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Abstract In present work, a crystalline hierarchical
SAPO-18 was synthesized using polyethylene glycol
(PEG) as a cheap mesopore-directing agent to improve the
catalytic performance in the methanol-to-olefin (MTO)
process. The samples were characterized by XRD, FESEM,
BET and NH;-TPD analysis. The effect of PEG on the
morphology, crystal size and crystallization time of cata-
lyst was studied. The mesoporosity was tuned by varying
the average molecular weight of PEG. Also, the influence
of PEG MW on the textural and physicochemical proper-
ties of hierarchical SAPO-18 was investigated. Finally, the
catalytic behavior of all the synthesized samples was
evaluated for the MTO process at 698 K and atmospheric
pressure with a feed WHSV of 2 h™ in a fixed bed reactor.
It was found that the presence of the multimodal pores in
the SAPO-18 structure results in an increase of about 10 %
in the light olefin selectivity. Micro-mesoporous SAPO-18
prepared by PEG4000 exhibited a high selectivity of 94 %
to light olefins with a good stability of 12 h and the
methanol conversion of 100 %.
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1 Introduction

Light olefins are valuable intermediates for the petrochem-
ical industry. In the recent decades, methanol-to-olefins
(MTO) process has attracted interests as a promising route
for the olefin production from non-oil sources. Silicoalu-
minophosphates with the appropriate structure and moderate
acid strength have been introduced as the potential catalysts
for this reaction [1]. Silicoaluminophosphate-18 is a small
pore molecular sieve with a pore diameter of 3.8 x 3.8 A.
Tunable and weaker acid strength, larger cages and more
rigid D6R arrangement in SAPO-18 have made it more
resistant to coking than SAPO-34 [2-6]. However, the
selectivity toward light olefins for this catalyst is less than
that of reported for SAPO-34. So far, some work has been
done on improving the catalytic performance of SAPO-18
for MTO reaction [6-9]. On the other hand, in the recent
decade, several studies have suggested the fabrication of the
multimodal porous structure in zeolites via double-tem-
plating synthesis approaches (soft or hard templates) to
improve the catalytic performance [10, 11]. Soft templates
are surfactants or long-chained polymers which are flexible
under the synthesis conditions and react readily with the
other components in the synthesis mixture [11]. They have
the higher adaptability in tailoring the meso/macroporous
structures than hard templates [12]. Polyethylene glycol
(PEG) is a water-soluble linear polymer with a low toxicity,
which can be utilized as an inexpensive soft template for
preparation of hierarchical SAPOs [13—-16]. Physical prop-
erty and molecular weight of PEG are adjustable. Some
studies have been done on the synthesis of the hierarchical
SAPO-34 by PEG [13, 17], but to our knowledge, no paper
has been reported on that of SAPO-18.

In the present work, we intend to synthesize the SAPO-
18 catalyst with a hierarchical tuned structure via a one-
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Table 1 Details of the

. o The samples
synthesis conditions for the © sampres

Average MW of PEG (g/mol)

Crystallization time (days)

different samples

SConv.(3) -

S4000(3) 4000
S54000(5) 4000
S4000(7) 4000
$2000(5) 2000
S6000(5) 6000

wn 9 W W

step hydrothermal method using PEG as a mesopore-gen-
erating agent. The effect of PEG on the morphology,
crystal size and crystallization time of catalyst was studied.
The mesoporosity was also tuned by varying the average
molecular weight of PEG. The influence of PEG MW on
the textural and physicochemical properties of hierarchical
SAPO-18 was investigated. Finally, the catalytic behavior
of all the synthesized samples was in detail evaluated for
the MTO process.

