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A series of hierarchical ZnSAPO-34 zeolites were synthesized by treatment with different
concentrations of tetraethylammonium hydroxide (TEAOH) solutions. The synthesized
samples were characterized by X-ray diffraction, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), inductively coupled plasma optical emission
spectroscopy (ICP-OES), temperature-programmed desorption, Fourier transform infrared,
and N2 adsorption and desorption techniques and studied as catalysts for the methanol to
olefin reaction. The characterization results reveal that the crystal size of ZnSAPO-34 is
greatly reduced compared with the parent SAPO-34 owing to the incorporation of Zn. Hi-
erarchical pores with the sizes up to the macropore level in the ZnSAPO-34 zeolites are
created with the post-treatment of TEAOH. The acid strength and the amounts of the strong
acid of the hierarchical ZnSAPO-34 zeolites decrease after the post-treatment because
TEAOH preferentially extracts Si species from the zeolite. The hierarchical ZnSAPO-34 zeo-
lites exhibit superior catalytic performance than that of the parent ZnSAPO-34, owing to the
shortened transportation distance and the appropriate acidity of the treated samples.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Light olefins, such as ethylene and propylene, are
important raw materials in the petrochemical industry,
which are mainly produced from naphtha thermal cracking
in the past decades. In recent years, immense efforts have
been put into developing alternative non-petroleum routes
and effective catalytic processes for the production of the
light olefins due to the inevitable exhaustion of crude oil in
the foreseeable future. Because the inexpensive methanol
d by Elsevier Masson SAS. A
could be easily produced from coal or natural gas, methanol
to olefin (MTO) process based on acidic zeolite catalysts has
become one of the most promising alternative routes [1,2].

The electrically neutral aluminophosphate (AlPO) zeolites
have no catalytic capabilities owing to the lack of active sites.
Accordingly, the isomorphous substitution of silicon atoms
into the AlPO framework is the key point for forming sili-
coaluminophosphate (SAPO) with negatively charged lattice
and generating acid sites [3]. Among the SAPOs, SAPO-34
with chabazite structure has been proved to exhibit extraor-
dinary catalytic performance for producing a maximum
selectivity of light olefins in theMTOprocess [4e8]. The large
cavities connected by eight rings, relatively mild acidity and
high thermal/hydrothermal stability are the favorable
ll rights reserved.
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characteristics of SAPO-34 for catalyzing theMTO reaction [7
e11]. However, similar to other types of zeolites, this superior
selectivity of SAPO-34 is often coupled with diffusion limi-
tation and serious pore blocking, owing to the small sizes of
its apertures and cavity channels. As a consequence, SAPO-34
deactivates fast, alsowitha remarkabledecrease inselectivity
[12e14]. Generally, nanosized zeolites orhierarchical zeolites
could mitigate this intrinsic problem through facilitating the
access and the transportation of molecules [15e19]. Various
synthetic routeshavebeen tried to fabricatenanosized SAPO-
34crystals,whichall use the tetraethylammoniumhydroxide
(TEAOH) in these processes [20e22]. Consequently, intensive
studies have been focused on integrating mesopores or/and
macropores into microporous structures for the preparation
of hierarchical zeolites, including bottom-up and top-down
approaches. The traditional bottom-up approach can be
categorized into hard- and soft-templating routes with the
use of sacrificial mesoporogens during the zeolite synthesis
[23e27]. After the combustion of these sacrificial species at
elevated temperature, pores are left behind in the zeolite
matrix. Unfortunately, the low crystallinity of the resulting
product can beanobstacle [28]. Alternatively, the typical top-
down method, also known as demetallization method, in-
volves postsynthesis modification of zeolites in an acidic or
basic solution [29]. Recently, efforts have been attempted to
accelerate the transportation rate by the demetalation
approach to introduce secondary larger (meso or macro)
pores into the framework of SAPO-34, which could improve
the catalytic performance compared with their microporous
counterpart. Liu et al. [30] reported that hierarchical SAPO-34
crystals prepared by the TEAOH etching post-treatment dis-
played a prolonged lifetime in the MTO reaction. Chen et al.
[12] prepared hierarchical SAPO-34 crystals in fluoride me-
dium, which exhibited improved catalytic performances in
the MTO reaction. Chen et al. [31] also reported that hierar-
chically structured SAPO-34 crystals formed by the fluoride
post-treated route under ultrasonic condition showed an
enhanced selectivity of light olefins in theMTO reaction. Qiao
et al. [32] created hollow SAPO-34 single crystals via alkaline
or acid etching, which showed improved catalytic perfor-
mance in the alkylation reaction of benzene with benzene
alcohol.

