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Abstract—Conversion profiles of methanol-to-olefin (MTO) reaction over SAPO-34 catalysts with different particle
sizes were simulated using two kinetic models. The MTO reaction was assumed to consist of three steps: the formation
of hexamethylbenzene (HMB), the production of lower olefins over HMB and the further condensation of HMB to
polyaromatic hydrocarbons. To reflect the effect of particle size on the MTO reaction, only the space near the external
particle surface was considered to be available for HMB formation in Model I, whereas an effectiveness factor and a
deactivation function were introduced in Model II. The simulated conversion profiles of the MTO reaction by both
models successfully confirmed the presence of an induction period and deactivation, but Model II showed a better agree-
ment between the experimental and simulated results because of its inclusion of the deactivation function and its con-

sideration for the gradient of methanol concentration.
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INTRODUCTION

The methanol-to-olefin (MTO) process successfully produces
lower olefins, the most important raw materials of the petrochemi-
cal industry, from various non-petroleum sources such as natural
gas, coal and biomass [1-3]. The MTO process has thus been con-
sidered a promising alternative to the naphtha cracking process which
is currently used to produce most of the lower olefins. The UOP/
Hydro MTO process over Ni-SAPO-34 catalyst achieves high yield
of lower olefins above 90% [4]. Furthermore, the control of reac-
tion conditions and the modification of catalysts provide high flexibil-
ity for the product selectivity required to meet the increasing demand
of certain olefins.

Although the mechanism of the MTO reaction is very simple,
following the pathway of methanol (MeOH)—dimethylether (DME)
—lower olefins, various reaction intermediates have been suggested
to explain the carbon-carbon bond formation from MeOH. Despite
extensive controversy on the nature of the intermediates, an in sifu
solid MAS NMR experiment combined with an on-lined gas chro-
matograph revealed that the hexamethylbenzene (HMB) molecules
formed in the cages of the SAPO-34 molecular sieve act as active
sites for the formation of carbon-carbon bonds through the side-
chain alkylation and paring reaction of polymethylbenzenes [5-9].
The time required for the formation of HMB in the cages deter-
mines the induction period of the MTO reaction, whereas the further
condensation of HMB to polyaromatic hydrocarbon (PAH) through
alkylation and condensation results in catalyst deactivation.

Several kinetic modeling studies on the MTO reaction have been
reported [10-17]. The extent of the reaction over SAPO-34 cata-
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lysts was calculated by assuming a simple reaction mechanism con-
sisting of the formation of lower olefins and coke from the inter-
mediates produced from MeOH and DME. Coke deposition was
considered an important factor for the catalyst deactivation. The
additional consideration for the oligomerization of the produced
lower olefins followed by cracking resulted in a good simulation
of the olefin composition in the product streams. The coke depos-
ited in cages induced steric hindrance for reactants and products,
leading to a high olefin selectivity at the coke deposit level of 5-
7 wt%. A detailed kinetic model, including all possible elementary
reactions, achieved a good simulation capable of describing even
the variation of each lower olefin yield with space velocity.

The kinetic model of the MTO reaction based on the formation
and degradation of HMB in SAPO-18 cages appropriately simu-
lated the induction period for the production of lower olefins and
the catalyst deactivation with time on stream (TOS) [15-17]. The
increase in the yield of lower olefins with lengthening TOS reflected
the increase in the HMB concentration in the catalysts, while the
decrease in the HMB concentration due to the further condensa-
tion of HMB to PAH caused catalyst deactivation. The simulation
provided yield profiles of the lower olefins that were highly coinci-
dent with the experimental ones. The importance of the tempera-
ture effect on the composition of lower olefins in the MTO reaction
over the phosphorous-modified ZSM-5 catalyst was confirmed by
the simulation based on a hydrocarbon pool mechanism [18§].

