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1. Introduction crude oil and the demand of light olefins [1-3]. In particular,

SAPO-34 with the CHA structure demonstrates excellent cata-

Light olefins (ethylene and propylene) are the backbone
feed-stocks of the petrochemical industry. During the past
decades, the methanol-to-olefin (MTO) process has been de-
veloped as the most successful non-petrochemical route for the
generation of light olefins due to the ever-increasing cost of

lytic performance in the MTO reaction due to the contribution
of small pore, medium acidity, and high thermal /hydrothermal
stability. It is widely accepted that the MTO reaction follows the
hydrocarbon pool (HCP) mechanism, with the cyclic organic
species and the corresponding carbenium ions as the active

* Corresponding author. Tel: +86-411-84379998; Fax: +86-411-84379289; E-mail: liuzm@dicp.ac.cn
# Corresponding author. Tel: +86-411-84986133; Fax: +86-411-84986134; E-mail: csong@psu.edu
$ Corresponding author. Tel: +86-411-84379118; Fax: +86-411-84379289; E-mail: weiyx@dicp.ac.cn

This work was supported by the National Natural Science Foundation of China (21603223, 91745109, 91545104, 21473182), the Youth Innovation
Promotion Association of the Chinese Academy of Sciences (2014165), and the Key Research Program of Frontier Sciences, CAS
(QYZDY-SSW-]JSC024).

DOI: 10.1016/S1872-2067(18)63141-9 | http://www.sciencedirect.com/science/journal/18722067 | Chin. ]. Catal, Vol. 39, No. 11, November 2018


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(18)63141-9&domain=pdf

1822 Jiawei Zhong et al. / Chinese Journal of Catalysis 39 (2018) 1821-1831

HCP species [4-9]. The hydrogen transfer reactions between
the HCP intermediates and alkenes or methanol result in coke
species formation in the reaction network of MTO reaction [1].
Due to increasing diffusion barriers introduced by coke for-
mation, the SAPO-34 catalysts display marked product shape
selectivity, with an increase in ethylene selectivity and eth-
ylene-to-propylene ratios with time on stream [10,11]. The
catalysts deposited with a certain amount of coke favor the
selectivity to ethylene and light olefins, and an optimal opera-
tion window exists with a certain coke content. Therefore,
pre-coking strategy is often adopted in the industrial MTO re-
action so as to increase the selectivity to ethylene and light
olefins [2,10].

Metal modification, as an efficient approach to optimize the
catalytic performance of SAPO-34 catalysts, has been deeply
investigated. In general, metal modification is classified into
isomorphous substitution (MeASPO-34) or post-treatment
such as ion-exchange and impregnation. Hitherto, considerable
effort has been devoted to the catalytic activity of MeASPO-34
(Me = Mg, Mn, Fe, Co, Ni, Zr, Ce, La, etc.) [12-16]. By contrast,
there are relatively few studies focusing on the catalytic per-
formance of ion-exchanged SAPO-34 in MTO reaction, and un-
satisfying results are often obtained [17-19].

Recently, we have demonstrated that zinc cation-modified
SAPO-34 catalysts prepared from conventional ion exchange
(CIE) process exhibit promoting effect similar to the pre-coking
approach, with enhanced selectivity to ethylene and light ole-
fins. The zinc cations accommodation in the cavities of the shell
layer and the facilitated aromatic formation over the zinc cati-
on-modified SAPO-34 form a core-shell like structure, which
introduces extra diffusion limitation for bulky hydrocarbons
and increases the selectivity to ethylene and the ratio of eth-
ylene to propylene in the MTO reaction [20]. Furthermore, a
straightforward template-assisted ion incorporation (TII) pro-
cess was developed, without the necessary template
pre-removal and the preparation of NH4-SAPO-34 intermedi-
ate. The zinc-modified SAPO-34 catalysts prepared by the TII
process also exhibit desired effect on enhancing the selectivity
to ethylene and light olefins [21].

In the present study, SAPO-34 was modified with metal cat-
ions by various approaches (conventional ion exchange (CIE),
template-assisted ion incorporation (TII) and alcoholic ion
exchange (AIE)), the chemical state and distribution of the
metal species over the metal-modified SAPO-34 catalysts were
comprehensively characterized, and the impacts of metal spe-
cies on the product selectivity in MTO reaction were thorough-
ly investigated.