It is well established that the incorporation of transition
metals into the SAPO framework usually creates additional
modifications on the pristine materials [33]. Accordingly, to
improve the light olefin selectivity and/or long catalytic
lifetime, many metals (Me) have been introduced into the
SAPO-34 framework by isomorphous substitution for the
formation of-MeSAPO-34 zeolites [34]. For example, Zn-
containing SAPO-34 (ZnSAPO-34) zeolites were synthe-
sized with improved C2]eC3

] selectivity in MTO reactions
[35]. However, the serious coke formation is still an inevi-
table problem for -MeSAPO-34.

To the best of our knowledge, the catalytic perfor-
mance of hierarchical -MeSAPO-34 zeolites in the MTO
reaction has not been investigated. Therefore, to fully
explore the potential of ZnSAPO-34, we developed a facile
way to improve the catalytic performance of ZnSAPO-34
in the MTO process by the construction of hierarchical
ZnSAPO-34 with the post-treatment of TEAOH. The hier-
archical ZnSAPO-34 zeolites exhibit a significantly
improved C2]eC3
] selectivity and a longer catalytic life-

time in the MTO reaction.

2. Experimental section

2.1. Materials

Pseudoboehmite (68% Al2O3) was obtained from
CHALCO Shandong Co., Ltd., China. Zn(NO3)$6H2O (analyt-
ical reagent), quartz sand (20e40 mesh), and phosphoric
acid (85 wt %) were purchased from Tianjin Guangfu Fine
Chemical Research Institute Co., Ltd., China. Methanol
(analytical reagent) and triethylamine (TEA, 99 wt % aq
soln) were purchased from Tianjin Jiangtian Fine Chemical
Research Institute Co., Ltd., China. Silica sol (40 wt % sus-
pension in water) was purchased from Qingdao Haiyang
Chemical Co., Ltd., China. TEAOH (35 wt % aq soln) was
obtained from Zhenjiang Runjing High Purity Chemical Co.,
Ltd., China.
2.2. Synthesis of parent ZnSAPO-34

ZnSAPO-34 was synthesized using TEA as the organic
template with a hydrothermal method. The molar
composition of the synthesis solution was 1 Al2O3:0.6
SiO2:1 P2O5:50 H2O:3 TEA:0.04 Zn(NO3)2$6H2O. In detail,
the gels were prepared by first mixing 3.82 g of pseudo-
boehmite with 19.26 g of deionized water and then 5.87 g
of phosphoric acid was added dropwise. After vigorously
stirring for 1 h, 2.29 g of silica sol was added into the
resultant solution slowly, followed by continuous stirring
for another 5 min. Subsequently, 0.30 g Zn(NO3)2$6H2O
was introduced into the mixture, which was then stirred
for an additional 1 h before 7.81 g TEA was added. The
reaction gels were further stirred at ambient temperature
for 2 h until homogeneous gels were obtained. The gels
were sealed in a Teflon-lined autoclave and aged at 120 �C
for 24 h, and then crystallized at 200 �C for 48 h under the
autogenous pressure. The solid product was separated by
repeated cycles of centrifuging and washing until the
pH ¼ 7. The product was dried at 120 �C overnight, fol-
lowed by calcination in air at 550 �C for 5 h to remove the
template.

The conventional microporous SAPO-34 sample was
synthesized by following the procedure of the ZnSAPO-34
synthesis mentioned above, except that no
Zn(NO3)2$6H2O was added to the gel.
2.3. Preparation of hierarchical ZnSAPO-34

Alkali treatment of the parent ZnSAPO-34 zeolite was
performed with 0.1, 0.3, 0.5, and 0.7 mol L�1 aqueous
TEAOH solutions (15 mL g�1 of zeolite) for 1 h at ambient
temperature. Then, the solid product was immediately
separated by centrifugation and thoroughly washed using
distilled water until a neutral pH value was achieved. The
resulting samples were dried overnight at 120 �C and
calcined in air at 550 �C for 6 h. The alkaline-treated sam-
ples were designated as ZnSAPO-34-x, in which x refers to
the concentration of the TEAOH solution.



