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Abstract

In this paper, conventional SAPO-34 and Cerium Hierarchical SAPO-34 zeolites are
synthesized using a hydrothermal method for methanol-to-propylene (MTP) reaction.
The Ce-H-SAPO-34 catalyst shows a slightly larger crystal size, bimodal pore size
distribution (microporous and mesoporous) and lower surface acidity compared to
conventional SAPO-34 catalysts. According to these physicochemical properties and
the previously suggested reaction mechanisms on the conventional SAPO-34 catalyst, a
new reaction network is introduced for Ce-H-SAPO-34 catalyst. This was based on the
data collected from a catalytic micro reactor in the temperature range of 390-450°C and
at atmospheric pressure. The lumped kinetic model and the reaction rate expression
have been introduced by considering the reaction network. The parameters were then
estimated based on the experimental data using genetic algorithms. Comparing the
experiments with the predicted data suggests a good correlation between the

experimental data and the model.
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Introduction

Propylene, with a chemical formula of CH;CH=CH,,
undoubtedly is one of the oldest and earliest raw
materials which is mainly used for polypropylene
production. Also, some other petrochemical industries
which produce Cumene, Oxo alcohols, propylene oxide
and acrylonitrile are using propylene as feedstock. The
propylene increasing demand in the international market
and decreasing oil resources as the main route of
propylene production, lead to developing processes with
reasonable propylene productivity [1-3]. The methanol
to olefins (MTO) process, which was commercialized

by UOP/Hydro and the methanol to propylene (MTP)
process, which was developed by Lurgi, are known as
two interesting alternative sources for propylene
production that are not dependent to oil resources.

The MTO process utilizes a SAPO-34 catalyst that
promotes a high selectivity toward ethylene and
propylene as light olefins (>80 %). This molecular sieve
has an 8-membered ring with a narrow pore opening
(0.38 nm x 0.38 nm) and large CHA cages. One of the
most common disadvantages of this catalyst is the high
amount of coke formation, which is trapped into SAPO-
34 cages and leads to quick catalyst deactivation.
Therefore the MTO process requires a fluidized bed
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reactor [4].

In contrast, the MTP process uses a ZSM-5 zeolite in
a fixed bed reactor. This catalyst has a three-
dimensional 10-membered ring channels; Some micro
pores (0.51 nm x 0.55 nm) exists in a zigzag channels
parallel to plane (100) and some others (0.53 nm x 0.56
nm) appears in straight channels parallel to plane (010)
in a MFI framework. The unique structure and surface
acidity of this catalyst leads to high propylene-to-
ethylene (P/E) ratio in the process; therefore the above
process predominantly produces propylene [5-7].

Some modifications have been applied to the SAPO-
34 catalyst in methanol to olefin reaction, to inhibit the
rapid catalyst deactivation and to improve propylene
selectivity. These modifications follow some strategies
like tuning of acid sites, reducing the zeolite crystal
dimensions and applying some tailored additives to
improve the productivity of the process [8, 9]. The
reduction of the diffusion barrier is another technique
that can be applied by introducing mesoporosity during
the hydrothermal synthesis of zeolite crystals, to achieve
a hierarchical structure [10, 11]. In most SAPO-34
catalyst cases, the hierarchical structure is known as a
bimodal pore system (mesoporous and microporous),
which showed superior performance in comparison with
conventional ones [11-13]. Besides, the presence of
mesopores in the hierarchical SAPO-34 provides a
proper site for deposition of metals and metal oxides as
new active sites. The impregnation of SAPO-34 with
metal particles may lead to modified material with
different textural properties such as profound changes in
acidic characteristics [14, 15].

It is essential in the petrochemical industry to
evaluate the performance of this catalytic process (i.e.
methanol conversion and propylene selectivity). It
seems that the kinetic models of the MTO/MTP process
could be necessary for MTO/MTP reactor design,
modeling and processes optimization in the initial
commercial evaluation. Such kinetic models applied in
the simulation of various types of reactors to estimate
product distribution and to determine the reactor
dimensions [16]. Few researchers focused on
MTO/MTP reaction pathway and its related kinetic
model. The reaction network of the methanol
conversion to olefins is very complex and most of the
researchers had not been considered the reaction
intermediates. They had developed Ilumped kinetic
models based on "Hydrocarbon pool" mechanism [17-
19]. In the suggested mechanism, DME and methanol
instantly reach to equilibrium, over the surface of the
catalyst. Therefore both of them can contribute as a
feedstock to produce various types of hydrocarbons.
This carbon pool is repeatedly building up and breaking
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down to yield methane, lower molecular weight olefins
(C-Cs") and coke.