2. Experimental
2.1. Catalyst preparation

The SAPO-34 powders were supplied by the Nankai Univer-
sity Catalyst Co., Ltd, and denoted as SP-34. The SAPO-34 pow-
ders were calcined at 600 °C for 2 h to remove the template and
denoted as H-SP34. The metal cations-modified SAPO-34 cata-
lysts were prepared by conventional ion exchange (CIE), tem-

plate-assisted ion incorporation (TII) and alcoholic ion ex-
change (AIE) process, respectively.

H-SP34 was exchanged with 1 mol L-1 NH4NO3 solution
twice with liquid-to-solid (L/S) ratio of 10 mL g-1 at 80 °C for 2
h, which was followed by a filtration, washing and drying pro-
cedure, and the sample was denoted as NH4-SP34.

For the CIE process, the NHs-SP34 was exchanged with 0.01
mol L1 Zn(NOs)2:6H20/Cu(0AC)2:H20/Co(NO3)2:6H20/
Ni(NO3)2:6H20 solution with L/S ratio of 30 mL g-1 at 50 °C for
4 h, which was followed by filtration, washing and drying. The
powder was calcined at 600 °C for 4 h.

For the TII process, the uncalcined SP34 was stirred in 0.01
mol L-t Zn(NO3)2:6H20/Cu(0AC)2-H20 solution with L/S ratio
of 30 mL g-1 at 50 °C for 4 h, which was followed by a filtration,
washing and drying procedure. The powder was calcined at
600 °C for 4 h [22].

For the AIE process, the H-SP34 was exchanged with 0.01
mol L-1 Zn(NO3)2:6H20/Cu(0AC)2-H20 solution in ethanol with
L/S ratio of 30 mL g-1 at 50 °C for 4 h, which was followed by
filtration, washing with ethanol and drying. The powder was
calcined at 600 °C for 4 h [23].

For comparison, the zinc-modified SAPO-34 catalysts were
also prepared by impregnation (IMP). The NH4-SP34 was im-
pregnated with Zn(NO3)2-6H20 solution at room temperature
with the theoretical amount of 0.4 wt%. The powder was dried
and calcined at 600 °C for 4 h [24].

2.2. Catalyst characterization

X-ray diffraction (XRD) was conducted on a PANalytical
X'Pert PRO X-ray diffractometer operated at 40 mA and 40 kV.
Cu Ko radiation (A = 1.54059 A) was used as the X-ray source.
XRD patterns were recorded in the range of 20 = 5°-40°.

X-ray fluorescence (XRF) was conducted with a Philips
Magix-601 spectrometer.

Nitrogen adsorption-desorption was conducted with a Mi-
cromeritics ASAP 2020 system at -196 °C after the sample was
degassed at 350 °C under vacuum. The total surface area was
calculated according to the BET equation. The micropore vol-
ume, external surface area and micropore surface area were
calculated by the t-plot method. The total pore volume was
determined from the amount adsorbed at the relative pressure
of 0.99.

Ultraviolet-visible (UV-vis) spectra were recorded at room
temperature using a VARIAN Cary-5000 UV-Vis-NIR spectro-
photometer equipped with an integration sphere in the
200-800 nm wavelength range.

Temperature-programmed reduction by Hz (Hz-TPR)
measurements were performed with a Micromeritics Au-
tochem II 2920. The samples were pretreated at 550 °C for 60
min in Ar. The TPR procedure was conducted from 50 to 900 °C
under 10% Hz/Ar. The consumption of Hz was detected by
TCD.

Electron paramagnetic resonance (EPR) was performed on
a Bruker A 200. The samples were dehydrated in He for 60 min
at 500 °C. The EPR spectra were recorded at -186 °C. The loca-
tion and the intensity of g factor were measured by Bruker’s
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WINEPR program according to hv = gBH, where h is Planck
constant, H is the actual magnetic field, and f is the Bohr mag-
neton.

Scanning electron microscopic (SEM) images were taken
with a Hitachi TM3000 operated at an acceleration voltage of
15 kV. The sample was attached onto conductive double side
carbon tapes. The crystal size distribution was calculated with
software Nano Measurer.

Energy-dispersive X-ray spectroscopic (EDS) analysis was
conducted with a cold field emission SEM Hitachi SU8020
equipped with a Horiba X-max silicon drift X-ray detector op-
erated at an acceleration voltage of 20 kV.

