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a b s t r a c t

Despite of extensive attention on the ethanol to butadiene (ETB) conversion, the catalyst deactivation
during ETB conversion is rarely investigated and poorly understood. Here, the mechanism of the catalyst
deactivation during the ETB conversion over Zn-Y/Beta was investigated through several complementary
approaches, including XPS, TGA, GC–MS, in situ DRIFTS, UV–vis and 13C CP MAS NMR spectroscopy.
Acetaldehyde was observed to be the first reactive intermediate formed in the ETB conversion, which
was rapidly involved in a subsequent aldol condensation with the simultaneous production of acetone.
Due to a self- and cross-condensation of acetaldehyde and acetone, long chain unsaturated aldehydes/
ketones were formed and further converted to 2,4-dimethyl benzaldehyde via a cyclization reaction,
which could gradually cover the active sites and led to catalyst deactivation. Fortunately, the deactivating
species could be removed from catalyst surface via simple calcination and the complete regeneration of
Zn-Y/Beta could be realized.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Growing concerns regarding environment deterioration and the
gradual depletion of fossil resources become a key driving force for
the sustainable production of important chemicals [1]. Bioethanol
obtained from the fermentation of sugars and starch is regarded as
a most attractive renewable material to produce basic chemicals
like acetaldehyde, acetic acid, isobutene, and butadiene [2–4]. In
particular, the conversion of ethanol to butadiene (ETB) is becom-
ing an attractive route since butadiene is an important monomer
for the production of polymers and polymer intermediates [1].
The bioethanol-based route to butadiene possesses an apparent
advantage over the traditional naphtha-based one according to
the techno-economic analysis, life-cycle assessment, and green
chemistry principles [5].

Recently, extensive attention has been focused on the ETB con-
version. The reactionmechanismandnetwork of the ETB conversion
have been extensively investigated [6–11], and several key reaction
steps are now generally accepted, including (i) the dehydrogenation
of ethanol to acetaldehyde, (ii) the aldol condensation of
acetaldehyde to acetaldol, (iii) the dehydration of acetaldol to
crotonaldehyde, (iv) the Meerwein-Ponndorf-Verley reduction of
crotonaldehyde to crotonyl alcohol, and (v) the dehydration of
crotonyl alcohol to butadiene [3,12]. On the other hand, a variety
of catalysts have been explored to achieve high butadiene yield
and productivity in ETB conversion. In the most cases, mixed metal
oxides are studied as candidating catalysts, suchasdopedmagnesia-
silica catalysts prepared via different procedures [4,13–28]. More-
over,with additionofmetal ormetal oxides to Lewis acidic catalysts,
e.g. zeolite Zr-Beta or ZrO2/SiO2, the two-step ETB catalysts could be
transferred into one-step ETB catalysts, and the butadiene yields
could be significantly promoted [9,29–37]. Our recent work indi-
cates that Zn–Y/Beta zeolite containingdehydrogenation, condensa-
tion and Lewis acid sites exhibits a remarkable ETB activity, and a
state-of-the-art butadiene productivity of 2.33 gButadiene/gCat/h with
butadiene selectivity of 63% could be obtained bywell balancing the
different types of active sites [12,38]. Despite of the significant
achievementsmade so far, the catalyst stability remains a key prob-
lem for the long-running of the ETB conversion and the reasons for
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catalyst deactivation are not understood yet. An improved knowl-
edge on the detailed deactivation mechanism of an ETB catalyst is
essential for its industrial application [1], and, therefore, the main
goal of the present work.

In this work, Zn- and Y-modified zeolite Beta was utilized as a
model catalyst for investigating the deactivation mechanism dur-
ing the ETB conversion. The catalytic performance of the zeolite
Zn-Y/Beta in the ETB conversion for a time-on-stream of up to
70 h was evaluated on a fixed-bed reactor. The intermediary prod-
ucts formed during the initial stages of the ETB conversion were
monitored by on-line MS, while the reactive intermediates formed
during the whole process of the ETB conversion were investigated
by in situ DRIFTS and UV–vis spectroscopy. Moreover, the physico-
chemical properties of the catalysts before and after ETB conver-
sion were analyzed by XRD, nitrogen physisorption, and XPS. The
organic deposits occluded in the zeolite catalyst as a result of the
ETB conversion were determined by TGA, GC–MS, and 13C CP
MAS NMR spectroscopy. According to the catalytic performance
of the Zn-Y/Beta zeolite and the spectroscopic results, the deactiva-
tion behaviors of this catalyst were disclosed, and the deactivation
mechanism was discussed in detail. The methodology employed
here can be extended to the other cascade heterogeneous catalytic
reactions.
2. Experimental section

