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Abstract

SAPO-34 molecular sieve was successfully synthesized using diethylamine (DEA) as a template. The influence of template concentra-
tion and silica concentration on the synthesis were investigated. Pure SAPO-34 could be obtained when n(DEA)/n(Al,O3) > 1.5 and
n(Si0,)/n(Al,03) > 0.1 in the synthesis gel. Further increase of DEA concentration in the starting gel [n(DEA)/n(Al>O3) > 3] has a neg-
ative effect on both crystallinity and crystal yield. The products were characterized by XRD, XRF, SEM, NMR, FT-IR, TG-DTA and
nitrogen adsorption techniques. It was found that SAPO-34 synthesized with DEA as a template has the characteristic of high silicon
incorporation and exhibits good thermal and hydrothermal stability. The catalytic performance of SAPO-34 was tested by methanol-

to-olefin (MTO) reaction and high olefins (C,H4 + C3Hy) selectivity was obtained.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Aluminophosphate (AIPO) and silicoaluminophosphate
(SAPO) molecular sieves were firstly reported by Union
Carbide in 1980s [1,2]. The structures of AIPOs and SAPOs
cover a range of different structure types; some are analo-
gous to certain zeolites such as SAPO-34 (CHA structure),
but a large number have unique structures without analo-
gous zeolite. Since the frameworks of AIPO molecular
sieves are neutral, they usually have no actual catalytic
capabilities. The substitution of silicon into the framework
of AIPOs, i.e. SAPOs, result in the appearance of acidity
and leads to their catalytic application [2]. Among SAPOs,
small-pore SAPO-34 has received great attention in recent
years due to its high selectivity to olefins in methanol-to-
olefin (MTO) reaction [3-5], and many research works
have been reported relating to the synthesis and crystalliza-
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tion mechanism [6-8], its catalytic properties in MTO reac-
tion and reaction mechanisms [3,4,9-21].

It is well known that template plays important roles in
the synthesis of molecular sieves, such as structure-direct-
ing, space-filling and charge-compensating roles [5,22,23].
One template may produce molecular sieves with different
structures by varying the synthetic conditions; and one type
of molecular sieve could also be synthesized in the presence
of different organic templates [22]. The elemental composi-
tion, local microscopic structure and morphology of one
specific molecular sieve may change with the use of differ-
ent templates. Therefore, the catalytic performance and
adsorption properties of the obtained materials may be
different.

Many organic amines can be used as templates for the
synthesis of SAPO-34, including tetraethylammonium
hydroxide (TEAOH) [15,23,24], dipropylamine [24], iso-
propylamine [24], piperidine [25], morpholine [6,8,23,26],
triethylamine (TEA) [7,27], and diethylamine (DEA)
[28,29], etc. Up to now, research on the synthesis of
SAPO-34 using DEA as a template is relatively scarce.
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The present paper reports the synthesis of SAPO-34
synthesized with DEA as a template in detail. Many
techniques such as XRD, XRF, SEM, NMR, FT-IR,
TG-DTA and nitrogen physisorption were employed to
characterize the obtained SAPO-34. The catalytic perfor-
mance of samples in MTO reaction was also tested.

2. Experimental
2.1. Synthesis

SAPO-34. was synthesized by a hydrothermal method
from a gel with molar composition of (0-4.0)DEA:
(0-0.8)S10,:1.0A1,05:0.8P,05:50H,0. The sources for Al,
P and Si were pseudoboehmite, 85% phosphoric acid and
silica sol (25%), respectively. The gel was sealed in the auto-
clave and then heated at 200 °C for 48 h. After crystalliza-
tion, as-synthesized sample was obtained after filtration,
washing, and drying at 120 °C for 4 h. Calcination was car-
ried out at 550 °C for 5 h to remove organic template.

SAPO-34 was also synthesized with TEA as a template
for comparison. The gel molar composition is 3.0TEA:
(0.1-0.8)Si0,:1.0A1,05:0.8P,05:50H,0. All the sources
and synthesis process are the same as above. The crystalli-
zation conditions were 200 °C and 24 h.