X-ray photoelectron spectra (XPS) were determined with a
Thermo ESCALAB 250Xi. The X-ray excitation was provided by
a monochromatic Al K« source (1486.6 eV, 15 kV, 10.8 mA).
Binding energy (BE) values were referenced to the C 1s line of
residual carbon at 284.8 eV. The atomic ratio was calculated
using the peak areas of Si 2p, Al 2p, P 2p, Zn 2p and Cu 2p, re-
spectively. Prior to the XPS measurements, the powders were
pressed into disks with a diameter of 5 mm.

Temperature-programmed  desorption  of
(NH3-TPD) was conducted with a Micromeritics Autochem II
2920. The samples were activated at 550 °C for 60 min in He,
then cooled down to 100 °C and subjected to 10% NHs/He for
30 min to be saturated with NHs. The sample was then purged
with He for 30 min to remove the physically adsorbed NHs. The
measurement of the desorbed NHs was performed from 100 to
650 °C at arate of 10 °C/min under He.

1H MAS NMR spectra were measured on a Bruker Avance III
600 spectrometer equipped with a 14.1 T wide-bore magnet
and a 4 mm H-X magic angle spinning (MAS) probe. The sam-
ples were dehydrated at 400 °C for 20 h at a pressure of less
than 10-3 Pa. The resonance frequencies were 600.13 MHz.
Chemical shifts were referenced to admantane at 1.74 ppm.

ammonia

2.3. MTO reaction

Typically, the catalyst (100 mg, 40-60 mesh) was loaded in
the tubular quartz fixed-bed reactor and activated under a He
flow at 500 °C for 45 min. Methanol was fed by switching the
carrier gas (8 mL/min) to pass through the saturator contain-
ing methanol at 33 °C, corresponding to the molar ratio of car-
rier gas to methanol of 3 and the weight hourly space velocity
(WHSV) of 2.0 h-1. The exit gas was quantitatively analyzed by
an online gas chromatograph (Agilent GC 6890N) using a flame
ionization detector (FID) with capillary column CP-PoraPlot
Q-HT (27.5 m x 0.53 mm x 20 pm) and a thermal conductivity
detector (TCD) with packed column TDX-01 (2 m x 3 mm).
Hydrocarbons were determined by FID, while CO, CH4 and CO:
were analysed by TCD. CHs was taken as a reference bridge
between FID and TCD. The temperature of the effluent line was
maintained at 150 °C by heating belt to ensure the products
were in gas phase. Conversion and selectivity were computed
on a carbon mole basis, reported selectivity was normalized by
the total selectivity of the products observed, and dimethyl
ether in the effluent is considered as a reactant.

2.4. Diffusion properties

The adsorption isotherms of ethane and propane were de-
termined on a high precision intelligent gravimetric analyser
(IGA100, Hiden Isochema Ltd., Warrington, UK). A sensitive
microbalance (resolution of 0.1 pug) was mounted in a thermo-
statted enclosure to remove thermal coefficients of the weigh-
ing system and provide a high stability and accuracy. Typically,
about 100 mg samples were loaded into the microbalance
bucket and outgassed under a vacuum less than 10-3 Pa at 400
oC for more than 10 h prior to the sorption measurements. The
sample temperature was regulated within 0.1 °C by a furnace.
The adsorption isotherms were obtained at 20 °C and the
pressure was determined by two high-accuracy Baratron
pressure transducers. For each step, the amount of adsorbate
(ethane > 99.99% purity, propane > 99.8% purity) introduced
into the system was kept small enough to keep the adsorption
process isothermal. The dosing continued until the entire equi-
librium adsorption isotherm was obtained. The adsorption
kinetics curve of ethane was recorded at a pressure of 10 mba.

2.5.  Analysis of retained organics

The retained organics in the catalysts after reaction were
analyzed with GC-MS. The catalysts were dissolved in 20% HF
solution in a screwcap Teflon vial, and the organic compounds
were extracted with CHzClz and analyzed by an Agilent 7890A
Gas Chromatograph equipped with an Agilent 5795C Mass Se-
lective Detector with a HP-5 capillary column (30 m, 0.25 mm
i.d, stationary phase thickness 0.25 pm) and an FID detector.
The structures annotated onto the chromatograms are peak
identifications reference to NIST database. The amount of hy-
drocarbon compounds was normalized with C2Cls as the inter-
nal standard [25].

