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Abstract—The reaction was carried out in fixed bed reactor. The effect of process variables on the activity of oxalic
acid treated 0.5 wt% ZnO/7 wt% CuO/HZSMS5 catalyst for the conversion of methanol to gasoline range hydrocar-
bons was studied. The catalyst was prepared by incipient wetness impregnation method. After impregnation the catalyst
was treated with oxalic acid. The validity of kinetic model proposed for the methanol to gasoline range hydrocarbon
process at zero time on stream was studied, from the experimental results obtained in a wide range of operating con-
ditions. The kinetic parameters for various models were calculated by solving the equation of mass conservation in
the reactor for the lumps of the kinetic models. The kinetic model fitted well for simulating the operation in the fixed
bed reactor in the range of 635 to 673 K,with regression coefficient (R?) higher than 0.96.
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INTRODUCTION

The conversion of methanol to gasoline range hydrocarbons has
attracted many researchers due to the increase in crude oil prices.
Methanol feed in the MTG process can be derived from coal or nat-
ural gas based syngas. The MTG process involves the conversion
steps of syngas-to-methanol and methanol-to-gasoline. The high
surface area associated with the zeolites allows a high degree of
dispersion of active metals over the zeolites, making maximum use
of the metal deposited. The pentasil ZSM-5 was investigated as cata-
lyst for methanol conversion to hydrocarbons [1-8]. The effect of
temperature, space velocity and pressure on the methanol conver-
sion and hydrocarbons yields was studied [3]. The effect of partial
pressure of methanol on the relative rates of dehydration and arom-
atization steps in the reaction [4] was considered. The effect of space-
time on the methanol conversion and hydrocarbon products distri-
bution indicates that C,-C, olefins are the intermediates in MTG
reactions [4,9]. Researchers have reviewed the proposed reaction
mechanism for the methanol to hydrocarbons and identified the activ-
ity and selectivity relationships [9-11]. It has been reported that in
the conversion of methanol to hydrocarbons, up to 70% selectivity
to C,-C, olefins at 100% conversion over ZSM-5 class zeolites can
be achieved [12]. The yield of light olefins increases with space-
time and reaches maximum, indicating the intermediate character
of the light olefins formed. An important feature of the methanol to
hydrocarbons reaction on ZSM-5 is that increase of space-time re-
sults in a continuing change of hydrocarbon distribution [13-16].

[17] reviewed the process technology for the conversion of meth-
anol to hydrocarbons. Methanol conversion and hydrocarbon yield
increases using HZSM-5 with the attainment of an optimal tem-
perature of 673 K. Ga,O; impregnated HZSM-5 catalyst remark-

"To whom correspondence should be addressed.
E-mail: hasan.azaidi@gmail.com

1404

ably increases the selectivity to aromatics at the expense of C,-C,
alkenes without affecting the overall conversion [18]. At higher tem-
perature, olefin formation was favored with respect to the forma-
tion of aromatics. Thermodynamically, the effect of increasing the
temperature over the same range of partial pressures of olefins is to
shift the distribution towards lower hydrocarbons. At methanol pres-
sure below 20 kPa, the selectivity of aromatics decreased with the
increasing methanol pressure. The partial pressure of methanol has
been a strong influence on the olefin selectivity. The decrease in
partial pressure tends to enhance the olefin formation and suppress
the aromatization reaction of olefins [19].

Several investigators have reported the influence of the synthesis
condition of HZSM-5 on the selectivity towards light olefins and
aromatics [15,18]. Lowering the aluminum content at the outer shell
improves the catalyst properties and provide sites, which are highly
selective to gasoline range [20].