2 Experimental
2.1 Synthesis

Aluminum isopropoxide, phosphoric acid (85 wt%, aque-
ous solution), silica sol (40 wt% SiO,), N,N-diisopropy-
lethylamine and PEG (average molecular weight 2000,
4000 and 6000) were chosen as starting materials. The
conventional SAPO-18 was prepared as previously
described and was named SConv.(3) [5]. Also, the hierar-
chical SAPO-18s were synthesized with a molar compo-
sition of
Al,05:0.9P,05:0.4S10,:1.6CgH;9N:50H,0:0.16PEG. Cui
et al. [13] revealed that PEG/template mol ratio of 0.1 is
optimum for MTO process in the synthesis of hierarchical
SAPO-34. Therefore, this specific amount of PEG was
dissolved in 40 ml deionized water, and 24.22 g of alu-
minum isopropoxide was then added to this mixture and
stirred vigorously for several hours. 7.2 ml of phosphoric
acid with 4 ml of deionized water were dropped under
continuous stirring for 3 h. After being stirred for 1 h, the
solution of 2.7 ml silica and 5.4 ml water was dropwise
added to the solution and continued stirring for 1 h.
Finally, 16.5 ml of the template was added gradually to the
mixture. The resulting gel was allowed to be aged over-
night under vigorous agitation at room temperature. The
final solution was transferred into a 250 ml Teflon-lined
stainless steel autoclave and was subjected to hydrothermal
treatment at 433 K under autogenic pressure. The solid
products were recovered by centrifugation, washed and
then were dried in air overnight. The as-synthesized sam-
ples were calcined in air at 823 K for 6 h at the heating rate
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of 3 °C/min. Details of the synthesis conditions for the
samples are given in Table 1.

2.2 Characterization and activity test

X-ray diffraction (XRD) was performed on an Equinox
3000 diffractometer (Inel, France) using CuKa radiation
(A = 1.5418 A) operating at 35 kV and 20 mA. Field
emission scanning electron microscope (FESEM) images
were captured using a HITACHI S-4160 (China). Total
surface area, pore volume and mesopore diameter distri-
bution of the calcined samples were calculated by the
Brunauer—-Emmett-Teller (BET) and the Barrett—Joyner—
Halenda (BJH) methods. Nitrogen adsorption and desorp-
tion isotherms were measured using a Micromeritics ASAP
2010 system at 77 K. Temperature-programmed desorption
of ammonia (NH3-TPD) was conducted by a Pulse che-
misorb 2705 apparatus equipped with a thermoconductivity
detector. 0.2 g of sample was pretreated at 550 °C for 1 h
and then cooled down to 100 °C under a dry He flow. The
NH; gas stream was injected at the same temperature until
adsorption saturation was reached. The sample was flushed
with dry He to remove weakly adsorbed NH;. Then the
temperature was raised from 100 to 600 °C at a heating rate
of 10 °C/min in the presence of helium flow.

2.3 Catalyst activity test

The catalytic reaction was performed at atmospheric
pressure using a continuous downflow fixed bed microre-
actor with dimensions of 12 mm internal diameter and
20 cm length. A diagram of the reactor setup is schemat-
ically shown in Fig. 1. In this system, the aqueous
methanol solution (methanol/water weight ratio of 4:1) was
first injected by a dosing pump (0.01-9.99 ml/min) and
evaporated by a pre-heater at 473 K. The gas feed was then
directed to the reactor via a heat-traced tube. 2 g of the
catalyst powder was diluted with quartz particles and loa-
ded into the reactor. Previous to the reaction, the catalyst
samples were pretreated under dry nitrogen flow at 723 K
for 1.5 h. The reaction was carried out at the temperature of
698 K and constant weight hourly space velocity (WHSV)
of 2h™'. A tube furnace was employed to heat up the
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reactor to the desired operating temperature. Two ther-
mocouples were inserted in the middle of the catalytic bed
and the reactor wall. Reactor temperatures were controlled
by a proportional-integral-derivative (PID) controller and
recorded by the time during the test automatically. The gas-
phase products were analyzed on-line by gas chromatog-
raphy using an Agilent 6890 equipped with flame ioniza-
tion detector (FID) and HP-PLOT Q column.

The methanol conversion and the products selectivity
were calculated from the carbon number of species. The
light olefin selectivity was defined as the ratio of the sum of
produced ethylene, propylene, and butylene to all of the
products. Also, the lifetime was defined as when light
olefin selectivity began to drop down and the selectivity of
dimethyl ether (DME) began to rise.

