that a significant portion of zirconium was incorporated into the zeolite Beta
framework in a tetrahedral environment.

The 29Si MAS NMR spectra (Figure S12) and deconvolution results (Table S13) were
recorded to identify the coordination of zirconium on the Si-Beta. The two characteristic
peaks at −110 ppm and −101 ppm were attributed to the Q4 (4Si,0Al) and Q3 (3Si,1Al)
species, respectively. Compared with Si-Beta, the Q3/Q4 ratio increased in the following
order: m+t-ZrOx-Beta-H2O-HDP-9020 < m-ZrOx-Beta-H2O-HDP-9048 < m-ZrOx-Beta-mix
< m+t-ZrOx-Beta-H2O-NDP-9006 < t-ZrOx-Beta-EtOH-NDP-8003 < m-ZrOx-Beta-H2O-
HDP-15020. The Q3/Q4 ratio of m+t-ZrOx-Beta-HDP-9020 sample was the lowest, which
indicated that more Zr-O-Si bonds were generated between Zr and the Si-OH groups on
the surface of Beta zeolite, which is similar with the result of UV–vis and XPS results.

2.1.4. The Acidity and Basicity of ZrOx-Beta Catalysts

The acidic properties of samples were measured by NH3-TPD, Py-IR and CO-IR. The
basicity of the sample was measured using CO2-TPD.

The NH3-TPD profiles and deconvolution results of samples are shown in Figure S13
and Table 1. For the catalysts prepared in water–urea solvent (m+t-ZrOx-Beta-H2O-HDP-
9020, m-ZrOx-Beta-H2O-HDP-9048, and m-ZrOx-Beta-H2O-HDP-15020), the amount of
strong acid sites (350–600 ◦C) was quite low and the weak acidity (100–350 ◦C) was
dominant; meanwhile, for other samples, the amount of acidity and the distribution of
acid sites were the opposite. The amount of acid in t-ZrO2-EtOH-NDP-8003 (471 mmol/g
cat) was 1.78 times that of m+t-ZrO2-H2O-HDP-9020 (264 mmol/g cat), and the amount
of acid sites with strong t-ZrO2-EtOH-NDP-8003 (238 mmol/g cat) was 4.41 times that of
m+t-ZrO2-H2O-HDP-9020 (54 mmol/g cat).
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Table 1. The amount of acidity by NH3-TPD.

Samples Amount of
Acidity/µmol·g−1

Amount of Acidity/µmol·g−1
Weak Acidity/Strong

AcidityWeak
(100–350 ◦C)

Strong
(350–600 ◦C)

ZrO2 45 22 23 0.95
Si-Beta 208 93 115 0.81

m-ZrOx-Beta-mix 191 91 100 0.91
t-ZrOx-Beta-EtOH-NDP-8003 471 233 238 0.98

m+t-ZrOx-Beta-H2O-NDP-9006 289 201 88 2.28
m+t-ZrOx-Beta-H2O-HDP-9020 264 211 54 3.91
m-ZrOx-Beta-H2O-HDP-9048 329 282 47 5.95
m-ZrOx-Beta-H2O-HDP-15020 285 259 26 9.96

The Py-IR spectra of the catalysts were shown in Figure S14. The bands at 1446 and
1608 cm−1 corresponded to pyridine’s interaction with its Lewis acid sites. A weak band
at 1543 cm−1 corresponded to the Bronsted acid sites. This revealed that the catalysts have
dominant Lewis acid sites and a lower amount of Bronsted acid sites. Considering the results
of XPS, UV–vis and 29Si MAS NMR, the Lewis acid sites might be originated from the Zr-O-Si
bonds in the catalysts, and Bronsted acid sites might come from Si-OH of zeolite Beta.

