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 Introduction

In modern petrochemical industry, propylene is one of
e most important intermediates for the production of
lypropylene, polyacrylonitrile, acrolein, and acrylic acid.
rrently, propylene is mostly produced as a byproduct of
th the petroleum refinery in fluid catalytic cracking

CC) units and the ethylene generation by naphtha steam
acking. Due to the increasing global demand for
opylene and the shortage of petroleum resource in the
ture, new processes with high yield of propylene are
quired [1,2]. Both methanol-to-olefins (MTO) and
ethanol-to-propylene (MTP) processes are prominent
ernative routes for producing propylene from non-
troleum resources, since methanol can be economically
oduced from natural gas and coal on a large scale [3–
. The MTO technology has been commercialized by UOP/
dro for producing both ethylene and propylene based on

a SAPO-34 catalyst in a fluidized bed rector, whereas the
MTP process has been developed by Lurgi to produce
propylene preferentially based on a ZSM-5 catalyst in a
fixed-bed reactor [6,7]. Hence, the MTP process might be
the most desirable route to fill up the growing gap between
the supply and the demand of propylene. The first MTP
plant was established in China in 2010 [8].

Over the past decades, extensive studies have been done
on the activity and selectivity of methanol conversion over
ZSM-5 zeolite with different Si/Al ratios, and concluded that
the high-silica ZSM-5 zeolite is a very promising candidate
for the catalysis of methanol to propylene due to its high
selectivity towards propylene as well as its long catalytic
lifetime [2,9–11]. Despite these superior results, the
relatively small micropores in ZSM-5 zeolites significantly
influence the mass transfer of the reactants and products
towards and away from the active sites, which would result
in relatively easy coke formation and subsequently limit the
performance of the industrial catalysts [12,13]. Hence, the
modification of the ZSM-5 zeolite to optimize the activity
and selectivity in the MTP reaction still remains a key
challenge in state-of-the-art catalysis research.
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A B S T R A C T

The influence of alkaline treatments with NaOH and NaOH/TPAOH mixtures on the

physicochemical properties and catalytic performance of high-silica ZSM-5 zeolites (Si/

Al = 175) during the methanol-to-propylene (MTP) reaction have been investigated. It was

found that alkaline treatment in an NaOH/TPAOH solution with TPAOH/

(NaOH + TPAOH) = 0.4 ensures the formation of narrow and uniform intracrystalline

mesoporosity without severely damaging the crystal structure and the intrinsic acidity of

the zeolite, leading to the best catalytic performance, including the highest propylene

selectivity (47.2) and P/E ratio (4.97) as well as the longest catalyst lifetime (80 h).
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One strategy to solve the problem of rapid deactivation
nd develop a highly stable catalyst for the MTP reaction
onsists in introducing substantial intra- and/or intercrys-
lline mesoporosity (i.e., pores with diameters ranging

etween 2 and 50 nm) besides the intrinsic micropore
ystem, which are usually referred to as mesoporous ZSM-

 or hierarchical ZSM-5 [2,12,14]. The added mesoporosity
ecreases the intracrystalline diffusion limitations and
creases the accessibility to active sites, resulting in an
proved catalytic performance. A wide variety of

ethods are presently available to prepare hierarchical
orous ZSM-5, including templating techniques (bottom-
p) and post-synthesis modification of microporous ZSM-5
op-down) [15,16].

Among the post-synthesis treatments, desilication of
SM-5 in alkaline solutions (typically NaOH) has been
roved to be the most promising one, in terms of simplicity,
ersatility, and efficiency. Nevertheless, the application of
esilication by an aqueous NaOH solution is limited to
eolites with a Si/Al ratio in the range of 25–50 [17–
8]. Recently, the desilication of high-silica ZSM-5 and
ilicalite-1 has attracted much attention. However, the
ajor drawback of this treatment is uncontrolled silicon

xtraction, resulting in the loss of a significant part of the
eolite structure [19]. To overcome this problem, the
ddition of a pore-directing agent (PDA) such as tetraalk-
lammonium cations along with NaOH has been proposed
s an effective alkaline treatment for introducing intracrys-
lline mesopores in zeolites with a high Si/Al ratio or even in
e case of pure silica zeolitic materials. The alkaline
eatment of silicalite-1 in the presence of the tetrapropy-
mmonium cation (TPA+) led to a higher surface area as well

s a higher pore volume due to a smaller mesopore size,
hereas the crystallinity and microporosity were better

reserved than in the case when pure NaOH was used
9,29]. Moreover, in the case of high-silica ZSM-5, using the
ixture of NaOH and TBAOH (tetrabutylammonium hy-

roxide) as a leaching agent led to the formation of narrower
nd more uniform mesopores as well as to a significant
crease in the accessibility of the active sites, compared to

sing NaOH alone [30].
Catalytic performance of inorganic alkaline-treated

SM-5 during the conversion of methanol to hydrocarbon
TH) has been recently investigated in a number of open

teratures in which the main attribute of mesoporous
eolites is a prolonged catalyst lifetime in comparison to
eir conventional counterparts [31,32]. Bjørgen et al. [33]

eported a significant improvement in the catalyst lifetime
f ZSM-5 as well as a strongly increased selectivity towards
e desired gasoline fraction in the methanol-to-gasoline
TG) reaction after alkali treatment of ZSM-5 with NaOH.

he results were rationalized by alterations of acidic
roperties, mesopore formation, and improved diffusivity.
ei et al. reported that the mesopore formation through

lkaline desilication treatment of ZSM-5 zeolite with Si/Al
atio of 72 led to enhanced propylene selectivity up to 42%
s well as an increase in the ratio of propylene to ethylene

 10:1 in the catalytic conversion of methanol to
ropylene [2].

At present, organic alkaline-treated ZSM-5 is also used
s a catalyst in methanol conversion reactions. The organic

alkaline treatments incorporate more moderate modifica-
tions and are more easily controlled compared with
inorganic ones. He et al. investigated the effect of the
TPAOH treatment duration on the catalytic performance of
nanocrystalline ZSM-5 in the MTG reaction, and concluded
that the stability of the modified catalyst increased by
extending the TPAOH treatment time [34]. Moreover, Li
et al. [35] modified a low-silica ZSM-5 zeolite in a mixed
alkaline aqueous solution of TPAOH and NaOH, and found
that this treatment with proper TPA+/OH�ratio could
increase the propylene selectivity of the modified zeolite in
the MTO reaction.