2.2. Characterization

The powder XRD pattern was recorded on a Rigaku D/
MAX-yB X-ray diffractometer with Cu Ko radiation
(A =0.15418 nm). The chemical composition of the sample
was determined with a Philips Magix-601 X-ray fluores-
cence (XRF) spectrometer. The crystal morphology was
analyzed by scanning electron microscopy (SEM,
KYKY-AMRAY-1000B). °Si MAS NMR spectroscopy
measurement was conducted at resonance frequencies of
79.41 MHz, using a Varian Infinity plus 400 WB spectrom-
eter. The spinning rates of the samples at the magic angle
were 4 kHz. The reference material for the chemical shift
(in ppm) was 2, 2-dimethyl-2-silapentane- S5-sulfonate
sodium salt (DSS). FT-IR spectrum (resolution of
4 cm™") was measured using KBr containing pellet on a
Bruker Tensor-27 IR spectrophotometer. The thermal
analysis was performed on a Perkin—-Elmer Pyris-1 TGA
and DTA-7 analyzer with the temperature-programmed
rate of 10 °C/min under air flow. The textural data were
obtained by nitrogen adsorption measurement using a
Micromeritics 2010 analyzer. Before analysis all samples
were degassed at 350 °C under vacuum.

2.3. Catalyst testing

MTO reaction was carried out with a fixed-bed reactor
at atmospheric pressure. 2.5 g of catalyst (20-40 mesh)
was loaded into the reactor. The sample was pretreated
in a flow of nitrogen at 550 °C for 1 h and then the temper-
ature of reactor was reduced to 450 °C. The mixture (the

weight ratio of CH;0H/H,O was 40/60) was pumped into
the reactor after nitrogen was turned off. The weight hourly
space velocity (WHSV) was 4 h™'. The products were ana-
lyzed on-line by a Varian GC3800 gas chromatograph
equipped with a FID detector and a PoraplotQ-HT capil-
lary column.

3. Results and discussion
3.1. Effect of synthesis conditions

3.1.1. Effect of template concentration

The effect of template concentration on the synthesis
was investigated with the gel molar composition of
xDEA:0.6Si0,:1.0A1,05:0.8P,05:50H,0. The XRD pat-
terns of obtained samples are shown in Fig. 1. Without
the template DEA, dense phase was formed. As x(DEA)
increased to 0.5, the characteristic peaks of SAPO-34
appeared, but it co-crystallized with SAPO-11 [30]. Pure
SAPO-34 crystal could be observed when x(DEA) > 1.5.
If the crystallization temperature was decreased to
180 °C, pure SAPO-11 can be synthesized in the range of
0.4 < x(DEA) < 0.8.

The chemical analysis given in Table 1 indicates that the
silicon content in SAPO-34 rises with the increase of DEA
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Fig. 1. XRD patterns of samples synthesized with different DEA
concentration in the initial gel (xDEA:0.6Si0,:1.0A1,05:0.8P,05:50H,0).

Table 1

Effect of DEA concentration in the initial gel on synthesis

Sample x(DEA) Molar Relative Relative
composition crystallinity (%)  yield (%)

1 1.5 Si0_12A10_49p0_4002 94 100

2 2.0 Sl() 1 5A10449P043602 94 94

3 3.0 Sio.16Alo.49P0 350, 100 68

X(DEA)O()SIOZ 1 0A120308P20550H20
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concentration. Almost 1.4 times increase of n(Si)/
n(Si+ Al + P) in the product was obtained with x(DEA)
increasing from 1.5 to 4.0, which suggests that high tem-
plate concentration in the gel can promote the incorpora-
tion of silicon into the framework. However, too much
DEA in the gel would cause the sharp decrease of crystal
yield and crystallinity. When the ratio of x(DEA) = 4.0,
the relative crystallinity decreased to 65% and the relative
yield was only 36%.

3.1.2. Effect of silica concentration

The effect of SiO, concentration in the initial gel on
synthesis (the gel molar composition is 2.0DEA:y(SiO,):
1.0A1,03:0.8P,05:50H,0) is shown in Fig. 2. It is found
that amorphous boehmite instead of AIPO4-34 was formed
in the silica-free gel, which corresponds with the result that
AlPO4-34 can be only prepared in the presence of fluoride
as reported in the literature [26]. In the range of
0 <y(Si0,) < 0.1, SAPO-34 appeared together with
boehmite. Pure SAPO-34 crystal was only obtained when

Table 2 presents the chemical composition of the prod-
ucts and the level of silicon incorporation (ratio of silicon
content in the as-synthesized sample to that in the reactant
gel). When »(Si0,) was equal to 0.05, the silicon incorpora-
tion level was 2.93. When (SiO;) = 0.1, the level of silicon
incorporation became 3.01. As the two samples contained
boehmite evidenced from the XRD results, the values
should be underestimated to some extent, especially for
the former sample, which value should be far greater than
3. With the increase of silica concentration in the gel, the
silicon incorporation degree descended rapidly. After
¥(Si0,) in the gel was larger than 0.6, the value became less
than 1. Fig. 3 compares the change of silicon content in
product following that in gel based on the samples synthe-
sized with different templates. Clearly, the silicon incorpo-
ration in the present work is obviously higher than that of
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Fig. 2. XRD patterns of samples synthesized with different SiO, concen-
tration in the initial gel (2.0DEA:)(Si0),:1.0A1,05:0.8P,05:50H,0).