Thermo-gravimetric analysis (TGA) and differential ther-
mogravimetric (DTG) with an SDT Q 600 were used to measure
the coke removal. The sample was heated from room tempera-
ture to 900 °C at a rate of 10 °C min-! under flowing air (100
mL min-1). The samples after methanol reaction at 500 °C for 5
min were kept isothermal in 150 °C for additional 30 min for
complete removal of adsorbed water.

3. Results and discussion

3.1. Structural property and metal amount information: XRD,
XRF and N2 adsorption-desorption

The morphology and crystal size observed from SEM of
H-SP34 are typical cubic crystals with average size of approxi-
mately 7 um (Figs. S1 and S2). As shown in Fig. 1, no phases
related to the corresponding metal species are observed; for
instance, no diffraction peaks can be detected for ZnO crystal-
lites (JCPD = 31.6°, 34.2°,36.1°) [26] nor for CuO phase (JCPD =
35.29° and 38.49°) [24,27,28], indicating that the exchanged
metal species are dispersed homogeneously. The crystallinity
of samples modified with the conventional ion exchange (CIE)
was maintained well, indicating the integrity of the texture
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Fig. 1. XRD patterns of (a) H-SP34 and Me-SP34-CIE (Me = Zn, Cu, Co, Ni) and (b) Me-SP34-TII and Me-SP34-AIE (Me = Zn, Cu).

property after the CIE process. For the samples prepared from
the template-assisted ion incorporation (TII) process, the crys-
tallinity of Zn-SP34-TII was maintained well, while the crystal-
linity of Cu-SP34-TII decreases to some extent, which might be
attributed to the different metal salt precursors adopted. On
the contrary, the samples prepared from alcoholic ion exchange
(AIE) suffered marked decrease in the crystallinity, which is
attributed to the high polarity of ethanol and the lack of protec-
tion of the H-SAPO-34 framework without the aid of ammonia
ions as in the NH4-SP34 intermediate.

The chemical compositions of metal-modified SAPO-34 are
summarized in Table S1. The Zn and Cu cations exhibit higher
exchanged amount by contrast to Ni and Co cations under the
identical CIE condition, which might be ascribed to the differ-
ence in dissociation energy of ligands (H20) from hydrated
metal ions [22]. Furthermore, for the samples prepared from
the TII process, close Zn and Cu amounts compared with those
prepared from the CIE process are observed. As for the samples
prepared from the AIE process, relatively lower Zn and Cu
amounts are observed, which might be attributed to the de-
creased crystallinity and the lower solubility of metal salt in
ethanol by comparison to water.

The texture properties of H-SP34 and Me-SP34-CIE (Me =
Zn, Cu) were further investigated by N2 adsorption-desorption.
As shown in Fig. S3, isotherms for the samples are similar in
pattern, and classified as a type I isotherm. As shown in table
S2, the H-SP34 and Me-SP34-CIE (Me = Zn, Cu) exhibit similar
surface area and pore volume, indicating the well maintenance
of the texture property after the CIE process, which is in good
agreement with the XRD analysis.

3.2.  Chemical state information: UV-Vis, H2-TPR and EPR

The chemical states of metal species were characterized
with UV-Vis spectroscopy (Fig. 2). H-SP34 exhibits a band lo-
cated at around 254 nm, which is assigned to a charge transfer
(CT) band of the SAPO framework [27,29]. And the band might
be attributed to the impurities, special entities embedded in the
molecular sieve matrix, or intrinsic parts of the molecular sieve

lattice [29,30]. For the Zn-modified samples, beside the CT
band of the SAPO framework, no absorption peak attributed to
the ZnO particle (at around 370 nm) is observed [31-34],
which is well in accordance with the XRD result that no peaks
of ZnO species could be detected. The Cu-modified samples
exhibit peak at about 225 nm with a marked increase in inten-
sity, which is ascribed to the ligand-to-metal charge transfer
(LMCT) transitions from Ozeite to isolated Cu2?*/Cu* ions.
Meanwhile, the broad band at around 788 nm is assigned to d-d
transitions of isolated Cu?* ions [27]. The nearly identical band
position of Cu-modified samples indicates the similar chemical
environment of the Cu species [27].