2.1. Catalyst preparation

The Zn-Y/Beta zeolite was prepared via a two-step metallation
procedure [38]. First, the dealuminated zeolite Si-Beta was
obtained by treating the commercial H-Beta zeolite (nSi/
nAl = 13.5, Sinopec Co.) in 13 mol/L nitric acid aqueous solution.
Afterwards, zinc and yttrium were introduced to Si-Beta by mixing
Si-Beta with desired amounts of zinc and yttrium nitrates, followed
by calcination in flowing air at 823 K for 6 h. The final product 5%
Zn-5%Y/Beta (5% refers to the weight loading), hereinafter abbrevi-
ated as Zn-Y/Beta, was directly utilized as a solid catalyst in the
ETB conversion.
2.2. Catalyst evaluation

The ETB conversion was performed in a fixed-bed reactor at
atmospheric pressure as described in our previous work [12]. In
a typical experiment, 0.3 g of the Zn-Y/Beta catalyst (sieve fraction,
0.25–0.5 mm) was placed in a fixed-bed reactor and treated in
flowing He (20 mL/min) at 723 K for 1 h. After cooling down to
623 K, ethanol was introduced into the reactor utilizing a Shi-
madzu LC-2AT Dual Reciprocating Plunger HPLC pump at the rate
of 0.5 mL/h. After the ETB reaction, the catalyst was regenerated
by calcination in flowing air (20 mL/min) at 823 K for 6 h. The reac-
tion products were analyzed by an on-line gas chromatograph
(Shimadzu GC-2010 plus) with a Poraplot Q-HT column
(40 m � 0.18 mm � 0.18 lm) and a flame ionization detector (FID).

To get more information about the main reaction products
formed during the ETB conversion, the fixed-bed reactor was also
connected with a downstream gas sampling mass spectrometer
(MS, Pfeiffer Omnistar).
2.3. Characterization of the fresh and spent Zn-Y/Beta catalysts

The X-ray diffraction (XRD) patterns of the fresh and spent cat-
alysts were recorded on a Rigaku SmartLab powder diffractometer
using Cu-Ka radiation (k = 1.5418 Å) with a scanning rate of 5�/min
in the range of 2h = 5–50�.
The surface areas and pore volumes of the fresh and spent cat-
alysts were measured by means of nitrogen sorption on a Quan-
tachrome iQ-MP gas adsorption analyzer at 77 K. Before the
nitrogen adsorption, samples were dehydrated at 573 K for 6 h.
The total surface area was calculated via the Brunauer-Emmett-
Teller (BET) equation while the micropore volume was determined
using the t-plot method.

X-ray photoelectron spectra (XPS) of the fresh and spent cata-
lysts were recorded on a Thermo Scientific ESCALAB 250Xi spec-
trometer using a monochromatic Al-Ka X-ray source (hm =
1486.6 eV) as the excitation source. High-resolution spectra were
recorded by using an aperture slot of 300 � 700 mm. The binding
energies (±0.1 eV) were determined with respect to the position
of the C 1s peak at 284.8 eV.

2.4. In situ DRIFTS and UV–vis studies of the ETB conversion over the
Zn-Y/Beta catalyst

The nature of organic intermediates formed during the ETB con-
version was in situ monitored by DRIFTS, and UV–vis spectroscopy
as described in Ref. [39] and [40], respectively. DRIFT spectra were
recorded on a Bruker Tensor 27 spectrometer equipped with a liq-
uid N2 cooled high sensitivity MCT detector and an in situ reaction
chamber. About 20 mg of the catalyst powder was placed in the
reaction chamber. Before starting the reaction, the catalysts were
activated under flowing He (10 mL/min) at 723 K for 1 h. Subse-
quently, the temperature was decreased to 623 K for collecting
the DRIFT background spectra. Afterwards, the ethanol was
injected into the chamber at the constant rate of 0.025 mL/h
(WHSV = 1.0 h�1) and the in situ DRIFT spectra were recorded with
a resolution of 4 cm�1 and an accumulation of 128 scans.

UV–vis spectra were recorded via an AvaSpec-2048 Fiber Optic
spectrometer using an AvaLight-DH-S deuterium light source by
Avantes and a glass fiber reflection probe HPSUV1000A by Oxford
Electronics. Before the ETB reaction, the glass fiber reflection probe
was placed in the fixed-bed reactor on the top of the catalyst with a
gap of ca. 1.0 mm. Reference UV–vis spectra of the catalysts were
recorded at reaction temperature prior to starting the ethanol
injection. In situ UV–vis spectra were recorded in the diffuse reflec-
tion mode and over a spectral range of 200–600 nm [40].

