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ABSTRACT: The one-pot conversion of ethanol to butadiene is a
promising route for butadiene production; however, simultaneous
attainment of high butadiene productivity and high butadiene
selectivity is challenging. Here, zeolite-confined bicomponent Zn—Y
clusters were constructed and applied as robust catalysts for ethanol-
to-butadiene conversion with a state-of-the-art butadiene productiv-
ity of 2.33 gzp/g./h and butadiene selectivity of ~63%. Structural
confinement effects are responsible for the enhanced butadiene

production efficiency via a multiple-step cascade reaction.
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1,3-Butadiene is an important industrial chemical used as a
monomer in the production of synthetic rubber. Currently, the
global production of butadiene amounts to more than 10
million tons per year, and most of the butadiene is produced via
the extractive distillation of C4 fractions from naphtha steam-
cracking processes.’ To expand the source of butadiene
production and improve its excessive dependence on steam
cracking, alternative routes for butadiene production, e.g. from
dehydrogenation of n-butane or butenes and from ethanol
conversion, have been explored. The one-pot conversion of
ethanol to butadiene was developed by Sergei Lebedev,”
commercialized in Russia in the 1920s, and unfortunately
abandoned after 1960s because of economic considerations.
With the recent increase in ethanol production, especially the
rapid development of bioethanol, the Lebedev process is
becoming a competitive route for butadiene production” and
therefore attracts renewed research interests.””’

The mechanism and reaction network of ethanol-to-
butadiene conversion have been extensively investigated in
the past decades. Through sufficient debates, several key
reaction steps are now generally accepted (Scheme 1),8
including (i) the dehydrogenation of ethanol to acetaldehyde,
(i) the aldol condensation of acetaldehyde to acetaldol, (iii)
the dehydration of acetaldol to crotonaldehyde, (iv) the
Meerwein—Ponndorf—Verley reduction of crotonaldehyde to
crotyl alcohol, and (v) the dehydration of crotyl alcohol to
butadiene. Obviously, this is a very complicated reaction
process and catalysts with multiple functionalities are required.
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Scheme 1. Reaction Network of Ethanol-to-Butadiene
Conversion
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The key to the success of ethanol-to-butadiene process is the
simultaneous attainment of a high butadiene productivity for
practical operation and a high butadiene selectivity to avoid the
expensive and time-consuming purification steps, which
remains very challenging.

In the present study, we introduce the confinement effects to
ethanol-to-butadiene catalysts by using zeolite as a catalyst
support, and we demonstrate that such a simple strategy can
significantly enhance the butadiene production efficiency to a
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Table 1. Ethanol Conversion to Butadiene over Confined Catalysts

a

product selectivity (mol %)

catalyst T (K) conversion (%) productivity (ggp/ge/h)” C,H, C,H;0C,H; CH,CHO crotonaldehyde C,Hg

S$%Zn/beta 623 81 0.21 14 4 33 S 33

5%Cu/beta 623 93 0.01 44 8 44 1

5%Y/beta 623 93 0.03 9§ 0 0 0 S

5%Ce/beta 623 78 0.09 78 8 0 0 14
5%Cu-5%Y/beta 623 50 0.07 0 25 0 0 19
5%Cu-5%Ce/beta 623 80 0.20 10 0 38 12 33
5%Zn-5%Ce/beta 623 87 0.46 10 0 8 2 66
5%Zn-5%Y /beta 623 89 0.50 2 4 1 69
2%Zn-8%Y /beta 623 92 0.53 3 1 1 74
2%Zn-8%Y /beta” 623 100 0.12 17 0 0 0 75
2%Zn-8%Y /beta” 603 90 0.11 12 0 0 0 81
2%7Zn-8%Y /beta” 623 47 1.46 7 S 6 4 67
2%Zn-8%Y /beta” 673 82 233 12 2 7 3 63

“WHSV = 1.3/h unless specifically stated; data recorded at reaction for 1 h. "WHSV = 0.3/h. “WHSV= 7.9/h.

new level. The concept of confined catalysis might also be
applicable to a wide range of multiple-step cascade reactions for
industrial chemical production.