Hz-TPR measurements were performed to investigate the
reducibility of metal species (Fig. 3, S4). It has been reported
that the strongly stabilized Zn2+ cations in exchangeable site
cannot be reduced even at 800 °C, the binuclear (Zn-0-Zn)2*
clusters should be reduced at around 400 °C [35,36], and the
reduction of bulk ZnO particles occurs at lower temperature
[31,35]
Zn-SP34-IMP with similar Zn amount was prepared and pre-

relative to the strongly stabilized Zn2+ cations

sented a remarkable Hz consumption peak in temperature
range of 400-600 °C. By contrast, Zn-SP34-CIE and Zn-SP34-TII
show very low Hz/Zn ratio (Fig. 3), indicating that the zinc spe-

Cu-SP34-CIE
Cu-SP34-TII

Intensity (a.u.)

Zn-SP34-CIE

Zn-SP34-TIL

H-SP34

T T T
500 600 700
Wavelength (nm)
Fig. 2. UV-Vis spectra of H-SP34, Me-SP34-CIE and Me-SP34-TII (Me =
Zn, Cu).
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Fig. 3. H2-TPR profiles of Zn-SP34-CIE, Zn-SP34-TII and Zn-SP34-IMP.

cies mainly exist in the form of zinc cations for Zn-SP34-CIE and
Zn-SP34-TII. As for Cu-modified samples (Fig. S4), the Hz con-
sumption signal at low temperature (from 200 to 400 °C) is
assigned to the reduction of isolated Cu2+ to Cu* and CuO to Cu?,
and the Hz consumption signal at high temperature (from 400
to 650 °C) is ascribed to the reduction of highly stable Cu* to
Culat the exchangeable sites [24,27,37].

In particular, the coordination environments of isolated Cuz*
ions are probed with EPR (Fig. 4). Since Cu species including
Cut ions and CuO do not produce EPR signals [38], for
Cu-modified samples, the isolated Cu?+ at g/; = 2.39 (hyperfine
splitting originated from the coupling between the unpaired
electron and Cu nuclear) and g. = 2.06 are discerned, corre-
sponding to the Cu2* cations that display axial symmetry and
are coordinated to three framework oxygen atoms in site (I)
shown in Fig. S5 [28,39,40].

3.3. Distribution of metal species: XPS and EDS
The chemical states of metal species in metal-modified

SAPO-34 were measured by XPS. Similar to the possible ionic
Cu species in Cu/molecular sieve (Fig. S6(a)) [41], the zinc spe-

-
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Cu-SP34-CIE
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) g=g =g =2.06
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Fig. 4. EPR spectra of Cu-SP34-CIE, Cu-SP34-TII and Cu-SP34-AIE.

1825

cies can exist as ZnOH* ions that located on Bronsted sites or as
isolated Zn2+ cations (0-Zn2+-0) that replace two protons. In
addition, the (Zn-0-Zn)2*+ species can be formed from two
ZnOH+* groups through the reaction as given in Fig. S6(b)
[32,34].

As shown in XPS spectra (Fig. S7), Zn-SP34-CIE shows the
binding energy (BE) of Zn 2ps/2core level at 1023.0 eV and the
Zn 2p12 core level at 1046.0 eV, and the area of Zn 2p3,2 peak is
roughly twice the area of Zn 2p1/2 peak. Both of the peaks are
symmetrical and narrow, indicating the single metallic state of
Zn species [26]. It has been reported that the Zn species local-
ized at the cation exchanged sites show a high BE than ZnO due
to the higher electronegativity of the lattice oxygen of the zeo-
lite than the 02" ligand in bulk zinc oxide [34,42,43]. Therefore,
the peak with BE 1023.0 and 1046.0 eV can be reasonably as-
signed to Zn2+ cations in the exchangeable sites [44]. Similar
chemical states are observed for Zn-SP34-TII and Zn-SP34-AIE.
As for Cu-SP34-CIE, Cu 2ps3/2 peak locates at 933.6 eV while the
Cu 2p1/2 locates around 953.3 eV, which is attributed to the
existence of isolated Cu?+* cations [22,27,45]. Likewise, the Cu
cations also exist in the form of isolated Cu?* cations for
Cu-SP34-TII and Cu-SP34-AIE based on XPS analysis.

