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Abstract

In this study, ZSM-5 was synthesized via the hydrothermal method and then
extruded using aluminophosphate as a binder. Before using it as a catalyst in metha-
nol to propylene reaction, it was tried to eliminate the undesired contributions of
the used binder by hydrothermal post- treatment. The experimental design and the
analysis of the results, especially the relation of characterization results and reactor
performance, are performed by optimal response surface method in Design Expert
Software. The effects of the exposing time and the temperature during the steaming
procedure on the catalytic characteristics and the performance of this system were
investigated for two different average particle sizes (75 and 150 pm) of this cata-
lyst. The results of the post-treatment represent the main dependency on the catalyst
particle size, where the catalyst with smaller particle size showed lower methanol
conversion and selectivity towards light olefins. It was concluded that an increase in
the particle size of the catalyst intensifies the transport restrictions within the zeolite
structure, which consequently increases the intra-particle residence time for produc-
tion of higher hydrocarbons and then facilitates their cracking in order to produce
more light olefins. This needs to be taken into consideration while synthesizing the
catalyst for large-scale application.
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Introduction

Propylene is an important intermediate chemical, which is consumed mainly for
producing propylene oxide, polypropylene and acrylic acid and many other pet-
rochemicals. Until recently, around 88% of the propylene was being obtained as
the byproduct of naphtha cracking [1]. However, having considered the growing
tendency for the utilization of natural gas resources for chemical production, it is
predicted that the production of olefins from oil will decrease. Therefore, using
an alternative on-purpose process for propylene production is necessary. Meth-
anol-to-propylene (MTP) is an alternative promising technology through which,
the already produced methanol from various sources (such as coal, natural gas,
and biomass) are converted into propylene [2, 3].

In the literature, several types of zeolites have been introduced as the catalyst
for the MTP process [4-6]. For industrial applications, the zeolite catalyst is gen-
erally extruded with a binder. Although the binder is primarily used to produce
a desired physical shape and mechanical strength, using a binder in the catalyst
structure can change the proton-exchange efficiency and physical occupation of
the zeolite pores [7, 8]. The binder presence affects the porosity, diffusion and
textural properties of the catalytic body, which lead to decreasing the accessibil-
ity of the gas species to the active sites [9, 10]. Therefore, it is necessary to elimi-
nate the disadvantage of the binder existence. The hydrothermal post-treatment is
a method to modify the textural properties and the structure of the catalyst. Till
now, the experiments on the post-treated extrudates ZSM-5 in the catalytic appli-
cation of methanol dehydration reaction are especially rare.

It is well known that the products distribution of the MTP process, as well as
its catalytic lifetime, strongly depends on the zeolite framework structure, its pore
architecture and acidity [2, 11]. Jabbari et al. [12] showed that increase of SiO,/
Al,O; ratio leads to higher selectivity and stability of the catalyst. In the study
of Ghalbi-Ahangari et al. [13] the addition of Ce decrease the surface acidity of
catalyst. Liu et al. [14] partially eliminated the strong acid sites on the ZSM-5
catalyst by adding phosphorus which leads to enhancement of the propylene
selectivity and catalytic lifetime. In another study, Dehertog and Froment [15]
revealed that phosphorus modification led to a significant decrease in the activity
of the acidic zeolite and resulted in an improved selectivity towards light olefins.
Therefore, using a binder which contains phosphorus moderates the acidity of the
zeolite and improves the capability of shaping it, accordingly, aluminophosphate
can be considered as the binder for MTP catalyst [16]. Using mild steaming for
extruded zeolite catalysts by aluminophosphate binder has one more advantage,
which is the stabilization of the zeolite structure due to the reaction of the binder
with the extra-framework aluminum [17-19].