2.5. TGA, GC–MS analysis, and 13C CP MAS NMR investigations of
organic deposits on spent Zn-Y/Beta catalysts

The amounts of entrapped organic species on the Zn-Y/Beta cat-
alysts after the ETB reaction for different time-on-stream (TOS)
were analyzed by TGA using a Setram Setsys 16/18 thermograv-
metric analyzer. Typically, 0.1 g of spent catalyst was placed in
an Al2O3 crucible and heated at the constant rate of 10 K/min in
flowing O2/Ar (20 vol%/80 vol%, 30 mL/min).

The nature of occluded organic compounds in the catalysts after
the ETB reaction with different TOS was analyzed by GC–MS and
13C CP MAS NMR spectroscopy. For GC–MS analysis, 0.1 g of the
spent catalyst sample was carefully dissolved in 1 M HF solution.
This solution was treated with CH2Cl2 to extract the organic com-
pounds and the residual water was removed by the addition of suf-
ficient sodium sulfate solid. Then, 0.2 lL of the organic extract
were analyzed by GC–MS (GCMS-QP2010 SE) with a RXI-5MS col-
umn (30 m, 0.25 mm i.d., stationary phase thickness 0.25 lm). The
following temperature program was employed: Isothermal heating
at 313 K for 6 min, heating to 553 K with a rate of 10 K/min, and
isothermal heating at 553 K for 10 min.

13C CP MAS NMR measurements were performed on a Bruker
Avance III 400WB spectrometer at the resonance frequency of
100.6 MHz, with cross polarization of 4 ms, the repetition time of
4 s, and the sample spinning rate of 8.0 kHz. To avoid contact with
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air, all spent catalyst samples were transferred from the reactor
into the gas-tight MAS NMR rotors inside a glove box purged with
dry nitrogen gas.
Fig. 2. Catalytic properties of regenerated Zn-Y/Beta catalyst after the ETB
conversion at 673 K for TOS of up to 10 h, WHSV = 1.0�1.
3. Result and discussion

3.1. Catalytic performance of the Zn-Y/Beta catalyst in the ETB
conversion

For introducing a novel heterogeneously catalyzed reaction in
chemical industry, a stable performance of the catalyst is a key pre-
requisite. Therefore, the present work focus on the stability and
regeneration ability of the Zn-Y/Beta catalyst in the ETB conver-
sion. Zeolite deAl-Beta exclusively containing weakly acidic silanol
groups was applied as support material. As shown in Fig. S1, ethene
and diethyl ether (DEE) are the dominant products over deAl-Beta
zeolite during the ethanol conversion. With increasing ethanol
conversion, ethene selectivity increases, accompanied by the
decline in DEE selectivity. These observations confirm that the sila-
nol groups are responsible for ethanol dehydration to ethene or
DEE. After Zn and Y introduction, butadiene and acetaldehyde
became the dominant products, but a gradual deactivation
occurred with the progress of the ETB conversion (Fig. 1). The etha-
nol conversion decreased from the initial 95.8% to about 40% at the
TOS of 70 h. Simultaneously, the selectivity to butadiene gradually
decreased from 71.4% to 32.1%, while the selectivity to acetalde-
hyde increased from 1.0% to 21.5%. Our previous studies indicated
that the reaction mechanism of the ETB conversion over the
bifunctional zeolite Zn-Y/Beta contains several steps, i.e. ethanol
dehydrogenation, aldol condensation, Meerwein-Ponndorf-Verley
reduction, and dehydration [12]. It indicated that the active sites
of the Zn-Y/Beta catalyst for the further conversion of acetaldehyde
to butadiene were gradually covered or blocked with the progress
of the ETB conversion. On the other hand, the selectivity to ethene
and diethyl ether (DEE) was nearly not changed. It indicated that
the weak acidic sites, e.g. SiAOH groups, being active sites for
the ethanol dehydration to ethene or DEE, were kept accessible
during the ETB reaction. Furthermore, the ethene conversion over
zeolite Zn-Y/Beta was also investigated at 623 K, but neglectable
ethene conversion could be obtained (Fig. S2), excluding the
sequential reaction of ethene and DEE to butadiene.
Fig. 1. Ethanol conversion and product selectivities during the ETB conversion over
the Zn-Y/Beta catalyst under study at 673 K for TOS of up to 70 h, WHSV = 1.0�1.
The regeneration ability of the spent Zn-Y/Beta catalyst after
reaction for a time-on-stream of 70 h was investigated by calcina-
tion in air at 873 K for 6 h. As shown in Fig. 2, the catalytic perfor-
mance could be fully recovered after regeneration of the spent Zn-
Y/Beta catalyst, revealing that carbon deposits were responsible for
the catalyst deactivation.
3.2. Physicochemical properties of the fresh and spent Zn-Y/Beta
catalysts

