Chinese Journal of Catalysis 34 (2013) 798-807

journal homepage: www.elsevier.com/locate/chnjc

available at www.sciencedirect.com

-z
*s’ ScienceDirect

Chinese Journal
of Catalysis

Article

Synthesis of SAPO-35 molecular sieve and its catalytic properties in

the methanol-to-olefins reaction

LI Bing?, TIAN Peng?, LI Jinzhe 2, CHEN Jingrunab, YUAN Yangyangab, SU Xiong2b, FAN Dong2b,

WEI Yingxu?, QI Yue?, LIU Zhongmin &*

aDalian National Laboratory for Clean Energy, National Engineering Laboratory for Methanol-to-Olefins, Dalian Institute of Chemical Physics, Chinese

Academy of Sciences, Dalian 116023, Liaoning, China
b University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Article history:

Received 30 December 2012
Accepted 30 January 2013
Published 20 April 2013

SAPO-35 molecular sieve samples with different Si contents were hydrothermally synthesized using
hexamethyleneimine as the template and characterized by XRD, XRF, SEM, MAS NMR, XPS and N:
physisorption. Three SAPO-35 samples were tested as methanol-to-olefins catalysts. After the reac-
tion, the evolution of coke species was investigated over SAPO-35 and SAPO-34 catalysts with simi-

lar Si concentrations. A correlation between the cage size of the molecular sieves and the coke spe-

Keywords: cies was obtained.

SAPO-35

Methanol to olefins
SAPO-34

Coke species
Deactivation

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Silicoaluminophosphate molecular sieves (SAPO-n) were
first synthesized and reported by Union Carbide Corporation
(UCC) in 1984 [1]. Due to their mild acidity and special pore
structures, SAPO molecular sieves have widespread applica-
tions in the chemical industry [2]. SAPO-35, as a member of the
family with the levyne-like crystal structure (LEV), is a small
pore molecular sieve with a pore diameter of 3.6 nm x 4.8 nm.
The framework of SAPO-35 comprises levyne cages connected
by single six-membered rings and double six-membered rings.
There are two distinct T sites in the framework: one is in the
double six-membered ring and the other is in the single
six-membered ring. The distribution of these two sites is in the
ratio of 2:1 [3]. Due to the special structure of SAPO-35, it has
been employed as the catalyst in methanol conversion and

aminomethylation [4-7]. Moreover, SAPO-35 is also explored
as an adsorbent for CO2/CHa separation [8,9].

The methanol-to-olefins (MTO) process is the key process to
produce light olefins from coal or natural gas. The molecular
sieves ZSM-5 and SAPO-34 with eight-membered ring and CHA
cages exhibit excellent catalytic performance in the reaction
[6,7,10-12]. Other small pore molecular sieves with the
eight-membered pore size such as SAPO-17, SAPO-18, and
SAPO-35 have also been explored as catalysts for the MTO re-
action [7,13,14]. The SAPO-35 molecular sieve showed a faster
coking deactivation rate compared with SAPO-34 [4,6]. At pre-
sent, the correlations between the deactivation process (de-
posited coke species) and the reaction conditions (such as time
and temperature) during the MTO reaction over the SAPO-34
catalyst are relatively clear [15,16]. However, there is no report
so far on the deactivation process during methanol conversion
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catalyzed by SAPO-35. It is speculated that the activity differ-
ences between SAPO-34 and SAPO-35 are due to their different
structures. Research on the deactivation during the MTO reac-
tion over SAPO-35 will help understand the effect of the cage
structures of the molecular sieves and the deposited coke spic-
es.

In this work, SAPO-35 molecular sieves with different Si
contents were hydrothermally synthesized by using hexameth-
yleneimine as the template. The effect of Si content on the
physical and chemical properties of the molecular sieves was
studied in detail. In addition, three SAPO-35 molecular sieves
with different Si contents were chosen as MTO catalysts to in-
vestigate the effects of the acidity on the reaction. The evolution
of the coke species in the reaction was investigated over both
SAPO-35 and SAPO-34 catalysts with similar Si concentrations.
The correlation between the cage size of the molecular sieves
and deactivation due to the coke species is discussed.