However, to the best of our knowledge, the catalytic
performance of a high-silica mesoporous ZSM-5 prepared
by mixed alkaline treatment (TPAOH/NaOH) in the MTP
reaction has not been previously reported. Hence, the aim of
this work was to investigate the influence of alkaline
treatments with different combinations of NaOH and
TPAOH solutions on the mesoporosity of a highly siliceous
ZSM-5 zeolite (Si/Al = 175) and their catalytic performance
in MTP reaction. To get a better understanding of the relation
between the mesoporosity and the catalytic performance of
mesoporous ZSM-5, a conventional microporous ZSM-5 was
employed for comparison. The physicochemical properties
of the parent and treated zeolites were characterized by
XRD, ICP-OES, FE-SEM, BET, and NH3-TPD methods.
Meanwhile, their catalytic performance was also evaluated
for the MTP reaction using a fixed-bed flow reactor under
the same operating conditions. A number of findings is
presented, which have not been reported earlier.

2. Experimental

2.1. Materials

Tetrapropylammonium hydroxide (TPAOH, 40 wt.%
aqueous solution), tetraethyl orthosilicate (TEOS,
98 wt.%), sodium hydroxide (99 wt.%), ammonium nitrate
(99 wt.%), and methanol (99.5 wt.%) were purchased from
Merck, while aluminum isopropoxide (AIP, 97 wt.%) was
purchased from Aldrich. All chemical reagents were of
analytical grade and used as received without further
purification.

2.2. Catalyst preparation

2.2.1. Parent zeolite synthesis

A parent ZSM-5 zeolite with SiO2/Al2O3 molar ratios of
350 was prepared using the hydrothermal procedure
[36]. In a typical synthesis procedure, firstly, the calculated
amounts of aluminum isopropoxide (AIP) and TPAOH were
mixed with double-distilled water in a polypropylene
bottle under magnetic stirring for about 15 min until AIP
was completely dissolved in the solution. Next, TEOS was
added dropwise to the resultant mixture in order to
achieve a molar composition of SiO2: (1/350) Al2O3:
0.3 TPAOH: 15 H2O. The obtained mixture was continu-
ously stirred at room temperature for 3 h to ensure
complete hydrolysis of TEOS and AIP to ethanol and
isopropyl alcohol, respectively. Then, the final mixture was
transferred into a homemade Teflon-lined stainless-steel
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toclave (100 mL, ca. 80% filled) for hydrothermal treat-
ent at 180 8C for 72 h under autogenous pressure.
terwards, the zeolite suspension was immediately
enched to room temperature by immersion of the
toclave in an ice water bath to terminate crystallization.
bsequently, the solid product was collected by filtration,

ashed several times with double-distilled water until a
utral pH value was obtained, dried in an oven at 110 8C
ernight, and finally calcined in a quartz tube furnace under
wing air at 550 8C for 6 h to remove the organic template
mpletely. The final sample is designated as the parent.

.2. Alkaline treatment

Alkaline treatments of parent ZSM-5 sample were
rformed by either a pure NaOH solution or a mixture of
OH and TPAOH (tetrapropylammonium hydroxide) in a

und-bottom flask coupled with a reflux condenser. The
ncentration of either solution was 0.2 M. The alkaline-
ated samples were designated as ATZ-xR, in which x

fers to the molar TPAOH/(NaOH + TPAOH) ratios
enoted as R). For a pure NaOH solution, x was 0.0 and
r the TPAOH/NaOH mixtures, x was varied from 0.2 to
. For each test, 90 mL of the alkaline solution were

rred magnetically at 400 rpm and heated to 65 8C by
eans of an oil bath. Afterwards, 3 g of zeolite were added.
e resulting mixture was left to react under reflux for
 min. After desilicating, the zeolite suspension was
oled down immediately using an ice water bath, and
tered. At this stage, a portion of collected filtrate was
ken for analysis. The filtration cake was washed with
ionized water until a neutral pH value was obtained and
ally dried at 100 8C overnight. The dried sample was
nsformed into ammonium form by three-fold ion
change with 1 M NH4NO3 at 80 8C for 2 h. Afterwards,
e sample was again filtrated, washed, and dried
ernight, Eventually, the dried sample was converted
to the hydrogen form through calcination, following the
ogram described for the parent sample.

. Characterization

X-ray diffraction (XRD) patterns of different samples
ere obtained with a PANalytical X’Pert PRO MPD, using a

 Ka1 radiation source (l = 1.5406 A8) at room tempera-
re with instrumental settings of 40 kV and 40 mA. Data
ere recorded in the 2u range from 58 to 508 with a step
e of 0.0268.
The content of silicon and aluminum in the filtrates was

termined by inductively coupled plasma-optical emis-
n spectroscopy (ICP-OES). The measurements were
rformed using a Perkin Elmer Optima 2000 DV ICP-OES.
N2 adsorption-desorption isotherms at 77 K were

easured using a NOVA 2200 instrument (Quantachrome,
A) in the relative pressure range from 0.05 to 0.99. Prior

 N2-physisorption measurements, the samples were
gassed at 473 K in an N2 flow for 16 h in order to remove
e moisture adsorbed at both the surface and the internal
res. Total specific surface areas (SBET) were calculated
ing the Brunauer-Emmett-Teller (BET) method in the p/

range 0.05–0.25, and the total pore volume was
timated from the amount of nitrogen adsorbed at a

relative N2 pressure (p/p0) of 0.99. The t-plot method was
employed to evaluate the micropore surface area (SMicro)
and the micropore volume (VMicro) in the p/p0 range 0.1–
0.4. The mesopore volume (VMeso) was calculated from the
discrimination between the VTot and VMicro. The mesopore
size distributions and the average diameter of mesopores
were estimated by using the Barrett-Joyner-Halenda (BJH)
method from the desorption branch of the isotherms.

The morphology and particle size measurements were
carried out using a field-emission scanning electron
microscope (FE-SEM Model: MIRA3 TESCAN, USA) operat-
ing at 15 kV. All samples were subsequently sputter coated
with a thin gold film to reduce the charging effects.

The acidity of the samples was measured by tempera-
ture-programmed desorption of ammonia (NH3-TPD)
using BELCAT-A instrument (Bel Japan, Inc.) with a
conventional flow apparatus which included an online
thermal conductivity detector (TCD). In a typical analysis,
35 mg of the sample were initially flushed with helium at
300 8C for 2 h at a heating rate of 10 8C/min and then cooled
down to 60 8C and further saturated with NH3. After NH3

exposure, the sample was purged with helium for 30 min
to remove weakly and physically adsorbed NH3 on the
surface of the catalyst. After these operations, the sample
was heated from 35 to 850 8C at a heating rate of 5 8C/min
and the amount of ammonia in the effluent was measured
via TCD and recorded as a function of temperature.

