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Propane dehydrogenation (PDH) provides an alternative route to non-petroleum based propylene and eli-
gible catalysts with good overall performance are still being explored. Herein, we report the construction
of zeolite stabilized Pt-Zn catalysts Pt-Zn/Si-Beta for PDH. Characterization results from transmission
electron microscopy (TEM), ultraviolet–visible (UV–vis) and Fourier transform infrared (FTIR) spec-
troscopy reveal that highly-dispersed Zn species are stabilized by the silanols from zeolite framework
dealumination, which then act as the anchoring sites for Pt species. The close contact between Pt-Zn spe-
cies and the electronic interaction thereof make Pt-Zn/Si-Beta robust PDH catalysts. Under optimized
conditions, a high propylene production rate of 4.11 molmol�1

Pt s
�1, high propylene selectivity of 98%

and a sustainable deactivation rate of ~ 0.02 h�1 can be simultaneously achieved at 823 K. Coke deposi-
tion is not the key reason for the catalytic deactivation, while the loss of Zn species and the resulting
aggregation of Pt species under high temperatures are responsible for the irreversible deactivation of
Pt-Zn/Si-Beta catalyst in PDH reaction.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Propylene, as an important organic intermediates of a large
number of chemicals such as polymers and oxygenates [1], is
mainly produced via the steam cracking of naphtha or the fluid cat-
alytic cracking of heavy oil. However, such routes suffer from high
energy consumption and produces heavy wastes [2–4]. Propane
dehydrogenation (PDH) provides an alternative route to
petroleum-based propylene with significant industrial relevance
[4–6]. More importantly, the availability of abundant shale gas
containing light alkanes makes PDH more attracting in terms of
the economy and environment. Pt-based catalyst has been devel-
oped as a well-known type of catalysts that shows considerable
activity for PDH reaction. It is highly desired to improve the activ-
ity of Pt-based catalysts so as to make better use of precious metal
platinum and reduce the catalyst cost. On the other hand, the
agglomeration of metal species during reaction or the regeneration
process and the catalytic deactivation thereof should be well
addressed considering potential industrial applications [7,8].
In this context, Pt-based bimetallic catalysts such as Pt-Ti [9],
Pt-Ga [6,10], Pt-Cu [1], Pt-Sn [11–13], and Pt-Zn [14] have been
intensively investigated in the past decades, and the Oleflex PDH
process with Pt-Sn/c-Al2O3 catalyst has been successfully commer-
cialized by UOP [6]. For all cases, the introduction of the second
metal species with strong interaction could significantly promote
the activity and the stability of Pt species in PDH reaction [9]. Zn,
a highly abundant and non-toxic metal, has been explored as a
promising modifier of Pt for PDH, but receives much less attention
than the post-transition-metals Ga [6,10] and Sn [11,12]. Although
the introduction of a second component exhibits great potential to
improve the catalytic performance and also suppress the undesired
coke formation during PDH [15,16], it is still important and chal-
lenging to stabilize Pt species on the supports under the reaction
conditions of high temperatures (723–923 K, to reach reasonable
propane conversion levels). Notably, Weckhuysen and coworkers
reported that the migration of subnanometric Pt species during
PDH reaction was relevant to the deactivation of Pt-Sn catalyst
than the formation of coke deposits [17]. To disperse and stabilize
Pt-based bicomponent species for PDH, high-surface-area supports
with abundant surface hydroxyls such as Al2O3 [9–11,18] or SiO2

[19–21] are most widely used. In our previous work, bicomponent
Pt-Sn species stabilized by Si-Beta zeolite has been established as a
good catalyst for the oxidative dehydrogenation of propane
reserved.
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(ODHP) [22], which exhibited high propylene productivity and
good stability due to the confinement effects of Si-Beta [23–25].

