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1　Introduction

The rapid development of the national economy leads to 
a rising demand for ethylene and propylene, which are 
the basic chemical raw materials. The methanol to olefins 
(MTO) process provides a new route for the production 
of ethylene and propylene. Compared with the traditional 
ethylene and propylene production process (steam crack-
ing of NGL or naphtha), MTO has some advantages, 
because MTO can provide a wide and flexible range of 
ethylene and propylene ratios to meet the market needs[1]. 
The industrial implementation of MTO process at high 
methanol conversion has been possible thanks to the high 
activity and selectivity of the SAPO-34 catalyst[2]. The 
kinetic model for MTO process has been studied by many 
researchers because of the importance of MTO process in 
the production of lower olefins. Considering the effect of 
coke on the MTO process, Bos, et al. proposed a kinetic 
model consisting of 12 reactions involving 6 component 
lumps plus coke[3]. The kinetic model agrees well with the 
carbon pool mechanism proposed by Dahl and Kolboe[4]. 
Gayubo, et al. simplified the model of Bos by eliminat-
ing the slower steps and studied the effect of water in 
the reaction in order that the model could be easily used 
in the design of the reactor for optimized production of 
lower olefins[5]. 
In this paper, the kinetic model for the MTO process is 
studied on SAPO-34 catalyst in a fixed bed reactor, which 
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has taken into consideration the effects of catalyst deac-
tivation by water and coke deposition. The new kinetic 
model, which covers 3 steps for the formation of olefins 
in the MTO process, has 5 lumped products. The reaction 
rate equations have been introduced according to the pro-
posed reaction network, and the parameters of the model 
are estimated by the least square method.

2　MTO Kinetic Modeling

2.1　MTO reaction network
The reaction of MTO process is composed of three 
steps, viz.: (1) dehydration of methanol to dimethyl ether 
(DME); (2) formation of intermediate species, [CH2]; and 
(3) formation of olefins and other paraffins[4]. The overall 
reaction path may be represented by:

CH OH CH OCH CH olefins3 3 3 2
� ⇀�↽ �� → →[ ]

Since the source of the olefins is uncertain, the methanol 
and DME are regarded as one lumped component called 
oxygenates[6]. The products ethylene, propylene and bu-
tene are lumped as C2, C3, and C4, respectively. Since 
the amount of methane, CO, and CO2 in the products is 
small, they are lumped as C1. The new proposed kinetic 
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model for MTO process agrees well with the Hydrocar-
bon Pool mechanism[4] which is shown in Figure 1. 

Figure 1　Reaction network for MTO process over SAPO-34

The kinetic scheme includes 6 first-order and one second-
order reactions. Reaction 6 is the second order one, in 
which the formation rate of ethylene from propylene 
depends on the concentration of propylene and methanol 
in the medium[3]. Upon considering both the accuracy 
and simplicity of the model, the secondary reaction of 
butene is ignored because of the small amount of butene 
compared with propylene in the products. According to 
the kinetic scheme shown in Figure 1, the reaction rate 
equations can be obtained easily, which are formulated as 
a function of the mass fraction (expressed on a water-free 
basis, Xi) of the corresponding reactants.
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In the model, θ is a function that quantifies the effect of 
water in the reaction medium; a is the activity of SAPO-
34 catalyst; ki is the reaction rate constant of each reaction, 
which follows the relationship of Arrhenius equation:

k k ei i

E
RT
ai

=
−

0
                                   (7)

2.2　Deactivation of SAPO-34 catalyst
Coke deposition is extraordinarily rapid in the MTO 
process, because under more severe conditions a coke de-
position rate equating to 3—4% of the methanol amount 
in the feed is measured in the first minute of time on 
stream[5]. The activity of the SAPO-34 catalyst declines 
with increase of the time on stream. Moreover, the activ-
ity of SAPO-34 catalyst changes with the reaction tem-
perature, space velocity, and the degree of methanol dilu-
tion by water in the feed. Consequently, the coke induced 
deactivation of catalyst cannot be overlooked especially 
with respect to the fresh SAPO-34 catalyst. The activity 
of SAPO-34 catalyst is defined by the ratio between the 
reaction rate of catalyst at a given time on stream, r, and 
the reaction rate that the fresh catalyst would have at that 
time under the same reaction conditions, rf :

a r
rf

=
                                      (8)