2.4. Catalytic performance

The performance of the catalysts for the methanol-to-
propylene reaction was investigated in a fixed-bed reactor
under atmospheric pressure at 460 8C. A schematic view of
the lab scale setup is shown in Fig. 1. The reactor was made
of a stainless-steel tube with an inner diameter of 8 mm
and a length of 70 cm, which was electrically heated by a
vertical three-zone tube furnace (PTF 12/75/750, Lenton
Ltd, UK). Before testing the catalytic activity, the catalyst
powder was pelletized at 10 ton for 10 min, crushed and
sieved to obtain 18–25 mesh particles. For each test, 1 g of
mesh catalyst was loaded into the middle of the isothermal
zone of the reactor. In addition, to prevent back-mixing
and homogenization of gas flow on the catalyst bed, inert
quartz particles (12–16 mesh) were filled upstream and
downstream of the catalyst packing of the reactor.

A K-type thermocouple was positioned coaxially in the
center of the catalyst bed in order to monitor the reaction
temperature. Prior to the start of the MTP reaction, the
sample was activated in situ at a heating rate of 3.5 8C/min
under highly purified N2 flow (30 mL�min�1) and under
atmospheric pressure. When the catalytic bed temperature
reached 550 8C, it was maintained at that temperature for
2 h. After cooling to the reaction temperature in flowing
nitrogen, a mixture of 50 wt.% methanol in water with
methanol WHSV = 1 h�1 was pumped through a HPLC
pump (Knauer Smartline 1000; Germany) to an in-house-
built preheater operating at 150 8C before being fed to the
reactor. The reactor outlet stream was cooled to 10 8C in a
refrigeration bath and then the gas and the liquid products
were separated. To avoid possible condensation of heavy
compounds, the transfer line from the reactor outlet to the
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efrigeration bath was externally heated and maintained at
70 8C. The gas phase was sent to a gas flow meter (Ritter
G 05, Germany) and an online gas chromatograph
arian 3800), equipped with a flame ionization detector
ID) and a 50-m HP-PONA capillary column. The liquid

roducts were collected after each 6-h reaction period,
eighted, and analyzed off-line in the same gas chro-
atograph used for online analyses.

Then the reaction performance results, including
ethanol conversion and hydrocarbon products selectiv-
ies, were calculated. Due to very fast equilibrium reaction
f methanol to DME, those two species can be combined as
ne lumped reactant species (oxygenates) in the calcula-
on of conversion and hydrocarbon products’ selectivities.
ence, the conversion of methanol in the MTP reaction was

alculated through the following equation:

ethanol conversion ¼
Ni

MeOH � No
MeOH þ 2No

DME

� �

Ni
MeOH

� 100 (1)

he product selectivity was defined as the mole ratio of
ach product (on a CH2 basis referred to the moles of
onverted methanol):

electivity ¼
xNo

CxHy

Ni
MeOH � No

MeOH þ 2No
DME

� �� 100 (2)

here superscript i refers to the components at the inlet of
eactor and superscript o refers to the components at the

reactor outlet; subscript x refers to the number of carbon
atoms.

3. Results and discussion

3.1. Physicochemical properties of the parent and alkaline-

treated ZSM-5 catalysts

XRD analysis was performed to investigate the possible
structural changes in the ZSM-5 zeolite. XRD patterns of
the parent and all desilicated ZSM-5 zeolites are shown in
Fig. 2, from which it can be seen that the intrinsic MFI
structure was preserved and that no additional phase was
formed during alkaline treatment under the experimental
conditions.

The XRD technique is also used to assess the change in
relative crystallinity of the alkaline-treated samples. The
relative crystallinity was calculated according to proce-
dure A described in ASTM D5758-01 [37]. This calculation
is based on the ratio of the integrated peak areas between
2u = 22.58 and 258 of the desilicated sample relative to
those of the parent ZSM-5 sample as the reference sample
(whose crystallinity is regarded as 100%). Table 1 reports
the relative crystallinity of the desilicated samples.

The results confirmed that desilication of ZSM-5 with
NaOH or an NaOH/TPAOH mixture practically did not
disturb the long-range crystallinity of the resulting materi-
als, although the alkaline treatment of the zeolite is
accompanied by a preferential removal of siliceous species
(Table 1). A likely explanation for these observations is that

Fig. 1. A schematic view of the lab scale setup.
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e amorphous phase or less crystalline material in the
rent sample is specifically removed by alkali solutions
ithout significant destruction of the zeolite framework.
nce, with respect to XRD, the parent and desilicated

mples are nearly similar. This is in line with expectations,
ce previous studies have reported similar observations on

esoporous structures [30,33].
It is worth noticing that the alkaline treatment of ZSM-5
ds to the dissolution of both framework silicon and
mework aluminum. However, since the Si–O–Si bond is
sier to hydrolyze than the Si–O–Al bond in the zeolite
mework, the dissolution of framework Si is favored over

at of framework Al in the alkaline medium. This is
nerally due to the fact that the negative charge of AlO�4
trahedra in the zeolite framework hinders the extraction
 Al through hydrolysis of Si–O–Al bonds by negatively
arged hydroxyl ions. Moreover, it is generally accepted
at the presence of AlO4– protects the neighboring Si
oms against OH attack. As a result, in high-silica ZSM-5
i/Al = 175), due to low concentration of neighboring Al

tetrahedra, the attack of the hydroxyl ions to the surface Si
atoms is not hindered by any negative charge. Therefore, a
preferential removal of siliceous species occurred during
the alkaline treatments. The analysis of filtrates confirmed
the high selectivity of alkaline treatments for silicon
extraction in our experimental conditions, and, as
expected, a higher amount of Si was leached during the
treatment with pure NaOH (1133 ppm) in comparison to
the treatment in an NaOH/TPAOH mixture. Less extensive
desilication of high-silica zeolites in the presence of TPAOH
is assigned to its protective influence on zeolite structure,
resulting from the known affinity of TPA+ cations to the
zeolite surface. Nevertheless, the amounts of aluminum
leached from the high-silica zeolite treated with an NaOH/
TPAOH mixture are higher than that of samples treated
with pure NaOH (Table 1). This is ascribed to the
adsorption of TPA+ onto the zeolite, sealing off most of
the available external surface, hereby largely inhibiting
surface realumination, contrary to what occurs in pure
NaOH [38–40].