In view of the known activity of Pt and Pt-Zn in PDH and the
contribution of Si-Beta support from the so-called confinement
effect, we herein report the design and construction of Pt-Zn/Si-
Beta catalysts for PDH. High propane conversion and good stability
could be simultaneously obtained at reasonable reaction tempera-
tures, making Pt-Zn/Si-Beta zeolite a robust low-cost catalyst for
industrial PDH process. We subsequently present detailed analyses
on the roles of Si-Beta support, active Pt species and Zn modifier in
PDH reaction. The good catalytic performance of Pt-Zn/Si-Beta in
the reaction is well explained [26], and the deactivation mecha-
nism is finally discussed.
2. Experimental

2.1. Catalyst preparation

Zn-containing zeolite Beta, i.e. Zn/Si-Beta, was prepared via a
two-step post-synthesis procedure consisting of the dealumination
of the H-Beta to obtain the Si-Beta material and the subsequent
stabilization of Zn by the silanol defects. In a typical synthesis,
commercial H-Beta zeolite (nSi/nAl = 13.5) was stirred in the
13 mol/L HNO3 solution (20 mL/g zeolite) at 373 K for 20 h and
then washed with deionized water until the pH value of the filtrate
was neutral, producing siliceous Si-Beta material (nSi/nAl > 1800).
After drying at 353 K overnight, 1.0 g Si-Beta powder was impreg-
nated with an appropriate amount of Zn(NO3)2 in 40 mL H2O and
dried at 353 K to achieve an intimate mixture powder. The solid
mixture was put into a tubular reactor and calcined at 823 K for
12 h at a heating rate of 5 K/min to derive Zn/Si-Beta zeolite. Sup-
ported Pt catalysts were prepared by the incipient wetness impreg-
nation method. The Si-Beta or the as-synthesized Zn/Si-Beta were
impregnated in the [Pt(NH3)4](NO3)2 solution at room temperature
for 4 h. Then, the impregnated solids were dried at 353 K over-
night, and calcined at 823 K for 1 h with 2 K/min heating rate to
derive Pt/Si-Beta or Pt-Zn/Si-Beta zeolite, respectively. The final
products were denoted as xPt-yZn/Si-Beta, where � and y repre-
sent the weight percentage (wt%) of Zn and Pt, respectively.
2.2. Catalyst characterization

The powder X-ray diffraction (XRD) measurements were per-
formed with 2h values between 5� and 50� at a scanning rate of
6�/min to determine the purity and the crystallinity of the cata-
lysts, by using a Rigaku Mini Flex II diffractometer employing the
graphite filtered Cu Ka radiation (k = 1.5406 Å).

The surface areas of zeolite samples were determined by argon
adsorption/desorption isotherms at 87 K collected on a Quan-
tachrome iQ-MP gas adsorption analyzer. The Brunauer Emmett
Teller (BET) method was used to calculate the total surface area
and the t-plot method was employed to calculate the micropore
properties.

The diffuse reflectance ultraviolet–visible (UV–vis) spectra of
the dehydrated samples against BaSO4 were recorded on a Perki-
nElmer Lambda 750 UV–Vis-NIR spectrophotometer in the range
of 200–800 nm.

The Fourier transform infrared (FTIR) spectrum of zeolite sam-
ples were performed on a Bruker Tensor 27 spectrometer with
256 scans at a resolution of 2 cm�1, and the spectra were recorded
in the transmission-mode against KBr as the background. FTIR
spectra of CO adsorption on samples were obtained with 512 scans
at a resolution of 4 cm�1. The samples were pretreated in He at
623 K for 1 h. After cooling to 298 K, 1 vol% CO/He gas was intro-
duced into the system for 30 min. Then the system was purged
93
with He and FTIR spectra of CO adsorption were sequentially
recorded.

The temperature-programmed desorption was also performed
on the Quantachrome ChemBET 3000 chemisorption analyzer with
a mass spectrometry detector. Briefly, the sample was treated at
623 K in He for 1 h and with the reaction temperature cooled to
333 K, saturated with 5 vol% NH3/Ar or 5 vol% C3H6/He). Then,
the samples were purged by He flow at 333 K to eliminate the
physically absorbed species and subsequently heated to target
temperature with the heating rate of 10 K/min.

