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Abstract

SAPO-34 catalysts were modified with polyethylene glycol (PEG) and Pb to improve their catalytic lifetime and selectivity
for light olefins in the conversion of dimethyl ether to olefins (DTO). Hierarchical SAPO-34 catalysts and PbAPSO-34 cata-
lysts were synthesized according to changes in the molecular weight of PEG (M.W. = 1000, 2000, 4000) and the molar ratio
of Pb/Al (Pb/Al = 0.0015, 0.0025, 0.0035), respectively. By introducing PEG into the SAPO-34 catalyst crystals, an enhanced
volume of mesopores and reduced acidity were observed, resulting in improved catalytic performance. Pb was successfully
substituted into the SAPO-34 catalyst frameworks, and an increased BET surface area and concentration of acid sites in the
PbAPSO-34 catalysts were observed. In particular, the concentrations of the weak acid sites, which induce a mild reaction,
were increased compared with the concentrations of strong acid sites. Then, the P2000-Pb(25)APSO-34 catalyst was prepared
by simultaneously utilizing the synthesis conditions for the P2000 SAPO-34 and Pb(25)APSO-34 catalysts. The
P2000-Pb(25)APSO-34 catalyst showed the best catalytic lifetime (183 min based on DME conversion > 90%), with an ap-
proximately 62% improvement compared to that of the unmodified catalyst (113 min).
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1. Introduction

Light olefins (ethylene, propylene) are important basic raw materials
in the petrochemical industry, and the demand for light olefins is rap-
idly increasing[1]. Light olefins are mainly produced through the naph-
tha cracking process with petroleum. However, due to increasingly
stringent environmental regulations and because the supply and demand
of petroleum is instable, the methods for producing light olefins from
nonpetroleum materials have attracted attention from many re-
searchers[2-6]. The methanol to olefins (MTO) or dimethyl ether to
olefins (DTO) process is a process of producing light olefin using
methanol or dimethyl ether (DME) as raw materials. This process pro-
duces lower carbon dioxide (CO,) emissions than that of the naphtha
cracking process[7,8]. In addition, methanol and DME, which are pro-
duced from natural gas, coal, and biomass, can replace the supply and
demand instability of petroleum[9].

The SAPO-34 catalyst is a promising catalyst that exhibits high se-
lectivity for light olefins in the MTO or DTO process. The SAPO-34
catalyst has a three-dimensional chabazite (CHA) structure and shows
shape selectivity toward light olefins due to its small pore size (0.38
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nm), and the catalyst is composed of an 8-membered ring[10]. It was
reported that methanol or DME are converted to light olefins by a du-
al-cycle mechanism[11]. The reactants diffuse into the catalyst cage
and are then converted to linear olefins (C,Hz,) by a chain reaction
(alkene cycle). The C¢H, produced by the chain reaction is converted
to hexamethyl benzene (HMB) through aromatization and by reacting
with reactants (arene cycle). Light olefins are generated by the crack-
ing of linear olefins (alkene cycle), and an additional reaction and
cracking with HMB and reactants (arene cycle). However, as the re-
action proceeds, polyaromatic hydrocarbons (PAHs), which are the
cause of coke formation, are produced through the condensation and
cyclization of HMB. The diffusion of reactants and products is limited
by the cage being filled with coke. As a result, the SAPO-34 catalyst
is rapidly deactivated, resulting in a short lifetime. Therefore, studies
have been necessary to enhance the catalytic lifetime.