In the current study, we tried to utilize the potentials of adding a promoter
(phosphorous) in the structure of the binder and yet eliminate the disadvantages
of the binder presence on the catalytic performance by hydrothermal post-treat-
ment (steaming) of the catalyst. The extrudate zeolite is still not well investigated
both in the change of catalyst properties during steaming and its performance
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during the MTP reaction. In this context, the effects of the exposing time and
temperature during the steaming procedure on the catalytic characteristics and
the reaction performance of this system were investigated for two different par-
ticle sizes of the catalyst. A comprehensive investigation of the effective param-
eter on the steaming needs to study systematically with the least experiments and
the most effective parameters. Design of experiments (DoE) is a methodology for
systematically applying statistics to experimentation. Unlike OFAT (one-factor-
at-a-time) which consists of varying one variable at a time while all other vari-
ables held constant, DoE provides a quick and cost-effective method for solving
complex problems with many variables [20, 21].

In this paper, the effect of steaming conditions on the catalyst structure and per-
formance was investigated in two steps. In the first step, a series of experiments were
performed to determine the effective parameters and their ranges. At this step, it
is tried to conducting the steaming in the conditions which have high methanol to
propylene conversion, as well as an acceptable amount of olefin selectivity (the con-
version rate of methanol above 80% and the selectivity of propylene greater than
30%). Next, the Optimal Response Surface Method (ORSM) is used to minimize the
number of experiments and determine the main effects of the variables as well as
their interactions by varying the values of all variables in parallel. The design expert
software was used for designing the experiments and thereby to analyze the reactor
results and recognize the effective parameters on the steaming process. In the first
step, the relation between characteristic properties and the catalytic performance is
assessed. In the second step, the effects of each indicated parameter on the catalytic
performance are investigated in order to assess the impact of steaming conditions on
the methanol conversion and olefins production in a wide range and make the results
applicable for future works.

Experiments and methods
Catalyst preparation

ZSM-5 was synthesized by applying the modified hydrothermal method reported
by Zhu et al. [22], where the relative ratio of materials is SiO,: 0.0025 Al,O5: 0.15
TPAOH: 0.075 Na,O: 10 H,O. Two solutions were separately prepared in the alkaline
environment (pH 11) for aluminum and silica sources. In the first solution, TPAOH and
Na,Al,O, (as alumina source) were added and the solution was mixed for 30 min. In
the second solution, SiO, was added and mixing was continued for 30 min. Then the
second solution was added to the first one dropwise and the resulted solution was mixed
for 2 h and it was then put into an autoclave for aging at 180 °C for 24 h. The produced
solid was washed with distilled water and then dried at 100 °C overnight. Finally, it was
calcined at 550 °C with ramp 5 K/min for 5 h. The H-form of the produced ZSM-5 was
obtained by impregnating it with 1 molar NH,NO; at 80 °C for 8 h followed by wash-
ing, drying and calcination at 550 °C. Then, 20 wt% aluminophosphate was added to
the H-ZSM-5 according to the method described in details in Ref. [23]. The steaming
procedure was carried out for catalysts particles with the mean particle size diameters
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of 75 and 150 pum at the temperature range of 450-550 °C for 0-24 h. The steaming
flow was 1 mL/h for 1 g of catalyst. These catalysts are denoted here as Z-S (T, t) where
S, T, and t respectively refers to the average size (um), temperature (°C) and time (h).

Catalyst characterization

Powder X-ray diffraction (XRD) patterns were conducted by a Bruker D8 Advanced
diffractometer, using Co-Ka radiation (A=1.78897 A, 40 kV, 35 mA) at a scanning
rate of 2 °/min from scan range of 10° to 90° (26). The bulk composition of the pre-
pared samples was determined by X-ray fluorescence (XRF) analyzer (BRUKER, S4
Pioneer) revealing the SiO,/Al,O; ratio. The surface textural properties and distribution
of the components on the catalyst surface were determined by Zeiss Gemini Leo 1530
scanning electron microscopy (SEM) and their EDX analysis.