2. Experimental
2.1. Synthesis of molecular sieves

The SAPO-35 molecular sieves were synthesized as report-
ed elsewhere [17]. Pseudoboehmite powder (w(Al203) = 70
wt%), sol (w(Si0z2) = 31.1 wt%) and phosphoric acid (w(H3P04)
= 85 wt%) were the aluminum source, silicon source, and
phosphorus source, respectively. Hexamethyleneimine (HMI,
chemical pure) was used as the template agent. The molar ratio
of reactants was 0.96P205:1.0A1203:nSi02:1.51HMT:55.47H20
(n=10.1,0.2, 0.3, 05, 0.8, 1.0). The detailed procedure was as
follows. Into a beaker, deionized water, aluminum source, sili-
con source, phosphorus source, and HMI were sequentially
added with vigorous stirring to make the initial gel homogene-
ous. This was then transferred into a 100 ml stainless steel
reactor, which was then sealed and heated at 200 °C for 24 h.
After crystallization, the product was collected by centrifugal
separation, rinsed with water until the pH level was neutral,
and then dried at 120 °C. The samples with different Si contents
were denoted as 0.1Si, 0.2Si, 0.3Si, 0.5Si, 0.8Si, and 1.0Si.

2.2. Characterization

X-ray powder diffraction (XRD) measurements were per-
formed using a PANalytical X'Pert PRO X-ray diffractometer
with Cu anode, K, radiation (A = 0.15418 nm), voltage of 40 kV
and current of 40 mA. The elemental analysis was carried out
using a Philips Magix 2424X X-ray Fluorescence Spectrometer
(XRF). Morphology images were acquired on a Hitachi S-3400N
scanning electron microscopy (SEM). X-ray photoelectron
spectroscopy (XPS) was determined employing a Thermo
ESCALAB 250Xi X-ray photoelectron spectrometer with Al Ky
radiation. The peak of Al 2p at 74.7 eV from Al203 on the sur-
face of the samples was used as the internal standard. N2 ad-
sorption measurement was performed on a Micromeritics
ASAP 2010 volumetric adsorption analyzer.

1H MAS NMR experiments were performed on a Bruker
Avance I1I-600 solid phase NMR spectrometer with a proton

resonance frequency of 600.13 MHz by using a 4 mm probe
head. One pulse program was used and the m/2 pulse length
was 4.4 ps. The recycle delay time is 10 s. The spin rate was 12
kHz with 32 times sampling frequency. Before the 1H MAS NMR
experiments, all samples underwent vacuum dehydration at
400 °C and < 10-3 Pa for 20 h to remove water and impurities in
the molecular sieve. The samples were transferred in a nitro-
gen-filled glove box to the NMR rotator for testing. The quanti-
tative processing of the 1H MAS NMR data was as follows. A
calibration curve for the correlation between peak areas and
mass of sample were first made by using adamantine as the
external standard. Then the 1H MAS NMR spectra of the sample
with known mass were acquired under identical acquisition
conditions. The peak areas of Bronsted acid sites was calculat-
ed by Gauss-Lowrance linear fitting to get the density of
Bronsted acid sites of the samples from the calibration curve.

2.3.  Reaction evaluation

The catalytic properties of the molecular sieves were evalu-
ated using an atmospheric fixed bed equipment. 1.2 g calcined
sample (40-60 mesh) was packed in the reactor, which was
then purged with nitrogen at 520 °C for 30 min. After purging,
methanol solution (40 wt%) was injected into the reactor by a
pump. The products were analyzed online using an Agilent
7890A gas chromatograph (GC) with PoraPLOT Q-HT capillary
column and FID detector.

2.4. Collections of coke deposits and analysis of coke species

The deposited coke species were collected by stopping the
feed after a pre-determined reaction time, unloading the cata-
lysts quickly and then quenching in liquid nitrogen.

The Guisnet method was used for the qualitative analysis of
the coke species [18,19]. In a Teflon bottle, 50 mg of catalyst
was added to 1 ml HF water solution (20 wt%). After the mix-
ture was shaken well and allowed to sit for 1 h, 0.5 ml di-
chloromethane was added into the solution. 5 min later, NaOH
was added and mixed well. The mixture was then transferred
to a separatory funnel and shaken vigorously. The lower layer
liquid was collected into a sample vial for GC testing by an Ag-
ilent 7890-5975C MSD gas chromatograph-mass spectrometer
with a HP-5 capillary column. Each compound was identified
using the NIST 08 library.