Transmission electron microscopy (TEM) images were obtained
by a JEOL JEM-2800 transmission electron microscope at 200 KV.
Mapping the elemental distribution of the samples was conducted
under STEMmode using a JEOL built-in energy dispersive spectrum
(EDS) software.

X-ray photoelectron spectroscopy (XPS) analyses of the samples
were carried out on a Thermo Scientific ESCALAB 250Xi spectrom-
eter with monochromatic Al-Ka X-rays as the excitation source.
Accurate binding energies were determined with respect to the
position of the adventitious C 1 s peak at 284.8 eV.
2.3. Catalytic evaluation

Propane dehydrogenation reaction was carried out in a quartz
fixed-bed reactor with an inner diameter of 6 mm at atmospheric
pressure. First, the catalyst sample (typically 0.1 g, sieve fraction of
0.25–0.5 mm) was placed in a quartz reactor, and treated in 10 vol
% H2 at 473 K for 1 h. The reactant gas mixture contained 10 vol%
propane with the balance He was fed to the reactor. The weight
hourly space velocity (WHSV) of propane was controlled to 2.4–
6.0 h�1. The reaction was conducted isothermally and the gas prod-
ucts were analyzed by using an on-line gas chromatograph (Agilent
7890). The conversion of propane and the selectivity toward
propylene were defined as follows:

C3H8 conversion %ð Þ ¼ C3H8½ �inlet � C3H8½ �outlet
C3H8½ �inlet

� 100
C3H8 selectivity %ð Þ ¼ C3H6½ �outlet
C3H8½ �inlet � C3H8½ �outlet

� 100
3. Results and discussion

3.1. Catalyst preparation and characterization

The XRD patterns of the parent H-Beta, Si-Beta, Zn/Si-Beta, and
Pt-Zn/Si-Beta are shown in Fig. 1(a). Typical diffraction lines char-
acteristic for the BEA topology are observed for all samples, while a
noticeable decline in the intensity could be observed after the
introduction of Zn species. For 0.1Pt-2Zn/Si-Beta, no diffraction
lines corresponding to metal oxides or alloys could be detected
due to the low loadings and high dispersion of species on the sup-
port [27]. The well-preserved microporous BEA topology structure
of Beta are confirmed by the argon adsorption–desorption mea-
surement. As shown in Fig. 1(b), all samples under study showed
similar type I isotherms, revealing the typical microporous struc-
ture. The detailed textural properties of Si-Beta, and M/Si-Beta
samples are summarized in Table S1. All samples exhibit similar
high surface areas of 553 ~ 616 m2 g�1 and large micropore vol-
umes of 0.351–0.413 cm3 g�1, indicating the well preserved micro-
porous structure of Beta zeolite after dealumination and metal
incorporation. Moreover, an increase in argon absorption is
observed at high relative pressure p/p0 > 0.9, which should be
attributed to the contribution of intergranular spaces caused by
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Fig. 1. Physical-chemical properties of zeolite catalysts. (a) XRD patterns of selected samples; (b) argon adsorption/desorption isotherms of selected samples; (c) UV–vis
spectra of Zn-containing samples.
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the disordered agglomeration of small crystallites of the Beta zeo-
lite, as confirmed by the SEM image in Fig. S1.