The MTO reaction over SAPO-34 catalyst exhibited consider-
able variation in conversion profiles according to the particle size
of the catalyst [19-22]. The SAPO-34 catalyst with small particles
was very active even at the beginning of the reaction and did not
show any induction period, while that with large particles required
a definite induction period. Furthermore, the former maintained its
catalytic activity for a longer time than the latter did. These differ-
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ences in the activation and deactivation of SAPO-34 catalysts ac-
cording to their particle size have been explained by the space limita-
tion that allows the formation of HMB, because the inner space of
large particles does not attain a sufficient concentration of MeOH
in its cages [20]. The large external surface area of the SAPO-34
catalyst with small particles has many cages that facilitate HMB
formation. Therefore, a high HMB loading in the catalysts induces
a long catalyst life and a high catalytic activity even at the begin-
ning of the reaction. However, to the best of our knowledge, no paper
has quantitatively discussed the effect of particle size on the cata-
lytic activity.

In another aspect, the effect of particle size on MTO reaction over
SAPO-34 catalysts can be explained by the difference in their effec-
tiveness factors. Slow diffusion of MeOH into the SAPO-34 cata-
lyst with large particles lowers its effectiveness factor, while that
with small particles has a high factor. The deactivation of SAPO-
34 catalysts due to the occupation of their cages by PAHs is also
dependent on their particle size because this PAH blocking effect is
more severe on large particles [22,23]. An exponential function,
exp(— &, t) with ¢ values that vary according to the particle size of
SAPO-34, can be useful in representing its deactivation process [24].

In this paper, we simulate the MTO reaction over SAPO-34 with
different particle sizes using two different models to clarify the effect
of particle size on their activation and deactivation. The space near
the external surface of SAPO-34 is assigned as an available space
for the formation of HMB in Model I, but an effectiveness factor
and a deactivation function are introduced to simulate the conver-
sion profiles in Model II. The simulation results clearly demonstrate
the significant role played by particle size on the progress of the
MTO reaction over SAPO-34 catalysts.

MODELING

The MTO reaction over SAPO-34 was assumed to be comprised
by three steps, as suggested by Gayabo [15,16]: the formation of
HMB from MeOH, the production of lower olefins over HMB, and
the further condensation of HMB to PAH as shown below:
where k;, k, and k; are the reaction rate constants for the formation
of HMB, for the production of lower olefins and for the further con-
densation of HMB to PAH, respectively. All three reactions are con-
sidered to be irreversible and first order to MeOH because one MeOH
molecule is involved in the elementary alkylation steps for the for-
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Scheme 1. Reaction pathway of the MTO reaction over SAPO-
34 catalysts.

mation of HMB, olefin and PAH [15-17].
1. Model I

Since the cages of the SAPO-34 molecular sieve are connected
by small eight membered-ring entrances (3.8%3.8 A), the occlu-
sion of HMB and PAH in the cages induces a diffusion restriction
on the mass transfer of reactants and products. MeOH molecules
easily diffuse into the cages near the external surface and produce
HMB molecules, while the formation of HMB molecules in the
cages distant from the external surfaces is suppressed by the slow
diffusion of MeOH molecules. The exclusion of the cages distant
from the external surface reduces the number of cages that partici-
pate to the MTO reaction. Scheme 2 clearly shows that the unavail-
able space (gray) for HMB formation in cubic SAPO-34 particles in-
creases with increasing particle size. The SAPO-34 catalyst with
small particles has only a small fraction of the unavailable space
for HMB formation, while that with large particles has a large un-
available space. The decrease in the allowed space for the forma-
tion of HMB causes the long induction period because a sufficient
amount of HMB is required for the production of lower olefins. A
rapid deactivation of the SAPO-34 catalyst with large particles is
also responsible for the small amount of HMB molecules per a given
mass of catalyst because the further condensation of HMB to PAH
causes the deficiency of HMB molecules in a short time.

The number of cages available for the formation of HMB mole-
cules per gram of cubic SAPO(l,,) particles with their side length
1.» Ne» can be calculated by Eq. (1) when only the cages at a dis-
tance 1,.. from the external surface participate in the MTO reaction.