Fig. 1. XRD patterns of SAPO-34, ZnSAPO-34, and ZnSAPO-34-x.
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2.4. Characterization

X-ray diffraction (XRD) patterns were obtained at room
temperature on a Rigaku D/max2500 diffractometer using
the graphite filtered Cu Ka radiation (l¼ 0.1542 nm) with a
scanning rate of 8� min�1 in the 2q ranges from 5� to 50�.
The relative crystallinity of the catalysts was calculated by
comparing the sum of the peak intensities at 2q ¼ 9.4�

e9.6�, 13.0�e13.1�, 20.8�e21.0�, and 31�e31.2� with that of
the parent ZnSAPO-34 being defined as 100%.

Scanning electron microscopy (SEMs) were recorded
using an S-4800 field-emission scanning electron micro-
scope of Hitachi with an accelerating voltage of 3 kV.

Fourier transform infrared (FTIR) spectra of the catalysts
were recorded using a Bruker Vertex 7.0 FTIR spectrometer
with a KBr wafer technique. The infrared absorbance
spectrum was recorded from 4000 to 400 cm�1 at 4 cm�1

optical resolution.
Nitrogen adsorption and desorption isotherms were

obtained using a Micromeritics ASAP 2020 system. The
specific surface areas (SBET) were calculated by the Bru-
nauereEmmetteTeller (BET) equation. The micropore sur-
face areas and micropore volumes were derived from the
t-plot method. The total pore volume (Vtotal) was evaluated
at p/p0 ¼ 0.99. External surface area (Sext) was calculated by
subtracting Smicro from SBET. Secondary macropore volume
(Vsec) was calculated by subtracting Vmicro from Vtotal.

Temperature-programmed desorption of ammonia
(NH3-TPD) profiles were obtained using a Xianquan TP-
5076 TPD analyzer with a thermal conductivity detector.

The coke amounts after reactionwere determined using
Shimadzu TGA-50 apparatus from 30 to 800 �C with a
temperature-programmed rate of 10 �Cmin�1 in an oxygen
atmosphere.

2.5. Catalytic tests

The MTO reaction was carried out at 425 �C under atmo-
sphericpressure inafixedbedreactorofaquartz tubewithan
internal diameter of 10mmand a total length of 370mm. In a
typical run,1 g of the ZnSAPO-34 catalyst (20e40mesh) was
dilutedwith 1 gof quartz sandparticles (20e40mesh) before
being introduced into the middle section of the reactor. The
catalystwasfirst activated at 425 �C for 1 h under N2 at aflow
rate of 60 mL min�1. After the activation, the flow rate of N2
was constantly maintained at 60 mL min�1 as carrier gas. A
liquid solution ofmethanol andH2O (50mol %)was fed by an
high-pressure liquid chromatography (HPLC) pump into the
reactor, and theweight hourly space velocity of themethanol
was 2 h�1. The reaction products were analyzed using an on-
line gas chromatograph (SP-2100) equipped with a flame
ionization detector and a KB-PLOT-QP capillary column
(50 m � 0.32 mm � 10 mm). The initial temperature of the
columnwas set at 60 �C for 4min, then the temperature was
increased to 180 �C with a ramping rate of 20 �C min�1 and
held at 180 �C for 10 min. The effluent line of the reaction
system was heated in case of condensation of heavy hydro-
carbons. The conversion of methanol and selectivity of
products were calculated on CH2 basis. Dimethyl ether was
considered to beunreacted species insteadof a product in the
calculation.
3. Results and discussion