3 Results and discussion
3.1 Effect of PEG on the crystallization time

Three samples of hierarchical SAPO-18 were synthesized
using PEG4000 in different crystallization times. The
powder XRD patterns of the calcined samples exhibit
characteristic reflections of SAPO-18 without any impurity
phase and were in complete accordance with the simulated
pattern of the AEI-type structure (Fig. 2). Characteristic
peaks of S4000(3) with relatively low intensity imply that
the sample mainly consists of very small crystallites along
with the amorphous material. By prolonging the crystal-
lization time to 5 days, the intensity of the peaks increases
progressively and the amorphous phase almost disappears.
The crystallinity reached the maximum level at 7 days.
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Fig. 2 XRD patterns of the synthesized hierarchical and conven-
tional samples (AEI pattern is taken from IZA database [20])

Despite the fact that PEG can increase the nucleation rate
by decreasing the surface tension and interfacial energy of
the synthesis system [18, 19], the XRD results reveal that
presence of PEG in the synthesis medium increases con-
siderably the crystallization time of SAPO-18.

This can be due to the hydrogen bonding of ionic
functional groups in PEG with silanol groups. These
interactions possibly inhibit or decelerate the crystal
growth via collision. Also, the functional groups coordinate
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to aluminum ions and produce a stable complex as a
bidentate ligand. These interactions reduce symmetry of
the coordination structure of the aluminum cations, and
would result in decreasing the crystallizability of its salt
[14]. On the other hand, the addition of PEG increases
solution viscosity and declines the transfer rate of the
species and thus the growth rate of SAPO-18 crystals [19].

Figure 3 exhibits the evolution of the particles size and
morphology of the hierarchical samples and compares
them with the conventional SAPO-18. The relative size of
the particles was measured using Image J software. The
samples S4000(3), S4000(5), and S4000(7) show the
average particle size of 80, 290, and 310 nm, respectively.
Unlike the conventional SAPO-18 synthesized at 3 days
which showed the good crystallinity with the average
particle size of 240 nm [5], sample S4000(3) contains
nanoparticles which coexisted with the amorphous phase. It
suggests that addition of PEG into the synthesis solution
can impressively limit the crystal growth. The figure also
illustrates that PEG had no significant impact on the cata-
lyst morphology.

The catalytic behavior of the samples was studied in
MTO reaction. Figure 4a gives the methanol conversion
and light olefin selectivity over the hierarchical catalysts
versus time-on-stream. The results show that sample
S4000(5) has the highest selectivity and the longest life-
time. Methanol conversion was over 99 % for all of the
samples, however, S4000(3) deactivated rapidly at TOS of
5 h due to the low crystallinity and the presence of amor-
phous phase in its structure. S4000(7) also lost its activity
after 7 h. It indicates the significant role of the particle and

Fig. 3 SEM images of the
synthesized catalysts (SEM
image of sample SConve.(3) is
taken from Ref. [5])

$4000 (3)
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crystal sizes in the catalytic performance of the samples.
The good crystallinity and small particles size of S4000(5)
short diffusion length and lessen the polymerization reac-
tion and thus, reduce considerably the rate of coke for-
mation. Methane and DME selectivities are also depicted
in Fig. 4b. The appearance of DME in the outlet stream is
an indication of the beginning of catalyst deactivation. A
higher C,_/C;- ratio and a more methane yield were
observed for S4000(5), except for when the catalyst was
fresh.

The selectivities towards Cs products and light alkanes
are shown in Fig. 4c, d, respectively. Both figures show a
relatively same declining trend. Alkanes and Cs, products
are secondary products which are derived from primary
products via hydrogen transfer reactions and are deeply
influenced by two factors of acidity and diffusion path
length [21]. Due to the presence of the strong acid sites on
the surface of the fresh catalysts, the hydride transfer
reaction is favorable and the selectivity towards the sec-
ondary byproducts is fairly high at the first hours of the
reaction. A relatively high selectivity to light alkanes and
Cs, for sample S4000(5) compared to S4000(7) can be
possibly indicative of the presence of more Lewis acid or
defect sites in the structure. As the reaction proceeds, most
of the strong acid sites are quickly covered by coke species,
and medium Brgnsted acid sites become the predominant
active sites of the catalyst. Therefore, light alkanes selec-
tivity for samples S4000(2) and S4000(5) reduces close to
zero and Cs, production (which mainly include aliphatic
compounds) in a small amount remains constant during
time on the stream and tends towards zero by deactivation

25.8kV X6@0.0K S508nm 38.08kV X6@0.8K S@88nm

1.80sm
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of the Brgnsted acid sites. However, this trend was dif-
ferent for sample S4000(7). The alkanes and Cs, byprod-
ucts are observed throughout the reaction with a declining
trend. It can be because of the larger size of the particles
and longer length of the diffusion path compared to other
two catalysts, which results in more conversion of the
olefins into alkane compounds along the diffusion path
before leaving the catalyst surface and thus in a decrease in
olefins selectivity. The results of catalytic test suggest that
the optimum crystallization time for the synthesis of hier-
archical SAPO-18 by PEG is about 5 days.