The acid sites on the catalysts were further explored using CO-IR spectroscopy, which
is an appropriate technique for distinguishing Lewis sites of different types (Scheme 1,
Figure 1 and Table 2). In accordance with Ivanova [36] and DFT calculation [37], the bands
at 2187 cm−1 and 2177 cm−1 corresponded to the Lewis sites, which were ascribed to
CO adsorption on the open sites (CO-Zr(OSi)3OH) and the closed sites (CO-Zr(OSi)4),
respectively. The CO-HOSi(OSi)3 complex yields 2156 cm−1 and physisorbed CO yields
the C-O vibrational frequency of 2137 cm−1. The results show that the relative number
of open sites (CO-Zr(OSi)3OH, 2187 cm−1) increases in the following order: m-ZrOx-
Beta-H2O-HDP-15020 < m-ZrOx-Beta-H2O-HDP-9048 < m+t-ZrOx-Beta-H2O-HDP-9020.
m+t-ZrOx-Beta-H2O-NDP-9006 has the highest relative number of close sites (CO-Zr(OSi)4)
among the catalysts. The relative amount of CO-HOSi(OSi)3 increases in the following
order: m-ZrOx-Beta-H2O-HDP-15020 ≈ m-ZrOx-Beta-H2O-HDP-9020 < m+t-ZrOx-Beta-
H2O-HDP-9048 < m+t-ZrOx-Beta-H2O-NDP-9006 < t-ZrOx-Beta-EtOH-NPD-8003 < Si-Beta.
This was consistent with the 29Si MAS NMR results (Figure S12 and Table S13).

 

2280 2240 2200 2160 2120 2080 2040

Wavenumber/cm-1

 Si-Beta

 t-ZrOx-Beta-EtOH-NPD-8003

 m+t-ZrOx-Beta-H2O-NDP-9006

 m+t-ZrOx-Beta-H2O-HDP-9020

 m-ZrOx-Beta-H2O-HDP-9048

 m-ZrOx-Beta-H2O-HDP-15020
2137

2156

2177

2187

Figure 1. The CO-IR spectra of catalysts.

https://doi.org/10.3390/catal16060542

https://doi.org/10.3390/catal16060542


Catalysts 2026, 16, 542 6 of 15

Scheme 1. Configurations of closed (a), open (b) and Si-OH (c) sites of the ZrOx-Beta.

Table 2. The amount of CO-IR spectra.

Sample 2185 cm−1

CO-Zr(OH)(OSi)3

2176 cm−1

CO-Zr(OSi)4

2156 cm−1

CO-OHSi(OSi)3

2138 cm−1

CO

Si-Beta / / 57.3 42.8
t-ZrOx-Beta-EtOH-NDP-8003 / 3.5 36.8 59.7

m+t-ZrOx-Beta-H2O-NDP-9006 3.3 26.9 30.1 39.7
m+t-ZrOx-Beta-H2O-HDP-9020 33.4 2.5 28.1 36.0
m-ZrOx-Beta-H2O-HDP-9048 30.7 2.6 30.4 36.3

m-ZrOx-Beta-H2O-HDP-15020 26.5 14.0 25.5 34.0

The basicity of the catalysts was studied using CO2-TPD, as shown in Figure 2 and
Table 3. The pure Si-Beta support shows a large peak above 500 ◦C, which accounts
for 69.0% of its total area. This peak is not caused by strong basic sites but represents
the dehydroxylation of silanol nests. For the physically mixed m-ZrOx-Beta-mix, this
high-temperature peak still exists at 57.3%. However, this peak disappears in the grafted
catalysts, which proves that silanol groups were consumed to form Zr-O-Si bonds during
the preparation. Among the samples, m+t-ZrOx-Beta-H2O-HDP-9020 shows the best
basic properties. It has the highest percentage of strong basic sites at 18.3% and a high
amount of weak–strong basic sites at 78.5%. These basic sites come from the oxygen and
hydroxyl groups of the grafted zirconium species. The high density of these sites helps
the catalyst work with the Lewis acid sites to form acid–base pairs. In contrast, the m+t-
ZrOx-Beta-H2O-HDP-15020 sample shows a distinct peak at 586 ◦C. This peak is caused
by the dehydroxylation of new silanol defects created by the loss of crystallinity during
preparation, rather than true strong basicity.
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Figure 2. The CO2-TPD spectra of catalysts.
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Table 3. The number of CO2-TPD spectra.