For a better understanding of the change of the textual proper-
ties of the Zn-Y/Beta catalyst after the ETB conversion, the XRD pat-
terns, BET surface areas, micropore volumes, and Zn and Y states of
the catalysts before and after the reaction were investigated. As
shown in Fig. S3, typical diffraction peaks characteristic of the
BEA topology could be observed for both the fresh and the spent
Zn-Y/Beta catalysts, revealing that the framework structure of zeo-
lite Beta was well preserved after the ETB conversion, and the cat-
alyst deactivation was not caused by the destroy of zeolite
structure. This could be further confirmed by the similar adsorp-
tion/desorption isotherms in nitrogen physisorption for the fresh
and spent Zn-Y/Beta catalysts (Fig. 3a). However, in comparison
with the fresh sample, the surface area and micropore volume of
the spent catalyst decreased to some extent, which should be
due to the partial block of the micropores by the organic deposits.

To investigate the effect of coke compounds and hydrogen
formed during the ETB conversion on the existing states of the
Zn and Y species, XPS analysis of the fresh and spent Zn-Y/Beta cat-
alysts were further performed. As shown in Fig. 3b, two same bind-
ing energy values of 160.9 and 159.0 eV corresponding to Y 3d3/2

and 3d5/2, respectively, were observed for both fresh and spent
Zn-Y/Beta catalysts. According to our previous study [38], the
higher values of Zn-Y/Beta zeolites compared to those of bulk
Y2O3 are due to the formation of SiAOAY bonds, which was not
influenced by the coke compounds, indicating that the coke com-
pounds and hydrogen formed during the ETB conversion have no
influence on the valence states of Y species. Similarly, the Zn states
were also not changed after the ETB conversion (Fig. 3c). However,
a slight decrease of the Zn and Y signals occurred for the spent Zn-
Y/Beta catalyst, hinting to the partial coverage or blocking of the Zn
and Y species by coke compounds, in line with the previous studies
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Fig. 4. On-line MS monitoring of the reaction products formed during the initial
stages of the ETB conversion at 673 K for TOS up to 20 min.

10 T. Yan et al. / Journal of Catalysis 367 (2018) 7–15
of the Zn states of Zn/H-ZSM-5 before and after methane dehy-
droaromatization [41].

Summarizing these experimental observations, we conclude
that the coke compounds formed during the ETB reaction can lead
to a partial blocking of pores, which causes a slight decrease in the
BET surface area and micropore volume. On the other hand, the
coke compounds can also cause a partial coverage of the active
sites making them non-accessible for further reaction. To get more
detailed information on the deactivation behaviors of the Zn-Y/
Beta catalysts during the ETB conversion, the nature of the initial
products, reactive intermediates and organic deposits during the
catalyst lifetime were investigated by MS, in situ DRIFTS, UV–vis,
TGA, GC–MS, and 13C CP MAS NMR spectroscopy in the following
sections.

3.3. On-line MS monitoring of the ETB conversion over the Zn-Y/Beta
catalyst

To get more information about the initial products or interme-
diates formed during the ETB conversion over Zn-Y/Beta catalyst,
on-line MS experiments were performed. According to the previ-
ous report of Wang and the co-workers [42], the formation of ace-
tone was observed during the ethanol conversion over ZnO oxide
and several steps are involved in this process: (i) the dehydrogena-
tion of ethanol to acetaldehyde (CH3CH2OH? CH3CHO + H2); (ii)
the Aldol condensation reaction of acetaldehyde to acetaldol
(2CH3CHO? CH3CHOHCH2CHO); (iii) the dehydrogenation of
acetaldol to 3-oxobutanal (CH3CHOHCH2CHO? CH3COCH2CHO
+ H2); (iv) the reaction of 3-oxobutanal and water to acetone
(H2O + CH3COCH2CHO? CH3COCH3 + CO2 + H2). In addition, ace-
tone could also be formed via the Cannizzaro and Ketonization
routes, i.e. the Cannizzaro reaction of acetaldehyde to acetates,
and the Ketonization reaction of acetates to acetone [43,44]. Con-
sidering the above-mentioned intermediates and the generally
accepted reaction mechanism of ETB conversion [12], the possible
intermediates or products, e.g., water (m/z = 18), hydrogen (m/
z = 2), acetaldehyde (m/z = 44), crotonaldehdye (m/z = 70), croto-
nyl alcohol (m/z = 57), butadiene (m/z = 54), acetone (m/z = 58),
and acetic acid (m/z = 60) that might be formed during the initial
stage of the ETB conversion were monitored by on-line MS. As
shown in Fig. 4, acetaldehyde and hydrogen were first formed dur-
ing the initial stage of the ETB conversion, indicating that the etha-
nol dehydrogenation to acetaldehyde was the first reaction step.
With increasing TOS, crotonaldehdye and crotonyl alcohol
appeared, followed by butadiene. These observations hinted to a
cascade reaction of acetaldehyde, i.e. the aldol condensation of
acetaldehyde to crotonaldehyde, the Meerwein-Ponndorf-Verley
(MPV) reduction of crotonaldehyde to crotonyl alcohol, and the
dehydration of crotonyl alcohol to butadiene [12]. In addition, a
detectable amounts of acetone and acetic acid could be observed
as the by-products. The presence of acetic acid indicated the Can-
nizzaro reaction of acetaldehyde, while the later appearance of
acetic acid as compared with acetone excluded the pathway of ace-
tone formation via the Cannizzaro and Ketonization routes. With
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the progress of the ETB conversion, acetone could be further con-
verted to the by-product isobutene [42] or be transformed to other
large unsaturated ketones together with acetaldehyde. The large
unsaturated ketones acted as precursors of coke compounds,
which would be discussed in the next sections.