_ Cougel b= (L =21.)°]
o l;iurp

where C,,, and o denote the concentration of cages per volume and

N

1)

(c)

Scheme 2. Variation of the available space (transparent) for the formation of HMB molecules according to the particle size of

SAPQ-34 catalysts in the MTO reaction.
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the density of SAPO(],,), respectively. If the number of cages oc-
cluded by HMB and PAH per gram of SAPO(],,.) are denoted as
N and Ny, respectively, and C,,, refers to the concentration
of MeOH in the catalyst, the rates for the formation of HMB, for
the consumption of MeOH, and for the further condensation of HMB
to PAH are expressed by Egs. (2)-(4).

rHMB:kl [ngg_ NHMB_ NR4H]CMEOH_ kSNHMBCMe()H (2)
Trte0H, consumed— 1 Zkl [ngg_ NHMB_ NPAH] CMeOH

+ 3K NinChreor0KsNpnsCreors (3)
T4 =K NinsCoreors (©)]

The numbers, 12, 3 and 6 in Eq. (3), reflect the numbers of methanol
molecules required for the formation of HMB, propylene and the
most simple PAH, octamethylnaphthalene, respectively. The term
(ksNyuChron) €xhibits the formation rate of lower olefins. Since
the selectivity to propylene is considerably high over SAPO-34,
propylene is considered as a typical olefin formed in the MTO reac-
tion.

Since N,;,,,=N,,,=0 at the initial condition, the conversion of
MeOH in a flow reactor can be calculated by the above equations
when ., k;, k, and k; are given. At a steady state, the production

rate of lower olefins on HMB is relatively rapid, compared to the
formation rate of HMB and the further condensation rate of HMB
to PAH, and, therefore, the conversion of MeOH, X, is given by

Eq. (5).

X= (_ rMe()H,z'unsumed) ‘m (5)

Trteon, fed

where m is the mass of the SAPO(l,,,) catalyst loaded in the reactor
and Ty e and — T, denote the molar feed rate of MeOH and
the calculated rate of MeOH consumed over a gram of catalyst, re-
spectively. If the calculated rate of MeOH consumption is lower than
the rate at which it is fed, Eq. (5) facilitates the calculation of MeOH
conversion. However, if the calculated rate of MeOH consumption
over HMB exceeds the MeOH feed rate, then all the MeOH fed is
completely consumed, so X=1.

X= (= T'nteott.consumea) " TN

s A (= Tye0ms consumed) MLrreon fed (6)
Trteon, fed

X=1, 1 (—Tyeon, consuned) > Tageors fea @)

Fig. 1 shows the calculated conversion profiles in the MTO reac-
tion over the SAPO-34(1,,=7>10"° m) with different k,, k,, k; and
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Fig. 1. Calculated conversion profiles over SAPO-34 with 1., of 710 m in the MTO reaction as a function of (a) L., (b) k,, (¢) k;, and (d)
k;. The medium values of other parameters used in the simulation, except varied one, were 1,,=1.0x107 m, k,=2.0x10"> min',

k,=0.8x10* min™' and k,=0.8x10"> min".
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tion, the long 1, results in a rapid increase in the conversion at the
beginning of the MTO reaction (rapid activation) and a long cata-
lyst life (slow deactivation). However, the short 1., i.e., 1, =0.5%
1077 m, induces a slow activation and rapid deactivation due to the
reduction of the available space for HMB formation.

Since k; is the rate constant for HMB formation, the high k;, as
shown in Fig. 1(b), significantly increases the conversion at the be-
ginning. However, this increased conversion also increases N,
according to Eq. (4), and, therefore, the high k; also causes rapid
deactivation. Since k, governs the formation rate of lower olefins
from MeOH on each HMB molecule, it corresponds to the turn-
over frequency of HMB in the MTO reaction. Fig. 1(c) shows the
conversion profiles with different k, values. Although the effect of
k, on the conversion at the beginning is small, the time for com-
plete conversion lengthens at high k, because complete conversion
is achieved even on a small amount of HMB. The deactivation rate
is mainly dependent on k;, as shown in Fig. 1(d). The initial increas-
ing slopes of the conversion profiles are similar to each other, re-
gardless of k;, but the increase in k; results in severe catalyst de-
activation.