3.1. Catalyst characterization

The X-ray power diffraction patterns of SAPO-34,
ZnSAPO-34, and ZnSAPO-34-x are shown in Fig. 1 and the
relative crystallinities are given in Table 1. SAPO-34 and
ZnSAPO-34 exhibit the similar characteristic diffraction
peaks, corresponding to the chabazite-type structure [3]. In
addition, broadening of diffraction peaks for ZnSAPO-34 is
observed due to the smaller size of ZnSAPO-34 with the
incorporation of Zn. No diffraction peaks belonged to Zn-
related species are observed on ZnSAPO-34, presumably
owing to the uniform dispersion of Zn species in the zeo-
lites and the low level of Zn-loading in the synthesis [36]. It
is worth noting that the peaks of ZnSAPO-34 slightly shift
toward lower angles compared with SAPO-34, which can
be ascribed to an increase in the interplanar spacing in
ZnSAPO-34. This phenomenon confirms the successful
incorporation of Zn2þ into the SAPO-34 framework, in
accordance with the results reported for MeSAPO-34
samples [37e39]. Notably, after the TEAOH treatment, no
extra peaks are discerned, suggesting that the framework
of ZnSAPO-34 is well preserved. However, as shown in
Table 1, with the increase in the concentrations of TEAOH,
the relative crystallinities gradually decrease. The gradual
loss of crystallinity may stem from the defects generated by
alkali treatment [36].

Fig. 2 presents the SEM images of SAPO-34, ZnSAPO-34,
and ZnSAPO-34-x samples. SAPO-34 (Fig. 2a) represents
the typical cubic morphology with particle sizes of about 3
e5 mm. In comparison, the crystal size of ZnSAPO-34
(Fig. 2b) is much smaller than that of SAPO-34. Thus, the
introduction of Zn species reduces the crystal size of SAPO-
34, indicating that the presence of Zn species in the initial
gel may increase the nucleation rate [37,40]. It is note-
worthy that all the treated ZnSAPO-34 crystals exhibit
rough surface owing to the etching with the TEAOH solu-
tion. Specifically, when the concentration of TEAOH is less
than 0.3 mol L�1, the surface is slightly etched by TEAOH
and the grooves on the surface are clearly visible. When



Table 1
Textural properties of the as-prepared samples.

Samples Chemical compositiona (mol) Relative
crystallinityb

SAPO-34 Al0.470P0.351Si0.178O2 109.5
ZnSAPO-34 Al0.448P0.339Si0.198Zn0.015O2 100
ZnSAPO-34-0.1 Al0.455P0.342Si0.185Zn0.018O2 95.9
ZnSAPO-34-0.3 Al0.456P0.343Si0.169Zn0.023O2 91.0
ZnSAPO-34-0.5 Al0.469P0.350Si0.155Zn0.026O2 85.1
ZnSAPO-34-0.7 Al0.476P0.361Si0.133Zn0.030O2 75.9

a Measured by ICP-OES.
b The crystallinity of ZnSAPO-34 is defined as 100%.

Fig. 2. SEM images of SAPO-34 (a), ZnSAPO-34 (b), ZnSAPO-34-0.1 (c)
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treated with a more concentrated solution (0.5 mol L�1),
the sample (Fig. 2e) shows that the large macropores are
formed in ZnSAPO-34-0.5. Moreover, as can be seen from
Fig. 2f, further increase in the TEAOH concentrations
(0.7 mol L�1) leads to more deeply etched crystals and large
voids are created in ZnSAPO-34.

TEM images of ZnSAPO-34, ZnSAPO-34-0.5, and ZnSAPO-
34-0.7 are shown in Fig. 3 to further depict the detailed
features of the zeolites. TEM image of the parent ZnSAPO-34
(Fig. 3a) presents no obvious black particles, demonstrating
that no aggregation of ZnO particles exists. As illustrated in
Fig. 3b, when the concentration of TEAOH is 0.5 mol L�1,
large macropores penetrated through the entire crystals are
, ZnSAPO-34-0.3 (d), ZnSAPO-34-0.5 (e), and ZnSAPO-34-0.7 (f).



Fig. 3. TEM images of SAPO-34 (a), ZnSAPO-34-0.5 (b), and ZnSAPO-34-0.7 (c).