Sample 100–200 ◦C
Weak Basicity

200–500 ◦C
Weak–Strong Basicity

>500 ◦C
Strong Basicity

>500 ◦C
Dehydroxylation

Si-Beta 5.7 25.3 / 69.0
m-ZrOx-Beta-mix 7.0 35.8 / 57.3

t-ZrOx-Beta-EtOH-NDP-8003 12.2 77.2 10.6 /
m+t-ZrOx-Beta-H2O-NDP-9006 24.3 64.4 11.3 /
m+t-ZrOx-Beta-H2O-HDP-9020 3.2 78.5 18.3 /
m-ZrOx-Beta-H2O-HDP-15020 / 79.2 / 20.8

Across the series of grafted catalysts, the acid–base properties vary systematically
with the ZrO2 phase. The weak/strong acidity ratio from NH3-TPD (Table 1) increases
with the monoclinic ZrO2 content: from 0.98 for the pure t-ZrO2 catalyst (t-ZrOx-Beta-
EtOH-NDP-8003) to 2.28–3.91 for the mixed-phase catalysts, and further to 5.95–9.96 for the
monoclinic catalysts. This trend indicates that the m-ZrO2 phase generates predominantly
weak acid sites, whereas t-ZrO2 contributes the strong acid sites. The CO-IR data (Table 2)
reveal a parallel trend in the distribution of Lewis acid sites. Open Zr sites (2187 cm−1,
CO-Zr(OSi)3OH) are absent in the t-ZrO2-only catalyst but appear in all m-ZrO2-containing
catalysts, with the highest fraction (33.4%) observed for m+t-ZrOx-Beta-H2O-HDP-9020.
Closed Zr sites (2177 cm−1, CO-Zr(OSi)4) dominate in the t-ZrO2 catalyst and the m+t-
ZrOx-Beta-H2O-NDP-9006 catalyst (26.9%), but are nearly absent in those prepared under
sufficient hydrothermal conditions (2.5–2.6% for 9020 and 9048). The CO2-TPD results
(Table 3) show that m+t-ZrOx-Beta-H2O-HDP-9020 possesses the highest proportion of
strong basic sites (18.3%) and a high fraction of weak–strong basic sites (78.5%), giving
a total basic site content of 96.8% without interference from silanol dehydroxylation. In
contrast, m-ZrOx-Beta-H2O-HDP-15020 exhibits a distinct dehydroxylation peak (20.8%)
arising from silanol defects created by the loss of crystallinity under harsh preparation
conditions, which reduces its effective basicity. Overall, m+t-ZrOx-Beta-H2O-HDP-9020
combines the most favorable acid–base characteristics among the catalysts studied: a
moderately high weak/strong acidity ratio (3.91), the highest fraction of open Lewis acid
sites (33.4%), and the highest content of accessible basic sites (96.8%).

The results obtained from various characterization techniques were consolidated
and correlated with each other in order to determine the structure of active sites. As
the support of Si-Beta, the silanol nests/silanol defects generated by dealumination and
recrystallization [38] provide anchoring sites for the zirconium. As the (m+t)-ZrO2, more
Zr-OH formed with water–urea solution. Successful grafting of Zr on Si-Beta results in the
appearance of Zr-O-Si (Figures S8, S10 and S12), which not only provides the atomic level
dispersion of Zr, but also improves the possibility for close proximity between zirconium-
originated base sites and zeolite-originated acid sites. The structure of active sites is
represented in Scheme 2. Such a grafting of zirconia in the zeolite framework is liable to
form with m-ZrO2, which highlights the significance of the zirconia phase in the catalyst
synthesis protocol.

2.2. The Catalytic Performance of ZrOx-Beta Catalysts
2.2.1. The Catalytic Performance of Catalysts with Different Preparation Methods