Fig. 2 compares the simulated conversion profiles on the SAPO-
34 catalysts with different particle sizes. The experimental data were
reported in our previous paper [20]. The only effect of the particle
size is a considerable variation in conversion profiles, despite 1.,
ki, k, and k; being maintained constant. The SAPO-34 catalyst with
fine particles (1,,=4.0x10""m) shows a high conversion even at
the beginning and a slow deactivation. On the contrary, the initial
conversions on the SAPO-34 catalysts with medium (1,,=1.0x10"° m)
and coarse (1,,=7.0x10"° m) particles were zero, representing their
slow activation due to the small amount of the available space for
HMB formation. The SAPO-34 catalyst with small particles has a
relatively large number of available cages for the formation of HMB
molecules, resulting in a rapid activation and slow deactivation.

Although Model I facilitates the simulation of the variations of
the activation and deactivation of SAPO-34 catalysts in the MTO
reaction according to their particle size, the simulated conversion
profiles at the deactivation step show appreciable differences from
those obtained in the experiment. The allowed space for HMB for-
mation is considered to be fixed in Model I, but the movement of
the reaction region of SAPO-34 in the MTO reaction to the center
of particles with increasing TOS was reported [25]. The consider-
able discrepancy between the simulated and experimental results at
the deactivation step may be responsible for the shift of available
space to the center of particles.

2. Model 11

Since the cage entrances of SAPO-34 molecular sieve are small,
the mass transfer rates of reactants and products through the entrances
are important in determining the overall rate of the MTO reaction
over it. As a result, the SAPO-34 catalyst with large particles has a
lower effectiveness factor than that with small particles. The diffu-
sion limitation in the catalyst becomes more severe at the deactiva-
tion step because PAH molecules present in the cages largely sup-
press the mass transfer. A deactivation function, exp(—, t), is useful
to reflect the variation of the deactivation of SAPO-34 with its particle
size [24]. The deactivation parameter, ¢, representing the deactiva-
tion susceptibility of SAPO-34 due to the cage occupation by PAH,
is large for the catalyst with large particles.
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The rates for the formation of HMB, for the consumption of MeOH
and for the further condensation of HMB to PAH in the MTO reac-
tion followed the pathway described in Scheme 1, and are expressed
by the dimensionless fractions (y;) of MeOH, HMB and PAH, as
shown below:

™= 1EXp(— 0, ) [kfy Me()H_k;YHA/IBYMeOH] ®
—Tyeor=1eXp(— ¢4, D[ 1 21((}’&@011+ 3kz’y Y meor 6k3’y1-[1\/lByMeOH] ©
Tpur— ?Zexp(— a, t)kJYHMBYMeO (10

where j refers to the SAPO-34 catalysts with different particle sizes.
To discriminate the rate constants from those used in Model I, apos-
trophes were added, such as k;, k, and k,. Although the physical
meaning of the rate constants used in Model 1l is essentially the same
as that used in Model I, their values are considerably different from
those used in Model I because the concentrations of materials are
expressed in fractions in Model II.

Since y;,,,=0 at the initial condition and y,,, is constant through-
out the catalyst, the conversion of MeOH can be calculated by Egs.
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Fig. 3. Calculated conversion profiles over SAPO-34 as a function
of (a) effectiveness factor and (b) deactivation parameter.
For the simulation ¢=0.01 for (a) and 7=1 for (b). k;, k,
and k; were 12.5min™, 25 min™' and 0.125 min™, respec-

tively.