The distributions of metal species were further investigated
by XPS. As shown in Table 1, for the Zn-modified samples, the
Zn/Si ratios in the subsurface is higher than the bulk, indicating
that the incorporated Zn cations mainly locate on the sublayer
near the external surface, which is strongly related to the
Si-rich subsurface in the pristine SAPO-34 crystals [46,47].
Defining the (Zn/Si)surface/(Z1n/Si)buk as surface Zn enrichment
index Rznto indicate the degree of surface enrichment degree of
Zn cations, the Rzn index increases in the following order:
Zn-SP34-CIE < Zn-SP34-TIl < Zn-SP34-AlE. Therefore, the
Zn-modified SAPO-34 exhibit core-shell like structure, with a
thin Si-rich and Zn-rich shell.

By contrast, for the Cu-modified samples, the Cu/Si ratios in
the outer subsurface are basically equivalent to those in the
bulk, indicating that the incorporated Cu cations are distributed
homogeneously, which is in good agreement with the study
that high-temperature activation is beneficial for the homoge-
neous distribution and the migration of Cu cations inward into
the crystal [45]. Additionally, the distribution of Cu species over
Cu-SP34-CIE was investigated by EDS. As shown in Fig. S8, ho-
mogeneous Cu distribution over the crystal is observed, and the
low EDS signal of Cu cations is ascribed to the low exchanged
amount less than 0.4 wt% (Table S1).

Table 1
The metal distribution in Me-SP34-CIE, Me-SP34-TII and Me-SP34-AIE
(Me =Zn, Cu).

Sample Composition (mol%) Me/Si
Bulk 2 Surface® Bulka Surfaceb

Zn-SP34-CIE  Sio.ossAlo49oPoaz2s  Sio.100Alo479Po.418 0.03 0.06
Cu-SP34-CIE  SioossAlo494Po.4a20 Sioo97AloasoPosa1a  0.04  0.05
Zn-SP34-TII  SioosoAloa9sPoa13  Sio.118Alo.473Po.408 0.03 0.13
Cu-SP34-TII  Sio.os9Alo496Po4a1s  Sioi40AloassPos77 0.04 0.04
Zn-SP34-AlE  SioossAloao7Poa1a  SioaeoAloazaPozse  0.01  0.09
Cu-SP34-AIE Sio.os9Alos0oPo411  Sioa7sAloasoPo3az 0.02 0.02

a Obtained from XRF analysis.? Obtained from XPS analysis.
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3.4. Catalytic performance

Catalytic tests of MTO performed at 500 °C under the condi-
tions close to the industrial application are summarized in Fig.
5(a) and (b). Compared with H-SP34, both the Zn-modified
SAPO-34 catalysts and Cu-modified SAPO-34 catalysts improve
the selectivity to ethylene, and much marked improvements
are obtained over Zn-modified SAPO-34 catalysts. The initial
selectivity to ethylene increases from 38% for H-SP34 to ap-
proximately 42%, 43% and 44% for Zn-SP34-CIE, Zn-SP34-TII
and Zn-SP34-AIE, respectively. Consequently, the ratios of eth-
ylene to propylene are enhanced after the metal modification
(Fig. 5(c) and (d)). Likewise, higher ratios of ethylene to pro-
pylene are obtained over the Zn-modified SAPO-34 catalysts.
The initial ratio of ethylene to propylene increases from about
1 for H-SP34 to 1.1, 1.2 and 1.3 for Zn-SP34-CIE, Zn-SP34-TII
and Zn-SP34-AlIE, respectively. After the metal modification,
with the predominant generation of ethylene, the selectivity to
products with higher carbon number (e.g. CsHs, C3Hs, C4, Cs+)
are decreased (Fig. S9-S11). However, catalyst lifetimes are
slightly reduced over metal-modified SAPO-34 catalysts (Fig.
S12).
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3.5, Acid properties: NH3-TPD and 1H MAS NMR

The acidity of catalysts plays a vital role in the product se-
lectivity in MTO reaction. Therefore, the acidity of the H-SP34
and the metal-modified samples was measured by NH3-TPD
(Fig. 6). All the samples show two desorption peaks at 100-300
°C and 300-500 °C. The low-temperature desorption peak cor-
responds to the ammonia adsorbed on the weak acid sites
originated from the structural defect OH groups (e.g. Si-OH,
P-OH and Al-OH). The high-temperature desorption peak is
ascribed to the ammonia attached to Bronsted acid sites in the
form of bridging hydroxyl groups. Both the two peaks decrease
in intensity after the CIE process, indicating the decreased
amount of both weak and strong acid sites, which is strongly
related to the exchanged metal amount obtained by the XRF
analysis (Table S1). The higher exchanged metal amounts, the
more distinct decrease in the acid amounts of both weak and
strong acid sites. Additionally, the position of the
high-temperature peak shifts to lower temperature, indicating
that the slight decrease of strong acid sites.