Kinetic investigations related to the methanol to hydrocarbons
conversion normally consider the methanol-dimethyl ether mixture
as a single species. This seems to be justified, since the dimethyl
ether formation is much faster than the subsequent reactions, so that
oxygenates are at equilibrium [4,9,21-23]. Based on the autocata-
lytic nature of the methanol conversion over ZSM-5, a proposed a
kinetic model, which takes into account the rate of disappearance
of oxygenates, accelerated by their reaction with olefins [24]. Fitting
experimental data obtained on H-ZSM-5 with varying concentra-
tions of acid sites showed a linear correlation between the rate con-
stant of the reaction of oxygenates with olefins and the intrinsic acid
activity of the catalyst [25].

The model shows olefins as a primary product and proposed reac-
tions between oxygenates and olefins as autocatalytic steps [24].
This model was modified by adding a bimolecular step accounting
for the carbene insertion in the primary olefins [9].

According to the model, dimethyl ether and methanol are at equi-
librium at all times in the reactor [26]. Once the dimethyl is formed,
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it can react to form light olefins (ethylene and propylene), which
can polymerize to form products of gasoline range. These products
can react with DME/MeOH or form more light olefins to produce
additional gasoline products. A kinetic model was proposed for the
methanol to olefins (MTO) process on the catalyst based on sili-
coaluminophosphate SAPO-34 [27]. A detailed study was done on a
kinetic model for methanol conversion to hydrocarbons over zeo-
lites [28]. The overall reaction scheme contained 53 reactions based
on radical reactions.

In the present research, the oxalic acid treated ZnO/CuO/HZSM-
5 catalyst has been prepared for the production of gasoline range
hydrocarbons from methanol. Previous investigation [29-31] revealed
the effect of CuO and ZnO loading on HZSM-5 catalyst for the con-
version of methanol to hydrocarbons. The results indicate 0.5 wt%
Zn0O/7 wt%CuO/HZSM-5 had higher conversion and hydrocarbon
yields as compared to other catalyst. Experimental runs were con-
ducted to study the effect of process variables such as temperature,
contact time and partial pressure on methanol conversion and hydro-
carbons yield. The kinetic data were obtained from the experimental
runs. The kinetic parameters for the various models were calculated
by solving the equation of mass conservation in the reactor for the
lumps of kinetic models. The validity of the models proposed in the
literature was analyzed.

EXPERIMENTAL

0.5Wt%ZnO/Twt%CuOHZSM-5 catalyst was prepared by wet
impregnation method. The details of this catalyst preparation are
given elsewhere [29]. [HZ (Zn/Cu)] catalysts with 1 molar oxalic
acid were dissolved in deionized water for 2 minutes at 353 K. The
treated particles were washed thoroughly with deionized water and
finally dried over night at 393 K in an oven.

The surface areas and pore volumes of the catalysts were deter-
mined by using ASAP 2010 (Micromeritics, USA) by adsorption
with nitrogen (99.99% purity) at 77 K, employing the static volu-
metric technique. Prior to the analysis the catalysts samples were
degassed for 6 h at 383 K under vacuum. With the gradual increase
in pressure, the number of gas molecules adsorbed on the surface
increased. Analysis of the adsorption isotherm was done with the
help of a software (ASAP 2010) and the information about the dis-
tribution of pore size and surface area of the catalyst was obtained.

To determine the actual amount of CuO and ZnO doped over
HZSM-5, and the Si/Al ratio, the catalyst samples were digested
with nitric acid at 353 K for 2 h under reflux. The final metal content
of the catalyst was determined with a metal trace analyzer (Metrohm
757 VA Computrace, Switzerland).

With ASTM test procedures, the properties of Indian gasoline
and gasoline obtained by MTG (Methanol to gasoline) process were
tested by Reid vapor pressure and ASTM distillation. Key distilla-
tion properties for gasoline were derived from ASTM D-86. Reid

D 5191. These various test methods ultimately obtained an estimate
of partial pressure of gasoline component at 100 °F in a vessel with
a4/1 vapor to liquid volume ratio.