In order to evaluate the chemical environment of Zn species on
Si-Beta zeolite, UV–vis analysis was performed with selected sam-
ples and the corresponding spectra are shown in Fig. 1(c). In the
case of ZnO, a very broad band centered at ~ 370 nm due to the
ligand-to-metal charge transfer from O2� to Zn2+ in macrocrys-
talline ZnO is observed [14,28,29]. For 1Zn/Si-Beta and 2Zn/Si-
Beta, only the ligand-to-metal charge transfer from O2– to Zn2+ in
Si-O-Zn structure (sharp band at ~ 205 nm) could be observed,
and the broad band at ~ 370 nm appears with Zn loading increase
to 3%, i.e. 3Zn/Si-Beta. That is, Zn species could disperse well on Si-
Beta zeolite support and the aggregation of Zn species to bulky ZnO
particles could be significantly suppressed [14]. The introduction of
Pt species via impregnation does not change the dispersion of Zn
species on Si-Beta support.

The morphology of the zeolite support and the dispersion of Pt
and Zn species on Si-Beta support were directly investigated by
electron microscopy and the representative results are shown in
Fig. 2. Generally, 0.1Pt-2Zn/Si-Beta appears as small aggregates of
below 100 nm. In the HR-TEM image, homogeneously dispersed
Fig. 2. TEM and STEM elemental mapping
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dark dots of 1 ~ 2.5 nm could be observed. STEM mapping analyses
reveal the presence of both highly-dispersed Zn species (<1 nm)
and small aggregates (1 ~ 2.5 nm). Meanwhile, no aggregation of
Pt species could be observed due to its high dispersion and low
loading. Obviously, Pt and Zn species appear in the overlapped
locations, hinting to the close contact between Pt and Zn species
on Si-Beta zeolite support.

The evolution the silanol groups after dealumination and metal
incorporation procedures was monitored by infrared spectroscopy
to disclosed the formation of Pt-Zn species on Si-Beta zeolite. Fig. 3
(a) shows the FTIR transmittance spectra in the framework vibra-
tion region (800 ~ 1400 cm�1) of selected zeolite samples. No obvi-
ous band in the range of 900 ~ 1000 cm�1 occurs on H-Beta sample,
while a new FTIR band center at ~ 960 cm�1 appear for the Si-Beta
sample due to the formation of abundant silanol defects from
framework dealumination [23,30,31]. Subsequently, the IR band
at ~ 960 cm�1 disappears on 2Zn/Si-Beta with the introduction of
Zn species, indicating the strong interaction between Zn species
and the silanols [32]. That is, the Zn species are stabilized by inter-
action with silanols with the formation of Si-O-Zn linkages, as
revealed by UV–vis spectra.
images of 0.1Pt-2Zn/Si-Beta sample.
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The local electronic environment of Pt is of great significance for
PDH process. In this study, the local electronic environment of Pt
was investigated by FTIR spectra of CO adsorption, which is reliable
for the discrimination of highly dispersed Pt centers and large
metal bulks even at very low Pt loading. As shown in Fig. 3(b),
two obvious CO adsorption bands at 2115 cm�1 and 2175 cm�1

due to weakly adsorbed CO species could be observed on Pt/Si-
Beta, which disappear after He purging at room temperature. In
contrast, a series of IR bands are observed on 0.1Pt-2Zn/Si-Beta
and two stable bands at 2120 cm�1 and 2075 cm�1 are preserved
after He purging. According to literature reports [33–35], the band
of 2075 cm�1 can be assigned to the CO molecules linearly
adsorbed in an on-top geometry on Pt atoms on single-crystal or
nanoparticle surfaces and the band of 2120 cm�1 belongs to the
CO molecules linearly adsorbed on Pt single atoms. The formation
of solely linearly-adsorbed CO hints to the existence of highly dis-
persed Pt species of 0.1Pt-2Zn/Si-Beta zeolite, in good agreement
with TEM observations. Obviously, the presence of Zn is helpful
for the dispersion of Pt species [36].