3.4. In situ DRIFTS and UV–vis studies of the ETB conversion over the
Zn-Y/Beta catalyst

The in situ DRIFTS spectra of the surface intermediates or gas-
phase products formed over the Zn-Y/Beta catalyst during the
ETB conversion are shown in Fig. 5. The occurrence of the negative
band at 3680 cm�1, immediately after starting the ethanol flow,
hinted to an interaction of ethanol with ZnAOH or YAOH groups.
Another negative band at 3734 cm�1 due to terminal silanol groups
emerged subsequently, indicating that ethanol molecules were
preferentially adsorbed on the ZnAOH or YAOH groups. According
to our previous study [12], the ZnAOH and YAOH groups were
responsible for the ETB conversion, e.g. ethanol dehydrogenation
and aldol condensation, while the weakly acidic SiAOH groups
were responsible for the side reactions of ethanol dehydration to
ethene/DEE. During ETB reaction, the bands at 1705 cm�1 due to
acetaldehyde, and bands at 1649 and 1585 cm�1 due to m(C@O)
and m(C@C) vibration modes of coupling products, e.g. crotonalde-
hyde and other large unsaturated aldehydes/ketones, could be
observed, in good agreement with the MS results shown in Fig. 4.
These observations indicated that the aldol condensation occurred
immediately after the ethanol dehydrogenation. Additionally, the
bands at high wavenumbers of 2875–2960 cm�1, due to CH3m(a),
CH2m(a), and CH3m(s) stretching modes of the unreacted ethanol
molecules, could be observed. With the progress of the ETB conver-
sion, bands at low wavenumbers of 1060–1280 cm�1 and
1448 cm�1 also occurred. The former bands were attributed to
ethanol molecules coordinated at Lewis acid sites and ethoxy
groups, while the latter one was due to acetate species [12]. With
the further progress of ETB conversion, the band at 1448 cm�1

gradually disappeared, while the bands at 1570, 1495, and
1380 cm�1 appeared instead, which could be explained by the
C@C ring vibrations of aromatics and C-H stretching vibrations
[39]. These bands hinted to the formation of alkylated aromatics
during the ETB conversion on the Zn-Y/Beta catalyst, which was
further confirmed by the UV–vis and GC–MS results (vide infra).
Fig. 5. In situ DRIFTS spectra recorded during the ETB conversion over the Zn–Y/
Beta catalyst at 673 K for TOS of up to 60 h.
With the progress of ETB conversion, furthermore, the intensi-
ties of the unreacted ethanol bands at 1280, 1060, and
1170 cm�1 started to increase, in accordance with catalyst deacti-
vation process. Meanwhile, the bands of acetaldehyde decreased at
first and then gradually increased, revealing that the acetaldehyde
formed during the initial stage of the ETB conversion was rapidly
involved in the subsequent aldol condensation reaction. With the
occurrence of catalyst deactivation, less acetaldehyde intermedi-
ates could be converted, which was in line with the catalytic
results shown in Fig. 1.