Hence, upon alkali treatment, mainly silicon species are
removed from the surface or bulk of the ZSM-5 zeolites.
This removal causes the formation of mesopores in the
nanometer range (Fig. 3) coupled with a substantial
mesopore volume. The removal of silicon species from
the zeolites also leads to changes in their surface area, pore
size distribution, and pore volume [17–19,29,30]. N2

adsorption-desorption isotherms and the corresponding
BJH pore size distribution (PSD) curves of the parent and
the alkali-treated ZSM-5 zeolites are illustrated in Figs.
3 and 4, respectively, and their textural properties are
summarized in Table 2. Looking at the nitrogen isotherms,
the parent ZSM-5 exhibits only a representative type-I
isotherm, which is characteristic of microporous materials
without significant mesoporosity. This is verified by its BJH
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ATZ -0.2R

ATZ -0.4R

ATZ -0.6R

Fig. 2. XRD patterns of the parent and desilicated ZSM-5 samples.

ble 1

emical composition of filtrates and crystallinity of the parent and

aline-treated ZSM-5 catalysts.

ample name Sifiltrate
a (ppm) Alfiltrate

a (ppm) Crystallinityb

arent – – 100

TZ-0R 1133 1.6 90

TZ-0.2R 473 16 93

TZ-0.4R 320 16 95

TZ-0.6R 264 17 97

Determined by inductively coupled plasma-optical emission spec-

scopy (ICP-OES).

Relative crystallinity calculated based on the sum of peak areas

tween 2u = 22.58 and 258 from XRD pattern of alkaline-treated ZSM-5

ples compared to that of parent ZSM-5100% crystalline

TM D5758-01).
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ore size distribution curve (Fig. 4), where there is no
bvious peak in the mesoporous range. As listed in Table 2,
e BET surface area and total pore volume of parent ZSM-5

re 345 m2 g�1 and 0.178 cm3 g�1, while the mesoporous
urface area and pore volume are very low, only 35 m2�g�1

nd 0.042 cm3�g�1, respectively. On the other hand, ATZ-xR

series samples exhibited a type-IV isotherm with an
obvious hysteresis loop at a relative pressure higher than
p/p0 = 0.4, indicating the formation of a hierarchical porous
system combining micro- and mesoporosity. These hys-
teresis loops are usually associated with the capillary
condensation of nitrogen within the mesopores. Moreover,
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3
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–1

) 
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Fig. 3. N2 adsorption-desorption isotherms of the parent and alkaline-treated ZSM-5 samples.

0

0.1

0.2

0.3

0.4

001011

dV
p/d

lo
gd

p
(c

m
3

g–1
nm

–1
)

Pore diameter (nm)

Parent
ATZ- 0R
ATZ -0.2R
ATZ -0.4R
ATZ -0.6R
Fig. 4. BJH pore size distribution curves of the parent and alkaline-treated ZSM-5 samples.
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e largely parallel displacement of the adsorption and
sorption branches of the hysteresis loop indicates the
esence of open (cylindrical) mesopores connected to the
ter surface [39]. However, the changes in the hysteresis

ops of the samples treated with the NaOH/TPAOH
ixture are less obvious than in the case when pure
OH is used, which may be due to a gentler modification

 the NaOH/TPAOH mixture than by pure NaOH. This
pports the difference between the mesopore size
stributions of the materials desilicated with different
aline solutions (pure NaOH or NaOH/TPAOH mixtures),

 shown in Fig. 4. The samples treated with a mixture of
OH/TPAOH exhibits a narrow and uniform mesopore
e distribution centered at �3.6 nm. There is no
nificant difference in mesopore size distributions for

e materials treated with NaOH/TPAOH mixtures at
rious proportions between both bases. This is in line
ith the results obtained by Sadowska et al., who focused

 the desilication of high-silica ZSM-5 with NaOH/
BAOH) mixtures [30]. In contrast, the sample treated
ith pure NaOH reveals a bimodal mesopore size
stribution, with a narrow peak centered at �3.6 nm
d a tiny broad peak centered at �15 nm. Sadowska et al.,

ho focused on the desilication of high-silica ZSM-5 with
OH, also observed a similar peak at �15 nm [30].
The formation of mesopores within the zeolite struc-

re is also confirmed by FE-SEM images of parent and
silicated samples. As clearly shown in Fig. 5a, the
ystals size of the parent ZSM-5 is large, and their surfaces
e quite smooth, which confirms the absence of meso-
res in its structure. But the alkaline treatment causes a
nificant change in the surface of the parent zeolite.
ditionally, distinct differences can be seen between the

orphologies of the ZSM-5 zeolites desilicated with pure
OH and with NaOH/TPAOH mixtures, indicating that the
silication mechanism of NaOH/TPAOH is different from
at in NaOH media. As seen in Fig. 4c, the sample treated
ith an NaOH/TPAOH mixture (R = 0.4) shows more
iform intracrystalline mesopores that spread through
e entire surface of the ZSM-5 crystal, whereas the crystal
ape remains preserved, indicating that the silicon
ecies has been removed properly. The existence of these
rface open holes is probably the main cause for the
cilitation of molecular transport in MTP reaction and the

improvement of the catalytic performance of the ZSM-5
catalysts [2]. So, its effect on the catalyst performance in
the MTP reaction is worthy to be further investigated.

However, during the alkaline treatment with pure
NaOH, not only the large crystals of parent ZSM-5 are
broken down into smaller ones, but also some grooves and
voids appear on the surface of ZSM-5 fragments (Fig. 5b).
As a result, this treatment leads to the formation of
hierarchical ZSM-5 with both intra- and intercrystalline
mesoporosity, which is in accordance with its BJH pore size
distribution curve obtained from N2 adsorption-desorp-
tion isotherms.

The textural properties derived from N2 isotherms
(Table 2) also reveal that the mesoporosity (both mesopore
surface area and volume) of the alkali-treated samples
increases without significant change in their micropores
volume, even for the treatment with pure NaOH alkaline
solutions, which causes the massive dissolution of the
zeolite crystals. This means that although alkaline leaching
with pure NaOH leads to the fragmentation of the zeolite
crystals, each fragment preserves its microporosity. It is in
line with those reported by other researchers who also
focused on the desilication of high-silica ZSM-5 with NaOH
and NaOH/(TBAOH) mixtures [30], and is in agreement
with the evolution of the crystallinity assessed by XRD
previously discussed.