For experiments the catalyst pellets were crushed and sieved to
obtain a particle size in the range of 2.5+0.5 mm. The details of ex-
perimental setup and procedure have been discussed in the previ-
ous paper [29]. The tubular reactor was made of a stainless steel
tube (id: 0.019 m). The reactor was heated in three zones by means
of electric furnace, and temperature was varied from 635 K-698 K
during the run. To minimize the heat losses between the preheater
and reactor, the bare length of the tube was properly insulated with
magnesia wool. The contact time was varied between 0.047 to 0.129
(g of catalyst) h (g of methanol fed)'. During experimental runs,
the total condensed liquid and gases were analyzed to determine
the composition of non-condensable gases and liquid at regular inter-
vals. The non-condensable gases contained mainly C, to C; hydro-
carbons; CO and CO, were trapped in sampling valves and analyzed
by gas chromatography. All the liquid hydrocarbon products were
analyzed by flame ionization detector using a chromatograph (Aimil-
Nucon, India).

RESULTS AND DISCUSSION

The physicochemical properties of liquid product analyzed as
per ASTM methods were specific gravity, Reid vapor pressure and
ASTM distillation curve. The amounts of light and heavy compo-
nents present in the gasoline were monitored by the use of ASTM
distillation curve following norm D86 as shown in Fig. 1. The most
important points of the distillation curve are initial boiling point (IBP),
T,, (temperature at which 10% of distilled volume is recovered),
Ts, (temperature at which 50% of distilled volume is recovered),
Ty (temperature at which 90% of distilled volume is recovered)
and final boiling point (FBP). A typical ASTM results and other
properties for liquid products obtained were compared with prop-
erties of Indian gasoline. The results are given in Table 1. The prop-
erties of liquid products obtained were comparable with the gasoline.

The crystallite size, which results in more sites of CuO available
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Fig. 1. Typical ASTM distillation curve for indian gasoline and

vapor pressure (RVP) of a fuel is defined by ASTM test procedure MTG process gasoline.

Table 1. Physicochemical properties of the product
Sample Specific gravity at 293 K Reid vapor pressure (kPa) IBP(K) T, (K) T (K) Te(K) FBP(K)
Indian gasoline 0.7608 429 322.7 324.0 346.0 486 512.4
MTG product 0.752 4455 312 314.0 335.2 466.0 498.2
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for methanol adsorption thereby, increases the activity of the cata-
lyst [29]. Mild treatment of CuO/ZnO impregnated HZSM-5 cata-
lyst with oxalic acid has beneficial effect on the reaction, owing, on
the one hand, to the removal of extra framework aluminum species
which act as poison of the Bronsted acidic sites, and the other hand,
to increase of external surface area of catalyst which allows easier
access of the reactant to the active sites and leads to more resistance
to deactivation [20]. Based on above investigations it was concluded
that oxalic acid treated 0.5 wt%Zn0/6.89 wt%CuO/HZSM-5 cata-
lyst abbreviated as HZ (Ox) has higher activity and selectivity for
methanol transformation to gasoline range hydrocarbons. The con-
version capacity was estimated at various reactant feed rates and
temperatures. 673 K was the optimum temperature to obtain the
higher yield of gasoline range hydrocarbons. Therefore, this catalyst
was used for detailed kinetic studies. These results are discussed
below:

Experimental runs were conducted at different contact time (W/
F,,) and temperatures. Figs. 2 and 3 show the effect of contact time
and temperatures for methanol conversion and hydrocarbons yield,
respectively. Both methanol conversion and total hydrocarbons yield
increases progressively on increasing W/E,, from 0 to 0.129 (g. cat*h/
g methanol fed). Figs. 4 and 5 show the variation in product distri-
bution as a function of contact time at three different temperatures,
635K, 653K, 673 K, respectively. The yield of aromatic hydro-
carbons increased with increase in the contact time or conversion
while the yield of lighter olefins decreased. At low conversion a
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Fig. 2. Variation of methanol conversion with contact time over

HZ (Ox) catalyst.