Nitrogen adsorption—desorption isotherms were measured by a BELSORP-mini
(BEL) at — 196 °C. Before measurements, the samples were degassed at 300 °C under
vacuum for 5 h. The Brunauer—-Emmett—Teller (BET) equation was applied to evaluate
the specific surface area. The total pore volume was derived from the nitrogen amount
adsorbed at a relative pressure of 0.99. The external surface area and the micropore
volume were calculated by t-plot method, while the properties of mesoporosity were
derived from the BJH method.

Temperature-programmed desorption of ammonia (NH;-TPD) was performed to
determine the acidity of the samples. Before the measurements, about 100 mg of each
sample was degassed at 550 °C for 2 h and then saturated with ammonia at 80 °C.
After saturation, the sample was purged with helium for 30 min to remove the weakly
adsorbed ammonia on the surface of the catalyst. The temperature of the sample was
then raised from 80 to 550 °C at a heating rate of 10 K/min. Finally, an MS detector
was used to determine the amount of the adsorbed ammonia.

Catalytic test

The catalytic activity of the catalysts for MTP was tested in a fixed-bed reactor with
8 mm inner diameter and 30 cm length. The catalysts were steamed each time at the
desired conditions and then the reaction was performed at 460 °C. In all experiments,
the feed was composed of an equal mass fraction of methanol and water and weight
hour space velocity (WHSV) was kept at 1 h™!. The product stream was analyzed by
gas chromatography (Varian-3800) equipped with FID detector and HP-PLOT Q col-
umn. The product analysis was conducted after 4 h of time on stream when the compo-
sition of the products became constant and the reactor reached steady state.

Experimental design
Response Surface Method (RSM) is an empirical statistical technology that uses

quantitative data obtained from appropriately designed experiments to deter-
mine regression model and operating conditions [24]. The use of RSM has been
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accentuated for developing, improving and optimizing the complex processes and to
evaluate the magnitude of various influencing parameters [21, 25], which has widely
been applied in chemical engineering and catalysis. Optimal response surface (ORS)
designs are widely used in experiments involving several factors where it is nec-
essary to investigate the interactions effects of the factors on a response variable.
ORS design is useful at the start of a response surface study where screening experi-
ments should be performed to identify the important process or system variables.
This design is often used to fit a first-order response surface model and to generate
the factor effect estimation [26].

In this paper, the parameters of steaming as well as their ranges are chosen for
the mild steaming. Regarding the steaming temperature, based on the results of the
experiments which carried out at temperatures below 450 °C, the steaming did not
make any change in the reactor results comparing to the catalyst without steaming
post-treatment. At temperatures higher than 550 °C, the steaming is severe and can
destroy the catalyst structure [27, 28]. With regard to the steaming time, it does not
actually affect the output of the reactor at less than 3 h, and the results are simi-
lar to the catalyst without steaming post-treatment. Increasing the steaming time to
more than 24 h leads to reducing the conversion of methanol and the production of
propylene (the methanol conversion less than 80%, and the selectivity of propylene
less than 30%). In the case of the size of the catalyst particles, they are chosen to
have mass transfer resistance in the particle. The steaming for the particles below
than 75 pm, significantly reduces the acidity and reduces the conversion rate (less
than 80%), and increasing the particle size of the catalyst more than 150 um do not
make significant differences to of the particles with a size of 150 um. Therefore, the
range of variation for the parameters are the steaming temperature in the range of
450-550 °C, the steaming time in the range of 3—24 h and two representative particle
sizes for the range of 63—88 um (average 75 um) and for the range of 125-177 um
(average 150 um).The design expert software was used for designing the experi-
ments and thereby to analyze the reactor results and recognize the effective param-
eters on the steaming process. In this manner, five samples were determined as case
studies for investigation of three parameters in steaming. The proposed experiments
by Design Expert software are shown in Table 1.