The catalytic performances of ZrOx-Beta catalysts in the reaction of EATB were shown
in Figure S15 and Table 4. For the m-ZrOx-Beta-mix, the products are mainly ethylene
(56–27 wt%), ethyl ether (15–4 wt%), and heavy products (crotonaldehyde, ethyl acetate,
1,3,5-hexatriene, long-chain unsaturated aldehydes/ketones, dimethylbenzaldehyde, etc.)
(22–8 wt%). Only a small amount of BD was detected (11–4 wt%). This demonstrates that
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ethanol dehydration reactions are promoted on this catalyst. After inducing 2 wt% ZrO2 to
Si-Beta support by grafting, the selectivity of 1,3-BD was increased to 52–89%. Meanwhile,
crotonaldehyde, the aldol condensation product, was also produced. Evidently, the Zr
species provides active catalytic sites for aldol condensation and the MPV reaction by
grafting. The catalysts prepared by grafting were different from the mechanically mixed
catalysts (m-ZrOx-Beta-mix). Over the m+t-ZrOx-Beta-H2O-HDP-9020 catalyst, the selectiv-
ity of 1,3-BD was remarkably higher and the operating time was longer than that over the
other catalysts. Therefore, the best catalytic properties were found in those catalysts with a
significant portion of zirconium incorporated into the Si-Beta framework in a tetrahedral
environment and more zirconium atoms in the open sites (Zr(OSi)3OH) with Lewis sites.
The m+t-ZrOx-Beta-H2O-HPD-9020 catalyst was found to be most suitable catalyst.

Scheme 2. The structure and formation of active sites.

Table 4. Catalytic performance of ZrOx-Beta catalysts in EATB reaction.

Samples Time/h
Conversion/% Selectivity of

Butadiene/%
Selectivity of
Ehtylene/%

Selectivity of
Heavy Products/%

Max Min Max Min Max Min Max Min

m-ZrOx-Beta-mix - 65 39 11 4 56 27 22 8
t-ZrOx-Beta-EtOH-NDP-8003 25 100 93 82 61 24 11 13 5

m+t-ZrOx-Beta-H2O-NDP-9006 29 99 74 84 60 12 4 17 7
m+t-ZrOx-Beta-H2O-HDP-9020 91 100 39 87 61 23 7 8 0
m-ZrOx-Beta-H2O-HDP-9048 88 100 68 83 62 12 7 21 0

m-ZrOx-Beta-H2O-HDP-15020 24 100 53 89 52 27 7 9 0

2.2.2. The Catalytic Performance of Catalysts with Different Loading of ZrO2

The ZrOx-Beta catalysts were secondly prepared with different loading of ZrO2, and
the characterization results can be found in Figures S16–S22 and Tables S10–S15. The
performance of ZrOx-Beta catalysts with different loadings were evaluated and these are
shown in Figure S23 and Table S16. For the m+t-ZrOx-Beta-H2O-HDP-9020-2 catalyst,
the selectivity of 1,3-BD was the highest (87–61%), and the operating time is the longest
(91 h) among the catalysts, which is consistent with the result of XPS, 29Si MAS NMR and
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CO-IR. A 2.0 wt% ZrO2 was set as the optimal loading on Beta for further studies in the
following section.

2.2.3. The Catalytic Performance of m+t-ZrOx-Beta-H2O-HDP-9020-2

The synergistic effect between these active sites is important for improving reaction
performance, but it is also necessary to reduce side reactions. The reaction of EATB involves
a complex reaction network, and the reaction intermediates are active and apt to un-
dergo side reactions (Scheme 3). The main side reactions and products are as follows [39]:
(1) Dehydration of ethanol generates ethylene and ether, and ethylene polymerization
may generate coke precursors. By adding water to the raw material, the rate of ethanol
dehydration reaction can be inhibited, and the main reaction rate can be increased. (2) Ac-
etaldehyde undergoes the Tishchenko or Cannizzaro reactions to disproportionate into
acetates. And the acetone can be formed via the Ketonization reaction of acetates. The
self-condensation/cross-condensation reaction of acetaldehyde and acetone generates long-
chain unsaturated aldehydes/ketones, which are converted into 2,4-dimethylbenzaldehyde
through cyclization reaction, possibly covering the active site and causing catalyst deactiva-
tion [40,41]. By adjusting the alcohol/aldehyde ratio, the consumption of acetaldehyde can
be promoted and the generation of 2,4-dimethylbenzaldehyde can be reduced, as shown in
Scheme 3.

 

Scheme 3. The reaction network of ethanol–acetaldehyde into 1,3-butadiene.