45
— 40 b
=
% 35 .
% 30 b +635K
2 2 = 653K
S .
S 20
8 AGT3K
8 15 (4
$
S 10
- -

5

0

0 0.02 0.04 0.06 0.08 0.1 0.12
WIF « (g cat*h/g methanol fed)

Fig. 3. Variation of hydrocarbons yield with contact time over HZ
(Ox) catalyst.
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Fig. 4. Hydrocarbons yield vs contact time over HZ (Ox) catalyst
[T=635 K, P=1 atm].
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Fig. 5. Hydrocarbons yield vs contact time over HZ (Ox) catalyst
[T=653 K, P=1 atm].
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Fig. 6. Hydrocarbons yield vs contact time over HZ (Ox) catalyst
[T=673 K, P=1 atm|].

high yield of olefins and DME was obtained and negligible yield
of aromatics was formed. Fig. 6 shows the major hydrocarbon prod-
uct distribution such as olefins, alkanes, aromatics and Cs, on water-
free basis at various contact time. A detailed product distribution is
also given in Table 2 at different temperatures and contact time. The
results show that olefins and DME are the intermediates to aromat-
ics and in agreement with the published literature [28-32].

The yield of aromatics increased with increase in contact time,
while the yield of olefins and DME gradually decreased with increase
in contact time, indicating that alkenes (olefins) and DME are the
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Table 2. Products distribution for the conversion of methanol to gasoline range hydrocarbons over HZ (Ox) catalyst (P=1 atm)

T=635K T=653K T=673 K T=698 K

WI/F ,, (g cat.*h/g of methanol fed) 0.129 0.090 0.047 0.129 0.090 0.047 0.129 0.090 0.047 0.129 0.090 0.047
Conversion (%) 80.7 743 616 875 825 695 942 90.8 754 839 752 587
Yield (wt%)

CH, 034 037 103 025 036 092 015 031 082 040 045 098
C, 1.0 092 210 0.72 1.04 238 052 089 1.8 320 232 1.20
G, 1.17 125 398 084 122 356 069 105 323 431 341 280
C, 055 0.77 246 041 060 226 060 051 215 082 092 0.09
Cs 040 0.78 140 054 063 137 068 058 09 032 038 130
Cst+ 1229 11.03 3.50 11.80 10.60 4.90 11.50 10.57 820 13.20 11.83 6.80
C.H, 033 029 038 123 111 006 033 044 068 0.18 0.13 0.07
C.Hy 036 024 0.12 026 024 002 287 175 008 020 0.16 0.09
CH, 6.73 5.08 140 886 821 272 1047 930 432 473 282 112
CH,, 6.11 554 120 779 7.0 394 1076 940 545 211 142 0.07
C,Hy, 038 031 0.02 109 08 010 044 035 041 021 0.16 0.05
CH,OCH; 211 243 515 155 225 540 1.04 194 3.77 3.11 342 450
Total hydrocarbons products (wt% feed) 31.77 29.01 22.74 3534 34.06 27.63 40.05 37.09 31.83 32.79 27.42 19.07
Water (wt% feed) 30.0 28.0 21.80 3420 32.15 2444 372 3515 2444 3020 2532 20.20
*Qthers (Wt% feed) 1891 17.28 17.08 17.92 1631 17.42 1698 18.54 19.17 20.95 22.43 19.40
*Include CO and CO,

intermediates to aromatics [9,10,17]. Yield of alkanes also decreased
at higher conversion. As can be seen from Table 2, significant amounts
of liquid hydrocarbons were obtained with HZ (Ox) catalyst. At
higher temperatures up to 673 K the methanol conversion and liquid
products increased. The major gaseous products of the reaction were
methane, ethylene, dimethyl ether, propylene, butane and pentane.
The major liquid products were pentane, ethyl benzene, ethyl tolu-
ene, trimethyl benzene and tetramethyl benzene, at all temperatures
and conversion levels.