The deactivation rate equation can be expressed by the 
following relationship, which indicates that the deactiva-
tion of SAPO-34 catalyst complies with the parallel deac-
tivation mechanism:

− =
da
dt

k X ad A
d
dθ                               (9)

In this equation, kd is the deactivation rate constant which 
follows the relationship of Arrhenius equation, and θd is 
a function that quantifies the attenuating effect of water 
in the reaction medium on coke deposition of SAPO-34 
catalyst.

2.3　Effect of water in the kinetic model
The presence of water in feed has a great effect on the 
reaction rate in the MTO process. Compared with the 
methanol in the water-free feed, the presence of water de-
creases the rate of reaction because of the dilution of the 
methanol concentration in feed. The effect of water resis-
tance can be quantified by the function θ:

θ =
+

1
1 K Xw w                                (10)

In the equation, Kw is a parameter that quantifies the water 
resistance for the reaction rate, and Xw is the water content 
in the reaction medium which is the weight fraction (on a 
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water-free basis) of water in the reaction medium.
On the other hand, the presence of water in feed also 
has a significant effect of attenuating coke induced de-
activation of catalyst. This result can be attributed to the 
competition of water against coke deposition on the acid 
sites of SAPO-34 catalyst. Water can be adsorbed on the 
acid sites of SAPO-34 catalyst prior to the coke deposi-
tion because water is a polar molecule[7]. The inhibition 
effect of water on coke deposition alleviates the deacti-
vation of the SAPO-34 catalyst which can be quantified 
by the function θd 

[8]:

θd
wd w

nK X
=

+
1

1 ( )                          (11)

where Kwd is a parameter that qualifies the water resis-
tance against the coke deposition on SAPO-34 catalyst.
The water content in the reaction medium, Xw, is a sum of 
the water in feed, Xw0, and the water formed, Xwf.

X X Xw w wf= +0                            (12)
The water formed in the reaction medium has a relation-
ship with the oxygenate content, XA, which can be ex-
pressed by the following equation[9]:

X X X Xwf A A A= − + −0 566 0 280 0 247 0 3112 3. . . .    (13)

3　Estimation of Kinetic Parameters

3.1　Experimental data on SAPO-34
The experimental data on the parameter estimation were 
obtained from Qi[10], whose experiments were conducted 
in a fixed bed reactor using the fresh SAPO-34 catalyst. 
The temperature of the reaction was 375 ℃, 400 ℃, 425 ℃, 
450 ℃, and 475 ℃, respectively, and the space velocity 
over the catalyst varied from 3.84 h-1 to 53.19 h-1 (grams 
of methanol fed into the reactor in an hour versus grams 
of catalyst), while the total reaction pressure was kept at 
atmospheric pressure. The ratio of water and methanol in 
feed was 0 and 1 in order to investigate the effect of water 
on the reaction. The time on steam of the process was equal 
to 1.5 minutes.

3.2　Estimation procedure
The procedure for estimating the kinetic model involves 
non-linear parameter estimation problems. The ordinary 
differential equations were solved by the fourth-order 

method of Lung-Kutta, in which the initial conditions 
were: (W/F)0=0, XA0=1, and Xi0=0 (i=1, 2, 3, 4, 5). After 
the concentration of each component at the outlet was 
calculated, the parameters in the kinetic model were esti-
mated by the least square method in order to minimize the 
objective function, EOF.

EOF
X X

n n
i j i calc jj

n
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n
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=
−
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l

exp 2
11             (14)

where Xi,j is the experimental value of weight fractions for 
i lump in the experimental point j, and Xi(calc),j is the calcu-
lated value, whereas nl is the number of lumps, and nexp is 
the number of experimental points.

4　Results and Discussion

4.1　Kinetic parameters
The parameters of the kinetic model are estimated and are 
presented in Table 1, in which the corresponding value of 
the objective function, EOF, is 1.78×10-4.