To improve catalytic performance, numerous studies have been con-
ducted to modulate the acidity of catalysts and to enhance the mass
transfer of reactants and products[12-20]. The acidity of the SAPO-34
catalyst can be controlled through adding isomorphous substitutions of
various divalent metals (Co*", Ni*', Fe?", etc.) into the catalyst frame-
work[12-14]. The acid sites of the SAPO-34 catalyst are created by
forming Si-OH-P bonds through substituting Si*" and P** into alumi-
nophosphates (AIPOs) that are composed of an Al-O-P framework[12].
In addition, the P-OH-(nMe, (4-n)Al) framework can be formed by
substituting Me*" and AI**. The substitution of Me*" influences the ar-

rangement of Si atoms and, as a result, varies the catalyst acidity[13].
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Kim et al. reported that the prepared CoAPSO-34 catalyst exhibited su-
perior catalytic performance than that of SAPO-34 due to an increased
concentration of weak acid sites[14]. Hierarchical SAPO-34 catalysts
can be prepared by introducing various secondary templates as meso-
pore directing agents during the synthesis process[15]. The hierarchical
structure of the SAPO-34 catalyst shows an improved mass transfer
rate due to shorter reaction pathways. The formation of coke is sup-
pressed by reactants and products with an enhanced mass transfer rate,
which is a cause of catalyst deactivation, resulting in superior catalytic
performance[16]. Schmidt et al. reported that a hierarchical SAPO-34
catalyst was prepared using carbon nanotubes (CNTs) as the secondary
template[17]. Sun et al. reported that polyethylene glycol (PEG) was
used to create a hierarchical structure, and the prepared hierarchical
SAPO-34 catalyst showed superior catalytic performance in the MTO
reaction[19]. Thus, the hierarchical structure improves the mass trans-
fer of reactants and products, and the incorporation of metal adjusts the
acidity distribution of the catalyst, resulting in enhanced catalytic
performance. It is well known that PEG is used as a mesopore-direct-
ing agent due to its water solubility and ease of elimination during the
calcination process[16]. Furthermore, Pb**-incorporated beta zeolite
was successfully prepared by the dry impregnation method and showed
superior catalytic performance in the aminolysis reaction of epoxides
due to variations in acidity[21]. However, studies on the application of
Pb®" to hierarchical SAPO-34 catalysts have not yet been reported.
Therefore, the performance of the hierarchical PbAPSO-34 catalyst
must be confirmed in the DTO reaction.

In this study, the effects of adding PEG or Pb to the SAPO-34 cata-
lyst were investigated to improve catalytic performance in the DTO
reaction. First, the hierarchical SAPO-34 and Pb-incorporated SAPO-34
(PbAPSO-34) were prepared by adding the PEG molecular weight and
Pb/Al molar ratio as variables, respectively. Afterward, the hierarchical
PbAPSO-34 catalyst was prepared by simultaneously adding PEG and
Pb. The physicochemical properties of the synthesized catalysts were
analyzed by XRD, SEM-EDS, N, adsorption-desorption isotherms,
XPS and NH;-TPD. Moreover, the catalytic lifetime and selectivity of
light olefins were evaluated by the DTO reaction.

2. Experimental

2.1. Materials

Aluminum isopropoxide (Junsei, 99%), LUDOX AS-40 (Sigma-
Aldrich, 40%), and phosphoric acid (Samchun chemicals, 85%) were
used as precursor materials for Al, Si, and P, respectively.
Tetracthylammonium hydroxide (TEAOH, ACROS, 25%) and diethyl
amine (DEA, Junsei, 99%) were used as structure directing agents
(SDAs). Lead(Il) nitrate (Pb(NOs),, Samchun chemicals, 97%) was uti-
lized as the metal source, and polyethylene glycol (PEG, molecular
weight: 1000, 2000, 4000, Samchun chemicals, 99.5%) was used as the
mesopore directing agent.