Similarly, decreased acid amounts of both weak and strong
acid sites (manly weak acid sites) are observed for the samples
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Fig. 6. NH3-TPD profiles of (a) H-SP34, Me-SP34-CIE (Me = Zn, Cu, Co, Ni), (b) Me-SP34-TII, and Me-SP34-AIE (Me = Zn, Cu).

prepared by the TII process, which is consistent with the high
incorporated metal amount confirmed by the XRF analysis (Ta-
ble S1). By contrast, the acid amount only decreases slightly for
the samples prepared by the AIE process, which is ascribed to
the low exchanged metal amount.

In particularly, it should be noted that the catalytic active
sites of MTO reaction are the Bronsted acid sites of molecular
sieves, and the Bronsted acid sites cannot be classified from the
Lewis acid sites by NH3-TPD. Therefore, the Bronsted acid sites
of H-SP34 and Me-SP34-CIE (Me = Zn, Cu) are characterized by
1H MAS NMR spectroscopy (Fig. 7). Signals at 3.6 ppm is char-
acteristic of Bronsted acidic sites from bridging OH groups
[Si(OH)AL]. Signals at 0-2.4 ppm are assigned to P-OH, Si—OH,
and Al-OH groups [48]. After the CIE process, the density of
Si(OH)AI decreased from 0.86 mmol g-1 for H-SP34 to 0.82 and
0.67 mmol g-1 for Zn-SP34-CIE and Cu-SP34-CIE, respectively.

It is generally believed that enhanced selectivity to propyl-
ene is observed over catalysts with milder acidity, owing to the
facilitated olefin-based reaction route for the generation of
propylene and higher olefins, as well as the inhibition of hy-
drogen transfer reactions that consume olefin products, espe-
cially propylene [1,49]. In the present work, even the lowered
acid density was observed over metal cations-modified
SAPO-34 catalysts, the propylene generation was depressed.

3.6
H-SP34

£l
N
2
g Zn-SP34-CIE
s
R

/ \ Cu-SP34-CIE

T T T T T T v T T T v T
10 8 6 4 2 0 2 -4

5
Fig. 7. 'H MAS NMR spectra of H-SP34 and Me-SP34-CIE (Me = Zn, Cu).

Therefore, the enhanced ethylene selectivity and ethylene to
propylene ratio cannot be attributed to the acid property ad-
justment with metal ion incorporation.

3.6. Diffusive properties: IGA

The adsorption isotherms of ethane and propane on
H-SP34, Zn-SP34-CIE and Cu-SP34-CIE measured by IGA (Fig.
8) are typical Langmuir type-1 form according to IUPAC iso-
therm classification, which is saturated at low pressure and
then increases slightly with further increase of pressure [50].
The adsorption capacity of ethane is higher than that of pro-
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Fig. 8. The adsorption isotherms of ethane (a) and propane (b) on
H-SP34 and Me-SP34-CIE (Me = Zn, Cu).
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pane for the samples, which is ascribed to the larger molecular
size of propane. Compared with H-SP34, Zn-SP34-CIE and
Cu-SP34-CIE show similar saturation adsorption capacities of
ethane and decreased saturation adsorption capacities of pro-
pane.

The diffusion properties during the initial stage of uptake
are described with the derived equation from Fick’s second law

[51]:
a0 _6 [D
q(m) n\/rt\ﬁ

where q(t)/q(m) is the normalized loading, D is the diffusivity, r
is the characteristic diffusion length, and t is time.

The adsorption kinetics curves of ethane and propane under
10 mba are shown in Fig. S13. The characteristic diffusion time
(D/r?) of Zn-SP34-CIE and Cu-SP34-CIE is lower than that of
H-SP34 for ethane and propane. Combined with characteristic
diffusion length r = 7 pm, the diffusivity D is obtained and
shown in Table 2. The diffusivity of ethane is higher than that of
propane over the samples, and diffusivity of ethane and pro-
pane over Zn-SP34-CIE and Cu-SP34-CIE is lower than that
over H-SP34. The IGA results demonstrate that the incorpo-
rated metal cations in the CHA cavity introduce extra diffusion
limitation for the products with both small molecular size (e.g.
ethane) and relatively large dynamic diameter (e.g. propane),
but much increased diffusion hindrance is encountered for
bulky molecules.