Table 1　Parameters of the kinetic model of MTO over 
SAPO-34 catalys

Kinetic 
constants, h-1 ki0, h

-1 Eai, J/mol
Parameters of deactivation 

and functions of attenuation 
by water

k1 6.51×107 103 458 d=1.50

k2 9.18×107 89 478 Kw=1.01

k3 1.50×107 77 718

k4 4.70×105 63 590

k5 1.59×105 59 180

k6 2.52×108 111 523

k7 1.94×108 125 922

kd 5.46×106 147 061

The average relative errors and the maximum relative er-
rors of calculated values are listed in Table 2. Since the 
desired products in the MTO process mainly cover ethyl-
ene and propylene, the emphasis of the study is to predict 
the ethylene and propylene yields. As shown in Table 2, 
the maximum relative error of ethylene yield is 15.83% 
and its average relative error is 4.10%. The maximum 
relative error of propylene yield is 15.81%, with the av-
erage relative error reaching 3.54%. The average relative 
errors of all the lumped components are less than 10%. 
Consequently, the calculated values of the kinetic model 

θd
wX

=
+

1
1 1 5.

θ =
+

1
1 K Xw w
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are reliable.

Table 2　Relative errors of each lumped component
Lumped components C1 C2 C3 C4 C5

Average relative error, % 8.91 4.10 3.54 2.91 6.67

Maximum relative error, % 35.11 15.83 15.81 23.71 44.50

4.2　Statistical test of the model
The statistical tests of the kinetic model, including the 
decisive index, the ρ2 tests and the F tests, are conducted. 
The significant level, α in the F test is 5%, which evalu-
ates the deviation for the mean regression. The results of 
the statistical tests confirm that ρ2>0.95 and F>10Ft , as 

shown in Table 3. Consequently, the kinetic model and 
the estimated parameters are reliable.

Table 3　Statistical test of the kinetic model

ρ2 Ft 10Ft F

0.996 1.61 16.1 4638.488

The calculated values of each lumped component are 
compared with the experimental values as shown in Fig-
ure 2. It can be seen from Figure 2 that the data points 
are almost symmetrically distributed on both sides of the 
diagonal line. It is proved that the calculated values are 
in good agreement with the experimental values.

Figure 2　Comparison between calculated values and experimental values
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5　Conclusions

In this study, a new kinetic model for MTO process in 
fixed bed reactor was built by considering the effect of 
water and coke deposition. The effect of water in the feed 
on the reaction is related with dilution of methanol and 
attenuation of the SAPO-34 catalyst deactivation. Since 
the increase of the coke deposition on fresh SAPO-34 
catalyst is rapid at the beginning of the reaction, the deac-
tivation of the SAPO-34 catalyst must be considered. The 
parameters of the kinetic model are estimated by the least 
square method and the calculated values are compared 
with the experimental values. The result has verified that 
the calculated values are in good agreement with the ex-
perimental values, with the average relative errors of all 
lumped components being less than 10%. So the kinetic 
model has a good capability to predict the performance of 
the lumped components in fixed bed reactor.

Nomenclature
a — activity of the SAPO-34 catalyst

d — order of deactivation

ki — rate constant of the reaction, h-1

kd — rate constant of deactivation, h-1

XA — mass fraction of methanol (water-free basis)

Xi — mass fraction of component i (water-free basis)

W — weight of SAPO-34 catalyst, g

F — mass flow rate of methanol in the feed, g/h

Kw — parameters that quantifies the water resistance

Xw — mass fraction of water in the reaction medium (water-free basis)

k0i — pre-exponential factor, h-1

Eai — activation energy, J

R — molar gas constant, J mol-1 K-1

t — time on stream, min

T — thermodynamic temperature, K

Xwf — mass fraction of water formed in the reaction medium 

(water-free basis)

Xw0 — mass fraction of water in the feed (water-free basis)

EOF — the objective function

θ — function of attenuation by water responsible for the main 

reaction

θd — function of attenuation by water responsible for the deacti-

vation
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