Gayubo et al. [20] studied a lumped kinetic model to
predict the formation of light olefins from methanol on
a SAPO-18 catalyst in a variety range of operating
conditions. That kinetic model proposed three
consecutive steps that change with reaction time. The
active intermediate compounds were created in the first
step (initiation period) of the reaction. The latter steps
are olefin production and deactivation process,
respectively. They examined several reaction networks
to find out the reaction pathways. Some of these
reaction pathways suggested the connection of lighter
olefins species in the hydrocarbon pool to form higher
molecular weight olefins. The other reaction network
assumed the direct reaction of methanol/DME with
intermediate compounds in the hydrocarbon pool for the
formation of different kinds of olefins. There was no
significant difference between these two proposed
models. In another try, a seven lumped kinetic model
was developed by Aguayo et al. [21] to express the
methanol to hydrocarbon reaction (MTH) product
distribution over a high acidic HZSM-5 zeolite. Their
recommended kinetic model fitted well the experimental
data which was acquired at 400-550 °C temperature
range in a catalytic fixed bed reactor. The methanol
retention time in the reactor was varied during the
kinetic study to obtain different methanol conversion
and its effects on the product distribution. Also, Taheri
Najafabadi et al. [22] presented a new ten lumped
kinetic model for methanol to olefins process on the
fresh SAPO-34 catalyst by use of a suitable reaction
network. Their experimental data was acquired from a
catalytic micro reactor in three different reactor
temperatures (400, 425 & 500°C) and three different
methanol space time (0.86, 1.69 & 2.98 (gcat. h/mol
MeOH)). The proposed kinetic model had an excellent
capability for the prediction of conventional SAPO-34
catalyst performance.

Most of the previous lumped kinetic models for
MTH, MTO and MTP processes, were suitable for
predictions of the performance of SAPO and ZSMS5
catalysts with narrow entrance pore. The effects of the
pores structure on the reaction pathway and its related
kinetic models have not been investigated in any
researches until yet.

In the present study, the cerium impregnated
hierarchical SAPO-34 catalyst was synthesized using n-
propylamine (NPA) and Cerium nitrate for the MTP
process. The kinetic model was studied on the Ce-H-
SAPO-34 catalyst in an integral fixed bed reactor. The
methanol to olefin process reaction network on
conventional SAPO-34 catalyst which was introduced
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by [22], has been modified to find out new reliable and
straightforward reaction pathways on Cerium promoted
Hierarchical SAPO-34 catalyst. By considering reaction
mechanism, the equation of reaction rates was
introduced, and the reaction rate parameters (i.e. pre-
exponential factors and activation energy) were
estimated by genetic algorithm.

Materials and Methods

Materials

Ortho-phosphoric acid (H;PO,4, 85 wt%), methanol
(MeOH, 99.9%) and Tetraethyl ammonium hydroxide
(TEAOH, 20wt.% aqueous solution) all purchased from
Merck and have been used without any further
purification. Fumed silica (FS, 98 wt.%), Aluminum
isopropoxide (AIP, 97 wt.%) and n-propylamine (NPA,
99 wt.%) purchased from Aldrich and have been
utilized without extra process.

Methods
Catalyst preparation

The  hierarchical SAPO-34  was  prepared
hydrothermally based on our previous work [14]. A
special amount of aluminum isopropoxide dissolved in
deionized water and then ortho-phosphoric acid was
added to the prepared solution dropwise and stirred for
30 minutes. After the time, fumed silica was added
continuously to the solution while the mixture was
stirring to get a homogeneous solution. Then TEAOH
and NPA were added until a gel was formed. The
resulting gel was kept at room temperature for 24 h to
become hydrolyzed and then transferred into stainless
steel Teflon-lined autoclaves for hydrothermal treatment
at 200 °C for 12 h. The resulted crystals were washed
several times and recovered by centrifugation and then
dried at 120°C and calcined at 550°C for 6 h to remove
the organic components.