3.2 The effect of average molecular weight of PEG

To investigate influences of MW of PEG on structural and
catalytic properties of hierarchical SAPO-18, two other
samples of the catalysts were synthesized using PEG2000
and 6000 at 5 days. As is evident in Fig. 2, all the samples
have the characteristic peaks of SAPO-18 crystalline phase.
The impact of PEG MW on the XRD pattern of the hier-
archical catalysts was negligible. The relative average
particle size of samples S2000(5), S4000(5), and S6000(5)
were 310, 290 and 340 nm, respectively. Also, SEM

images illustrate that three samples are platelet-like parti-
cles and there was no obvious change in morphology and
particle size (Fig. 3).

Acidic properties of the samples were investigated by
NH;-TPD analysis. All the catalysts demonstrate two dis-
tinct desorption peaks at about 160 and 360 °C, respec-
tively (Fig. 5). The first peak is corresponding to P-OH
hydroxyl groups and the second peak is indicative of strong
Brgnsted acid sites which are active sites for MTO process
[22]. Total acidity values for samples of S2000(5),
S4000(5), and S6000(5) were 0.825, 0.792, and
0.760 mmol/g respectively, which are much larger than
that reported for the conventional SAPO-18 (0.570 mmol/
g) [5]. It reveals that using PEG in the synthesis gel
increases the acidity of SAPO-18. It could be because ether
oxygens in PEG establish hydrogen-bonding interactions
with silanol groups of silica sol and lead to high dispersion
of Si into the aluminophosphate matrix. Dispersed silicons
create more Brgnsted acid sites than silicon islands [23]. It
is observed that as PEG MW increases, the acidity is
reduced. It may be due to the interaction of PEG molecules
with each other. A long chain of high-MW PEG causes the
molecule to coil around itself or to be spiraled with other
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Fig. 5 TPD patterns of the conventional [5] and hierarchical SAPO-
18s prepared by different MWs of PEG

PEG molecules through hydrogen bonding, that it decrea-
ses the number of effective PEG molecules that can interact
with Si particles in the solution.

Nitrogen adsorption—desorption isotherms and the BJH
pore size distribution plots obtained from the desorption

branch are depicted in Fig. 6. According to IUPAC clas-
sification, the type I'V isotherms with an H3-type hysteresis
loop are observed for all the samples, which are corre-
sponding to capillary condensation of the absorbate in the
slit-shaped mesopores. Conventional SAPO-18 showed a
very fast adsorption of nitrogen at P/Py < 0.1 indicating the
presence of the micropores in the structure of the catalysts.
As the relative pressure rose, a slight increase was observed
in the adsorbed amount of nitrogen, whereas with adding
PEG into the synthesis mixture and increasing its MW, a
considerable increase was noticed in the absorbed volume
and the hysteresis loop size. It suggests the presence of the
meso/macropores in the structure of the catalysts prepared
by PEG. All the pore size distribution plots show a com-
mon peak centered at about 3.5 nm which is caused by an
abrupt desorption of nitrogen at a relative pressure of about
0.4. Therefore, this amount of the nitrogen desorbed at
P/Py ~ 0.4 is attributed to not only the pores of 3.5 nm
diameter but also to all mesopores with a diameter of less
than 4 nm [24]. Peaks located at the range of 5-100 nm
changes remarkably with increasing the MW PEG. Sample
S4000(5) presents the mesoporous structure showing a
large peak centered at 11 nm. S6000(5) exhibits a sharp
increase in adsorption at P/P, of 0.9-1, indicating the
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Table 2 Textural properties of a 2 2 3 b 3

the calcined samp]es Sample dP (nm) Sger (M /g) Sext (m /g) Viotar (cm /g) Vmic~ (cm /g) BJH

dp (M) Vineso

SConv.(3) 2 705 41 0.36 0.25 11.5 0.10
S$2000(5) 2.1 723 48 0.38 0.26 11.6 0.12
S4000(5) 3.3 567 81 0.47 0.23 12.2 0.31
S6000(5) 2.5 607 67 0.38 0.25 13.3 0.25

#  Adsorption average pore diameter (4V o./SpET)

 The micropore volumes determined by the t-plot method
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existence of macropores or interstitial voids in the struc-
ture. The peak shifted to a large pore range in its BJH plot
confirms this result.