The acidity of Si-Beta, 0.1Pt/Si-Beta, 2Zn/Si-Beta and 0.1Pt-2Zn/
Si-Beta samples were evaluated by means of NH3-TPD and the
results are shown in Fig. 3(c). Parent H-Beta demonstrates two
NH3 desorption peaks, revealing the presence of both weak and
strong acid sites, respectively (not shown here) [37–41]. After the
complete dealumination of H-Beta, no desorption peaks could be
observed for the resulting Si-Beta sample due to the absence of
acid sites [42]. Subsequently, the introduction of a small amount
of Pt species to the Si-Beta support results in the appearance of
trace medium acid sites (NH3 desorption peak centered at 523 K)
and the introduction of Zn results in the appearance of higher
amount of Lewis acid sites (NH3 desorption peak centered at
423 K). With the introduction of Pt into 2Zn/Si-Beta, an ammonia
desorption peak centered at 443 K with much higher intensity
could be observed on 0.1Pt-2Zn/Si-Beta. With electrons transfer
from Zn species to Pt species, the Zn species become electron-
deficient and Lewis acidic thereof. In other word, the observed
Lewis acidity in 0.1Pt-2Zn/Si-Beta as compared to 2Zn/Si-Beta
should indicate the strong interaction between Pt and Zn species
on the Si-Beta support.

3.2. Catalytic performance in PDH

The catalytic performance of as-obtained 0.1Pt-2Zn/Si-Beta in
PDH reaction, together with some other zeolite samples for refer-
ence, was thoroughly investigated. As shown in Fig. 4(a), both Si-
Beta and Pt/Si-Beta exhibit very low activity in PDH reaction. That
95
is, monometallic Pt supported on Si-Beta zeolite cannot catalyze
the PDH well. 2Zn/Si-Beta appears to be active in PDH and the pro-
pane conversion of ~ 15% with ~ 90% selectivity toward propylene
can be at high temperatures of > 823 K. Interestingly, upon the
addition of trace Pt into 2Zn/Si-Beta zeolite, significant improve-
ment in propane conversion and propylene selectivity can be
simultaneously obtained. Typically, stable propylene selectivity
of 98% and high propylene yield of 63% are achieved on 0.1Pt-
2Zn/Si-Beta catalyst at 823 K.

In order to investigate the role of Zn on Pt in the bicomponent
catalyst, the effects of Pt-Zn loading order on the PDH performance
were further investigated. As shown in Fig. S2, 0.1Pt-2Zn/Si-Beta
catalyst, with Zn loading first and Pt loading later, exhibits much
better catalytic performance than the control sample 2Zn-0.1Pt/
Si-Beta (Pt loading first and Zn loading later). This should be
explained from the functions of pre-loaded Zn species in suppress-
ing Pt agglomeration and Pt-Zn interaction, which are well sup-
ported by TEM observations in Figs. 2, S3 and S4 [43].

In order to obtain an optimal PDH catalyst, the effects of Pt
and Zn loadings in Pt-Zn/Si-Beta catalysts on PDH performance
were further investigated. As shown in Fig. 4(b), with the fixed
Pt loading of 0.1%, the propane conversion on 0.1Pt-Zn/Si-Beta
gradually increases with increasing Zn loading from 0.5% to 2%.
Further increasing Zn loading to 3% does not bring about increas-
ing propane conversion but results in a slight decrease instead.
With fixed Zn loading of 2%, the propane conversion first dramat-
ically increases with Pt loading increasing from 0.05% to 0.1% and
then decreases distinctly with further increasing Pt loading to
0.5% (Fig. 4c). According to these observations, it is rational to
propose Pt species in Pt-Zn/Si-Beta as the dominant active sites
for PDH reaction although Zn species are indeed active for the
reaction. An optimized Pt/Zn ratio with the close contact and
electronic interaction between Pt and Zn species is essential for
the success of 0.1Pt-2Zn/Si-Beta catalyst. Framework vacant sites
created from dealumination, i.e. the silanol groups, can act as the
anchoring sites for Zn and Pt-Zn species and therefore ensure the
homogeneous dispersion of Pt-Zn species. 0.1Pt-2Zn/Si-Beta
seems to be a promising low-cost PDH catalyst with very low
Pt loading.