In the MTO reaction, the diffusion of the generated products
(e.g. ethylene and propylene) from the cavity of SAPO-34 crys-
tals to the effluent phase is a critical step. Based on the IGA
analysis, it is deduced that the incorporated metal cations in-
troduce extra diffusion limitation for the generated products,
and an increased diffusion hindrance is encountered for the
relatively large-sized products such as propylene, butylene and
Cs+, which results in the enhanced selectivity to ethylene and
increased ratio of ethylene to propylene [20].

In particular, the Zn-modified SAPO-34 exhibits core-shell
like structure, with a thin Zn-rich sublayer near the external
surface, which might result in more marked diffusion limitation
for the generated bulky products. As shown in Fig. 5, much
marked increased selectivity to ethylene and ratio of ethylene
to propylene are obtained over Zn-modified SAPO-34 com-
pared with Cu-modified SAPO-34. The higher selectivity to eth-
ylene is strongly correlated with the enrichment of incorpo-
rated Zn cations in the cavity near the external surface. Fur-
thermore, higher selectivities to ethylene are observed over
Zn-SP34-TIl and Zn-SP34-AIE compared with Zn-SP34-CIE,
which effectively rationalizes the relationship between the
enhanced selectivity to ethylene and the enrichment of Zn cat-

Table 2
The diffusivity of ethane and propane over H-SP34 and Me-SP34-CIE
(Me =Zn, Cu) under 10 mba.

D/ (m2s1)
Sample Ethane Propane
H-SP34 2.30 x 10-14 1.62 x 10-15
Zn-SP34-CIE 1.44 x 10-14 9.98 x 10-16
Cu-SP34-CIE 6.44 x 10-15 1.02 x 10-15
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Fig. 9. TG curves of H-SP34 and Zn-modified SAPO-34 after methanol
reaction for 5 min.

ions in cavity of shell layer in the Zn-modified SAPO-34 with
core-shell like structure.

3.7.  Analysis of the retained species: GC-MS and TG-DTA

Beside metal species incorporation, coke formation over the
metal-modified SAPO-34 may impart extra diffusion hindrance
for generated products. The retained species over H-SP34 and
Zn-modified SAPO-34 catalysts were analyzed by GC-MS and
TG-DTA. As shown in Fig. S14, the deposited coke mainly com-
posed of benzene, methyl-substituted benzene, naphthalene
and methyl-substituted naphthalenes. TG-DTA was performed
to determine the amount of coke deposition (Fig. 9). The weight
loss below 150 °C corresponds to the removal of physically
adsorbed water, while the weight loss between 150 and 900 °C
corresponds to trapped organic species. The weight loss from
coke removal of the catalysts after reaction for 5 min is 1.5%,
1.7%, 2.0% and 1.6% for H-SP34, Zn-SP34-CIE, Zn-SP34-TII
and Zn-SP34-AIE, respectively. Zn modification slightly in-
creases the coke amount and introduces extra diffusion hin-
drance for the generated products, especially those with rela-
tively large molecular size (e.g. propylene, C4, Cs+), which re-
sults in the enhanced selectivity to ethylene and ratio of eth-
ylene to propylene in the MTO reaction.

4. Conclusions

The incorporation of metal cations into SAPO-34 introduces
extra diffusion hindrance for the generated products, especially
the products with relatively large diameter (e.g. propylene),
leading to enhanced selectivity to ethylene and the increased
ratio of ethylene to propylene in MTO reaction. In particular,
the Zn-modified SAPO-34 catalysts exhibit core-shell like
structure, with the incorporated Zn cations mainly located in
the cavity of the shell layer. Zn modification for SAPO-34 cata-
lysts favored the quick establishment of catalytic environment
for effective MTO reaction with the selective production of eth-
ylene. The core-shell like structure and slightly increased coke
deposition over Zn-modified SAPO-34 exerted extra diffusion
limitation of the generated products, especially the bulky
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products, leading to significantly enhanced selectivity to eth-
ylene and the increased ratio of ethylene to propylene in MTO
reaction. The relationship between the core-shell like structure,
diffusion hindrance and product selectivity in MTO reaction is
established, which lays the foundation for the proposed prod-
uct modulation strategy for the SAPO-34 catalysts in the indus-
trial MTO process.
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