Results and discussion
Catalysts characterization

The XRD patterns for the HZSM-5 and the hydrothermally post-treated catalysts are
shown in Fig. 1. The results indicate that the steaming process does not change the
structure of the catalyst as ZSM-5 representative structure was continued to appear
in the structure of all catalysts. Moreover, the results are in agreement with the
results of previous studies [17, 19, 29, 30], which indicate the existence of phospho-
rus promoting the hydrothermal stability of the HZSM-5 catalyst. It was observed
that the steaming conditions and the particle size are the effective parameters on the
formation of AIPO, (main peak 20=32°) in the catalyst. As it is shown in Fig. 1,
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Table 1 The proposed

. < by Desion E Catalyst name Steaming tem- Steaming Particle
experiments by Design Expert perature (°C) time (h) size (um)
software

Z-150(550-24) 550 24 150
Z-75(550-13.5) 550 13.5 75
Z-150(450-3) 450 3 150
Z-75(450-24) 450 24 75
Z-150(500-13.5) 500 13.5 150
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Fig. 1 The XRD patterns for the HZSM-5 and hydrothermally treated catalysts (hydrothermal condition:
temperature 450, 500, and 550 °C; time: 3, 13.5, and 24 h; particle size: 75 and 150 pm)

the steaming enables AIPO, appearing in the crystal form over the larger particle
size (150 pm) catalysts, where the intensity was changed by steaming condition.
However, there is no crystal form AIPO, in the structure of the smaller particle size
(75 um) catalysts due to the formation of the amorphous phase and/or the good dis-
persion of the aluminophosphate.

The XRD results indicated the effect of particle size on the transformation of the
solid phases. Therefore, in order to analyze the changes over the catalyst surface,
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SEM-MAP was conducted for the catalyst particle sizes of 75 um and 150 pm. The
results are shown in Figs. 1S and 2S. In these figures, the mentioned circles indicate
the existence of Al (left pictures) and P (right pictures), and the background indi-
cate Si and O (that means the whole surface except for circles). According to the
results, the dispersion of Al, P and O are very well on the surface of the smaller par-
ticle size and all of them are at the same location, therefore, these results beside the
XRD results verify the good dispersion of aluminophosphate phase. The Al, P, and
O elements are more concentrated at the same place on the surface of the catalyst
with 150 um particle size. According to the results, the mass transfer limitations for
penetrating phosphorus into the pores of the larger particle and stronger attraction
between phosphates and extra-framework aluminum [17, 30, 31] leads to the forma-
tion of AIPO, phase. It has been demonstrated that the extra-framework AIO(OH)
species, which were present before phosphatation will react with the phosphorus to
form an extra framework amorphous AIPO, phase [19, 32]. Hydrothermal treatment
leads to crystallization of this phase as AIPO, islands [19, 32]. Therefore, the AIPO,
phase appeared in the XRD patterns. The results of the nitrogen adsorption—desorp-
tion experiments are shown in Table 2.

The addition of binder decreases the specific surface area because the binder par-
tially occupies the catalyst pore volume. Steam post-treatment has a similar effect
on the specific surface area as it intensifies the thermal shrinkage of the surface. The
change in BET surface area of steam post-treated catalyst is similar to the reported
results of Almutairi et al. [27]. The results indicate that the steam post-treatment can
have a significant impact on the specific surface area, where, these conditions affect
the total pore volume and the distribution of pore diameters. Nevertheless, accord-
ing to the XRD results, the catalysts structure remain stable through the steaming,
while the total pore volume increases and it reaches to the higher value of extru-
dates ZSM-5 catalyst, therefore, increasing micropore volume at a constant structure
means opening the blocked channel. According to the results shown in Table 2, the
steaming recovers the micropore volume of extrudate catalyst and reaches the value
of ZSM-5 particles. The similarity between micropore volume of ZSM-5 particle
and those of the post-treated extrudates catalyst provides another evidence for the