Fig. 4. N2 adsorption/desorption isotherms of SAPO-34, ZnSAPO-34, and
ZnSAPO-34-x.
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constructed in ZnSAPO-34-0.5. With further increase in the
TEAOH concentration to 0.7 mol L�1, the center-hollowed
morphology with large voids is created in the ZnSAPO-34-
0.7 crystals, as shown in Fig. 3c. Zhang et al. [24] reported
that the growth of SAPO-34 followed the surface to core
crystal growth route. It means that the core of the crystals is
relatively less crystallized than the shell and easily attacked
by the alkaline TEAOH. This might be the reason for the
formation of the center-hollowed morphology after TEAOH
treatment. The center-hollowed morphology with big holes
at the central parts of the crystals was also observed in hy-
drofluoric acid (HF) etching of SAPO-34 [41].

The compositions of the as-synthesized samples deter-
mined by ICP-OES are given in Table 1. As shown in Table 1,
the introduction of Zn results in a slight decrease in the Si
content compared with the parent SAPO-34. The decrease
in Si contents means that the introduction of Zn may affect
the Si substitution into the frameworks of SAPO-34. This
result agrees well with the findings of Liu et al. [38] that the
presence of Mg has an influence on the Si substitution into
the framework of SAPO-34. Furthermore, after the post-
treatment of TEAOH, Al, P, and Zn contents of the
ZnSAPO-34-x gradually increase with increase in the
TEAOH concentration, whereas the Si contents gradually
decrease. This observation proves that the TEAOH prefer-
entially extracts the Si species of ZnSAPO-34.
The N2 adsorption/desorption isotherms of SAPO-34,
ZnSAPO-34, and ZnSAPO-34-x are presented in Fig. 4 and
the textural properties of the samples are listed in Table 2.
Obviously, the parent SAPO-34 shows a typical type I
isotherm, characteristic of microporosity. ZnSAPO-34
sample also displays the characteristics of the type I



Table 2
Textural properties of SAPO-34, ZnSAPO-34, and ZnSAPO-34-x.

Samples Surface area (m2 g�1) Pore volume (cm3 g�1)

SBET
a Smicro

b Sext
b Vtotal

c Vmicro
d Vsec

e

SAPO-34 617 606 11 0.291 0.281 0.010
ZnSAPO-34 720 685 35 0.349 0.327 0.022
ZnSAPO-34-0.1 696 654 42 0.338 0.312 0.026
ZnSAPO-34-0.3 680 631 49 0.327 0.298 0.029
ZnSAPO-34-0.5 663 608 55 0.315 0.278 0.037
ZnSAPO-34-0.7 625 540 85 0.283 0.204 0.079

a SBET (total surface area) was calculated from the BET model.
b Smicro (micropore surface area) was determined by the t-plot method,

Sext ¼ SBET � Smicro.
c Evaluated at p/p0 ¼ 0.99.
d Vmicro (micropore volume) was evaluated by the t-plot method.
e Vsec (secondary macropore volume) ¼ Vtotal � Vmicro.

Fig. 5. FTIR profiles of SAPO-34, ZnSAPO-34, and ZnSAPO-34-x.

Fig. 6. NH3-TPD profiles of SAPO-34, ZnSAPO-34, and ZnSAPO-34-x.

C. Sun et al. / C. R. Chimie 21 (2018) 61e7066
isotherm, although a slightly enhanced uptake of the iso-
therms near saturation pressure (P/P0 > 0.9) is discerned
due to the intercrystal porosity of small particles. The latter
observation verifies the small size of ZnSAPO-34 crystallites
[13,31,42], which is also evidenced by the SEM results
(Fig. 2b). With the incorporation of Zn into SAPO-34, the
resulting ZnSAPO-34 exhibits a substantial increase in the
total surface areas (from 617 to 720 m2 g�1) and total vol-
umes (from 0.291 to 0.349 cm3 g�1) due to the considerable
reduction in crystal size. After the TEAOH treatment, all
samples still display the characteristic type I isotherms.
Furthermore, amore pronounced ascent of the isotherms at
higher relative pressure (P/P0 > 0.9) is discerned, which is
associated with nitrogen adsorption in macropores
[41,43,44], agreeing with SEM and TEM results in which
large pores are clearly visible. As listed in Table 2, after the
TEAOH treatment, there is a slight reduction in the total
surface areas and the microporous surface areas when the
concentration of TEAOH is less than 0.5 mol L�1, which
reflects a good preservation of microporosity of the
ZnSAPO-34 crystals after the TEAOH post-treatment. The
external surface areas of the obtained hierarchical ZnSAPO-
34-x do not change appreciably under the above treatment
conditions. However, with further increase in the severity
of TEAOH treatment (0.7 mol L�1), the total surface area of
ZnSAPO-34-0.7 decreases considerably. On the contrary,
the external surface area and secondary macropore volume
of ZnSAPO-34-0.7 increase significantly, with dramatic
decrease in the microporous surface area and microporous
volume.