The Ce-H-SAPO-34 catalyst was prepared using
additional processes of the H-SAPO-34 suspension in
diluted cerium nitrate solution and stirring the mixture
to impregnate the hierarchical SAPO-34. Then the
catalyst filtered, dried at 120°C and calcined at 550°C
for 6h.

Catalyst characterization

The prepared SAPO-34 catalysts X-ray spectra were
taken using PHILIPS-PW1840 diffractometer with
monochromatized Cu-Ka radiation operated at 25 mA
and 40 kV. The scans were recorded in the 20 range
between 1° and 50° using the scanning rate of 3°/min.
The Scanning electron microscopy (SEM) was
performed on the prepared catalysts using a Philips
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XL30 machine to discover the catalyst particle
morphology. The synthesized catalysts surface area and
its pore size distribution were measured by N,
adsorption-desorption isotherms at liquid nitrogen
temperature (77 K). The tests were carried out using a
Micromeritics 3020 apparatus in a relative pressure
ranged from 0.02 to 0.99. Before the measurement, the
catalysts were degassed under the vacuumed condition
at 200°C for 2 hr. Brunauer—-Emmett-Teller (BET)
model was used to evaluate the total surface area. Each
sample total pore volume was estimated from the
amount of N, adsorbed at a relative pressure of 0.99.
The micropore volume was determined from the
Dubinin-Radushkevich equation (DR) and t-plots as
described in [13, 14]. The difference between the total
pore volumes and micropore volume give estimation for
mesopore volume. NH;-TPD was examined using
Micrometritics 2900 TPD/TPR device. 100 mg of
calcined samples were first degassed for 1 h under 20
mL/min helium flow at 400 °C and then cooled to
100°C. After that the mentioned sample was saturated
with NH; using a dilute stream of NHj; in helium for 1 h.
The gas mixture was then altered to Helium, and the
sample was purged at 100°C for 1 h to remove any
molecules of ammonia, which already has been
adsorbed physically on the catalyst surface. In the final
step, the catalyst bed temperature was increased by a
10°C/min heating rate from 100 to 650 °C in a constant
helium flow. The desorbed NH;3 was recorded by a TCD
and was depicted as a function of temperature.

Packed bed reactor

The experiments performed in a fixed bed Pyrex
reactor (50 cm high and 1.lcm internal diameter) at
atmospheric pressure. In each experimental run, 1g of
the prepared catalyst with mesh size 20-40, was loaded
at the center of reactor. An electrical jacket around the
reactor provided the heat transfer media. The reaction
temperature measured by a thermocouple near the
catalyst bed center and was controlled by a PID
controller.

The methanol feed was mixed with water, then both
evaporated and passed downwards through the catalyst
bed with an additional flow of N, (60 mL/min) as
dilatants gas. This procedure helped to reduce the
catalyst deactivation rate and to increase selectivity
towards lower olefins. The temperature ranges of 390 to
450 °C were examined to evaluate the catalyst

performance at three different methanol space
velocities.
When steady-state conditions reached in any

experimental run, a portion of the gas mixture that
already left the reactor, was analyzed using an on-line
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GC (Agilent 6890 gas chromatograph) equipped with
TCD and FID detectors and PONA and AL,O; capillary
columns.

Results and Discussion

Catalyst characterization

The X-ray spectra of the synthesized catalysts were
plotted in Figure 1. The SAPO-34 specific peaks with a
small increase in the peak sharpness appeared in the
XRD pattern of cerium impregnated hierarchical SAPO-
34. Therefore, the cerium oxide species did not disturb
the SAPO-34 crystalline framework. Also, the cerium
oxide species correspondent reflections were not
detected in the X-ray diffraction patterns of Ce-H-
SAPO-34 catalyst. This phenomenon may happen when
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the cerium oxide species homogeneously dispersed on
the surface of the hierarchical SAPO-34 catalyst. This
would be intensified when the cerium content is too
much low [23].

Figure 2 illustrated the SEM images of SAPO-34 and
Ce-H-SAPO-34 catalysts. Both of the samples show the
characteristic cubic morphology of the CHA crystals
[24], except that the particle size distribution of Ce-H-
SAPO-34 is narrower than the conventional SAPO-34
catalyst. The BET surface area for Ce-H-SAPO-34
catalyst is lower than the conventional SAPO-34
catalyst, as presented in Table 1, but the mesoporosity
of Ce-H-SAPO-34 is much higher and this catalyst
showed a bimodal pore size distribution.