(8)-(10) following the same procedure used in Model I, when 7,
& ky, k; and k; are given. The effectiveness factors for three SAPO-
34 catalysts with different particle sizes are set as 1.0, 0.5 and 0.1
to exhibit the relative effect of particle size on their catalytic perfor-
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Fig. 4. Simulated conversion profiles over the SAPO-34 catalysts
with different particle sizes: (a) 1,,=4.0x107" m, (b) 1,,=1.0
%10 m, and (c). In the simulation, 1,,=7.0x10° m, and ¢;
and 7}, were set as 1 and 0.01 for (a), 0.8 and 0.012 for (b)
and 0.114 and 0.02 for (c), respectively. The same k;, k, and
Kk, were used in the simulation as to be 12.5 min, 25 min™
and 0.125 min™', respectively.
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mance according to the increase in their particle size. The deactiva-
tion parameters of the SAPO-34 catalysts are obtained from the best
plots as 0.010, 0.015 and 0.020, with the increasing particle size.
Although the variation of k;, k, and k; induces considerable changes
in the simulated conversion profiles, the trends in the changes accord-
ing to the rate constants are similar to those observed in Fig. 1 be-
cause the reaction scheme of Model II is completely the same as
that of Model 1. Therefore, the variations of conversion profiles with
the rate constants are not shown here in order to prevent unneces-
sary repetition.

Fig. 3 shows the calculated conversion profiles with varying 7,
and ¢. The reduction of 7 causes the overall decrease of the con-
version throughout TOS, while the increase of ¢ increases the de-
creasing slope of the conversion profiles only at the deactivation
step. Since the effectiveness factor affects the catalyst performance,
the lower effectiveness factors reduce the conversion profiles over
the complete range. However, the deactivation function only influ-
ences the deactivation step. The change in ¢; does not affect the
conversion profiles at the beginning, but the increase in ¢ rapidly
decreases the conversion at the deactivation step.

The effectiveness factor and deactivation parameter of SAPO-34
are varied according to the particle size. The SAPO-34 catalyst with
small particles has a high effectiveness factor and a low deactiva-
tion parameter, but that with large particles has a low effectiveness
factor and a high deactivation parameter. Fig. 4 shows the simulated
conversion profiles in the MTO reaction over the SAPO-34 catalysts
with different particle sizes using Model II. The simulated conver-
sion profiles, especially on the SAPO-34 catalysts with medium and
coarse particles, show excellent agreement with the experimental
results from the beginning all the way to the deactivation step.

DISCUSSION

The MTO reaction over the SAPO-34 catalysts with different
particle sizes can be simulated by using both Models I and I based
on the reaction scheme considering HMB as an active intermediate.
The formation of HMB induces an induction period and the fur-
ther condensation of HMB to PAH results in catalyst deactivation.
The rate constants for the formation of HMB, for the production of
lower olefins and for the further condensation determine the con-
version profiles. However, the available space for HMB formation
must be limited in Model I to simulate the experimental ones, while
an effectiveness factor and a deactivation function are necessary in
Model II. Although the simulated conversion profiles are in good
accord with the experimental ones, the coincidence at the deactiva-
tion step is not good in Model 1. The simple loss of HMB due to
the further condensation to PAH is insufficient to describe the de-
activation step because the inner space of the large particles becomes
useful for HMB formation at later TOS. The introduction of the
deactivation function, exp(— ¢, t), in Model 1I is very effective in
simulating the deactivation step. The long diffusion paths of the
reactants and products in large particles require high values of ¢ to
simulate rapid deactivation.
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NOMENCLATURE

C. : cage concentration in SAPO-34 [mol/m’]

C,on : MeOH concentration in SAPO-34 [mol/m”]

k,, k| : rate constant for HMB formation [mol/m*/min, 1/min]

ko, k; : rate constant for lower olefin production [mol/m*/min, 1/

min]

ks, k; : rate constant for the further condensation of HMB to PAH
[mol/m*/min, 1/min]

: length for reactant access [m]

: catalyst particle size [m]

m  :catalyst mass [g]

Nee :number of cages in SAPO-34 [mol/g]

Ny - number of HMB in SAPO-34 [mol/g]

Ny - number of PAH in SAPO-34 [mol/g]

I - rate of HMB formation [mol/min]

—TIyeon - Tate of MeOH consumption [mol/min]

Ipy - rate of PAH formation [mol/min]

Tyon rea - Tate of MeOH fed [mol/min]

Vueon : fraction of MeOH [-]

Vs - fraction of HMB [-]

Ve - fraction of PAH [-]

X :conversion [-]

o density of SAPO-34 [g/m’]

1, effectiveness factor of catalyst j [-]

o;  :deactivation parameter of catalyst j [-]
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