The FTIR spectra of SAPO-34, ZnSAPO-34, and ZnSAPO-
34-x are presented in Fig. 5. For SAPO-34, the framework
vibrations are characteristically in agreement with those
of the relevant reports [5,45e48]. The absorption peaks at
490 and 632 cm�1 are assigned to TeO bending bands of
TO4 tetrahedral and D-6 rings, respectively. Peaks at 725
and 1100 cm�1 correspond to asymmetric and symmetric
vibrations of OePeO, respectively. The peak at the
wavenumber of 1651 cm�1 can be attributed to the vi-
bration of hydroxyl groups from physically adsorbed
water. Furthermore, the band at 3445 cm�1 can be
attributed to the stretching vibration of the bridging hy-
droxyl groups, that is, SieOHeAl, which plays an impor-
tant role in the MTO reaction [8]. As to ZnSAPO-34, the
characteristic peak positions are similar to those of SAPO-
34. However, the incorporation of Zn results in the shift of
the peak positions and the change in the intensity of the
structure-sensitive bands. For example, the band at
632 cm�1 is shifted to around 640 cm�1. It is important to
highlight that the shift in the absorption bands is
considered as evidence for metal ions incorporating into
the framework of SAPO-34 [35]. Moreover, the major
peaks of ZnSAPO-34 are retained after the TEAOH treat-
ment, suggesting that the framework of ZnSAPO-34 is well
preserved. These results are in good agreement with the
corresponding XRD analysis.

NH3-TPD profiles of the samples are shown in Fig. 6,
and their acid amounts are presented in Table 3. There are
two distinct peaks in NH3-TPD for all samples at 200e350
and 400e500 �C, which are assigned to the weak and
strong acid sites, respectively. The low temperature peak
is attributed to the external surface hydroxyl groups such
as TeOH (T¼ Si, P, Al), whereas the high temperature peak
corresponds to the structure acidity [42,46]. It is believed
that the weak acid sites are not responsible for the MTO



Table 3
Acid amounts of samples.

Samples Acid amountsa (mmol g�1)

Total acidity Strong acidity Weak acidity

SAPO-34 1.129 0.584 0.545
ZnSAPO-34 1.098 0.548 0.550
ZnSAPO-34-0.1 1.059 0.528 0.531
ZnSAPO-34-0.3 1.035 0.524 0.511
ZnSAPO-34-0.5 0.988 0.503 0.485
ZnSAPO-34-0.7 0.914 0.479 0.435

a Calculated by NH3-TPD.
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reactions [27,49]. Consequently, we are mainly concerned
with the changes in the strong acid sites. As it can be seen,
compared with the parent SAPO-34, the desorption peak
of ZnSAPO-34 at the high temperature shifts toward lower
temperature with the incorporation of Zn. This shift sug-
gests the decrease in acid strength in the strong acid sites
of ZnSAPO-34. Moreover, the peak area of ZnSAPO-34 at
the high temperature decreases compared to the parent
SAPO-34, which means lower acid concentration in the
strong acid sites of ZnSAPO-34. It should be pointed out
that a lower Si/Al ratio results in the milder acidity [50]. As
a result, the decreased acid strength and lower acid con-
centration in the strong acid sites of ZnSAPO-34 stem from
less Si incorporation owing to the isomorphous substitu-
tion of Zn and this is consistent with the ICP results
[35,38].