It is also interesting to note that the sample treated with
pure NaOH exhibits the highest value of mesopore volume
(0.108 cm3�g�1), whereas the largest mesopore surface
area (151 m2�g�1) is obtained upon the alkaline treatment
with an NaOH/TPAOH mixture (R = 0.4). In other words,
although the largest mesopore volume is achieved for ATZ-
0R, possibly due to the existence of both intra- and
intercrystalline porosity in this sample (Figs. 4 and 5b), its
surface area is smaller than that of ATZ-0.4R. This indicates
that the mesoporosity was not properly developed in the
high-silica ZSM-5 (Si/AL = 175) during alkaline treatment
with pure NaOH, which is again confirmed by FE-SEM
micrograph (Fig. 5b). The low effectiveness of pure NaOH
treatment for mesoporosity introduction in a high-silica
ZSM-5 was also reported by others [17,19,30].

On the contrary, the desilication of high-silica ZSM-5 by
NaOH/TPAOH mixture not only results in the formation of
narrower and uniform mesopore size distribution but also

ble 2

xtural properties of the parent and alkaline-treated ZSM-5 samples.

ample name Surface area (m2�g�1) Pore volume (cm3�g�1) HFg

SBET
a SMicro

b SMeso
c VTotal

d VMicro
e VMeso

f

arent 345 310 35 0.178 0.136 0.042 0.077

TZ-0R 397 256 141 0.221 0.113 0.108 0.182

TZ-0.2R 394 265 129 0.201 0.116 0.085 0.190

TZ-0.4R 404 253 151 0.209 0.109 0.100 0.195

TZ-0.6R 400 259 141 0.205 0.112 0.093 0.193

BET surface area.

Micropore surface area evaluated by t-plot method.

Mesopore surface area calculated using SBET–SMicro.

Total pore volume at p/p0 = 0.99.

Micropore volume calculated by the t-plot method.

Mesopore volume calculated using VTotal–VMicro.

The hierarchy factor.
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ads to substantial modifications of both pore volume and
pecific surface area in comparison with parent zeolites.
owever, the textural parameters of the treated zeolites
ith NaOH/TPAOH mixtures depend on the TPAOH/
PAOH + NAOH) molar ratio (denoted by R). According
 the data listed in Table 2, whether desilication was done

t low or high TPAOH level in the desilicating mixture
 = 0.2 or 0.6), the increase in both pore volume and

urface area was less significant than in the case when pure
aOH was used. The largest BET and mesoporous surface
rea were obtained for the sample treated with TPAOH/

aOH + TPAOH) = 0.4, although its mesopore volume is
lightly smaller than that of the sample treated with NaOH
nly (R = 0).

The attractiveness of a hierarchical zeolite is often
elated to its mesopore volume (Vmeso) or mesopore
urface area (Smeso). A quantified comparison of the
eolites in terms of all four textural parameters is made
y making use of the hierarchy factor (hereafter referred to

as HF). This factor, defined as (VMicro/VTotal) � (SMeso/SBET),
is one of the most powerful tools to describe the porosity of
the hierarchical zeolites [29], so that its maximized value is
highly desired. The final column of Table 2 summarizes the
obtained HFs. Going from sample parent to ATZ-0.4R, HF
increases from 0.077 to its maximum value, i.e. 0.195,
which indicates that the increase in the relative meso-
porosity (Smeso/SBET) is larger than the decrease in relative
microporosity (Vmicro/Vtotal). On the other hand, the
mesopore formation process is negatively influenced by
a very high amount of TPAOH in the system (R = 0.6), taking
into account the reduced HF value of ATZ-06R (0.193).
Hence, 40% of TPAOH in the desilicating mixture (R = 0.4) is
the proper amount of PDA allowing us to reach the
maximum mesoporosity with minimum loss of micropo-
rosity.

The difference between the mesoporosity and the
textural properties of the materials desilicated with
different alkaline solutions can be explained by considering

Fig. 5. FE-SEM images of the parent and selected alkaline-treated ZSM-5 samples.
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e role of pore-directing agents (PDAs). According to the
erature [19], both Al extracted from ZSM-5 framework in
e desilication process and tetrapropylammonium cation
PA+) act as a pore-directing agent (PDA), largely protecting
e zeolite crystals against OH ions attack and the massive
ssolution during the desilication process. Several results
9,30,40] reported that larger pores were observed in the
esence of Al in the desilication mixture, whereas smaller
res were formed with amine hydroxides as PDA. As a high-
ica ZSM-5 (Si/Al = 175) was used in our study, the amount

 Al extracted into the alkaline solution was negligible, so
at only TPA+ played the role of PDA. The presence of TPA+

tions in the alkaline medium promotes the formation of
rrow and uniform secondary mesopores within the ZSM-
crystals in comparison to the treatment in pure NaOH
lution. Consequently, the samples desilicated with NaOH/
AOH mixture have well-spread hierarchical systems, as
und in Fig. 5c and Table 2. Such protective influence of
AOH on the zeolite structure can be explained by the fact
at the TPA+ binds to the surface of the zeolite in alkaline
edium. It is therefore expected that with increasing TPA+

ncentration in the system, a monolayer is formed on the
ternal surface of the zeolite, which fulfills the pore-
recting role by controlling the dissolution of zeolite
ystals. These results are consistent with the earlier
dings concerning the mechanism of desilication in the
esence of PDAs. On the other hand, in the absence of the
A, the reaction of the OH�anions with the zeolitic
mework predominates at the external surface of the
olite, leading to uncontrolled silicon dissolution and
nsequently to the formation of larger and irregular pores
9,29,30,40].

Acidity changes in the samples upon alkaline treat-

acidity is viewed as a vital factor in determining the
catalytic performance in the MTP reaction. Fig. 6 presents
the NH3-TPD profiles of the parent and selected alkali-
treated ZSM-5 zeolites (ATZ-0R and ATZ-0.4R). The
acidities of selected catalysts determined from TPD peak
areas and the strength of acid sites corresponding to
desorption peaks temperatures are summarized in Table
3. As shown in Fig. 6, two distinct NH3 desorption peaks are
observed in the NH3-TPD profiles of the catalysts: a low-
temperature peak (Td1) at around 185–190 8C and a high-
temperature peak (Td2) at around 375–395 8C correspond-
ing to the weak and the strong acid sites, respectively.
These results are in line with the reported literature data
for the acidity of MFI materials [41,42]. Although NH3-TPD
analysis cannot discriminate between Brønsted and Lewis
acidity, the low-temperature peak is attributed to ammo-
nia desorption from weak Lewis acid sites, whereas the
high-temperature peak is related to ammonia desorbed
from stronger Brønsted acid sites [43]. It is extensively
believed that weak acid sites have little activity in
methanol conversion to light olefins, whereas strong acid

100 15 0 20 0 250 300 350 400 45 0 500

TC
D
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Temperature (oC)

Parent
ATZ -0R
ATZ -0.4R

Fig. 6. NH3-TPD profiles of the parent and selected alkaline-treated ZSM-5 samples.