In fact, 0.1Pt-2Zn/Si-Beta is very active in PDH reaction and the
propane-to-propylene conversion is very close to the equilibrium
conversion at the propane partial pressure of 0.1 bar (Fig. 5a).
We then investigate the deactivation behavior of 0.1Pt-2Zn/Si-
Beta in PDH reaction. As shown in Fig. 5(b), a very high initial

propylene production rate of 1.89 molmol�1
Pt s

�1 with propylene
selectivity of 98% is achieved for 0.1Pt-2Zn/Si-Beta at 823 K. The
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high propylene selectivity could be well preserved in long-term
operation while propylene production rate gradually drops to

1.10 molmol�1
Pt s

�1 within 150 h. Typically, the propylene produc-
96
tion rate drops to 1.53 molmol�1
Pt s

�1 (by ~ 20 %) in the first 10 h
of operation and it further drops to 1.10 in the next 140 h
(by ~ 22 %).
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The reaction parameters in PDH catalyzed by 0.1Pt-2Zn/Si-Beta
were further optimized. With increasing WHSV value from 2.4 to
7.2 h�1, the propane conversion gradually decreases from 65% to
46%, while the propylene selectivity remains around 98%
(Fig. 5c). On the other hand, the propylene production rate first
increases with WHSV, reaches a maximum at WHSV of 6.0 h�1

(4.11 molmol�1
Pt s

�1) and remains almost unchanged with the fur-
ther increasing WHSV to 7.2 h�1. Considering both propane con-
version and propylene production rate, the WHSV value of
6.0 h�1 might be optimized, which is also close to the WHSV
employed in Oleflex process [6]. H2O, CO2 and H2 were fed to the
reaction system aiming to suppress the coke formation and to pro-
long the catalyst lifetime in PDH. As shown in Fig. S5, H2O (5%) and
CO2 (10%) cannot prolong the catalyst lifetime while they even
show great inhibition effect on PDH reaction. In contrast, although
H2 shows some negative impact on PDH reaction from the view of
reaction equilibrium, it really promotes the catalyst stability to
some extent probably by suppressing the deep dehydrogenation
and the coke formation thereof [14,44–48].

To our knowledge, the catalytic performance 0.1Pt-2Zn/Si-Beta
in PDH, in terms of activity and stability, are very attractive and
a direct comparison with representative catalysts from literature
is summarized in Fig. 5(d). Typically, a specific activity value, i.e.

propylene production rate, of 4.11 molmol�1
Pt s

�1 with an acceptable
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Fig. 6. Temperature-programmed desorption studies on 0.1Pt/Si-Beta 2Zn/Si-Beta,
and 0.1Pt-2Zn/Si-Beta. (a) Propane desorption profiles on samples; (b) propylene
desorption profiles on samples.

Fig. 7. Characterization of spent 0.1Pt-2Zn/Si-Beta catalyst. (a) STEM and elemental ma
0.1Pt-2Zn/Si-Beta; (c) Zn 2p XPS of fresh and spent 0.1Pt-2Zn/Si-Beta.
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deactivation rate of ~ 0.02 h�1 is achieved with our 0.1Pt-2Zn/
Si-Beta catalyst in the absence of hydrogen, while a specific activity

value of 2.54 molmol�1
Pt s

�1 with a very low deactivation rate
of < 0.002 h�1 is achieved in the presence of H2. These results are
comparable with the best results reported for Pt-based catalysts
in PDH (Fig. 5d & Table S2). The simple preparation route and
the low-cost feature will further contribute to the advantages to
0.1Pt-2Zn/Si-Beta catalyst for future application.