With increase in the severity of the TEAOH treatment,
the positions of the peaks at the high temperatures of the
Fig. 7. Methanol conversion (a), propylene plus ethylene selectivity (b), selectivity o
over SAPO-34, ZnSAPO-34, and ZnSAPO-34-x catalysts.
hierarchical ZnSAPO-34 gradually shift to lower tempera-
tures. The peak areas of the hierarchical ZnSAPO-34-x at
high temperature gradually decrease with increase in the
concentration of TEAOH. The results reveal that the acid
strength and the acid concentrations in the strong acid sites
of the resulting hierarchical ZnSAPO-34-x are lower than
those of the parent ZnSAPO-34. The results show good
agreement between the decreased Si contents and the
relatively weak acidity of the post-treated ZnSAPO-34-x
samples.
3.2. Catalytic performance in the MTO reaction

The catalytic properties of SAPO-34, ZnSAPO-34, and
ZnSAPO-34-x were evaluated in the MTO reaction. The
methanol conversion, selectivity of ethylene plus propyl-
ene (C2]eC3

]), selectivity of propylene, and selectivity of
ethylene as a function of reaction time on stream (TOS) are
illustrated in Fig. 7. In this work, the catalyst lifetime here
represents for the reaction duration from the beginning to
the time when the methanol conversion drops below 99%.
As shown in Fig. 7a and b, compared with the parent SAPO-
34, both the lifetime and the C2]eC3

] selectivity of ZnSAPO-
34 are greatly improved after the introduction of Zn. Such
an improvement of the catalytic performance can be
attributed to the reduction in the crystal size, the decreased
acid strength, and the decreased acid concentration of the
strong acid sites of the zeolite [14,51,52].

As illustrated in Fig. 7b, the C2
]eC3

] selectivities of the
hierarchical ZnSAPO-34-x are further increased with the
f propylene (c), and selectivity of ethylene (d) of the MTO reaction with TOS



Fig. 8. HTI (C3H8/C3H6) values of methanol conversion over SAPO-34,
ZnSAPO-34, and ZnSAPO-34-x.

C. Sun et al. / C. R. Chimie 21 (2018) 61e7068
post-treatment of TEAOH, nearly 4% higher than that of the
parent ZnSAPO-34 catalyst. The lifetime of the hierarchical
ZnSAPO-34-x varies with different TEAOH concentrations
for the post-treatment. When the concentration of TEAOH
is less than 0.5 mol L�1, the hierarchical ZnSAPO-34-x ex-
hibits longer catalytic lifetime than the parent ZnSAPO-34
catalyst. Particularly, when the TEAOH concentration is
0.5 mol L�1, the obtained hierarchical ZnSAPO-34-0.5
shows the longest catalytic lifetime, approximately 2 h
longer than the parent ZnSAPO-34. The prominent
enhancement of the catalytic performance of the hierar-
chical ZnSAPO-34-x in the MTO reaction is associated with
the enhanced diffusion efficiency, decreased acid strength,
and low acid concentrations of the strong acid sites. On one
hand, the generated macropores in the hierarchical
ZnSAPO-34 can greatly facilitate the mass transfer of the
reactant and products, thus prolong the catalytic lifetime of
the catalysts [12,26,31]. On the other hand, the decreased
Fig. 9. TGA profiles and carbon deposition rates of deactivated S
acid strength and acid concentrations in the strong acid
sites of the hierarchical ZnSAPO-34-x catalysts can also
improve the catalytic lifetime and the C2]eC3

] selectivity of
the catalysts [26]. However, with more severe TEAOH
treatment condition (0.7 mol L�1), the catalytic lifetime of
ZnSAPO-34-0.7 drastically decreases. According to the
literature, SAPO-34withmild acidity is more appropriate to
catalyze the MTO reaction [11,53]. However, too less acid
sites would be detrimental for the catalytic lifetime of
SAPO-34 [54,55]. Accordingly, the significantly reduced
crystallinity and too less strong acid sites are supposed to
be responsible for the short catalytic lifetime of ZnSAPO-
34-0.7 [42].