The NH;-TPD results were presented in Table 2.

Intensity(a. u.)

(b)

(2)

10 20

20

30 40 50

Figure 1. X-ray spectra of (a) conventional SAPO-34, (b) Cerium impregnated hierarchical SAPO-34

WD: 9.15 mm
Det: SE

SEM HV: 15.0 kV
SEM MAG: 5.00 kx

SEM HV: 15.0 kV
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MAG: 5.00 kx

Figure 2. SEM images of (a) conventional SAPO-34 and (b) Cerium impregnated hierarchical SAPO-34
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Two main peaks around 200°C and 400°C were detected
in both SAPO-34 and Ce-H-SAPO-34 catalysts. These
two desorption peaks were attributed to the weak and
strong acidic sites, respectively. The quantitative
amounts of both acidic sites in Ce-H-SAPO-34 catalyst
were lower compared to the conventional SAPO-34
[25]. Therefore this catalyst showed a moderate acidity
compared to SAPO-34 catalyst.

Kinetic study

With respect to the reliable reaction network for
MTO process, Taheri Najafabadi et al. [22] had
developed a new lumped kinetic model. That kinetic
modeling study performed based on data obtained on
the common microporous SAPO-34 catalysis. The
Hierarchical SAPO-34 in present work has a bimodal
pore structure (mesoporous and microporous) with
lower acidity compared to common micro porous
SAPO-34 catalyst. Changing the catalyst structure and
its surface properties might change the reaction path and
product distribution.

Based on the Cerium promoted H-SAPO-34 catalyst
characteristics compared to common SAPO-34, a new
12 reaction networks were presented in Table 3. In the

first reaction steps, methanol and dimethyl ether quickly
reached to equilibrium on the surface of the synthesized
catalyst, before the initiation reaction for the production
of any other hydrocarbon started [20, 21, 26]. Both
methanol and DME may contribute to the production of
Ethylene as a primary product. After that the already
produced DME and reactant methanol acted as
methylation agents and continuously combined with
lighter olefins (C;-C,") in the hydrocarbon pool to form
higher molecular weight olefins (C;-Cs) [26-30].
Therefore, the reactions 3-6 have been introduced to the
reaction network in Table 3.

For conventional microporous SAPO-34 catalysts
with strong acidity, the main portion of methanol would
convert to ethylene and no more methanol present in the
hydrocarbon pool to react successively with lower
olefins [28, 30]. Commonly, the DME is considered as a
dominant species for methylation agents in the
hydrocarbon pool [30]. For Ce-Hierarchical SAPO-34
catalyst of the present study with moderate acidity and
lower hydrocarbon cracking potential, it is supposed
that both methanol and DME may participate in the
hydrocarbon pool to make higher molecular weights
olefins. Based on this assumption, for the first time, two

Table 1. The BET and pore volumes of conventional SAPO-34 and Cerium impregnated hierarchical SAPO-34

Sample BET Surface Area Total Pore Micropore volume Mesopore volume
(m%/g) Volume (m®/g) (m’/g) (m’/g)
SAPO-34 605.1 0.12 0.02
Ce-H-SAPO-34 364.4 0.09 0.18

Table 2. Ammonia TPD results of SAPO-34 and Cerium impregnated hierarchical SAPO-34

Catalyst Peak temperature (°C) NH; Desorbed (mmol/g)
Low Temp. High Temp. Weak sites Strong sites
SAPO-34 198 1.48 1.77
Ce-H-SAPO-34 174 0.95 0.99

Table 3. The new reaction network

2MeOH & [(CHs),0] + H,0
20(CH5),0] 3 C,H, + 2 MeOH
IMeOH 3 C,H, + 2H,0
CyH, + DME 3 C3H, + MeOH
CyHy + MeOH 5 C3Hg + Hy0
CsHg + DME 3 C,Hg + MeOH
CsHg + MeOH 3 C,Hg + HyO
CoHg + DME 3 CiH,o + MeOH