Table 3

The NH3-TPD data for the parent and selected alkaline-treated ZSM-5

samples.

Catalyst Distribution and concentration of

acid sites (mmol NH3/g)

Peak

temperature (8C)

Region I Region II Total Td1 Td2

Weak Strong

Parent 0.071 0.064 0.135 189 392

ATZ-0R 0.085 0.072 0.157 188 383
TZ-0.4R 0.075 0.076 0.151 187 376

ents were investigated by the NH3-TPD method. The
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ites on the ZSM-5 catalyst surface are known as MTH
atalytic centers [44,45].

Compared with the parent sample, the number of both
eak and strong acid sites in the alkali-treated samples
TZ-0R and ATZ-0.4R) is relatively increased. Such en-

ancement in the acid sites is accordingly attributed to the
creased Al concentration after the preferential desilication,
hich gives a higher density of acid sites. Other groups also

eported the increase of the relative aluminum content in the
lkali-treated zeolites [24,46]. Moreover, the predominating
tracrystalline mesoporosity of the zeolites desilicated with
aOH/TPAOH mixture (Figs. 4 and 5c) may lead to the

overage of Brønsted acid sites in the pore mouth regions,
esulting in their high accessibility [26]. It was also reported
y Sadowska et al. that the full accessibility of the protonic
ites after treatment with NaOH/TBAOH mixture could be

e result of the creation of predominating intraparticle
esoporosity [27,30].

Additionally, it can be seen from Table 3 that the
mounts of the weak acid sites on ATZ-0R are found to be
elatively larger than those on ATZ-0.4R, despite the
mount of strong acid sites on ATZ-0R being the same as
at on ATZ-04R. According to Abelló et al. [40], this

henomenon could be attributed to the higher degree of Al
xtraction and redistribution on the mesopore surface of
e zeolite desilicated with pure NaOH compared to that
ached with the mixture of NaOH/TPAOH.

Noteworthy, even though the NH3-TPD results show an
crease in the acidity of treated samples, the acid sites

trength (especially the strong acid sites) of these catalysts
TZ-0R and ATZ-0.4R) is also slightly weakened as

ompared with that of the parent one, which is indicated
y a shift of the ammonia desorption peaks center towards
e lower temperatures after alkaline treatments (see Fig. 6

nd Table 3). The decrease in the acid strength of protonic
ites may be related to the extraction of some aluminum
toms from the zeolite framework in alkaline medium.
dditionally, the presence of mesoporosity in these samples
ould help the removal of ammonia at lower temperatures,

ecreasing the strength of the acid sites as well. Such
ariation is consistent with the results reported in the
terature for desilicated ZSM-5 materials [30,47]. However,
ppropriate concentration and strength of acid sites is
rucial for improving the selectivity of propylene and the
tability of the catalysts in the MTP reaction, which will be
rther discussed in the next section.

In brief, the characterization results indicate that the
lkaline treatment of ZSM-5 creates materials with a micro-
esopore hierarchical structure without severely damaging

the crystal structure and acidity of the zeolites, which could
be expected to display a good catalytic performance in the
transformation of methanol into light olefins.

3.2. Catalytic performance of the prepared catalysts in the

MTP reaction

The influence of mesopore formation on the catalytic
properties of desilicated ZSM-5 catalysts was tested in the
methanol-to-propylene reaction. The catalytic perfor-
mances of the parent and alkaline-treated ZSM-5 catalysts
were evaluated in a continuous-flow fixed-bed reactor
under the same operation conditions (T = 460 8C, P = 1 atm,
and WHSV = 1 h�1).

Table 4 displays full descriptions of products distribu-
tions in the conversion of methanol-to-propylene over the
parent and alkaline-treated ZSM-5 catalysts in steady-state
conditions when the catalysts yielded nearly full conversion
and were presumably free from coke. The products obtained
are classified into three groups. The first group contains
lower paraffins, which include methane, ethane, propane,
and butanes (C1–C4). The second group contains light olefins,
which consist of ethylene, propylene, and total butylene
(C¼2 � C¼4 ). The last group contains heavier olefins, starting
from pentene, as well as higher paraffins and aromatics such
as benzene, toluene, and xylene (BTX), which are denoted by
Cþ5 . The catalytic performance of the parent ZSM-5 is
ordinary. The parent ZSM-5 with Si/Al ratio of 175 delivers a
propylene selectivity of 35.7% with a C¼2 � C¼4 olefins
selectivity of 69.2%, which is associated with the formation
of a lot of C1–C4 alkanes (9.5%) and Cþ5 products (21.3%). This
is possibly due to the high Si/Al ratio of the ZSM-5 zeolite
employed in the present work, which presents a few strong
acid sites. Earlier studies proved that the total acid sites of
ZSM-5, especially the amount of strong acid sites, decreased
with increasing the Si/Al ratio [10,14].

However, for this acid-catalyzed reaction (MTP),
microporous ZSM-5 catalyst still tends to undergo rapid
coking reactions, leading to the blockage of micropore
channels and to catalyst deactivation [12]. Such contra-
diction would be well solved by the mesopore containing
ZSM-5 catalyst. In this way, even with a lower Si/Al ratio,
the mesoporous ZSM-5 catalyst is usable for a longer
period of time than the conventional catalyst with a higher
Si/Al ratio [14].

It can be clearly seen (Table 4) that compared with the
parent ZSM-5, the alkali-treated catalysts (ATZ-xR samples)
show noticeably higher selectivities to propylene and
butylenes, while their selectivities toward ethylene, C1–C4

able 4

roduct distribution of MTP reaction over the parent and alkaline-treated ZSM-5 catalysts measured at steady state condition.