2.2. Preparation of catalysts
The SAPO-34 catalyst was prepared by a hydrothermal synthesis

Table 1. The Nomenclature and Relative Crystallinity of the
As-prepared SAPO-34 and Modified SAPO-34 Catalysts

Pb PEG Relative

Catalyst Molar ratio Molecular  crystallinity
(Pb/Al) weight (%)
SAPO-34 - - 100
P1000 SAPO-34 - 1000 98
P2000 SAPO-34 - 2000 94
P4000 SAPO-34 - 4000 91
Pb(15)APSO-34 0.0015 . 112
Pb(25)APSO-34 0.0025 - 104
Pb(35)APSO-34 0.0035 - 86
P2000-Pb(25)APSO-34 0.0025 2000 94

method. The molar composition for the synthesis of SAPO-34 catalysts
was 1.0 ALO;: 1.0 P,Os: 0.3 SiO»: 1.0 TEAOH: 1.0 DEA: 52.0 H,O
(mol). Aluminum isopropoxide was added to a mixture of DEA and
deionized water, and phosphoric acid was added dropwise while the
mixture was stirred for 2 h (Sol A). Simultaneously, LUDOX AS-40
was added to TEAOH, and the mixture was stirred for 2 h (Sol B).
The final gel was obtained by stirring the two mixtures for 2 h. For
crystallization, the final gel was transferred to a Teflon-lined autoclave
and heated at 200 °C for 72 h. After crystallization, the obtained solid
product was washed, filtered, and dried at 60 °C for 12 h. Finally, the
SAPO-34 catalyst was obtained by calcination at 600 °C for 6 h in an
air atmosphere.

The hierarchical SAPO-34 catalyst was synthesized in the same mo-
lar ratio as for the abovementioned unmodified SAPO-34 catalyst ex-
cept that 3.164 g of PEG (MW = 1000, 2000, 4000) was added to the
gel, in which Sol A and Sol B were mixed before the crystallization
step.

The synthesis procedure of the PbAPSO-34 catalyst was performed
using the same method as the synthesis procedure of unmodified
SAPO-34 except that metal salts of Pb/Al = 0.0015, 0.0025, and
0.0035 (mol) were added to the LUDOX-AS40 and TEAOH mixture
(Sol B).

The hierarchical PbAPSO-34 catalyst was prepared by simulta-
neously adding PEG (M.W. = 2000) and Pb (Pb/Al = 0.0025). The cat-
alyst preparation was performed by combining the synthesis procedure
for the hierarchical SAPO-34 and PbAPSO-34 catalysts. The nomencla-
ture of the prepared catalysts is shown in Table 1.

2.3. Characterization of catalysts

The crystallinity of the prepared catalysts was characterized by
X-ray diffraction (XRD, Rigaku Smartlab). The XRD measurements
were performed using Cu K ¢ radiation in the angle range of 5° < 2
6 < 50° at voltages and currents of 45 kV and 200 mA. The morphol-
ogy and size of the catalyst crystals were observed by scanning elec-
tron microscopy (SEM, S-4800, Hitachi). X-ray photoelectron spectro-
scopy (XPS, K-alpha+, Thermo) was conducted to investigate the
chemical binding state of the catalyst surface. The Brunner-Emmett-
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Teller (BET) surface area and pore structure of the catalysts were
measured with N, adsorption-desorption isotherms, which were ob-
tained using a Micrometrics Tristar II. The acidity of the prepared cat-
alysts was measured with NH;-temperature programmed desorption
(NH;-TPD). The catalyst (0.2 g) was pretreated at 600 °C for 2 h with
a He gas flow of 30 ml-min”. After pretreatment, NH; was injected
into the catalyst at 100 °C for 1 h. Then, He gas was supplied to re-
move NHj that was physically adsorbed. Afterward, the chemically ad-
sorbed NH3 was desorbed under an He flow at temperatures from 100
°C to 700 °C. The desorbed NH; was analyzed through gas chromatog-
raphy (GC, DS-6200, Donam) equipped with a thermal conductivity
detector (TCD).

2.4. DTO reaction

The DTO reaction was carried out using a fixed bed reactor (O.D.
= 1.1 cm) at 400 °C under atmospheric pressure. A total of 0.2 g of
the catalyst (20-40 mesh) was loaded into the reactor. The process of
pretreating the catalyst was conducted for 1 h at 400 °C under N,
flow. After pretreatment, DME and N, were fed at a volume ratio of
1:3 using a mass flow meter (MFC). The weight hourly space velocity
(WHSV) of DME was 3.54 h”'. To remove the saturated hydrocarbons
from the products, the water trap at 4 °C was equipped under the
reactor. The reactant products were analyzed online with a gas chroma-
tograph (GC, HP 5890 plus, Agilent) equipped with a capillary column
(HP-plot Q, L 30 m x L.D. 0.320 mm) and a flame ionization detector
(FID).