Kro

MeOH 5 CO + 2H,

Ky
CO + H,0 =5 C0, + H,
ks
MeOH + H, — CH, + H,0

kr1z

C2H4+H2 — CZHG

()
@
3)
“4)
)
(6)
(M
®)
©
(10
an
(12)
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new reactions were added to the reaction network
proposed by [22] for predicting the Ce-Hierarchical
SAPO-34 catalyst performance in the MTP process. A
twelve elementary reaction rate expression were
presented with respect to the supposed reaction network.
All 24 kinetic parameters related to these reaction rates
in Table 4, estimated through the experimental data in
the fixed bed reactor. Gayubo et al. [26] suggested
reaction equilibrium constant (K) for methanol
conversion to DME on ZSM-5 catalyst based on
detailed experimental data as follows:

-RInK, :%:—?+21nT—1.o1x1o*3T—5.82x10*"72 1076 (D

All the reactions in Table 3 assumed to be an
elementary reaction. So their orders in Table 4 could be
found from their stoichiometric coefficient in the
reaction. Bos et al. [27] proved that the reaction orders
for the production of ethylene from DME (R-2) and
methanol (R-3) are 1. This result also certified by Taheri
Najafabadi et. al [22]

Experimental data on Ce-H-SAPO-34

The experiments were performed in three
temperatures, i.e. 390°C, 420°C and 450°C. Also, in
each specific temperature, three different feed
(methanol/water) residence times were applied. The
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data were gathered after 30 minutes reaction and is
shown in Table 5. It was assumed that no cokes formed
inside the pores of the Ce-H-SAPO-34 catalyst at this
period.

Parameter Estimation Procedure

By performing the mass balance for each chemical
compound based on the proposed reaction network, a
comprehensive reactor model was obtained. The
component molar flow (Fi) at the reactor outlet was
computed from the following continuity equations
assuming plug flow in the fixed bed experimental
reactor:

dF,

—L=>r i=12,...n 2

It @)

C =Cr 5 Xixi Fr=)F (3)
FORT

In this equation:

i: Component 1 molar flow rate inside
reactor(mole/min)
W : The catalyst amount in reactor, g

Z r,+ Net production rate of each component based

on components concentration

Table 4. Reaction rate equation for MTP process

-k E; c 2 ko1 Ey c c
ry= 01.exp(—ﬁ). MeOH _T-EXP(—E)- pME- LH,0

E,

7, = kog. exp(— ﬁ)- Come
E;

13 = kog. exp(— ﬁ)'CMEOH

E,
74 = ko4 €Xp (— ﬁ) -Cpume-Ceyn,

E
75 = kos. exp (_ﬁ)-CMeOH'CCZIh
T = Kog- €Xp “RT -CDME'CC3H6
15 = kgy.€xp ~RT - Cmeon- Ceymyg

Eg
Tg = Kog. €xp (— ﬁ) -Come- Ce,hy

Eg
T = koo exp(— ﬁ)- Cmeon

Eqp

T10 = Ki0. €Xp “RT -Cco-Chyo
Eqq

Ti1 = Kq1.€Xp “RT -CMeOH'CHZ

Eip
T12 = k12.€Xp (= ). Cueon- Ceym,

(M

@
3)
“4)
©)
(6)
(M
®)
€
(10)
()
(12)
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Table 5. Experimental data gathered from integral fixed bed reactor used for reaction rate parameter estimation

T(°C) 390 390 390 420 420 420 450 450 450
Components Flow in Reactor Inlet
(mol/min) *1073
CH;0H 23.16 29.37 35.21 23.16 29.37 35.21 23.16 29.37 35.21
H,0 24.80 18.33 12.66 24.80 18.33 12.66 24.80 18.33 12.66
Components Flow in Reactor Outlet
(mol/min)*1073
CH, 0.11 0.17 0.38 0.14 0.19 0.44 0.16 0.22 0.52
C,H, 2.80 3.70 4.60 2.90 3.80 4.80 3.10 3.90 4.90
C,H; 0.17 0.2 0.32 0.18 0.2 0.33 0.19 0.22 0.35
C;H; 3.10 4.30 4.90 3.30 4.50 5.00 3.40 4.60 5.10
C;H; 0.3 0.38 0.45 0.33 0.45 0.45 0.34 0. 46 0. 46
C,4Hj 0.34 0.45 0.58 0.35 0.45 0.62 0.37 0. 47 0. 64
C4Hy 0.44 0.43 0.41 0.36 0.24 0.24 0.21 0.11 0.1
CsHyy 0.24 0.25 0.29 0.24 0.28 0.29 0.25 0.28 0.31
CH;0H 0.077 0.057 0.033 0.069 0.041 0.022 0.042 0.021 0.011
DME 0.068 0.063 0.045 0.052 0.038 0.018 0.031 0.017 0.011
H,0 0.11 0.28 0.35 0.45 0.57 0.66 0.46 0.66 0.81
H, 0.16 --- 0.28 0.49 0.41 0.66 - 0.35 0.13
CO, 0.99 0.65 0.42 0.41 0.28 0.15 0.21 0.14 0.10
C;, b, T,: Total concentration, Pressure and a population with 100 chromosomes was chosen. In the