Catalyst Conversion (%) Selectivity (C-mol.%) C¼2 � C¼4 P/E

C1–4
a C2H4 C3H6 C4H8 Cþ5

b

Parent 99.9 9.5 13.2 35.7 20.3 21.3 69.2 2.70

ATZ-0R 99.8 8.1 11.8 39.8 23.4 16.9 75.0 3.37

ATZ-0.2R 99.7 7.1 10.6 43.9 25.6 12.8 80.0 4.14

ATZ-0.4R 99.8 5.7 9.5 47.2 27.9 9.7 84.6 4.97

ATZ-0.6R 99.7 6.7 10.3 44.4 26.2 12.4 80.8 4.31

a C1–C4 saturated hydrocarbons.

b C5 and higher hydrocarbons.
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anes, Cþ5 hydrocarbons are relatively lower. Detailed
sults show that, although propylene selectivity over ATZ-

 sample (39.8%) is better than that of the purely
icroporous parent sample (35.7%), it is still far from its
timal value. From the point of view of selectivity for
opylene production, the catalytic performance of the
erarchical zeolites desilicated in the presence of TPAOH is
perior in comparison to that of the material treated with
re NaOH (Table 4). However, various proportions
tween both bases (TPAOH and NaOH) also affect the
itial catalytic activity of desilicated materials in the MTP
ocess. Hence, with the increase in TPAOH/(TPAOH + -
OH) ratio of desilicating agent from 0.2 (ATZ-0.2R sample)

 0.4 (ATZ-0.4R sample), the propylene selectivity increases
m 43.9% to 47.2%. But a further increase in the R ratio

TZ-0.6R sample) is not beneficial, which also leads to
creases in propylene selectivity (44.4%). So, it is clear that
e highest propylene production and total olefins selectiv-

 (84.6%) are encountered with the ATZ-0.4R sample.
oreover, the ATZ-0.4R catalyst gives the best propylene-
-ethylene (P/E) ratio (4.97), which is a very important
dex parameter in the MTP process.

Moreover, catalytic stability was improved markedly
on alkaline treatment. Methanol conversion versus time

 stream (TOS) over the parent and selected alkaline-
ated ZSM-5 catalysts is shown in Fig. 7. Clearly, at the

itial reaction period, due to the availability of the majority
 acid sites for methanol, the parent and selected alkaline-
ated ZSM-5 catalysts exhibited nearly full methanol

nversion. However, when time on stream increases, all
lected catalysts reduce their catalytic activity with
fferent deactivation rates, which can be attributed to

the different coverage of acid sites and the blockage of the
pore mouth by carbon deposits based on the previous
literature reports [31,32]. To obtain a quantitative estimate
of the catalytic stability, the ‘‘catalytic lifetime’’ is defined as
the time on stream at which the conversion of oxygenates
(methanol and dimethyl ether) exceeded 90%, which is
denoted by the dashed line in Fig. 7. From an industrial point
of view, a conversion less than 90% is unacceptable for the
MTP process and the catalyst should be regenerated or
substituted [48].

The deactivation of parent ZSM-5 is rather fast and the
methanol conversion falls below 90% after 43 h on stream.
This is in very good agreement with the reported deactiva-
tion behavior of high-silica ZSM-5 in the literature [10]. The
fast deactivation of the parent ZSM-5 can be explained by
coke formation on the acid sites of the catalyst particles,
gradually blocking the diffusion path of oxygenates
(methanol and DME) to the active sites of the catalyst. In
any fixed-bed catalyst operation, the portion of the catalyst
bed that is in the downstream of the reaction front is
deactivated by coking. As the reaction progresses with
increased time, the deactivation front moves through the
catalyst bed, until most of the catalyst bed is deactivated and
the conversion drops rapidly after breakthrough of metha-
nol (and DME) [8].

However, methanol conversion over the alkali-treated
ZSM-5 catalysts exhibits enhanced catalytic lifetime
(Fig. 7). The MTP lifetime values thus obtained for ATZ-
0R and ATZ-0.4R are 63 h, and 80 h, respectively, which is
higher than 43 h for the parent ZSM-5 catalyst. Especially
for ATZ-0.4R, the catalytic lifetime is nearly twice longer
than that of the parent catalyst. So, the lifetime of the
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Fig. 7. Conversion of methanol as a function of time on stream over the parent and selected alkaline-treated ZSM-5 samples.
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atalysts increases in the following order: parent
3 h) < ATZ-0R (63 h) < ATZ-0.4R (80 h). It is interesting

 note that a similar improvement in the catalyst lifetime
as previously reported by Milina et al. using a series of

lkali-treated ZSM-5 zeolites during the methanol-to-
ydrocarbon conversion [31,32].

The prominent difference in the catalytic performance
f parent and alkali-treated ZSM-5 catalysts can be
xplained by the difference in the level of porosity and
cidity as well as by the strength of the acid sites and
ccessibility of reactants to these active sites [13,30]. It has
een reported that the significant changes in the acidity
nd the pore architecture of ZSM-5, resulting from the
lkali treatment, could influence both the activity and the
tability of the ZSM-5 catalyst in the MTH reaction [31–
3]. Hence, it is necessary to understand the relationship
etween the catalyst’s properties and catalytic perfor-
ance before developing an effective catalyst.

Recent studies have proved that the acidity of the
atalyst is one of the most important factors affecting the
eactivity in the MTP reaction. It has been reported that the
onversion of methanol to DME takes place mainly on the
eak acid sites while the conversion of DME (and
ethanol) to light olefins occurs mainly on the strong

cid sites [13,49]. Based on FT-IR and NMR studies,
ampbell et al. [50] also indicated that the initial reactivity
f methanol (the first C–C bond formation) is controlled by
e concentration of Brønsted acid sites, and is not directly

uled by the concentration of extra-framework Al.
Based on the NH3-TPD analysis results, both weak and

trong acid site densities increase by alkaline treatments.
lthough, strong acid sites are the dominant active sites for
TP reaction, they also promote hydrogen transfer

eaction of olefin to saturated hydrocarbons and aromatics,
hich are precursors of coke formation, which deactivates
e catalysts [13,51]. So, the higher stability of alkali-
eated ZSM-5 catalysts compared to the parent one cannot
e explained by the increment of acidity. Nevertheless, as
uggested by the NH3-TPD results in Fig. 6 and Table 3, the
istinct decrease in the strength of strong acid sites upon
lkaline treatments, especially with the NaOH/TPAOH
ixture (ATZ-0.4R sample), can alleviate the hydride
ansfer and cyclization reactions on strong acid sites that

onvert light olefins to paraffins, aromatics, naphthenes,
nd higher olefins. Consequently, the coke precursor
ondensation steps are also attenuated, and therefore
eactivation is minimized [13,34,52]. These results indi-
ate that weakening the acid strength of the ZSM-5 zeolites
pon alkaline treatments can effectively improve the MTP
atalytic lifetime.