Experimental runs were conducted at different temperature to
study the effect of temperature on methanol conversion and yield
of hydrocarbons over CuO impregnated HZSM-5 catalyst treated
with oxalic acid. Experimental data revealed several interesting qual-
itative MTG reactions. As shown in Fig. 7 there was increase in
the yield of C;, and mainly aromatic hydrocarbons with increase in
temperature from 635 K to 673 K. It was observed, based on the
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Fig. 7. Effect of reaction temperature on hydrocarbons yield [W/
F, (g cat*h/g of methanol fed)=0.129, P=1 atm].

experimental results, that 635 K to 673 K is the most appropriate
temperature range for the selective transformation of methanol to
aromatic hydrocarbons. As the reaction temperature increased, oli-
gomerization, cyclization, dehydrogenation and aromatization reac-
tions progress and olefins were converted into the higher hydro-
carbons. The distribution of aromatics also changed strongly with
increasing temperature. The methanol reaction is comprised of sec-
ondary reaction that converts primary olefins product to gasoline
range hydrocarbons. At 698 K the catalyst deactivated faster because
of rapid coke formation over the surface. This coke formation is
due to cracking of oligomers into smaller molecules and coke, which
deactivates the catalyst. However, at medium temperatures oligo-
merization and cracking are somewhat balanced and cracking is not
severe enough to make too much coke; therefore catalyst activity
lasts longer. A detailed product distribution is also given in Table 2
at different temperature and contact time. A similar trend has also
been reported by the other researchers [17,19]. Ethylene and pro-
pylene are generally believed to be the first olefin hydrocarbons
formed during methanol conversion and they can be easily oligo-
merized in the temperature range from 635 K to 673 K to produce
desirable hydrocarbons. These results show that CuO doped cata-
lysts serve as highly active dehydrogenation catalyst and show a
high selectivity for aromatics in the conversion of methanol.

Effect of methanol partial pressure was also investigated on con-
version and hydrocarbon yields. Nitrogen was used as a dilutent.
Fig. 8 represents the variation in product distribution at different
partial pressures of methanol at a W/E,, of 0.129 (g cat*h/g of meth-
anol fed). When the methanol pressure was below 90 kPa, the yield
of aromatic hydrocarbons was comparatively high compared to the
yield of olefins and DME. Yield of aromatic hydrocarbons decreased
with increase in methanol partial pressure. On the other hand, the

Korean J. Chem. Eng.(Vol. 27, No. 5)
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Fig. 8. Effect of methanol partial pressure on aromatics, alkane,
olefins and dimethyl methyl ether yield [W/F,, (g cat *h/g
methanol fed)=0.129, T=673 K, P=1 atm].

yield of alkanes and olefins marginally increased with increase in
methanol partial pressure. This could be due to thermodynamic limit
for the dehydrogenation at high partial pressure of methanol, while at
lower partial pressure of methanol dehydration and carbene (:CH,)
ion generation takes place. Production of aromatic hydrocarbons
was favored at low methanol partial pressure, whereas the yield of
alkanes, olefins and DME was favored by higher methanol partial
pressure.

The kinetic models proposed in the literature can be grouped into
lumped models, which are a compromise between simplicity and
representations of the reality of the process, and detailed mechanis-
tic models that take into account individual reaction steps based on
radical reaction mechanism. Generally, mechanistic models involve
a large number of equations and it is very difficult to estimate the
rate constants for each individual reaction step. For the design pur-
pose, molecular models (lumped parameter) are used for most of
the cases [17]. In the present work the constants of kinetic models
have been calculated by fitting the experimental results of mass frac-
tions of various lumps to the corresponding mass conservation equa-
tions. The kinetic constants calculated in this way guarantees the
representation of complex reaction system in the wide range of con-
centration of various lumps. The methodology used has been suc-
cessfully applied in kinetic modeling of many catalytic reactions
[25].