3. Results and discussion

3.1. Synthesis and characterization of SAPO-35 with different Si
contents

The XRD results of the samples are shown in Fig. 1. All the
SAPO-35 molecular sieves with different Si contents had the
LEV framework structure, as shown by comparing to the
standard pattern [7,20]. The relative crystallinity, relative yield,
and chemical composition of the SAPO-35 samples with differ-
ent Si contents are listed in Table 1. The solid yield of the sam-
ples increased with increasing amount of SiO: in the initial gels.
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Fig. 1. XRD patterns of the SAPO-35 samples with different Si contents.

However, the crystallinity exhibited first an increase then a
decrease trend. 0.3Si sample showed the highest crystallinity.
In our previous research on the synthesis of SAPO-34, we also
found that samples with 0.2-0.3 Si contents had the highest
crystallinity [21]. This suggested that the Si content in the ini-
tial gel not only affected the chemical composition of the sam-
ples but also the crystallinity. In addition, the XRF elemental
analysis results indicated that the Si content of SAPO-35 in-
creased with the increase of Si content in the initial gel. To bet-
ter correlate the Si contents of the starting materials and prod-
ucts, we introduce a concept of “silicon incorporation” defined
as [Si/(Si+Al+P)]product/[Si/(Si+Al+P)]ger (shown in Table 1). A
descending tendency was found for silicon incorporation in
SAPO-35 with the increase of Si content in the starting materi-
als. The 0.1Si sample exhibited the highest silicon incorporation
of 1.82. The silicon incorporation decreased to less than 1.0
when the Si content of the initial gel was more than 0.3. Silicon
incorporation was only 0.7 when the Si content of the initial gel
was 1.0. Therefore, we believed that it is the high silicon incor-
poration associated with the samples with low Si contents that
resulted in their relatively low solid yields. Catlow et al. [22].
employed lattice simulation to calculate the energy changes of

ZDNY 15.0kV 8.9mm x10.0k S

Table 1
Relative crystallinity and chemical composition of the SAPO-35 samples
with different Si contents.

Sample Relative Relative Molar Si
crystallinity (%) yield (%) composition  incorporation*®

0.1Si 84 62 Sio.060Al0.490Po.450 1.82
0.2Si 94 74 Sio.079Al0497P0.424 1.25
0.3Si 100 86 Sio.092Al0.485P0.423 1.01
0.5Si 94 Sio.122Alo487Po391 0.89
0.8Si 91 95 Sio.169Al0465P0.367 0.80
1.0Si 85 100 Sio.175Al0457P0.368 0.70

*Defined as the molar ratio of [Si/(Si+Al+P)]product/[Si/(Si+Al+P)]gel.

silicon incorporation in the framework of SAPO-5 molecular
sieves and found that highly dispersed and singly substituted
silicon was the most stable, followed 5Si and 8Si islands. These
results suggested that the energy of Si incorporation in the
framework increased with increasing content of substituted
silicon, leading to the decreasing ability for silicon incorpora-
tion in the framework. Their conclusion is consistent with our
experimental results.

The SEM images of the samples with different Si contents
are shown in Fig. 2. The SAPO-35 grains presented the typical
rhombohedral morphology, but the change of silicon content
had a significant effect on the surface roughness of the molecu-
lar sieve crystals. With a low silicon content, the molecular
sieve surface was relatively smooth. The crystal surface became
rough and irregular small holes appeared when the silicon
content was increased to 0.8. When the silicon content was 1.0,
the surface of the crystal was wrapped by small particles and it
showed a ‘core-shell’ structure, which presumably resulted
from a secondary crystal growth on the rough surface of the
crystal or the enrichment of excessive amorphous silica in the
gel on the crystal surface. The surface compositions of the 0.5Si
and 1.0Si samples were analyzed by XPS (Table 2). It was found
that the crystal surface of these two samples comprised silica,
phosphorus oxide, and alumina. The relative silicon content of
the surface was higher than that of the bulk phase, and the en-
richment of silicon on the high silicon content sample surface
was higher. It was thus speculated that the shell of the 1.0Si

v 8.9mm x15.0k SE
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Table 2
Bulk and surface compositions of the SAPO-35 samples with different Si
contents.