To elucidate the deactivation mechanism, the spent m+t-ZrOx-Beta-H2O-HDP-9020-2
catalysts after 91 and 200 h on stream were characterized by XRD, N2 physisorption, and
TGA (Figures S24 and S25 and Table S17). The XRD patterns of the spent catalysts retain the
characteristic diffraction peaks of the BEA topology, confirming that the zeolite framework
remains intact during the reaction. The BET surface area decreases from 498 m2 g−1 (fresh)
to 267 m2 g−1 after 91 h and 183 m2 g−1 after 200 h, while the micropore volume declines
from 0.14 to 0.04 cm3 g−1 (Table S17). This progressive loss of porosity is attributed to
carbonaceous deposits blocking the micropores. The TGA profiles (Figure S25) confirm
coke formation, with major weight loss occurring above 350 ◦C. This high-temperature
weight loss is characteristic of heavy carbonaceous species derived from the condensation
of aldehyde-derived byproducts. The coke quantity increases with time on stream. These
results indicate that deactivation proceeds primarily through micropore blockage by coke,
rather than through the structural collapse of the zeolite framework.

Using m+t-ZrOx-Beta-H2O-HDP-9020-2 as a catalyst, the molar ratio of alcohol/aldehyde
at 1.0:1, the conversion rate of the raw material is 100.0–38.8%, the selectivity for butadiene
is 87.3–61.4%, the selectivity for ethylene is 6.6–22.8%, and the selectivity for heavy matter
is 0–8.4%. It can operate stably for 91 h (Figure S26). At the molar ratio of alcohol/aldehyde
of 2.0:1, the conversion rate of the raw material is 98.8–62.6%, the selectivity for butadiene is
86.9–63.3%, the selectivity for ethylene is 6.2–17.3%, and the selectivity for heavy products
is 1.3–13.2%. It can operate stably for 153 h. Compared with the catalytic performance
under the condition of alcohol aldehyde ratio of 1.0:1, the raw material conversion rate

https://doi.org/10.3390/catal16060542

https://doi.org/10.3390/catal16060542


Catalysts 2026, 16, 542 10 of 15

and butadiene selectivity have been improved, and the stable operating time has been
extended from 91 h to 153 h (Figure S27). Continuing to increase the alcohol aldehyde ratio
to 3.5:1 results in a decrease in catalytic performance, with raw material conversion rates
ranging from 100.0 to 73.4%, butadiene selectivity ranging from 66.4 to 59.7%, and ethylene
selectivity ranging from 20.1 to 30.8%. Thus, the appropriate alcohol aldehyde ratio is 2.0:1.

Under the conditions of an alcohol aldehyde ratio of 2.0:1 and the addition of 2% and
10% H2O, the m+t-ZrOx-Beta-H2O-HPD-9020-2 catalyst exhibits better catalytic perfor-
mance under 2% H2O than that under 10% H2O. (Figure S28 and Table S18).

The most suitable reaction conditions in the EATB reaction are the alcohol/aldehyde
ratio of 2.0:1 and the addition of 2% water (Figure 3). Compared to other conditions,
the raw material conversion rate is improved ranging from 100.0 to 66.1%, BD selectivity
is increased ranging from 81.5 to 73.1%, heavy products is reduced, ethylene selectivity
is slightly reduced, and stable operation time is extended to over 200 h. Compared to
Zhang Tao et al. [21], the conversion rate (41.5%) and one-way operation time (168 h) were
further improved.
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Figure 3. The catalytic properties of m+t-ZrOx-Beta-H2O-HDP-9020-2 catalysts with the molar ratio
of alcohol/aldehyde at 2.0:1 and the addition of 2%.

2.3. Speculation on the Structure–Activity Relationship Between Catalysts and Catalytic Performance

The monoclinic phase ZrO2 in the ZrOx-Beta catalyst can promote the formation of Si-
O-Zr-OH structure, with more Zr-OH assisting proton transfer and providing suitable Lewis
acid sites [39]. The abundant Si-OH on the Beta zeolite support with higher crystallinity
can provide weak B acid sites, thereby improving the dehydration reaction and extending
the catalyst’s stability, as shown in Scheme 4.