3. Result and discussion

3.1. Characterization of catalysts

The X-ray diffraction patterns of the prepared catalyst are shown in
Figure 1. The unmodified SAPO-34 catalyst showed diffraction peaks
corresponding to the CHA structure (2 6 = 9.5, 12.9, 16.1, 20.7,
30.9°)[15]. The catalysts modified with PEG or Pb exhibited the same
diffraction peaks as the unmodified SAPO-34 catalyst, and no other
diffraction peaks were observed. This means that the CHA structure
was well formed in the modified SAPO-34 catalyst without variations
in crystal structure or formations of amorphous phases[16]. This result
indicates that Pb was successfully substituted into the framework of the
SAPO-34 catalyst[22,23].

The relative crystallinity of the prepared catalysts was calculated by
the sum of the intensities of the main peaks 2 6 = 9.5, 12.9, 20.76°)
and is shown in Table 1[24]. Based on the crystallinity of the un-
modified SAPO-34 catalyst being 100%, the relative crystallinity of the
hierarchical SAPO-34 catalyst decreased as the molecular weight of
PEG increased. This was attributed to the insertion of PEG into cata-
lyst crystals, which caused crystal defects due to the mesopore for-
mation that occurred during the calcination process[25]. The
Pb(15)APSO-34 catalyst exhibited the highest relative crystallinity.
However, as the amount of Pb added increased, a reduction in relative
crystallinity was observed. It is suggested that the growth of the CHA
structure is promoted by introducing Pb into the SAPO-34 catalyst
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Figure 1. XRD patterns of the SAPO-34 and modified SAPO-34
catalysts.

framework but is inhibited as the amount of Pb added increases[26].

Figure 2 shows SEM images of the prepared catalysts. The un-
modified SAPO-34 crystals exhibited cubic shapes and smooth surfaces
in the size range of 1~5 pum (Figure 2 (a)). The surface of the hier-
archical SAPO-34 catalysts was rougher than that of the unmodified
SAPO-34 catalyst. This result indicates that PEG, as a mesopore direct-
ing agent, was inserted into the crystal during the catalyst crystal-
lization[18]. As the molecular weight of the added PEG increased, the
size of the catalyst crystals decreased. This result indicates that PEG
not only introduces intracrystallinity into the catalyst but also acts as
a crystal growth inhibitor[27]. Spherical crystals were observed in the
Pb(35)APSO-34 catalyst. Lu reported that agglomerated crystals with
high Zr contents were observed in the ZrAIPO catalyst in which Zr
was synthesized[28]. It is considered that unsubstituted Pb atoms in the
catalyst framework combine with other atoms to form spherical
crystals. In the P2000-Pb(25)SAPO-34 catalyst, spherical crystals were
formed compared with the Pb(25)APSO-34 prepared by adding Pb in
an equal molar ratio. This result suggests that the formation of spher-
ical crystals was promoted around Pb, and these crystals were not sub-
stituted into the catalyst framework due to the added PEG.

Table 2 shows the textural properties of the SAPO-34 and modified
SAPO-34 catalysts. The SAPO-34 catalyst prepared by PEG addition
showed an increased mesopore volume and external surface area com-
pared to that of the unmodified SAPO-34 catalyst. Sun et al. reported
that mesopores were introduced when PEG was added during the prep-
aration of the SAPO-34 catalyst[19]. In addition, this result is in good
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Figure 2. SEM images of the SAPO-34 and modified SAPO-34 catalysts: (a) SAPO-34, (b) P1000 SAPO-34, (c) P2000 SAPO-34, (d) P4000
SAPO-34, (¢) Pb(15)APSO-34, (f) Pb(25)APSO-34, (g) Pb(35)APSO-34, and (h) P2000-Pb(25)APSO-34.