Composition . .
Sample Bulk Surface Sisurface/ Sibuik
0.5Si Sio.122Al0.487P0.391 Sio.178Alo.478P0.335 1.46
1.0Si Sio.175Al0457P0.368 Sio.275Al0.405P0.320 1.58

sample grains was formed by a secondary crystal growth on
the rough surface of the crystal. Meanwhile, from the silicon
enrichment on the SAPO-35 crystal surface revealed by XPS, we
can suppose that the distribution of silicon in the SAPO-35
crystals was non-uniform and there was a gradual increase of
the silicon content from the inside outwards. We also found a
similar situation in the crystallization of SAPO-34 with di-
ethylamine as a template agent [23]. The main reason would be
the gradual increase of the gel pH during the synthesis of SAPO
molecular sieves. The increase of pH promoted depolymeriza-
tion of the silicon source in the gel system, thus the ability for
silicon incorporation into the molecular sieve framework was
enhanced (the pH value of the gel in our synthesis system be-
fore and after the crystallization of 0.5Si sample were 5.56 and
8.20, respectively).

Figure 3 and Table 3 show the Nz adsorption-desorption
isotherms, specific surface areas, and pore volumes of the sam-
ples with different Si contents. All three samples displayed a
high micropore surface area and micropore volume. Moreover,
the outer specific surface area and mesopore volume of the
samples increased with the increase of silicon contents, which
would be due to the rough grain surface of the samples with
high silicon contents, as revealed by the SEM images.
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Fig. 3. N2 adsorption-desorption isotherms of the SAPO-35 samples
with different Si contents.

Table 3
Pore structure parameters of the SAPO-35 samples with different Si
contents.

Surface area (m?/g) Pore volume (cm3/g)

Sample Micropore External Total Micropore Mesopore Total
0.2Si 443.5 263  469.7 0.22 0.01 0.21
0.8Si 497.4 41.0 5384 0.23 0.05 0.28
1.0Si 475.4 458 521.2 0.22 0.07 0.29

3.2.  Methanol conversion by SAPO-35 molecular sieve with
different Si contents

0.1Si, 0.3Si, and 0.5Si samples were selected for the study of
methanol conversion. The results are shown in Fig. 4 and Table
4. The results of the MTO reaction on SAPO-34 (elemental
composition is Sio.ossAlo.493Po.421) are also listed in Table 4 for
comparison. During an initial period, the conversion of metha-
nol on SAPO-35 with different Si contents was maintained at
above 99%. The conversion decreased as the reaction time
increased and the higher the Si content, the faster the conver-
sion of methanol dropped. The selectivity for ethylene of these
molecular sieves gradually rose as the reaction time increased,
while the selectivity for propylene decreased. Compared with
SAPO-34, SAPO-35 exhibited the characteristic of fast deactiva-
tion.

The MTO reaction is a typical acid catalyzed reaction, and
the acidity of the molecular sieve plays an important role on the
lifetime and the selectivity to light olefins. We determined the
amount of Bronsted acid of the three SAPO-35 samples using
1H MAS NMR (shown in Table 5). Generally, the density of
Bronsted acid sites increased in the samples with the increase
of the Si contents. Both are almost in a linear relationship. The
higher acid density in the samples with higher Si content
caused serious side reactions, such as coke deposition and the
hydrogen transfer reaction, which shortened the life time of the
catalyst and generated more methane and propane. Moreover,
the deposited coke species gradually formed during the reac-
tion will decrease the cage size of the molecular sieves, reduce
the generation and diffusion rates of molecules with larger
diameters, and consequently increase the selectivity for eth-
ylene and decrease the selectivity for propylene.
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Fig. 4. CH30OH conversion (a) and CzHa+C3Hs selectivity (b) in the MTO
reaction over SAPO-35 and SAPO-34. (1) 0.1Si; (2) 0.3Si; (3) 0.5Si; (4)
SAPO-34. Reaction condition: 450 °C, 40% CH3OH solution (SAPO-35,
WHSV =2 h-1; SAPO-34, WHSV = 4 h-1).
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MTO results over SAPO-35 and SAP0-34 molecular sieves.
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Sample TOS Selectivity (wt%)
(min) CH4 C2H4 C2He C3Hs C3Hs Ca Cs+ C=+C3=
0.1Si 4 2.37 37.80 0.27 36.17 1.05 10.42 11.87 73.96
72a 2.66 43.85 1.02 32.30 1.41 9.24 9.43 76.16
0.3Si 4 2.71 33.94 0.30 40.55 1.31 12.46 8.69 74.50
55a 3.35 41.38 1.11 35.38 1.48 9.13 8.10 76.75
0.5Si 4 343 29.04 0.89 34.48 2.94 13.13 16.07 63.53
55a 343 42.09 1.48 32.95 1.88 8.90 9.16 75.05
SAPO-34b 4 0.96 33.61 0.65 40.38 4.63 15.64 4.08 74.00
131a 1.49 43.32 0.62 38.80 1.54 11.03 3.10 82.12