Temperature at the reactor inlet

The sets of differential equations should be solved
simultaneously to predict the reactor outlet. The Gear’s
method was applied to solve these differential equations
numerically. The zero product flow rates at the surface
of the catalyst bed were assumed to be the initial
condition. The reactor products were compared with
experimental data and the objective function was
calculated based on the previous experiences expressed
by [28, 30-32]. The proposed objective function was the
absolute relative deviation of calculated data from
experimental data.

F
_ Z ZW—“"P 100

i exp “
Where (m) is the number of experimental runs while
(n) is the number of lumped components in the reaction
network. In this study, the rate equations parameters
estimated by decimal genetic algorithm. The schematic
procedure was shown in Figure 3. A random set of
candidates for pre-exponential factor and activation
energy, within the range defined by the operator was
selected by software, at the first step of the estimation
procedure. Then the OF for each candidate was
calculated using MATLAB software. The candidates are
known as “population” and its relevant objective
function nominated as “chromosome”. In present study,
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next phase, two parents form the population was
selected to make the next generation through mating and
mutation. This selection process led to a new
chromosome called offspring. 50 percent of the previous
chromosomes with higher objective function value
would be replaced by these offsprings, as recommended
by [33]. The parent selection process was done by
choosing a percentage of the best individual by applying
the elitist method [34, 35]. The mating process was
done using the following crossover operator to generate
a new offspring from two selected chromosomes of the
current generation.

offspring, = X Parent, + (1 — ) x Parent,

offspring, = fx Parent, + (1— ) X Parent,

)
(6)

Also, the following mutation operator with a 15%
probability was used to modify new offsprings. This
operation helps to make a new population for the next
generation [20].

Mutated.Gen = Original.Genx(1- &)+ Ex(a,—b) 7)

Where a;-b; is a variable range and f is a random

positive number less than one. After mutations, the
objective function associated with the new population
was computed and the already discussed procedure was
iterated. The genetic algorithm stopped when 500
iterations happened without any apparent change in the
objective function.

The Evans—Polanyi equation [36] was applied to find
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Develop a Simplified Reaction
Network

\ 4

Develop an Arrhenius Type Rate
Equations with Unknown Kinetic
Parameters for Each Reaction

\

Y

Reactor Modeling Using Plug Flow
Model (Equ.2) by Predefined
Reaction Network

Initialize Unknown Parameters from a
defined Range Determined by Equ. 8 & 9
and Ref[22]

\ 4

> Generate Initial Population

Calculate the molar Flow rate of Each
Component at reactor outlet and Find the
Fitness of Each Chromosomes

\

Select Mates
Mating
Mutation

Not OK

\

Check Converging Criteria by Calculation

of Fitness Function

OK

Obtain the Best Kinetic Parameter

Figure 3. A simplified flowchart for determining MTP reaction network and its kinetic parameters: using genetic Algorithm

activation energy initial guesses in generating the first
population in the genetic algorithm. This equation
related the activation energy to energy released in the
reaction and is presented as follows:

E, = ES — a‘ AHr‘ for exothermic reaction

®)
©

E, = E —(1- )|AH, | for endothermic reaction

Parameters Value and Results of the proposed model
By considering the experimental data presented in
this study, the reaction rates parameters were estimated
using the general procedure which was explained in
Figure 3. The minimization of the objective function
was performed by a written code of the Genetic
Algorithm in MATLAB software. The objective
function value related to each iteration was depicted in
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Figure 4. After 3680 iterations the OF reached the value
of 11.16, and further try did not lead to better results.
The model parameters corresponding to this global
minimum were shown in Table 6. Based on the
estimated parameters, the flow rates of lower molecular
weight olefins, as the main products in the MTP
process, were calculated by the reactor model. These
data were compared to those gathered from
experimental data in the fixed bed reactor and were
shown in Figure 5. These parity plots showed
reasonable coloration between predicted values and
experimental data.