The in situ UV–vis spectra recorded during the ETB conversion
over the Zn-Y/Beta catalyst at 673 K up to TOS = 60 h are shown
in Fig. 6. During the initial stage of the ETB conversion, weak bands
at 210 and 225 nm due to acetaldehyde appeared (Fig. S4), indicat-
ing the occurrence of ethanol dehydrogenation, in good agreement
with the MS (Fig. 4) and in situ DRIFTS results (Fig. 5). With the pro-
gress of the ETB conversion, the concentration of acetaldehyde,
reflected by the intensities of the characteristic UV–vis band
(210 nm), decreased at first and then gradually increased. These
observations indicated that acetaldehyde was rapidly involved in
subsequent reactions, however, with the occurrence of catalyst
deactivation much more acetaldehyde intermediates could not be
further converted and, therefore, be detected by UV–vis spec-
troscopy, as revealed by the in situ DRIFTS results (Fig. 5). Simulta-
neously, additional bands at 245–425 nm appeared. According to
our previous studies, the bands at 245, 275–285, 345, and
425 nm were assigned to dienes, monoenylic cabenium ions (e.g.
cyclopentenyl and cyclohexenyl cations) or polyalkylaromatics,
dienylic carbenium ions or larger unsaturated aldehydes/ketones
(n? p*), and trienylic carbenium ions or polycyclic aromatics,
respectively [45–48]. Considering the absence of Brønsted acid
sites in the present Zn-Y/Beta catalysts, and the occurrence of aldol
condensation and MPV reduction of the formed acetaldehyde dur-
ing the ETB conversion, the coupling products, e.g., crotonaldehyde
and other large unsaturated aldehydes/ketones, could also give rise
to UV–vis bands at 245–345 nm (n? p*) (Fig. S4). Therefore, the
UV–vis bands at 345 and 425 nm under study should be attributed
the n? p* absorption of large unsaturated aldehydes/ketones and
polycyclic aromatics, respectively. With the further progress of the
ETB conversion, the bands of polyalkylaromatics or the coupling
products of acetaldehyde (285 nm) slighly shifted to 320–
330 nm, indicating that the carbon chain growth or the occuring
of cyclization reactions.

To summarize the results from the in situ DRIFTS and UV–vis
experiments, we concluded that acetaldehyde was firstly formed
and rapidly involved in a subsequent aldol condensation reaction.
Thereafter, carbon chain growth and cyclization reactions
occurred, and polyalkylaromatics or unsaturated aldehydes/
Fig. 6. In situ UV/vis spectra recorded during the ETB conversion over the Zn–Y/Beta
catalyst at 673 K for TOS of up to 60 h.
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ketones could be formed, resulting in a gradual coverage of the
active sites of the Zn-Y/Beta catalyst.
3.5. TGA, GC–MS, and 13C MAS NMR investigations of carbon deposits
on the spent Zn-Y/Beta catalysts

To quantify the carbon deposits formed on the Zn-Y/Beta cata-
lyst during the ETB conversion for TOS of 0.5–70 h, the weight con-
tents of these deposits were determined by TGA in the temperature
range of 298–1073 K. According to Fig. 7, two ranges of obvious
weight losses could be recognized: A low-temperature weight loss
(DIt) at < 573 K and a high-temperature weight loss (Dht) at >673 K,
which were ascribed to volatile compounds and coke compounds,
respectively. For the spent catalysts after the TOS of 0.5, 5.0, 10,
and 20 h, a similar low-temperature (<573 K) weight loss (DIt) of
about 3.6% was determined, while the catalysts obtained after
longer TOS of 30, 50 and 70 h, were characterized by a lower
weight loss of about 2.8% in the same temperature range. These
observations indicated that more small volatile compounds were
formed with short reaction time. In the high-temperature range
of 673–1073 K, the weight losses were gradually increased from
1.9 to 5.6% with the progress of the ETB conversion, indicating that
the large organic compounds were gradually accumulated on the
Zn-Y/Beta catalyst. In comparison with our previous studies of
the coke compounds on deactivated H-SSZ-13, SAPO-34, and Ga-
ZSM-5 catalysts in ethene-to-propene (ETP) and methanol-to-
hydrocarbons (MTH) reactions, the lower weight losses of the
deactivated Zn-Y/Beta catalyst under study indicated that pore-
blocking had a minor contribution to the catalyst deactivation.
On the other hand, this was similar to the deactivation of AlPO-
34 catalysts with trace amounts of Brønsted acid sites applied in
the MTH conversion [49,50], i.e. the coverage of the active sites
by the coke compounds should be the main reason for the deacti-
vation of the catalysts.