The zeolite-confined catalyst systems were constructed via a
postsynthesis route on the basis of our previous work.” Briefly,
zeolite H-beta was fully dealuminated and then mixed with an
approximate amount of decomposable metal precursors
(usually nitrates). Upon calcination, the metal precursors
decomposed and reacted with the silanols created from
dealumination. In such a way, metal functional sites could be
introduced into zeolite cages, locating at former Al positions of
parent zeolite, to build confined catalytic reactors, as supported
by *Si MAS NMR spectra (Figure S1) and DRIFT spectra
(Figure S2) The ethanol conversion over various confined
monocomponent zeolite catalysts was first studied in a fixed-
bed reactor, and the results are shown in Supplementary Figure
S3. Transition-metal components Cu, Zn, and Ag appear to be
active for ethanol dehydrogenation to acetaldehyde; however,
the Ag catalyst suffers from severe activity loss with the
progress of reaction. Rare-earth metal components Y, La, Ce,
Pr, and Nd seem to be active for acetaldehyde conversion
because a significant amount of butadiene could be detected in
the product while no acetaldehyde was detected. This is verified
by the experimental results from acetaldehyde condensation
over representative rare-earth metal catalysts (Figure S4). We
then come to the idea of combining the ethanol dehydrogen-
ation component with acetaldehyde condensation component
for the one-step ethanol conversion to butadiene. As expected,
bicomponent zeolite catalysts exhibited greatly enhanced
efficiency in ethanol-to-butadiene conversion (Table 1). For
5%Zn-5%Y /beta, a high butadiene productivity of 0.50 ggp/
g./h with a butadiene selectivity of 69% could be achieved.
Optimizing the catalyst composition (Figure SS) and reaction
conditions (Figure S7) could further increase the butadiene
production efficiency to a great extent. Typically, a stable high
butadiene selectivity of ~81% (12% ethylene and 7% propylene
as byproduct) with butadiene productivity of 0.11gzp/g./h
can be achieved at WHSV of 0.3/h and temperature of 603 K
over bicomponent 2%Zn-8%Y/beta. Alternatively, a state-of-
the-art butadiene productivity of 2.33 ggp/g.../h with a high
butadiene selectivity of ~63% (see Table S1 and Figure S8 for
direct comparison with literature results) can be achieved at
WHSV of 7.9/h and temperature of 673 K over the same
catalyst. Moreover, the bicomponent 2%Zn-8%Y /beta can be
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fully regenerated via a simple calcination process (Figure S9),
demonstrating its potential for industrial ethanol-to-butadiene
conversion in a circulating fluidized bed reactor.

For reference, 5%Zn-5%Y/SiO, and 5%Zn-5%Y/MCM-41
were prepared and investigated for ethanol-to-butadiene
conversion. The structures of supported bicomponent catalysts
are confirmed by XRD analysis (Figure S10). The absence of
diffraction patterns corresponding to ZnO or Y,Oj indicates
the good dispersion of Zn and Y species even at high loading
employed. The pore sizes of S%Zn-5%Y/SiO,, 5%Zn-5%Y/
MCM-41, and 5%Zn-5%Y/beta are determined to be 24, 2.8,
and 0.8 nm, respectively (Figure S11). That is, the functional
sites Zn—Y are confined in micropores (beta: 0.8 nm),
mesopores (MCM-41:2.8 nm), and macropores (SiO,: 24
nm) of silica support, respectively. All silica-supported
bicomponent Zn—Y catalysts are active for the ethanol-to-
butadiene conversion; however, their catalytic performance
differs a lot (Figure 1). The highest initial butadiene
productivity of 0.52 gpp/g./h is achieved on S$%Zn-5%Y/
beta, followed by the 0.15 ggp/g../h on 5%Zn-5%Y/MCM-41,
and then 0.10 gpp/g../h on 5%Zn-5%Y/SiO, under identical
reaction conditions. Because ethanol-to-butadiene is a multiple-
step reaction and a specific functional site is required for an
individual step (Scheme 1), an effective transfer of the
intermediate product from one site to the next is a key issue
for the high productivity of butadiene. This is guaranteed by the
formation of Zn—Y-containing clusters confined in zeolite
channels (vide infra). With the close contact between different
functional sites, the intermediate product acetaldehyde has a
higher chance to react with each other to produce acetaldol
rather than escape as unwanted byproduct. Meanwhile, the
byproduct acetaldehyde may bear diffusion resistance within
zeolite channels, which further improve the aldol condensation
of acetaldehyde. Undoubtedly, ordered and limited space is
expected to provide a better confinement effect, and in this
context, three-dimensional zeolite cages should be the ideal
choice. In the reaction of ethanol-to-butadiene, the selectivity
to acetaldehyde can be used as an indicator of confinement
effect: higher acetaldehyde selectivity means weaker confine-
ment effect and, accordingly, lower butadiene productivity.

For a better understanding of the support structural
confinement effects in bicomponent catalysts, high-resolution
XPS and TEM analysis was performed. The binding energy
values of 1023.9 and 1047.0 eV, corresponding to Zn 2p;/, and
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Figure 1. Ethanol-to-butadiene conversion catalyzed by 5%Zn-5%Y/
SiO, and 5%Zn-5%Y/MCM-41 and 5%Zn-5%Y/beta, with the
schematic diagrams of support confinement effects. Reaction
conditions: 0.3 g catalyst, WHSV = 1.3/h, T = 623 K.