Reaction condition: WHSV = 2 h-1, 450 °C, 40% CH3OH solution.

aThe catalyst lifetime, which is defined as the reaction duration with >99% CH3OH conversion.
b Reaction condition: WHSV = 4 h-1, 450 °C, 40% CH3OH solution (elemental composition of SAPO-34: Sio.0ssAlo.493Po.421).

3.3.  Analysis of the deposited coke species formed in the MTO
reaction over SAPO-35 and SAPO-34

The fast deactivation of SAPO-35 molecular sieve in the
methanol conversion reaction indicated that the deposited coke
species and their evolution with reaction time on SAPO-35 is
different from those on SAPO-34. We selected 0.3Si SAPO-35 to
study the deposited coke species following the reaction time
and compared these with those generated on SAPO-34. The
organic species extracted from the catalysts were analyzed by
GC-MS (Fig. 5).

The organic species initially produced on SAPO-35 (15 min)
were mostly toluene, xylene and trimethylbenzene. As the re-
action time increased to 32 min, the methanol conversion de-
creased from 98.49% to 76.37%, and organic species with a
larger molecular size, such as naphthalene and methyl naph-
thalene, started to appear in the deposited coke species. When
the reaction time was 83 min, the methanol conversion further
decreased to 10.88%. Among the deposited coke species, the
signals of naphthalene and methyl naphthalene obviously in-
creased, and a small amount of multiple methylated naphtha-
lene and anthracene dihydride appeared in addition to toluene,
xylene and trimethylbenzene. The organic species during the
early stage (21 min) of methanol conversion over SAPO-34
molecular sieve were mainly trimethylbenzene, tetra-
methylbenzene, naphthalene, methyl naphthalene and dime-
thyl naphthalene. When the reaction time was 72 min, the
methanol conversion was still maintained at a high level
(98.57%). Coke species such as tetramethylbenzene, naphtha-
lene, methylnaphthalene and dimethylnaphthalene were en-
hanced, and new signals corresponding to trimethylnaphtha-
lene, phenanthrene and pyrene appeared. At the stage of nearly
complete deactivation of SAPO-34 (447 min, 33.46% methanol
conversion), methyl benzene compounds disappeared. A sig-
nificant change in the relative amounts of the other organic
species occurred, and the polycyclic aromatic hydrocarbon

Table 5
Concentration of Bronsted acid sites in SAPO-35 molecular sieves cal-
culated from 1H MAS NMR.

Sample B acid sites (mmol/g)
0.1Si 0.54
0.3Si 0.97
0.5Si 1.20

phenanthrene and pyrene and their methyl substituted deriva-
tives became the major coke species. By comparing the evolu-
tion of the organic species in SAPO-35 and SAPO-34, a common
characteristic is that the main organic species generated in the
initial stage were methylated benzene compounds which
gradually changed to bulky aromatic hydrocarbons. The final
coke molecules in SAPO-34 were significantly larger than those
in SAPO-35.