Table 2
Effect of SiO, concentration in the initial gel on synthesis
Sample »(SiO,) Relative Molar Si
crystallinity (%)  composition incorporation®
5 0.05 17 Sio.04Alo.72P0 2402  2.93
6 0.1 86 Sin.ogAlQ(,()P()‘}zOZ 3.00
7 0.2 100 Sig.10Alp.55P0 350,  1.97
2 0.6 93 Sl() 1 5A10_49P0_3502 1.05
9 0.8 94 Sio.16Alo.49P0 350,  0.87

ZODEA}/(SIO)Z10A120308P205 50H20
* The level of silicon incorporation is defined as the molar ratio of [Si/
(Si+Al+ P)]pmduct/[Si/( Si+ Al+ P)eer.
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Fig. 3. Comparison of Si contents in SAPO-34 synthesized with different
templates following those in the gel. O-DEA; @-TEA (present work); /-
TEAOH Ref. [15]; A-morpholine Refs. [31,32].

the samples synthesized with TEA and TEAOH [15]. This
suggests that DEA can promote high silicon incorporation
into the framework of SAPO-34. Prakash has also
observed that SAPO-34 synthesized with morpholine as a
template has the character of high silicon incorporation
[6] and Fig. 3 shows that both values are very close [31,32].

3.2. SEM

The typical SEM photograph of SAPO-34 is presented
in Fig. 4a. The cubic-like rhombohedra morphology could
be clearly observed, which is quite similar to natural Chab-
asite. The crystal size is in the range of 3—7 um. SEM pho-
tograph of pure SAPO-11 crystal obtained with DEA as a
template is also given in Fig. 4b. Slice crystals aggregate
into large spherical particles ranging from 16 to 20 pm.

3.3.%°Si MAS NMR

2°Si MAS NMR was used to investigate the Si environ-
ments in the framework of SAPO-34. It can be seen that
several peaks were present in the spectrum of sample 2,
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Fig. 4. SEM photographs of SAPO-34 (a) and SAPO-11 (b).
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Fig. 5. ?°Si MAS NMR spectrum of sample 2.

as shown in Fig. 5. According to the literature [7], the
strong peak at 6 = —92.3 ppm should be due to Si(4Al)
specie; the peaks at 6 = —96.6 ppm and —100.6 ppm were
ascribed to Si(3Al) and Si(2Al) species, respectively; the
peak resulting from Si(0Al) environment appeared at
0 = —110.9 ppm. The presence of different Si environments
are in agreement with the Si substitution mechanisms [23],
i.e. SM2 (Si replaced P) and SM3 (Si replaced P&AL pairs).

3.4. FT-IR

FT-IR experiment indicates that the framework charac-
teristic vibration peaks of SAPO-34 are comparable to
those reported in the literature [7]: 1100 cm ™" ascribed to

the asymmetric stretch of O-P-O; 730 cm ™' arising from

the symmetric stretch of O—P-O; 640 cm ™' due to the bend
of double 6-ring; 575 em™ !, 530cm™! and 480 cm!
ascribed to the bend of POy, AlO,4, and SiOy, respectively.

3.5. Thermal analysis

The TG-DTA profiles of sample 7 are described in
Fig. 6a. TG result shows three weight losses (I, II, III) in
the range of 50-900 °C. The first weight loss (I) of 1.50%
in the low temperature range of 50-100 °C with an endo-
thermic process is attributed to the water desorption from
the sample. The second weight loss (1I) of 13.23% between
100 and 430 °C with a strongly exothermic process is due to
the combustion decomposition of template [25]. The third
weight loss (III) of 1.60% at temperature higher than
430 °C with an exothermic process is likely associated with
the further removal of organic residue occluded in the
channels and cages of SAPO-34. It can be seen from the
curves in Fig. 6a that there is no weight loss and exother-
mic peak associating with structural collapse until 900 °C.
This suggests the high thermal stability of SAPO-34 synthe-
sized in the present work, which is as good as those pre-
pared with other templates [25,33-35].