mm 320.0k SE(M) 2.00um il 5.0 EM)

Table 2. Textural Properties of the SAPO-34 and Modified SAPO-34 Catalysts

Catalyst S?ET: S'E'imf? Szm: Vt?“’l: V‘";“"z V"§°S°:
(m™g") (m™g") (m™g") (cm™g") (cm™g™) (cm™g™)
SAPO-34 511 502 9 0.280 0.269 0.011
P1000 SAPO-34 513 500 13 0.295 0.259 0.036
P2000 SAPO-34 533 517 16 0.313 0.266 0.047
P4000 SAPO-34 526 508 18 0.319 0.265 0.054
Pb(15)APSO-34 528 516 12 0.282 0.267 0.015
Pb(25)APSO-34 536 523 13 0.287 0.269 0.018
Pb(35)APSO-34 523 512 11 0.277 0.266 0.011
P2000-Pb(25)APSO-34 525 510 15 0.282 0.254 0.028

* BET surface area and total pore volume were derived by applying the multi-point BET-model.

® External surface area and micropore volume determined by t-plot.
¢ Smicro = SpET - Sexts Vimeso = Viott = Vimicro-

agreement with the SEM image result showing a rough surface, in
which PEG inserts in the catalyst crystals during the crystallization
process. Therefore, it was confirmed that as a mesopore directing
agent, PEG can successfully form a hierarchical structure. The BET
surface area of the Pb(15)APSO-34 and Pb(25)APSO-34 catalysts in-
creased compared with that of the unmodified SAPO-34 catalyst, while
the BET surface area of the Pb(35)APSO-34 catalyst was reduced. This
means that the formation of the CHA structure was promoted during
the crystallization process by the addition of Pb, but as the Pb content
increased, the formation of the CHA structure was hindered, thereby
impairing the pore properties[29]. These results are consistent with the
relative crystallinity mentioned above (Table 1). The P2000-Pb(25)
APSO-34 catalyst showed an increased mesopore volume compared to
that of the unmodified SAPO-34 catalyst and a small mesopore volume
compared to that of the P2000 SAPO-34 catalyst. Varzaneh et al. re-
ported that the hierarchical ZrAPSO-34 catalyst prepared by adding
CNTs and Zr exhibited impaired pore properties due to a decrease in
crystallinity, resulting in a reduced mesopore volume and BET surface
area compared to that of the hierarchical SAPO-34 catalyst. This result

is considered to involve the impairment of pore properties due to a de-
crease in crystallinity, which occurs after Pb is incorporated into the
framework of the SAPO-34 catalyst[30].

The result of XPS analysis, which was performed to confirm the
chemical bonding state of the prepared catalyst surface, is illustrated
in Figure 3. A peak corresponding to the XPS spectrum of Si2p was
observed in the range of approximately 100~105 eV (Figure 3 (a)).
The intensity of the detected Si2p peak appeared in the following or-
der: P2000-Pb(25)APSO-34 > SAPO-34 > Pb(25)APSO-34. The peak
intensity of Si2p indicates the number of bound Si[31]. The Pb(25)
APSO-34 catalyst showed a lower peak intensity than that of the un-
modified SAPO-34 catalyst, indicating that Si was not substituted with
P from the P-O-Pb frameworks[14]. The P2000-Pb(25)APSO-34 cata-
lyst showed the highest peak intensity of Si2p. The added PEG is con-
sidered to promote the substitution of Si atoms into the catalyst
framework. The Pb4f XPS spectra were observed at approximately
139.6 eV and 144.5 eV, indicating Pb4f7/2 and Pb4f5/2 peaks, re-
spectively[32]. The positions of the detected Pb4f peaks correspond to
the binding state of Pb’"[33]. This result demonstrates that Pb of the
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Figure 3. XPS Si2p and Pb4f spectra for SAPO-34 and modified
SAPO-34 catalysts: (a) SAPO-34, (b) Pb(25)APSO-34, and (c)
P2000-Pb(25)APSO-34.