In fact, SAPO-18 crystal units are first formed via
directing Si, Al, and P species by the template, and then
are attracted to PEG through hydrogen-bonding with
ethylene oxide groups. PEG trapped in the gel is encap-
sulated by SAPO crystals during hydrothermal treatment.
Finally with removing the organic components by calci-
nation, the desired micro/mesoporous structure is gener-
ated [13]. However, the pore size distribution exhibits that

TOS (h)

increasing PEG MW to 6000 resulted also in the forma-
tion of macropores. Two types of macropores can be
distinguished in the structure: inter-crystalline and intra-
crystalline. Inter-crystalline macropores are the spacing
between nanocrystals, whereas Intra-crystalline macrop-
orosity is induced in the network by phase separation. The
phase separation process is expected to be enhanced with
increasing PEG MW due to the increasing of the mixing
free energy. Therefore, using PEG with high MW in the
hierarchical SAPO-18 synthesis can amplify the presence
of macropores within the framework.
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Table 3 Comparison of the present hierarchical SAPO-18 with those reported on other hierarchical SAPO-34s and SAPO-18 in the literature

Catalysts Additive Operating conditions MeOH Conversion  Olefin selectivity Lifetime (min)*

SAPO-18 PEG 4000 T: 698 K 100 % 95 mol% (C,—Cy) 720
WHSV: 2 h™!
MeOH:H,O = 4:1 (wt ratio)

SAPO-18 [8] Chitosan T: 673 K 100 % 92 mol% ~600
WHSV: 1.2 h™! (C>-Cy)
MeOH:N, = 1:1 (mol ratio)

SAPO-18 [8] Carbon black particles T: 673 K 100 % 92 mol% ~420
WHSV: 1.2 h™! (C-Cy)
MeOH:N, = 1:1 (mol ratio)

SAPO-34 [17]  PEG2000 T: 723 K 100 % 84.2 % ~450
WHSV: 4 h™! (C—Cy)
Feed: MeOH + Carrier gas

SAPO-34 [27]  Hydrofluoric acid T: 673 K 100 % 84.8 % ~ 600
WHSV: 2 h™! (C-C3)
Feed: MeOH + N,

SAPO-34 [28]  Quaternary ammonium-type  T: 723 K >99 % 81.16 % 308

organosilane WHSV: 3 h~! (C—C5)

Feed: MeOH + Carrier gas

SAPO-34 [29] Carbon nanotube T: 743 K 100 % ~95 wt% 310
WHSV: 1 h™! (C—Cy)
Feed: MeOH + He

SAPO-34 [29]  Carbon nanoparticle T: 743 K 100 % ~95 wt% 130
WHSV: 1 h™! (Cy—Cy)

Feed: MeOH + He

# Lifetime is defined as when catalyst activity began to drop down

Textural properties of the synthesized catalysts are
summarized in Table 2. It can be seen that the incorpora-
tion of PEG into the gel increases mesopores volume and
average pore diameter. The highest mesoporosity and the
lowest micropore volume and surface area were observed
for the sample prepared by PEG 4000.

The influence of PEG MW on the catalytic performance
of SAPO-18 was investigated and compared to the results
of conventional SAPO-18 reported in Ref. [5]. The trends
of conversion and olefin selectivity as a function of TOS
are depicted in Fig. 7a. All three hierarchical catalysts
exhibit high activity (100 %), whereas this value was
reported about 98-99 % for the conventional catalyst.
Also, the hierarchical catalysts show an apparent increase
in selectivity to light olefins. It can be explained by high
acidity of the samples and facile transport of reactants and
products through the intracrystalline mesopores. S4000(5)
having the high mesoporosity in the structure affords the
best selectivity (~94 %) which was about 10 % greater
than the selectivity of the conventional SAPO-18. This
catalyst has also the high durability like the conventional
SAPO-18 despite having high acid density. It can be due to
the facile and short diffusion pathway of coke precursors