As a comparison, thermal analysis of SAPO-34 synthe-
sized with TEA as a template (sample 10) are also performed
and shown in Fig. 6b. The ascriptions of all peaks are similar
to those of sample 7 and the weight losses of each stage are
listed in Table 3. Based on the topological structure of
SAPO-34 molecular sieve, i.e. each unit cell containing three
cages and 36 T sites, the average number of template per
cage in two samples are calculated, with the result of 1.75
DEA for sample 7 and 1.00 TEA for sample 10.

As mentioned in the introduction, in addition to struc-
ture-directing and space-filling roles, organic template is
very important for the compensation of framework charge.
Barthomeuf et al. have demonstrated that the template can
determine the maximum charge and govern the distribution
of silicon in the framework [23]. They found that the value
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Fig. 6. TG-DTA profiles of SAPO-34 (a) sample 7 (b) sample 10.

Table 3
Thermal analysis results of SAPO-34

Sample Weight loss (%) Moles of template per cage
I 1I 111

7 1.50 13.23 1.60 1.75

10? 2.40 10.00 2.32 1.00

# SAPO-34 synthesized using TEA as a template (gel molar ratio SiO,/
A1203 = 02)

of template molecules per cage in SAPO-34 with morphol-
ine is 2.0 and the value for TEAOH is 1.0. Moreover, it is
well accepted that the use of organic templates gives rise to
highly siliceous materials in the synthesis of Si—Al zeolites,
due to the large size of these molecules, which limits their
number in the zeolite cages. Among the four templates,
which can be used in the synthesis of SAPO-34, TEAOH
and TEA are more bulky than DEA and morpholine.
Therefore, the high incorporation of silicon with DEA as
a template in the present work seems to be related to its
smaller molecular size. The higher template concentration
accommodated in each cage can compensate more frame-
work charge and thus lead to the higher silicon content
in the framework.

3.6. Hydrothermal stability

High-temperature steam treatment (800 °C, 24 h, 100%
steam) was carried out in order to investigate the hydro-
thermal stability of SAPO-34 synthesized with DEA as a
template, which is important for its practical catalytic
application. The N, adsorption—desorption isotherms and
textural information of samples are shown in Fig. 7 and
Table 4, respectively.

220 4 _i 0.03 Sample 2-HT
&
3 0.02
©
>
2 001
E
~ 2009 5 0
mop a 2
g
N2
>
180 Sample 2
160
T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P.PO'I)

Fig. 7. N, adsorption—desorption isotherms of SAPO-34 (insert — the
distribution of mesopore in sample 2-HT using BJH method from the
desorption branch of the isotherm).

Table 4
Textual properties and relative crystallinity of SAPO-34 before and after
hydrothermal treatment

Sample Relative crystallinity (%) Surface area (m%*/g) Pore volume
(ml/g)
Smicro Sext Stotul Vmicro Vtotal
2 100 461 49 510  0.23 0.28
2-HT® 94 487 73 560 0.24 0.31

% Hydrothermal treatment condition: 800 °C, 100% steam, 24 h.

According to the TUPAC classification [36], the isotherm
of untreated sample 2 belongs to type I, and the BET sur-
face area and pore volume were 510 m?/g and 0.28 ml/g,
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respectively. After steam treatment, 94% relative crystallin-
ity was preserved, and the total surface area and pore vol-
ume both increased by ca. 10%, indicating the good
hydrothermal stability of SAPO-34 synthesized by DEA.
The changes should be resulted from the appearance of
mesoporous structure in sample 2-HT, as deduced from
the hysteresis loop between P/Py = 0.4-0.8 in the isotherm.
The phenomenon is common in zeolites. Mesoporous
structure appeared together with the occurrence of dealu-
mination during the hydrothermal treatment of zeolites,
such as Y [37,38] and ZSM-5 [39]. However, for SAPO
molecular sieves slight desiliconization, not dealumination,
may happen during the steam treatment. Our previous
work has demonstrated that Si was rich on the surface of
SAPO-34 crystals after steam treatment (XPS analysis)
[40]. This means that part of Si migrated from the interior
of the crystal to the surface in the presence of high-temper-
ature steam. During the course of Si migration, P and Al
migration may also occur to a certain extent, which thus
caused the formation of mesopores.