The results suggest that the catalytic performance of ZrOx-Beta catalysts depends on
the content of open Zr(IV) Lewis sites. The higher catalytic performance of open sites could
be attributed to their higher proton transfer ability and higher crystallinity of Beta zeolite.

The ZrOx-Beta catalyst integrated multiple, well-balanced active centers, including
Lewis acid/Bronsted acid/basic metal sites, that operate in concert to drive the sequential
transformations with high efficiency and stability.
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Scheme 4. The reaction of ethanol–acetaldehyde into 1,3-butadiene on the Si-O-Zr-OH of the ZrOx-
Beta catalyst. Structures marked with ‡ denote transition states (activated complexes) along the
reaction pathway.

3. Materials and Methods
3.1. Preparation of Zeolite Beta by Dealumination

The dealumination process was employed to prepare zeolite Beta. For dealumination,
1 g of HBeta zeolite (SiO2/Al2O3 = 20, preparation by Changling catalyst company, Yueyang,
China) was mixed with 10 mL of 13 M HNO3 solution (AR, 96%, Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) at 80 ◦C for 12 h. The obtained product
was separated by filtration and washed with deionized water until pH = 6–7. Then, the
above sample was dried overnight at 100 ◦C to obtain Si-Beta (with Si/Al ratio of ~1000).

3.2. Preparation of Zr-Incorporated Beta Zeolite Catalysts

Dissolution and precipitation processes were employed to prepare the ZrOx-Beta
catalysts. As a typical synthesis, 1.0 g of the Si-Beta was stirring for 3 h at 353 K in 100 mL of
ethanol or water–urea solution containing appropriate amounts of ZrO(NO3)2 (AR, 99.5%,
Shanghai Aladdin Biochemical Technology Co., Ltd.). The mixture was transferred to a
three-necked flask (NDP) or Teflon-lined autoclave (HDP) and heated to 80–150 ◦C for
3–20 h. The obtained suspension was stirred in air at 353 K until solvent was evaporated.
The resulting solids, dried in the air at 353 K for 24 h, were finally calcined at 823 K for 5 h.
a-ZrOx-Beta-b-c-d-e-f, where a is the phase of ZrO2 (monoclinic and tetragonal), b is the
solvent used, c is the reaction vessel (NDP and HDP), d is temperature, e is time, and f is
the content of ZrO2 in the catalyst
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3.3. Catalysts Characterization

Powder X-ray diffraction (XRD) patterns were collected on a PANalytical diffrac-
tometer (Malvern, UK) using Cu Kα radiation. Elemental compositions (Si, Al, Zr) were
determined by X-ray fluorescence (XRF) on a Type 3013 spectrometer (Nihon Riken Electric
Co., Ltd., New Taipei City, Taiwan). Nitrogen adsorption–desorption isotherms were mea-
sured at −196 ◦C on a Micromeritics ASAP 2010 instrument (Norcross, GA, USA). Prior to
measurement, the sample was degassed at 350 ◦C under vacuum (1.33 × 10−2 Pa) for 15 h.
The specific surface area was calculated by the BET method, and the total pore volume was
taken from the adsorbed amount at P/P0 ≈ 0.98.

UV–vis diffuse reflectance spectra were acquired on an Agilent CARY300 spectropho-
tometer (Santa Clara, CA, USA) over the range 190–800 nm with a step size of 1 nm.
Ultraviolet (UV) Raman spectra were recorded on a LabRam-HR Raman spectrometer
(Horiba-Jobin Yvon, Kyoto, Japan) equipped with a CCD detector, using a 325 nm laser
(1 mW) focused through a 50× long-working-distance objective. The spectral resolution
was 4 cm−1. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher
ESCALab 250 spectrometer (Waltham, MA, USA) with Al Kα radiation; binding energies
were referenced to the C 1s line at 284.8 eV. 29Si magic-angle spinning (MAS) NMR spectra
were acquired at a 29Si frequency of 99.352 MHz with a spinning rate of 10.0 kHz, a π/2
pulse length of 5.0 µs, and a recycle delay of 30 or 60 s (ca. 1000 transients).