Temperature-programmed desorption studies were performed
to get some insight into intrinsic features of 0.1Pt-2Zn/Si-Beta in
PDH reaction. The reactant propane appears to be weakly adsorbed
on all samples, as indicated by the desorption peaks at below 523 K
in Fig. 6(a). That is, the gas-phase propane directly participates in
PDH reaction. On the other hand, the product propylene strongly
adsorbs on 0.1Pt/Si-Beta (desorption peaks up to 723 K) and
2Zn/Si-Beta (desorption peaks up to 823 K), but weakly adsorbs
on 0.1Pt-2Zn/Si-Beta (desorption peaks up to 623 K) (Fig. 6b).
These results show that the modulation of Pt by Zn species, i.e.
the electron transfer from Zn to Pt species, can enrich the electron
density of Pt and thus weaken the electron-rich propylene adsorp-
tion [1,4]. Accordingly, the deep dehydrogenation and the forma-
tion of coke deposits can be greatly suppressed, as confirmed by
the result from TG-DSC analysis in Fig. S6.

Due to the low coke content in the spent catalyst (1.61%), a
simple coke-burning calcination step cannot fully regenerate
0.1Pt-2Zn/Si-Beta. Meanwhile, the BEA topology of catalyst is well
preserved after PDH reaction (Fig. 1b), ruling out the catalytic
deactivation due to zeolite structure destruction. The distribution
of Pt and Zn species on the spent and regenerated 0.1Pt-2Zn/Si-
Beta samples was then examined by electron microscopy and the
representative images are shown in Fig. 7(a and b), respectively.
In contrast to the fresh sample (Fig. 2), the aggregation of Pt species
in spent 0.1Pt-2Zn/Si-Beta (after PDH reaction for 150 h) is con-
firmed by element mapping analysis. Calcination in air results in
the re-dispersion of Pt species to some extent but not fully re-
dispersion. The aggregation of Pt species indicates the spatial sep-
aration of Pt and Zn species and the weakening of Pt-Zn interaction
[49–51], which is not good for PDH reaction. XPS analyses (Fig. 7c)
indicate that Zn species in the form of Zn(II) in spent 0.1Pt-2Zn/Si-
Beta catalyst, similar to the fresh sample but the Zn 2p signal is dis-
tinctly lower. Meanwhile, ICP analysis gives a Zn loading of 1.13 wt
% in the spent 0.1Pt-2Zn/Si-Beta, in contrast to the value of 1.91 wt
% in the fresh sample (Table S1). It is therefore proposed the loss of
Zn species during the high-temperature PDH reaction, which leads
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to the weakening of Pt-Zn interaction and the aggregation of Pt
species in 0.1Pt-2Zn/Si-Beta.

4. Conclusions

Zeolite stabilized Pt-Zn catalysts have been prepared via a
two-step post-synthesis procedure and investigated for the direct
dehydrogenation of propane to propylene. Briefly, Zn species are
stabilized by the silanols from zeolite framework dealumination
and then act as the anchoring sites for Pt species. In such way,
Pt-Zn species are highly dispersed on zeolite support with close
contact and their electronic interactions are guaranteed.

The catalyst compositions and reaction parameters have been
fully optimized. Very high propylene production rate of 4.11

molmol�1
Pt s

�1, with high propylene selectivity of 98% and a sustain-
able deactivation rate of ~ 0.02 h�1, can be achieved with 0.1Pt-
2Zn/Si-Beta at 823 K. In the presence of H2, a very low deactivation
rate of < 0.002 h�1 with high propylene selectivity of 98 % and

propylene production rate of 2.54 molmol�1
Pt s

�1can be achieved.
The good performance as well as the low-cost and easily-scalable
properties makes 0.1Pt-2Zn/Si-Beta a promising PDH catalyst for
future applications.

Coke deposition on 0.1Pt-2Zn/Si-Beta is found to be very low
during PDH reaction, and therefore, is not the key reason for the
catalytic deactivation. On the other hand, the loss of Zn species
and the resulting aggregation of Pt species are clearly observed
during high-temperature PDH reaction, which are proposed to be
responsible for the irreversible deactivation of Pt-Zn/Si-Beta
catalyst.
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