As it can be seen from Fig. 7c and d, compared with the
parent SAPO-34, ZnSAPO-34 exhibits higher selectivity of
ethylene but lower selectivity of propylene. Moreover,
after the TEAOH treatment, the selectivity of ethylene over
hierarchical ZnSAPO-34-x is obviously higher than that of
the parent ZnSAPO-34, whereas the selectivity of propyl-
ene over the hierarchical ZnSAPO-34-x is comparable to
that of the parent ZnSAPO-34. It is proposed that the
decreased acidity could improve the selectivity of
ethylene in the MTO reaction [56]. Consequently, the
improvement in the selectivity of ethylene can be attrib-
uted to the decreased acid strength and the decreased
amounts of the strong acid of the hierarchical ZnSAPO-34-
x zeolites.

Fig. 8 depicts the hydrogen transfer index (HTI, C3H8/
C3H6 ratio) values of methanol conversion over SAPO-34,
ZnSAPO-34, and ZnSAPO-34-x. The C2]eC3

] selectivity and
the catalytic life are closely related to the side reactions,
such as hydrogen transfer reaction, oligomerization,
isomerization, and aromatization [38,51]. In this work, the
HTI value is used to evaluate the hydrogen transfer level of
SAPO-34, ZnSAPO-34, and ZnSAPO-34-x catalysts. As
shown in Fig. 8, all the catalysts have high HTI values during
the initial reaction stage, which means higher propane
selectivity. Then the HTI values gradually decrease with
TOS. HTI value of ZnSAPO-34 is lower than that of SAPO-34
APO-34, ZnSAPO-34, and ZnSAPO-34-x in MTO reactions.
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due to the decreased acidity and the small crystal size with
the incorporation of Zn. The HTI values of the hierarchical
ZnSAPO-34-x are much lower than that of the parent
ZnSAPO-34. When the concentration of TEAOH is less than
0.5 mol L�1, lower HTI values over the hierarchical ZnSAPO-
34-x correspond to higher C2

]eC3] selectivity and longer
catalytic lifetime, which can be attributed to the increased
mass transfer of coke precursors, decreased acid strength,
and decreased acid concentrations of the strong acid sites
of the hierarchical ZnSAPO-34-x after the post-treatment of
TEAOH [13]. Notably, ZnSAPO-34-0.7 has the lowest HTI
value and the highest C2

]eC3] selectivity. However,
ZnSAPO-34-0.7 has shorter catalytic lifetime than the
parent ZnSAPO-34 because of the significantly reduced
crystallinity and too less strong acid sites.

After the reaction, the coke formation of the deactivated
zeolites was further measured by thermal analysis. Fig. 9
shows the results of the weight loss and the coke deposi-
tion rate of the deactivated zeolites. The weight losses of
the catalysts over the temperature range of 300e750 �C are
owing to combustion of the deposited coke species. The
coke deposition rates are obtained by dividing the amounts
of the deposited coke species with the reaction TOS. The
amount of the coke content over ZnSAPO-34 is higher than
that of SAPO-34; however, the coke deposition rate of
ZnSAPO-34 is much lower than that of SAPO-34 because of
the longer catalytic lifetime of ZnSAPO-34. The coke
deposition rates of ZnSAPO-34-x are lower than that of the
parent ZnSAPO-34 when the concentration of TEAOH is less
than 0.5 mol L�1. The lower coke deposition rate of
ZnSAPO-34-x is consistent with the lower HTI (Fig. 8) and
the longer catalytic lifetime of ZnSAPO-34-x when the
concentration of TEAOH is less than 0.5 mol L�1. However,
the coke deposition rate of ZnSAPO-34-0.7 is higher than
that of the parent ZnSAPO-34, owing to the shorter lifetime.

4. Conclusions

Hierarchical ZnSAPO-34 zeolites can be prepared with
the post-treatment of TEAOH. After the post-treatment of
TEAOH, macropores are created in the central parts of the
ZnSAPO-34 zeolite at relatively higher TEAOH concentra-
tions. The formation of hierarchical ZnSAPO-34 could
intensify the mass transport of the reactants and products
in the MTO reaction. Moreover, the alkaline treatment
could modulate the acidity of ZnSAPO-34 through prefer-
ential dissolution of Si contents. In the MTO reaction, the
hierarchical ZnSAPO-34 zeolites exhibit prolonged catalytic
lifetime and considerable enhancement of the C2

]eC3
]

selectivity, which can be attributed to the mild acidity and
the improved mass transfer of the hierarchical ZnSAPO-34
zeolite.
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