Table 2 The results of the nitrogen adsorption- desorption experiments

Catalyst a pET (m?/g) Micropore vol- ~ Mesopore vol-  The ratio of surface area

ume (cm?/g) ume (cm®/g) for pore diameter 1 to
0.6 nm

HZSM-5 340 0.14 0.13 -

Extrudates 295 0.1 0.04 0.4

HZSM-5

7-150(500-13.5) 218 0.14 0.06 0.91

7-150(550-24) 220 0.15 0.07 1.02

Z-150(450-3) 219 0.13 0.07 0.86

Z-75(450-24) 217 0.15 0.06 1.42

Z-75(550-13.5) 216 0.15 0.05 1.34
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migration of the binder into the structure of the catalyst during steaming and thereby
reducing the number of the blocked channel through steaming. The pore size dis-
tribution measured by the t-plot and BJH methods for micro and mesoporous are
shown in Figs. 2 and 38, respectively.

According to the results, the extrudate catalyst without steam post-treatment has
a micro-mesostructure and after steaming it converts to a microporous structure with
higher pore diameter. The steaming conditions change the area distribution for pore
sizes of 0.6 and 1 nm (Fig. 2). To clarify this effect, the ratios of surface area for
pore diameter 1 to 0.6 nm are calculated as shown in Table 2. According to the
results, the catalyst particle size is a very effective parameter regarding its impact
on the surface area distribution so that the catalyst with lower particle size has the
higher surface distribution of 1 nm pore diameter.

The results of the surface acidity and the Si/Al ratio are shown in Table 3.

The steaming significantly affects the catalyst acidity and the Si/Al ratio. This
is more pronounced for the smaller particle size catalyst, especially for long time
steaming (24 h). As seen in these reported results, dealumination has occurred dur-
ing the steaming and the acidity is decreased by increasing the Si/Al ratio. For the
smaller particle size, the number of weak acid sites is not as much affected by the
steam treatment as the number of strong acid sites. This is in agreement with the
reported trends in literature for a similar system [19, 29, 33, 34].

Although the steaming conditions are not the dominant factors contributing to
the observed change in the acidity of the larger particle size, the steaming post-treat-
ment however, transforms the strong acidity to the weak one and thereby enables
the formation of a new type of weak acid site [19]. According to the XRD and SEM

S
©
= == <Bounded HZSM-5
5 . — . -7-150(450-3)
g / eeseee 7-150(500-13.5)
g A\ / \ =—=7-75(450-24)
=
3 NEN -~
© P * - * em ¢ e o @am o am o
e
<
A
wvﬁlaa—‘
[0 0.5 1 15 2 2.5

Pore diameter (nm)

Fig.2 The area distribution versus pore diameter according to t-plot method for the HZSM-5 and hydro-
thermally treated catalysts (hydrothermal condition: temperature 450, 500, and 550 °C; time: 3, 13.5, and
24 h; particle size: 75 and 150 pm)
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Table 3 The results of the

surface acidity and Si/Al ratio Catalyst Acidity, mmoINHy/g SUAI
Weak Strong
Extrudates HZSM-5 0.11 0.23 180
Z-150(500-13.5) 0.19 0.13 192
Z-150(550-24) 0.2 0.1 190
7-150(450-3) 0.18 0.12 191
Z-75(450-24) 0.1 0.06 218
Z-75(550-13.5) 0.12 0.09 216

characterization results of the structure of larger particle size, it can be observed that
the AIPO, is established during the steaming and the steaming conditions have less
impact on the Si/Al ratio (Table 3) and thereby on the catalyst acidity. This indicates
that the phosphorus either inhibits the migration of aluminium species or prevents
dealumination altogether for larger particles [17, 18, 29, 30]. Therefore, the presence
of the AIPO, crystalline phase results in a more stable aluminum in the catalyst.