The chemical composition of the organic compounds occluded
in the Zn-Y/Beta catalysts obtained after the ETB conversion for
TOS of 0.5–70 h were determined by GC–MS and the results are
shown in Fig. 8. Obviously, unsaturated aldehydes/ketones with
five or six membered-rings were detected for all spent Zn-Y/Beta
catalysts. The concentration and proportions of the organic depos-
its, reflected by the intensities of the GC signals, changed strongly
with the progress of ETB conversion. Typically, 2,4-dimethyl
Fig. 7. TGA curves of spent Zn-Y/Beta catalysts obtained after the ETB conversion at
benzaldehyde were observed as the dominant organic species
occluded in the spent catalysts, even after the short TOS of 0.5 h.
With increasing TOS, the amounts of 2,4-dimethyl benzaldehyde
gradually increased, in good agreement with the performance of
the high-temperature weight loss (Dht) determined by TGA
(Fig. 7). On the other hand, the amounts of the smaller unsaturated
aldehydes/ketones, e.g. polymethylcyclopentenone and poly-
methylcyclohexenone, decreased instead, which also fits very well
with the low-temperature weight loss (DIt) determined by TGA. On
the basis of these observations, it can be concluded that the poly-
methylcyclopentenone and polymethylcyclohexenone originated
from the aldol condensation of acetaldehyde and/or acetone grad-
ually transform to 2,4-dimethyl benzaldehyde. In addition, as
shown in Fig. S5, the spent Zn-Y/Beta catalysts under study could
be fully dissolved in HF solution and no insoluble compounds, such
as black organic particles, occurred in the extract. Therefore, con-
sidering the absence of larger coke compounds, like anthracene
and phenanthrene, a deactivation of the spent Zn-Y/Beta catalysts
by pore blocking had a low probability, in accordance with the TGA
results (Fig. 7).

The 13C CP MAS NMR spectra of Zn-Y/Beta catalysts obtained
after the ETB conversion for TOS = 0.5–70 h are shown in Fig. 9.
For the spent catalysts after short TOS of 0.5 and 5 h, adsorbed
ethanol (d13C = 58 and 17 ppm) was observed as the main organic
species [51]. In addition, weak signals at 11–30, 115–149, and 185–
190 ppm, attributed to the carbon atoms of alkyl groups, olefinic
and aromatic compounds [49] as well as unsaturated aldehydes/
ketones, i.e. 2,4-dimethyl benzaldehyde (d13C = 192, 141, 139,
133, 127 and 19 ppm) [52], respectively, could be observed. With
increasing TOS, the sharp signals at 115 and 149 ppm due to car-
bon atoms in ACH@CHA groups of dienes or unsaturated aldehy-
des/ketones gradually decreased, while the signals of methylene
carbon atoms (ACH2A) in the alkyl groups of dienes or unsaturated
aldehydes/ketones greatly increased instead [53]. These observa-
tions indicated that cyclization reactions occurred with increasing
TOS, in good agreement with the in situ UV–vis results. Further-
more, the amount of aromatics, reflected by the intensities of the
signals at 125–150 ppm gradually increased with the progress of
the ETB conversion, which fitted well with the TGA and GC–MS
results.

To summarize the results of the TGA, GC–MS, and 13C CP MAS
NMR investigations, we come to the conclusion that smaller
673 K for TOS of 0.5–70 h (a) and weight loss plotted as a function of TOS (b).



Fig. 8. GC–MS chromatograms of the organic extracts of spent Zn-Y/Beta catalysts obtained after the ETB conversion at 673 K for TOS of 0.5–70 h.

Fig. 9. 13C CP MAS NMR spectra of spent Zn-Y/Beta catalysts obtained after the ETB
conversion at 673 K for TOS of 0.5–50 h.
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unsaturated aldehydes/ketones are formed for short TOS. These
compounds are transformed to larger organic deposits, e.g. 2,4-
dimethyl benzaldehyde, after longer TOS. Considering the low coke
contents of the spent Zn-Y/Beta catalysts and the absence of larger
coke compounds, the deactivation of the spent Zn-Y/Beta catalysts
by pore blocking has a low probability.
3.6. Deactivation mechanisms of Zn-Y/Beta zeolite catalyst during the
ETB conversion

Several complementary approaches applied in the present
study, e.g. MS, in situ DRIFTS, UV–vis, TGA, GC–MS, and 13C CP
MAS NMR spectroscopy, can give detailed insights into the forma-
tion of organic intermediates and the reasons for the deactivation
of the Zn-Y/Beta catalyst during the ETB conversion.
As demonstrated by on-line MS results, ethanol dehydrogena-
tion to acetaldehyde is the first step of the ETB conversion, which
is also supported by the in situ DRIFTS and UV–vis investigations.
Thereafter, a cascade reaction of acetaldehyde occurs, i.e. the aldol
condensation of acetaldehyde to crotonaldehyde, the Meerwein-
Ponndorf-Verley (MPV) reduction of crotonaldehyde to crotonyl
alcohol, and the dehydration of crotonyl alcohol to butadiene.
These multistep reactions follow the well accepted mechanism of
the ETB conversion shown in Scheme 1 (Path 1). Meanwhile, ace-
tone as an intermediate can also be formed (see Fig. 4), and the side
reactions containing a carbon chain growth and cyclization also
occur, which are supported by the in situ DRIFTS, UV–vis as well
as GC–MS investigations. According to the previous studies,
acetaldehyde, from the ethanol dehydrogenation, is transformed
to 2- and 4-methylbenzaldehyde via the sequential reaction
[54,55], and acetone, from acetaldehyde, can also be transformed
to larger coke compounds during the reaction [56].