NH3 temperature-programmed desorption (NH3-TPD) was carried out on a Mi-
cromeritics AutoChem II 2920 analyzer (Norcross, GA, USA). The sample (20–40 mesh)
was pretreated in He at 500 ◦C for 1 h, saturated with NH3 at 100 ◦C, and purged with He
for 30 min. Desorption was monitored from 100 to 600 ◦C at a ramp of 10 ◦C min−1 using a
thermal conductivity detector (TCD). Pyridine-adsorbed IR (Py-IR) spectra were collected
on a BIO-RAD FTS3000 spectrometer (Hercules, CA, USA) in the range 1600–1300 cm−1. A
self-supported wafer was activated at 550 ◦C for 1 h under vacuum (<10−5 Pa), exposed to
pyridine vapor at room temperature for 0.5 h, and spectra were recorded after evacuation
at 200 and 350 ◦C.

CO-IR spectra were recorded in transmission mode on a Nicolet 6700 FTIR spectrome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) with a DTGS detector. A self-supported
wafer (~20 mg) was activated under vacuum at 450 ◦C for 3 h (ramp: 5 K min−1). After cool-
ing, a reference spectrum was recorded (128 scans, 4 cm−1 resolution). CO (99.99997% pu-
rity) was introduced in calibrated aliquots into a liquid-nitrogen-cooled cell, and spectra
were recorded at liquid nitrogen temperature after each dose until saturation. Spectral
subtraction and curve-fitting were performed using the OMNIC 7.3 package.

CO2 temperature-programmed desorption (CO2-TPD) was performed on the same
AutoChem II 2920 instrument. The sample (0.2 g) was pretreated in He (30 mL min−1) at
500 ◦C for 1 h, cooled to 50 ◦C, and exposed to a 10 vol% CO2/He mixture (30 mL min−1)
for 30 min. After purging with He for 1 h to remove physisorbed CO2, the desorption
profile was recorded from 50 to 800 ◦C at 10 ◦C min−1.

3.4. Catalytic Evaluation

The catalytic evaluation was carried out in a fixed-bed flow quartz reactor with an
inner diameter of 12 mm at 493–673 K and 0.5 MPa. A measure of 4 g ZrOx-Beta was
loaded into the reactor (sieve fraction, 0.25–0.5 mm). Nitrogen was used as the carrier
gas (450 mL·min−1). Before the reaction, samples were heated to 723 K under flowing
nitrogen for 1 h. Ethanol and acetaldehyde were fed into the catalytic reactor by passing
nitrogen. The weight hourly space velocity (WHSV) was 2.0 g (EtOH+AcH)·gcat−1·h−1.
The reagent and reaction products were analyzed on a gas chromatograph (Shimadzu GC-
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2010 PLUS, Kyoto, Japan) equipped with an FID detector and a capillary column (DB-624,
30 m × 0.32 mm) for organic compounds.

Catalytic activity was characterized by the conversion of reactant (Xi), selectivity to
products (Sj):

Total conversion =
Total C moles − (C mole unreacted EtOH + C mole unreacted AcH)

Total C moles
× 100%

BD selectivity =
C mole BD in products

Total C moles in products except for EtOH and AcH
× 100%

The catalytic data reported in this work were obtained from single time-on-stream
runs. The TOS profiles with product analysis at regular intervals are provided in full in the
Supporting Information (Figures S15 and S23–S26).

4. Conclusions
ZrOx-Beta catalysts were synthesized by a dissolution–precipitation method to en-

hance the catalytic properties in EATB reaction. A significant portion of Zr species were
homogeneously dispersed and tetrahedrally isolated in the framework of zeolite Beta,
forming Zr-O-Si bonds. The incorporation of Zr resulted in the formation of Lewis acid
sites and suitable basic sites. The open sites of Zr were formed, resulting in good catalytic
properties. m+t-ZrOx-Beta-H2O-9020 was the most-yielding catalyst compared with the
other reported catalysts, with the best butadiene selectivity of 82–73% at a conversion of
100–66%, and a run time of 200 h. The zirconia phase, the open sites of Zr, and the content
of H2O in the feed were crucial in the reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal16060542/s1. References [42,43] are cited in the Supplemen-
tary Materials.
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