Experiments design and statistical analysis

The proposed catalysts by design expert software (Table 1) were synthesized and
the results are presented in Table 4. To validate the predicted results of experimental
design, the catalysts with 8 h steaming time and 500 °C steaming temperature were
synthesized for both particle sizes (75 and 150 um), and the results also are shown
in Table 4. The equations describe propylene and ethylene yields (Yp, and Yp,) are
shown in Table 1S. The results indicate that predicted ethylene and propylene yields
are in good agreement with the actual experimental data. A first order equation is
fitted to the results of propylene and ethylene yields, and their analyses of variance
(ANOVA) are illustrated in Tables 2S and 3S, respectively. P values less than 0.05

Table4 The observed and predicted propylene and ethylene yields (feed: 50 wt% methanol in water,
WHSV: 1 h™!, reactor temperature: 460 °C)

Catalyst Observed propyl-  Predicted propyl-  Observed ethylene Predicted
ene yield % ene yield % yield % ethylene
yield %

Extrudates HZSM-5 30 - 10 -
Z-150(500-13.5) 49 46.9 21 22.1
Z-150(550-24) 50 47.7 25 242
Z-150(450-3) 45 46.0 20 20.0
Z-75(450-24) 38 35.0 13 12.7
Z-75(550-13.5) 41 40.3 16 16.6
Z-150(500-8) 50 49.1 24 22.8
Z-75(500-8) 38 38.8 13 14.6
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indicated high significant regression at 95% confidence level, and also the larger
F-values results in significant model and well predicted coefficients [35]. The results
given in Tables 2S and 3S showed that this regression was statistically significant.
The products distribution and carbon balance of prepared catalysts and commercial
catalyst are shown in Table 4S. According to the results, catalyst with larger parti-
cle size has similar reactor performance to of commercial one. The carbon balances
of all experiments were higher than 90%. Therefore, the accuracy of the results are
acceptable.

Effect of process variables

The methanol conversions for both particle sizes are shown in Fig. 3. The catalyst
with smaller size shows the lower conversion where after being hydrothermal treated
at a higher temperature and for a longer time up to 15 h, the methanol conversion
increases. The methanol conversion is decreased for steaming time higher than 15 h
for all temperatures. The observed trends in methanol conversion can be explained
by the TPD results, so that increasing steaming time decreases the total and strong
acid sites of the smaller particle catalyst and cause to decreasing methanol conver-
sion. The results of the methanol conversion observed for the larger particle size
indicate that the impact of steaming time on the methanol conversion is higher than
the impact of the temperature, such that the temperature over 500 °C has no signifi-
cant impact on the methanol conversion. The observed difference in the methanol
conversion of the catalyst with the small and large particle sizes, as represented in
Fig. 3, is due to the change in the structure and acidity of the catalysts during the
steaming process. The BET results showed that the change in the catalyst structure
during the steaming process depends on the catalyst particle size, so that the smaller
particle size has the higher ratio of pore diameter 1 to 0.6 nm (Table 2). Therefore,
in the catalyst with smaller particle size there is more accessibility to the active site
yet the TPD results showing lower acidity. The catalyst with larger particle size has
more methanol conversion. Therefore, it does not seems that any limitation on the
accessibility of reactants to the active sites plays a significant role, therefore, in this
case the methanol conversion is controlled by the acidity of the catalyst.

The trends of “propylene +ethylene” (light olefins) yields versus time and tem-
perature of steaming for both catalyst sizes are shown in Fig. 4.

Although the particle size has no significant impact on the propylene yield (As
shown in Fig. 45), it has more influence on the ethylene and heavy olefins produc-
tion (Cs, Cg and Cq,). The amount of produced light olefins for the catalyst with
larger particle size is more than the one generated using the smaller particle size.
Although the steaming conditions have significant impacts on the light olefins yield
of the catalyst with larger particles, it has less effect on the light olefins yield of the
smaller one. The light olefin (C2+ C3) yields was increased from 58% for 75 pum
ZSM-5 catalyst particle size to 78% for 150 um ZSM-5 catalyst particle size at the
same conditions of steaming (ST: 550 °C, St: 12 h), where the highest reported
light olefins yield are around 75-80% [36-39]. Therefore, the particle size plays an
important role in tailoring the product distribution and providing the maximum light
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Fig. 3 The methanol conversion for the catalysts with average particle sizes a 75, and b 150 um versus
steaming time and temperature (feed: 50 wt% methanol in water, WHSV: 1 h™!, Reactor temperature:
460 °C)