divalent cation form (Pb*") was substituted with AI*" of the catalyst
framework to generate acid sites[34]. The peak intensity of the
P2000-Pb(25)APSO-34 catalyst was increased in both the Pb4f7/2 and
Pb4f5/2 peaks compared to that of the Pb(25)APSO-34 catalyst. This
result indicated that the substitution of Pb into the catalyst framework
was promoted by the added PEG and was consistent with the Si XPS
results.

NH;-TPD was carried out to analyze the acid strength and acid site
concentration of the prepared catalysts. The NH3;-TPD profile and acid-
ic properties are presented in Figure 4 and Table 3, respectively. Two
NH; desorption peaks were observed in all catalysts. The desorption
peaks at low (233~243 °C) and high (442~453 °C) temperatures are
attributed to weak and strong acid sites, respectively[35]. The weak
acid sites indicate T-OH (T: Si, P, Al) hydroxyl groups due to struc-
tural defects. The strong acid sites are Bronsted acid sites, in which
Si-OH-Al bonds are created by the isomorphous substitution of Si*"
and P*" in the P-O-Al frameworks[36]. The concentration of acid sites
and acid strength of the hierarchical SAPO-34 catalyst decreased as the
molecular weight of the added PEG increased. It has been reported that
mesopore directing agents cause crystal defects in the catalyst, result-
ing in reduced Si contents[14,25]. Therefore, it is considered that the
acidity of the hierarchical SAPO-34 catalyst decreased due to defects
in the crystal structure, which were caused by the addition of PEG, and
this result is in good agreement with the relative crystallinity results
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Figure 4. NH;-TPD patterns of the SAPO-34 and modified SAPO-34
catalysts: (a) SAPO-34, (b) P1000 SAPO-34, (c) P2000 SAPO-34, (d)
P4000 SAPO-34, (e) Pb(15)APSO-34, (f) Pb(25)APSO-34, (g) Pb(35)
APSO-34, and (h) P2000-Pb(25)APSO-34.

Table 3. Calculated Acidity of the SAPO-34 and Modified SAPO-34
Catalysts

Acidity : NH; desorption amounts (mmol-g™)

Catalyst Weak Strong Total amount
(233~243 °C) (437~453 °C)

SAPO-34 0.548 0.789 1.337
P1000 SAPO-34 0.534 0.776 1.310
P2000 SAPO-34 0.513 0.748 1.261
P4000 SAPO-34 0.460 0.744 1.204
Pb(15)APSO-34 0.565 0.806 1.371
Pb(25)APSO-34 0.616 0.828 1.444
Pb(35)APSO-34 0.627 0.953 1.580

P2000-Pb(25)APSO-34 0.665 0.918 1.583

in Table 1. The acidity of the PbAPSO-34 catalyst increased as the
amount of added Pb increased. The arrangements of Si atoms were ad-
justed by substituting metal atoms into the frameworks of the
SAPO-34 catalyst. Si islands are created by adjusting the atomic ar-
rangement of Si [14]. This results in the formation of more acid sites
on the SAPO-34 catalyst. Therefore, the increase in acidity of the
PbAPSO-34 catalyst is due to the acid sites generated by Pb being in-
corporated into the catalyst frameworks[37]. The P2000-Pb(25)APSO-34
catalyst showed the highest concentration of acid sites. This was due
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Figure 5. DME conversion of the SAPO-34 and modified SAPO-34

catalysts.

to the increase in the number of incorporations for Si and Pb in the
P2000-Pb(25)APSO-34 catalyst, as observed by XPS.