The activation energy associated with the reaction of
ethylene production from methanol (E;) is higher than
the value associated with the ethylene production
reaction from DME (E,). Therefore, ethylene mainly
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Table 6. The kinetic coefficients of the MTP process

Figure 4. The objective function value versus GA iteration during estimation of the kinetic parameters of MTP reaction network

on Ce-H-SAPO-34 Catalyst

Reaction Koj E;
E; ko1 Ey 3.2 x 10° 73.2
1 = kop.exp(— ﬁ)-CMeOHZ - T-eXP(_ ﬁ) -Cpme-Ch,o
E, 1.2 x 10° 65.1
T, = kop.exp(— ﬁ)-CDME
Ey 2.6 x 10° 103.2
13 = koz-exp(— ﬁ) Cmeon
E 2.3 x 10° 55.1
T3 = Ko4-€Xp (_ _4> Cpme-Ce,n,
3.4 x 10° 43.9
s = kos-eXP( ) Cmeon-Ceym,
Eg 2.1 x 10° 76.1
Te = Koe- €XP “RT) Cpme- Ceyn,
E 2.6 x 10° 65.7
77 = ko7.€xp (_R_7> Cmeon- CC3H6
3.1 x 10° 87.4
g = kos-eXp( ) CpmE- ch8
1.6 x 10° 125.3
Ty = k09-eXP(_ ) Cmeon
E 2 x 10° 121.1
T10 = Ko10-€XP (_ ﬁ) . CC\O-CHZO
Ey 1.2 x 10° 116.5
T11 = Kq1q1.€Xp (‘ ﬁ)-CMeOH- Cy,
Eip 1.6 x 106 122.1
T2 = k012.exp( RT) Ce,n,-Ch,
Notel:ifj=2,3 [k ]=m—3 for other [k ]=ﬂ
J=4 %" gr.hr %™ gr.mol. hr
Note2 : ——
ote [ ] mol
roduced from DME at a lower temperature. As methanol in the hydrocarbon pool inside
p p Yy p

temperature rises to higher values, ethylene primarily
produced from methanol. As a result, the ethylene
produced at lower temperatures is more likely react with
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Hierarchical pores. In comparison with the kinetic data
reported by Taheri Najafabadi et al. [22] on
conventional SAPO-34, the activation energy for the
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Figure 5. Experimental and calculated Flow rates of (a)ethylene, (b)propylene, (c¢) Dimethyl ether, (d)Butene and (e) Pentene on

Ce-H-SAPO-34 catalyst at reactor outlet.

production of saturated hydrocarbons has been
increased in the present work, which is fully consistent
with laboratory data. Therefore, the selectivity toward
valuable olefins were higher for Ce-H-SAPO-34
catalyst rather than conventional SAPO-34.

To examine the suggested reaction network in
present work and the related kinetic model capability,
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the performance of an experimental fixed bed reactor
was predicted. 1 g of Ce-H-SAPO-34 catalyst was
loaded in the reactor while a flow of methanol/water
mixture passed through the bed with WHSV =1h" at
450 °C. The detailed results of this MTP process were
reported by [14]. The comparative results are
summarized in Table 7. As is clear, the kinetic model
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Table 7. The difference between predicted data obtained from proposed model and experimental data reported data by [14].

Selectivity Model Experiment Relative error (%)
Ethylene 9.6 10.2 -5.9
Propylene 52.2 52.5 -1.1
Butylenes 23.4 22.5 4.0

proposed in this work, is good enough to anticipate the
product distribution and performance of fixed bed
catalytic reactor of methanol to propylene process.

Conclusion

In the present study, Cerium promoted hierarchical
SAPO-34 nanostructure was prepared by the sequence
of hydrothermal and impregnation methods. A novel
lumped kinetic model was developed for MTP reaction
on Ce-H-SAPO-34 catalyst based on surface
characteristics of this catalyst regarding to conventional
SAPO-34 catalyst. The reaction rate kinetic parameters
of the proposed model were estimated using genetic
algorithm. The parity plots showed reasonable
coloration between predicted values of this new reaction
network and experimental data of the fixed bed reactor.
So, the reaction network and the related kinetic model
suggested in present work could forecast the
performance of the MTP process.
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