2py/y respectively, are observed for monocomponent Zn/beta.
These values are significantly higher than reference bulk ZnO
(1022.1 and 10452 eV, Figure S12), which is due to the
formation of the Si—O—Zn bond (Si—O— as electron-
withdrawing ligand). For bicomponent Zn—Y on silica support,
similar binding energy values at 1023.2 and 1046.4 eV are
observed (Figure 2, left chart). The shift toward lower values
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Figure 2. High-resolution Zn 2p and Y 3d XPS of selected samples.

compared to bicomponent Zn/beta should be due to the
electron transfer from Y to Zn and/or the reduced Si—O—Zn
bond by the presence of Y. In the Y 3d XPS (Figure 2, right
chart), binding energy values of 158.8 and 160.7 eV
corresponding to Y 3ds,, and 3ds/,, respectively, are observed
for monocomponent Y/beta, which are distinctly higher than
bulk Y,0; (156.7 and 158.6 eV, Figure S12), which is due to
the formation of the Si—O—Y bond. In contrast, binding energy
values of 159.0 and 160.9 eV corresponding to Y 3ds/, and
3d;,, respectively, are observed for bicomponent Zn—Y/beta.
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The shift toward higher values compared to monocomponent
Y/beta is originated from the balance between the electron
transfer from Y to Zn and the reduced Si—O—Y bond by the
presence of Zn. Obviously, the electron transfer from Y to Zn
plays the leading role in the process, which also indicates the
strong interaction between Zn and Y in bicomponent Zn—Y/
beta catalyst. For bicomponent Zn—Y/MCM-41 and Zn-Y/
SiO,, the Y 3d binding energy shift toward lower values
compared to Zn—Y/beta, but still distinctly higher than bulk
Y,0;. This should be explained from the weaker interaction
between Zn and Y in Zn—Y/MCM-41 and Zn-Y/SiO, as
compared to Zn—Y/beta, as well as the formation of Si—O—Y
bonds in all bicomponent Zn—Y on silica supports. In a whole,
XPS results reveal the interaction between Zn and Y species in
bicomponent Zn—Y catalysts and a stronger interaction
between Zn and Y is observed in Zn—Y/beta with stronger
structural confinement effects.

The catalytically active Zn—Y species on different silica
supports was investigated by means of electron microscopy.
Bright-field HRTEM image of 5%Zn-5%Y/beta shows clear
lattice fringes of zeolite support but no evidence of Zn-Y
species on the support (Figure S13). Figure 3a shows the

Figure 3. HAADF-STEM images with corresponding element
mapping of 5%Zn-5%Y/beta (a), $%Zn-5%Y/MCM-41 (b), and 5%
Zn-5%Y/SiO, (c); representative high-resolution HAADF-STEM
images of S%Zn-5%Y/beta sample (d).

representative STEM image of 5%Zn-5%Y/beta acquired in the
high-angle-dark-field (HAADF) detection mode. The corre-
sponding element mapping results confirm the homogeneous
distribution of Zn and Y species as well as their close contact. In
contrast, although the homogeneous distribution of Zn or Y
species is achieved for 5%Zn-5%Y/MCM-41 and $%Zn-5%Y/
SiO, with metal loading below monolayer coverage,10 the
enrichment in Zn or Y in specific regions can be observed
(Figure 3b,c), which would unavoidably lead to low catalytic
efficiency in multiple-step reactions. In the high-resolution
HAADF-STEM images of 5%Zn-5%Y/beta (Figure 3d), bright
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flecks with diameters of ~0.5—2 nm are observed to distribute
on zeolite support (highlighted by red circles in the thin
region), indicating the formation of clusters. Unfortunately, Zn
and Y atoms cannot be solved by HAADF imaging; however,
energy dispersive spectroscopy analysis does reveal the
presence of both Zn and Y in a single cluster (Figure S16).
The diameter of Zn—Y cluster is consistent with the cage of
beta zeolite (although larger nanoparticles might also exist),
and it can be stated that Zn—Y clusters are formed owing to
zeolite structural confinement effects. Such Zn—Y clusters
exhibit attracting activity in the one-pot conversion of ethanol
to butadiene (Figure 1, Table 1, and Table SI).

In summary, bicomponent Zn—Y clusters were constructed
by using zeolite beta with structural confinement effect as a
catalyst support. Bicomponent Zn—Y clusters confined in
zeolite cages exhibited a state-of-the-art butadiene productivity
of 2.33 ggp/g../h with a high butadiene selectivity of ~63% in
the one-pot ethanol-to-butadiene conversion, which can meet
industrialization production requirements of butadiene. Struc-
tural confinement effects should be developed as a general
strategy to enhance the catalytic efficiency for chemical
production via multiple-step reactions.
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