However, the marked discrepancy between the life-
mes of parent and desilicated catalysts in the mass
ansfer-limited reaction of methanol to hydrocarbons

annot be rationalized only on the basis of the acidic
roperties. Beside the acidic properties of zeolite catalysts,
tructural properties such as pore size distribution and
hannel length also play a key role on the stability of the
lkali-treated ZSM-5 catalysts [13,53]. Since the majority
f the active sites of the parent ZSM-5 catalysts are located

 its micropore channels, it thus has a particular shape
electivity. Hence, only the reaction-produced molecules

whose size is smaller than that of ZSM-5 channels can
diffuse out as reaction products. The larger spices would be
more likely to become trapped and thereby form a coke
precursor. So, the solely microporous ZSM-5 catalyst is
progressively deactivated as the micropores are filled with
coke deposits, or their entrances become blocked [54]. In
contrast, in the case of hierarchical structured zeolites
(alkali-treated) with intra- and/or intercrystalline meso-
porosity, coke is formed mainly on the external surface
and/or mesopores. Considerably high mesoporosity and
shorter diffusion path length in the alkali-treated ZSM-5
catalysts facilitate the transfer of the coke precursor
towards the outside of the micropores, attenuating coke
deposition in the micropore channels even at a high coking
level. Consequently, the slight coke deposition and the
lesser susceptibility to form more coke deposits can
contribute to the slowing down of the deactivation of
alkali-treated catalysts that ensures the operation of long-
term methanol conversion into light olefins [31–33,55].

The outstanding diffusivity of the alkalie-treated ZSM-5
catalysts has also a great effect on their product distribu-
tion in MTP reaction, which facilitates the removal of the
intermediate products, particularly propylene and butyl-
ene with larger molecular sizes, from the reactive centers
of the catalysts. As a result, the reaction equilibrium shifts
to the formation of propylene and butylene, and also the
probability that these olefins further form higher olefins,
paraffins, aromatics and naphthenes via various secondary
reactions on the acid sites of the catalysts is reduced
[31,33,55]. Thus, the selectivities to propylene and
butylene as well as the P/E ratio over alkali-treated
ZSM-5 catalysts are enhanced as compared with the
parent microporous ZSM-5 catalyst (see Table 4), while
selectivities to other products, including C1–C4 alkanes,
ethylene and Cþ5 hydrocarbons (including aromatics), are
decreased, which corresponds to the hydrocarbon pool
mechanism. According to this mechanism, there are two
possible hydrocarbon pool cycles on ZSM-5 catalyst, Cþ3
alkenes methylation and cracking cycle (olefin-based
cycle) and (poly)methylbenzene methylation and deal-
kylation cycle (aromatic-based cycle) [56]. Propylene and
higher alkenes are mainly formed through the olefin-based
cycle, whereas ethylene is predominantly formed from the
aromatic-based cycle. Due to this inference, with the
improvement of diffusivity, the residence time of the
(poly)methylbenzene intermediates in the microporous
reaction zone is shorter in the desilicated samples, leading
to less secondary dealkylation reactions, then the forma-
tion of ethylene is diminished and the olefin-based cycle
plays a major role in the MTP reaction [57,58]. Therefore,
noticeably higher propylene selectivity and higher P/E
ratio were achieved with the alkali-treated ZSM-5
catalysts.

It should be noted that the increase in the number of
strong acid sites after alkaline treatment may be favorable
to a higher propylene selectivity and P/E ratio in MTP
reaction over hierarchical mesoporours ZSM-5 catalysts.
Increased numbers of strong acid sites allow one to
increase the opportunities for the MTO reaction (C–C bond
formation) and the mesopore structure accelerates the
removing of primary olefins from the catalyst’s pores. So,
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e aromatic-based cycle is suppressed while the olefin-
sed cycle is dominated, which enhances propylene
lectivity and P/E ratio [13,58].
Furthermore, the NH3-TPD results (Table 3) also present

gher amounts of weak acid sites for alkali-treated ZSM-5
talysts (ATZ-0R and ATZ-0.4R samples) compared to the
rent one, which may also promote propylene production
able 4) and improve MTP catalytic stability (Fig. 7). The
eak acidity, in addition to the fact that the catalyst
rticipates in the conversion of methanol to dimethyl
her, can also catalyze the alkylation and methylation
actions, which highly influences propylene selectivity
cording to the dual-cycle concept [49,57,59]. Moreover,
eak acid sites efficiently hinder various side-reactions
oducing saturated hydrocarbons and aromatics (Cþ5 ).
nsequently, alkali-treated catalysts with higher weak
id sites exhibit better anti-coking capability than that of
rent ZSM-5 catalyst for long-term stability in the MTP
action [13,49].

Finally, our main conclusion is that the ZSM-5 zeolite
ated with a mixture of NaOH/TPAOH represents the best

talytic performance, including the highest propylene
lectivity and P/E ratio as well as the longest catalyst
etime, among all the studied catalysts. From a catalytic
int of view, not only the accessibility of the active
nters of the catalyst is important, but the number and
ength of the acid sites are also essential factors

0]. Hence, the best catalytic performance for the MTP
action over the NaOH/TPAOH-treated ZSM-5 catalyst
TZ-0.4R) could be attributed to well-developed meso-
res (only intracrystalline mesopores) with the highest
erarchy factor (0.195), which will shorten the diffusion
th and improve the accessibility of reactants to reactive
es as well as reduce the strength of acid sites without
ering the intrinsic acidity of high-silica ZSM-5 [60].

 Conclusions

In this work, the physicochemical properties and MTP
talytic performance of high-silica ZSM-5 zeolites (Si/

 = 175) modified with pure NaOH or a mixture of NaOH
d TPAOH have been investigated, and the results have
en compared to those of the parent ZSM-5. The
aracterization results reveal that the alkaline treatment

 ZSM-5 zeolite leads to the formation of a hierarchical
rosity as well as to a reduction in the strength of the acid
es without severely damaging the crystal structure and
trinsic acidity of the zeolite. Additionally, it is demon-
ated that the presence of TPA+ cations in the alkaline

edium results in the formation of a narrower and
iform mesopore size distribution size distribution
mpared to the one obtained by treatment in pure NaOH.
vertheless, the high concentration of TPA+ is not
neficial to the development of further mesoporosity.
nce, the ZSM-5 zeolite treated with TPAOH/
aOH + TPAOH) = 0.4 represents the best catalytic perfor-
ance, including the highest propylene selectivity (47.2)
d P/E ratio (4.97) as well as longest catalyst lifetime
0 h) in the catalytic conversion of methanol to propylene
ong all catalyst samples. The lower strength of its acid

reactive centers due to its well-developed mesopores,
leading to the propagation of the olefin-based cycle over
the aromatic-based cycle in methanol-to-hydrocarbon
catalysis, could be the reasons to explain the better
catalytic performance of ATZ-0.4R catalyst.
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