@ Springer

out of the crystal via mesopores. Figure 7a also shows C,_/
C;- ratio versus TOS. As seen from the figure, propylene
production rises with increasing PEG MW. Light olefins
are mainly derived from polymethyl benzenes entrapped in
SAPO network. Propylene is produced from benzene
molecules with four or more methyl groups [25]. There-
fore, the presence of meso/macropores and channels in
SAPO matrix favors production and diffusion of propylene.
Methane selectivity has a direct relationship with the
acidity of the catalyst and increases with increasing acidity
in the hierarchical samples (Fig. 7b). Although the con-
ventional SAPO-18 has less acidity than the hierarchical
catalyst, the sole presence of micropores in its structure
favors coke deposition and thus methane formation.
Figure 7c, d illustrate the selectivities to the alkanes and
Cs,. products. The conventional SAPO-18 having higher
diffusion resistance produces more by-products (alkanes
and Cs_ ) than the hierarchical SAPO-18s. Alkanes and Cs_
products over this catalyst exhibit a slightly decrease trend
throughout the reaction. As discussed in the previous sec-
tion, strong acid sites and diffusion resistances are
responsible for hydride transfer reactions producing the
alkanes. The light olefins react to form paraffins, aromatics
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and higher olefins by hydrogen transfer, alkylation and
polycondensation during which they diffuse out of the
SAPO pores. The presence of the significantly higher
mesoporosity in the structure of sample S4000(5) com-
pared other samples accelerates the escape of light olefins
from the catalyst structure and decreases considerably the
possibility of formation of the Cs, by-products. Due to the
high external surface, sample S4000(5) includes a large
number of strong Brgnsted and Lewis acid sites in the
structure. As found from Fig. 7d, in the first hours of the
reaction, these strong acid sites favor the secondary reac-
tion of olefins and produce more alkanes in the effluent.
However, they are covered by coke formation after only a
few hours, while the medium acid sites are still active.
Therefore, deactivation of strong acid sites on the one
hand, and short diffusion path in the mesoporous structure
of catalyst S4000(5) on the other hand, decrease light
alkane production close to zero and increase the light olefin
selectivity.

As discussed in introduction section, SAPO-18 has
inherent potentials which give supremacy to it over SAPO-
34. But as reported in some work [3, 26], it shows lower
olefin selectivity than SAPO-34 in MTO process. In pre-
sent work, we prepared a new crystalline hierarchical
SAPO-18 via an economic and facile route and enhance the
catalytic performance by modifying the structural and
chemical properties of the catalyst. The hierarchical SAPO-
18 shows a superior performance with an increase of 10 %
in olefin selectivity compared to conventional SAPO-18.
For comparison purpose, the performance results reported
for other hierarchical SAPO-18s and SAPO-34s are given
in Table 3. It is found from the table, the hierarchical
SAPO-18 synthesized by PEG 4000 presenting a superior
catalytic performance can be considered as a desirable
catalyst in MTO reaction.

4 Conclusions

A crystalline hierarchical SAPO-18 was successfully syn-
thesized using PEG as a cheap mesopore-generating tem-
plate. The effect of PEG on the crystallization time was
investigated. It was found that using PEG in the synthesis
gel reduces the crystallinity and crystal growth rate of
SAPO-18. A crystallization time of 5 days was suggested
as the most appropriate time for hydrothermal treatment of
the hierarchical SAPO-18. The results also indicate the
significant effect of MW of PEG on the structure and
behavior of the catalyst. It was observed that porosity of
the SAPO structure can be easily tailored for MTO reaction
by changing MW of PEG. MW had no apparent influence
on morphology and size of particles, whereas changed
acidity properties of the catalyst. The performance of the

synthesized hierarchical SAPO-18s was also studied in
MTO process at 698 K and atmospheric pressure with a
feed WHSV of 2 h™' in a fixed bed reactor. The results
revealed that the light olefin selectivity for the hierarchical
SAPO-18 is about 10 % greater than that of the conven-
tional SAPO-18. The sample prepared by PEG4000, with
high and well-defined mesoporosity (3-50 nm) gave the
selectivity of 94 % and a useful lifetime of 12 h, showing a
better performance than the hierarchical SAPO-34s repor-
ted in the literature.
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