3.2. Catalytic performance in DTO reaction

The performance of the SAPO-34 and modified SAPO-34 catalysts
was evaluated through the DTO reaction. The DME conversion for the
prepared catalysts is shown in Figure 5. The catalytic lifetime was
based on a DME conversion of over 90%. The unmodified SAPO-34
catalyst showed a DME conversion of 100% at the beginning of the
reaction but was rapidly deactivated with the times on stream. These
rapid deactivations of unmodified SAPO-34 catalyst were attributed to
the blockage of active sites and limited mass transfer of reactants and
products by coke deposition[38].

The hierarchical SAPO-34 catalysts exhibited an improved catalytic
lifetime. In particular, the P2000 SAPO-34 catalyst showed the highest
catalytic lifetime (178 min) among the PEG-modified SAPO-34
catalysts. Introducing PEG into the SAPO-34 catalysts resulted in the
formation of mesopores and reduced acidity. It has been reported that
the introduction of mesopores into catalyst crystals enhances the mass
transfer of reactants and products[19]. In addition, the rapid DME con-
version is inhibited by the reduced acidity of catalysts, so the pro-
duction of reaction intermediates such as HMB is delayed. As a result,
mild reaction conditions are induced in the SAPO-34 catalyst[15].
Therefore, the hierarchical SAPO-34 catalysts that involved delayed
coke formation by improved mass transfer and reduced acidity ex-
hibited an enhanced catalytic lifetime.

All of the PbAPSO-34 catalysts showed superior catalytic lifetimes
compared to that of the unmodified SAPO-34 catalyst. The in-
troduction of Pb into the catalyst frameworks enhanced the growth of
CHA structures, resulting in an improved BET surface area. In addi-
tion, the acidity of the PbAPSO-34 catalyst was increased by the addi-
tional generation of acid sites and the variation in the arrangement of
catalyst frameworks due to Pb incorporation. Although an increase in
acidity improves reactivity, excessive acidity leads to the deactivation
of catalysts due to rapid coke deposition[39]. Kim et al. reported that
the performance of the MeAPSO-34 (Me = Fe*', Ni*", and Mn*") cata-
lyst was improved by inducing mild reaction conditions due to a great-

er increase in the concentration of weak acid sites compared to the
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Figure 6. Selectivity of light olefins (ethylene + propylene) in DTO

reaction over SAPO-34 and modified SAPO-34 catalysts.

o

concentration of strong acid sites[14]. Therefore, it seems that the
Pb(15)APSO-34 and Pb(25)APSO-34 catalysts, in which the concen-
tration of weak acid sites increased more than that of strong acid sites,
induced mild reaction conditions, resulting in superior catalytic
lifetimes. However, in the Pb(35)APSO-34 catalyst, compared to the
weak acid sites, the strong acid sites exhibited a greater increase in
concentration. For this reason, it is considered that the Pb(35)APSO-34
catalyst exhibited a lower catalytic activity due to a rapid reaction of
reactants. Consequently, the Pb(25)APSO-34 catalyst showed the lon-
gest catalytic lifetime (179 min) among the catalysts modified by Pb,
and it was confirmed that the Pb/Al molar ratio of 0.0025 was the op-
timal addition condition.

The P2000-Pb(25)APSO-34 catalyst was prepared by simultaneously
adding a PEG molecular weight of 2000 and a Pb/Al molar ratio of
0.0025, which were the optimal conditions among the PEG and Pb ad-
dition conditions, to the catalyst synthesis procedure. The
P2000-Pb(25)APSO-34 catalyst exhibited the longest catalytic lifetime
(183 min) among all catalysts and showed delayed deactivation at a
DME conversion of less than 90%. However, the catalytic lifetime was
not significantly improved compared to that of the P2000 SAPO-34
catalyst and Pb(25)APSO-34 catalyst that were prepared by adding
PEG and Pb under the same conditions, respectively. This result is re-
lated to the increased concentration of acid sites in the NH3;-TPD re-
sults of the P2000-Pb(25)APSO-34 catalyst. The addition of PEG in-
troduced mesopores to the SAPO-34 catalyst but promoted the sub-
stitution of Si and Pb into the catalyst frameworks, resulting in an in-
crease in the concentration of acid sites. In particular, compared to the
concentration of weak acid sites, that of the strong acid sites sig-
nificantly increased. Excess strong acid sites promote the reaction of
reactants, resulting in rapid coke deposition[37]. Therefore, in the
P2000-Pb(25)APSO-34 catalyst, the mass transfer of reactants and
products was improved by introducing mesopores, but coke deposition
was promoted due to the relatively significant increase in concentration
of strong acid sites.