olefins yield. The observed results in terms of the light olefin yields are in agree-
ment with the reported results in several previous studies [40—43]. Sugimoto et al.
[40] have reported that the light olefins selectivity has been increased by increasing
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Fig. 4 Light olefins yield for the catalysts with average particle sizes a 75, and b 150 um versus steaming
time and temperature (feed: 50 wt% methanol in water, WHSV: 1 h~!, reactor temperature: 460 °C)

the particle size where the effect of particle size on the ethylene selectivity has
shown to be more significant. The results of Rownaghi et al. [41, 42] indicated that
ethylene selectivity is higher for the catalysts with larger particle size. Khare et al.
[44] showed that the selectivity towards C, increases monotonically while that of
C,—C; hydrocarbons decreases with increasing the crystallite size. The observed
increase in the light olefin selectivity in this study is attributed to the improved prod-
uct shape selectivity of the catalyst and the addition of AIPO, phase in the structure
of larger particle size during steaming, which affects the diffusion characteristics by
decreasing the pore dimensions and openings. This particularly led to longer dif-
fusion pathways for reactants and products [45, 46] and provide the conditions for
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Fig.5 Time on stream analysis of extrudates HZSM-5, Z-150(550-12) and Z-75(550-12) catalysts (feed:
50 wt% methanol in water, WHSV: 1 h'l, reactor temperature: 460 °C)

multiple methylations and consequently cracking of higher hydrocarbons before
exiting the catalyst. As a result, the amount of light olefins, unlike the higher ones, is
reduced. Moreover, the steaming post-treatment transforms the strong acidity to the
weak one, which has a positive effect on the light olefins production.

Time on stream analysis

The time on stream analysis was conducted for three samples of catalyst and the
results are shown in Fig. 5. One of the samples is the catalyst without steam post-
treatment and others are the post-treated catalysts with 75 and 150 um particle sizes
at 12 h of steaming time and 550 °C of steaming temperature. The results indicate
that the stability of the catalyst without steam-treatment is low and the steaming
leads to increasing the catalyst stability. Although the catalyst with smaller particle
size has the lower light olefins selectivity, it is more stable in MTP. For the catalyst
with larger particle size, the longer diffusion pathways for reactants and products
lead to cracking of higher hydrocarbons and consequently increase potential of coke
formation on the catalyst surface. Therefore, the activity of the catalyst with larger
particle sizes was decrease after 160 h of time on stream and thereafter the heavy
olefins which exit the reactor without cracking are increased.

Conclusion
In this study, the effect of steaming process on the catalyst structure and the perfor-

mance of the MTP reaction was investigated. It was observed that the pore size and
the pore volume of the catalyst are generally increased by steaming and the particle
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size plays an important role in this context. The catalyst with larger particle size with
smaller pores shows higher methanol conversion and therefore, it can be concluded
that there is no limitation with regard to the accessibility of the reactants in the MTP
system and the methanol conversion is controlled by the acidity of the catalyst. The
amount of light olefins obtained for the catalyst with larger particle size is more
than the ones achieved for the smaller size catalyst. This difference is attributed to
the improved product shape selectivity of the catalyst and transforming the strong
acidity of the surface catalyst to the weak one. The occurring change in the structure
of the larger particle size causes a change in the diffusion characteristics of the cata-
lyst by decreasing its pore dimensions and openings. This leads to longer diffusion
pathways for reactants and products, which might facilitate multiple methylations
and consequently cracking of higher hydrocarbons before exiting the catalyst. As a
result, the amounts of light olefins, unlike the higher ones, are reduced in this case.
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