3.7. Catalytic performance

The catalytic performance of SAPO-34 in MTO reaction
was tested. Fig. 8 gives the methanol conversion and selec-
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Fig. 8. Conversion and selectivity of C;Hy and C3Hg with time on sample 1.

Table 5
MTO reaction results of SAPO-34 samples with different silicon content®

tivity of C,H4 and C3Hg with time on sample 1. As pre-
sented in the figure, the selectivity of light olefins
(C,H4 + C3Hg) rises with time and can reach the maximum
of 81.5% under 100% methanol conversion. Ethylene selec-
tivity increases with time, whereas propylene selectivity lev-
els off. The change of ethylene selectivity could be related
to the coking effect, which reduced the pore size of
SAPO-34 and thus increased the ethylene selectivity
[12,41,42)].

Table 5 presents the results of MTO reaction on SAPO-
34 samples with different silicon content. With the increase
of silicon content in SAPO-34, the catalysts lifetime and the
olefins selectivity decreased, and propane selectivity aug-
mented gradually. This result should be associated with
the increased acidity and acid amount in SAPO-34 with
higher Si content, which caused the enhancement of coke
formation (short catalyst lifetime) and hydride transfer
reaction (high propane selectivity). The effect of hydrother-
mal treatment on the catalytic performance of SAPO-34
was also tested. As shown in Table 5, the olefins selectivity
of sample 2-HT nearly kept the same as that of the fresh
sample except the lifetime became shorter.

The MTO result of SAPO-34 synthesized with TEA
(sample 11, gel molar ratio SiO,/Al,O;= 0.6, product
composition Siy 10Alg49Pg.41) is given in Table 5. As sample
11 has the similar Si content as that of sample 7, the com-
parison of reaction properties between these two samples
should be more reasonable. It can be seen that the highest
selectivity of olefins on both samples are close, but SAPO-
34 synthesized with TEA has longer lifetime than that with
DEA.

4. Conclusions

The synthesis of SAPO-34 using DEA as a template
was investigated in detail. Pure SAPO-34 was successfully
synthesized and the optimal condition was obtained at
n(DEA)/n(A1,03) = 1.5 and n(SiO,)/n(Al,03) > 0.1 in the
initial gel. Too much DEA in the gel [n(DEA)/
n(Al,03) > 3] would cause obvious decrease of crystallinity
and crystal yield. High silicon incorporation into the
framework of SAPO-34 with DEA as a template was found
and possibly relates to the template’s smaller molecular size

Sample Si fraction in product Lifetime (min)® Selectivity (wt%)®
CH,4 CHy C,Hg CsHe C3H;s Cy" Cst C,H, + CsH

7 0.10 68 1.2 44.0 0.8 37.5 2.6 10.9 3.1 81.5
8 0.13 52 1.2 41.8 1.0 38.2 3.5 11.7 2.6 80.0
2 0.15 52 1.3 41.0 1.1 37.8 4.1 11.7 3.0 78.8
9 0.16 36 1.2 37.0 1.2 37.0 6.0 13.9 3.7 74.0
2-HT 0.15 36 1.9 43.0 1.4 35.1 3.1 12.7 2.7 78.1
114 0.10 82 1.4 41.1 0.6 399 2.5 11.8 2.8 81.0

@ Test condition: WHSV =4 h~!, T =450 °C, 40 wt% methanol solution.
® The lifetime is defined as the reaction duration with 100% methanol conversion.
¢ The highest selectivity of (C,H,4 + C3Hg) under 100% methanol conversion.

4 SAPO-34 synthesized with TEA as a template (n(SiO,)/n(Al,03) = 0.6 in the gel, product composition Sig 10Aly 49P0.41)-
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from the thermal analysis — 1.75 molecules per cage for
DEA, whereas only 1.0 per cage for TEA. Furthermore,
SAPO-34 showed high hydrothermal stability, as evidenced
from the results of XRD and N, physisorption isotherms.

SAPO-34 behaved good catalytic performance in MTO
reaction and the maximum of 81.5% light olefins
(C,H4 + C3Hg) selectivity under 100% methanol conver-
sion was obtained. With the increase of silicon content in
SAPO-34, the catalysts lifetime and olefins selectivity
decreased gradually. Sample after high-temperature steam
treatment possessed similar olefins selectivity as that of
the fresh sample, except the lifetime became shorter.
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