The light olefin (ethylene, propylene) selectivity of the SAPO-34
catalyst and modified SAPO-34 catalysts is illustrated in Figure 6. At
the beginning of the reaction, all catalysts exhibited a selectivity for
light olefins of approximately 50%. Then, as the reaction proceeded,
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the selectivity of light olefins increased over 80%. The SAPO-34 cata-
lyst showed the best light olefin selectivity (approximately 80%),
which was the lower compared to that of the modified catalyst. The
selectivity of light olefins for hierarchical SAPO-34 and PbAPSO-34
catalysts modified with PEG and Pb increased by approximately 2-3%
compared to that of the unmodified SAPO-34 catalyst. This was due
to the improved mass transfer of reactants and products by the in-
troduction of mesopores and the mild reaction conditions induced by
the incorporation of Pb[40]. In the case of the P2000-Pb(50)APSO-34
catalyst, although mesopores were introduced into the catalyst crystals,
the concentration of acid sites increased significantly. Thus, the se-
lectivity of light olefins was not significantly enhanced compared to
that of the P2000 SAPO-34 and Pb(25)APSO-34 catalysts.

4. Conclusions

In this study, SAPO-34 catalysts modified with PEG and Pb were
prepared, and the effects of various PEG molecular weights and Pb/Al
molar ratios on catalyst performance were investigated. PEG was in-
troduced into the catalyst crystals, resulting in the formation of
mesopores. In addition, as the molecular weight of the added PEG in-
creased, the acidity of the modified SAPO-34 catalysts tended to
decrease. The mesopores introduced into the SAPO-34 catalysts im-
proved the mass transfer of reactants and products, and the reduced
acidity induced a mild reaction. Thus, the SAPO-34 catalysts that con-
tained hierarchical structures exhibited improved catalytic performance
due to delayed coke formation. In particular, the P2000 SAPO-34(178
min) catalyst showed the longest catalytic lifetime, with an improve-
ment of approximately 57% compared to that of the unmodified
SAPO-34 catalyst (113 min). The Pb atoms were successfully sub-
stituted into the frameworks of the SAPO-34 catalyst. As the amount
of added Pb increased, the acidity of the catalyst improved. In addition,
the concentrations of weak acid sites, which induce a mild reaction,
were increased compared with those of the strong acid sites. In partic-
ular, the Pb(25)APSO-34 catalyst showed the highest concentrations of
weak acid sites. The BET surface area increased as the added Pb/Al
molar ratio increased to 0.0025. Accordingly, the PbAPSO-34 catalyst
resulted in improved catalytic performance. The P2000-Pb(25)APSO-34
catalyst exhibited the longest catalytic lifetime of 183 min and delayed
deactivation among the synthesized catalysts. PEG played a role in
mesopore-directing agents despite the coaddition of Pb. However, the
substitution of Pb and Si into the frameworks of SAPO-34 catalysts
was promoted by the addition of PEG, resulting in an increased con-
centration of acid sites. The mass transfers of reactants and products
were enhanced by the introduction of mesopores. However, the higher
concentration of strong acid sites compared to the weak acid sites ac-
celerated the reaction of the reactants, resulting in encouraged coke
deposition. Therefore, the performance of the P2000-Pb(25)APSO-34
catalyst was not significantly improved compared to that of the P2000
SAPO-34 catalyst and the Pb(25)APSO-34 catalyst that were prepared
by adding PEG and Pb under the same conditions, respectively.
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