The hydrocarbon pool mechanism is a widely recognized
MTO reaction mechanism. Much experimental results indicated
that the multiply methylated benzene (methyl substituents > 3)

(a)

v o |5

Z | 190 e
&2 = $ o9 447 min|

X=33.46%
N X=98.57%72 min

N
N N,
_,._LL_.LM- Zx

X=99.96% 21 min

5 10 15 20 25 30 35 40 45 50
Retention time (min)
A Cew (b)
)
WY
1 N A B I O X =10.88%, 83 min
E o
= @l@s
1 |+ I X =38.60%, 49 min
L do e X =176.37%, 32 min
X =98.49%, 15 min|
P TR R S

20 25 30 35 40 45 50
Retention time (min)

(o)
I
=3
—
(o)

Fig. 5. Coke species in SAPO-34 (a) and SAPO-35 (b) in the MTO reac-
tion. Reaction condition: WHSV = 4 h-1, 400 °C, 40% CH3OH solution; X
refers to the CH3OH conversion in the reaction.
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SAPO-35 was hydrothermally synthesized using hexamethyleneimine as
the template. The coke species in the MTO reaction over both SAPO-35 and

SAPO-34 were investigated and correlated with their cage size.
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is a hydrocarbon pool active center, on which the methylation
of methanol/diethyl ether occurred to form ethylene and pro-
pylene, while the resulting less methylated benzene is
re-methylated to start a new catalytic cycle [15,16,24-27]. In
the present experiments, in the initial stage of reaction the ex-
istence of some hydrocarbon pool active species (multiply
methylated benzenes) were observed in SAPO-34, whereas the
coke species was dominated by less methylated benzenes in
SAPO-35. With increased reaction time, at the stage of nearly
complete deactivation, the main coke species in SAPO-34 were
bulky aromatic hydrocarbons such as phenanthrene and py-
rene (generated from ring condensation by hydrogen transfer
from methylbenzene and methylnaphthalene), while the coke
species in SAPO-35 were methylbenzene, naphthalene and
methylnaphthalene. The difference in the coke species of
SAPO-35 and SAPO-34 is probably related to their structures.
The CHA cage of SAPO-34 (0.67 nm x 0.67 nm x 1.0 nm) is
larger than the LEV cage of SAPO-35 (0.63 nm x 0.63 nm x 0.73
nm). The smaller cage of SAPO-35 restricted the formation of
the hydrocarbon pool active species (multiply methylated ben-
zene) and deactivated coke species (macromolecular fused-ring
aromatic hydrocarbon). Also, it has a smaller accommodation
capacity for deactivated coke species, which thus resulted in
the rapid deactivation. The lack of hydrocarbon pool active
species also led to the relatively low ethylene and propylene
selectivity with SAPO-35. Moreover, it is worth noting that
during the reaction, the organic compounds deposited in
SAPO-35 always contained a small amount of saturated cyclo-
alkane adamantane compounds. In our recent research on the
coke species in SAPO-34 in the MTO reaction [28], we reported
that adamantane compounds are the coke species in the low
temperature reaction (< 350 °C), which were gradually trans-
formed into naphthalene and substituted naphthalene species
at elevated temperatures. In this experiment, the reaction
temperature was 400 °C, so the existence of adamantane com-
pounds in SAPO-35 once again demonstrated that the different
cage size of the molecular sieve has a large influence on the
generation and stability of the coke species.

4. Conclusions

SAPO-35 molecular sieves with different Si contents were

hydrothermally synthesized. The yield of solid sample in-
creased with the increase of Si content in the synthesis gel. The
crystallinity of the sample increased first and then decreased as
the Si content increased. 0.3Si sample exhibited the highest
crystallinity. The Si incorporation degree showed a dropping
trend when the silica content rose. The surface of SAPO-35
crystals with a high silica content was rough. In particular, 1.0Si
showed the characteristic of a core-shell structure, which could
be due to secondary crystallization on the rough surface.
SAPO-35 showed fast deactivation than SAPO-34 in the MTO
reaction, and a higher silica content will cause faster deactiva-
tion. The main reason is that the higher Bronsted acid concen-
tration in the sample with higher silica content led to more side
reactions such as coke deposition and hydrogen transfer. By
comparing and analyzing the deposited coke species formed in
SAPO-35 and SAPO-34 during the MTO reaction, we concluded
that the smaller cage of SAPO-35 limited the generation of hy-
drocarbon pool active species (polymethylbenzens) and mac-
romolecular coke species (polyaromatic hydrocarbons). More-
over, the smaller cage of SAPO-35 had a lower capacity to ac-
commodate deposited coke species. These two reasons result-
ed in the faster deactivation of SAPO-35.
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