Considering all the information obtained from the catalytic and
spectroscopic investigations in the present work, we can summa-
rize the deactivation mechanism of the Zn-Y/Beta catalyst during
the ETB conversion, as illustrated in Scheme 1 (path 2 and 3).
The main difference between path 2 and path 3 lies in the sequence
of the participation of acetone in the aldol condensation. Via the
self- and cross-condensation of acetaldehyde and acetone, 5-
methyl-2,4,6-oct-trienal can be formed and, then, cyclized to 2,4-
dimethyl benzaldehyde, according to path 2 and path 3. Simultane-
ously, polymethylcyclopentenone and polymethylcyclohexenone
can be formed via the cyclization of the unsaturated aldehydes/
ketones with different chain length, as revealed by the GC–MS
results. With the progress of the ETB conversion, 2,4-dimethyl ben-
zaldehyde is gradually accumulated and leads to a partial blocking
of the pores of the Zn-Y/Beta catalyst and a gradual coverage of the
Zn and Y species. However, because of the low amounts of coke
compounds occluded in the deactivated Zn-Y/Beta catalysts
(Fig. 7) and the small size of 2,4-dimethyl benzaldehyde in com-
parison with the pore sizes of zeolite Beta
(0.66 nm � 0.67 nmM 0.56 nm � 0.56 nm), the probability of pore
blocking as a dominating reason for the deactivation of Zn-Y/Beta
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catalyst can be excluded. On the other hand, the gradually covering
the Zn and Y species by organic deposits can make these catalyti-
cally active sites non-accessible for reactant ethanol or acetalde-
hyde. In this case, no acetaldehyde can be further converted to
butadiene and escape from the catalysts as a by-product, as sup-
ported by the catalytic results (Fig. 1). Fortunately, the deactivating
species can be removed from catalyst surface via a simple calcina-
tion in the oxidizing atmosphere and the complete regeneration of
Zn-Y/Beta can be realized. To improve the catalyst lifetime, the
desorption of 2,4-dimethyl benzaldehyde could be enhanced by
increasing the reaction temperature. Another approach could be
optimizing the density of the active metal sites of the Zn-Y/Beta
catalyst. In this case, the covering of all active metal sites by coke
deposits should take much longer and would increase the catalyst
lifetime.

4. Conclusions

In the present work, the stability and the deactivation behaviors
of the Zn-Y/Beta catalyst during the ETB conversion are disclosed.
To elucidate the deactivation mechanism of the catalyst during
the ETB conversion, several complementary methods, such as MS,
in situ DRIFTS, UV–vis, TGA, GC–MS, and 13C CP MAS NMR spec-
troscopy, have been employed. On the basis of the catalytic and
spectroscopic investigations, the deactivation mechanism of the
Zn-Y/Beta catalyst during the ETB conversion can be summarized
as follows:

(i) Acetaldehyde as the first intermediate/product formed dur-
ing the initial stage of the ETB conversion is rapidly involved
in a subsequent aldol condensation, which results in the for-
mation of unsaturated aldehydes/ketones with different
chain length (MS, in situ DRIFTS and UV–vis).
(ii) Acetone formed via the aldol condensation of acetaldehyde
(on-line MS) can also be converted to larger unsaturated
aldehydes/ketones via the self-condensation or cross-
condensation with acetaldehyde (in situ UV–vis and GC–MS).

(iii) With the progress of the ETB conversion, cyclization reac-
tions occur and polymethylcyclopentenone and polymethyl-
cyclohexenone as well as 2,4-dimethyl benzaldehyde are
formed (GC–MS, 13C CP MAS NMR).

(iv) Caused by the deposition of large unsaturated aldehydes/
ketones, such as 2,4-dimethyl benzaldehyde (UV–Vis, GC–
MS), a gradual coverage of the catalytically acitive Zn and
Y species of the Zn-Y/Beta catalyst occurs, which leads to a
gradual deactivation of the ETB catalyst.
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