For the isothermal reactor and neglecting the radial concentration
gradients in the reactor, the concentration terms on a water-free basis
and without catalyst deactivation (activity unity) the mass conserva-
tion equation for each of the lumps at zero time on stream becomes:

—dcv a .
% =(1_E)Z]:a‘frf°; i=1,m M
i

where, ¢; is the stoichiometric coefficient of the i” chemical spe-
cies in the j” reaction, ¢, is the concentration of species, £is the void
fraction of the bed and v is the linear velocity. The application of
the above equation requires precise calculation of the reaction rate
of the formation of lump (i) at zero time on stream T, gas linear
velocity, v, and partial pressure of water-free products. To solve these
ordinary differential equations, a program code was written for cal-
culating the mass fractions of each reactant and product species.
The differential equations were solved using a fourth order Runge-
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Kutta method. The non-linear regression technique has been car-
ried out for the calculation of the kinetic parameters for each of the
kinetic models, by minimizing the objective function.

The objective function F(x) to be minimized is the arithmetic
mean of minimizing the square of the deviations between experi-
mental and model predicted values of compositions of each lump.

5N Y iy Vel
F x)= [ exp)i (cal)i, 2
(=g Y e el @
where,

N=Number of lumps
N..,=Number of experimental points

Y, @ and Y, values of weight fraction for experimental and
calculates lump i on water-free basis.

The unanimously accepted reaction path for the methanol con-

version to hydrocarbons is

~H,0

CH,OH<CH,OCH, :
0 Aromatics

Light olefﬁns—>{ Paraffing
Based on this, the three models used for MTG process are dis-
cussed below:
1. Model-I

The basis for this model was proposed by [24] for the disappear-
ance of DME over ZSM-5 catalyst. The reaction model is repre-
sented as follows:

ki

A B )
A+B——B )
B———C )

where A represents (Oxygenates (methanol+DME)), B (Olefins)
and C (aromatics+paraffins) for methanol to hydrocarbon conver-
sion reaction. This model takes into account the autocatalytic nature
of the reactions and considers the reaction rate of disappearance of
methanol and DME by reaction of oxygenates with olefins [24].
The kinetic equations for the above model have been formulated
by considering the elementary steps for the mechanism and are given
in Egs. (6) and (7) in terms of mass fraction (Y) of species and space
time (z=W/F,)):

-dY
dz 4= kY, +kY, Y, (6)
dd_Y; =k Y, +kY, Y-k Y, @)

The above equations were solved simultaneously using a fourth or-
der Runge-Kutta method as discussed before. The experimental data
were fitted at all the temperatures. The final kinetic constants after
best fitting are given in Egs. (8), (9) and (10), respectively.

B s (10369

k,=1.093x10 exp( RT ®)
3 o (8060

,=8.45x10 exp( T )
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Fig. 9(a). Comparison between experimental results and simulated
mass fractions (water free basis) of lumps of Model-I (T=
635 K).
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Fig. 9(b). Comparison between experimental results and simulated
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Model-I (T=653 K).
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values of mass fraction (water free basis) of lumps Model-
I1(T=673 K).

67989)

k;=3.967x10° (—
3 x10"exp RT

(10)

A comparison between experimental data of the weight fraction
(water free basis) of oxygenates, light olefins and rest of the hydro-
carbons and the values calculated from the model has been plotted
at different contact time. As can be seen from Figs. 9(a) to (c), the
model proposed by Egs. (6) and (7) adequately fits the experimen-
tal data. The parity plot between experimental and calculated mass
fractions at different contact times and temperatures is also shown

100
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7 'S
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7 50 A !
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A Oxygenates
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r'Y
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Fig. 9(d). Parity plot showing the simulated vs experimental mass
fractions of hydrocarbons, olefins and oxygenates on
water-free basis over HZ (Ox) catalyst using Model-1 [W/
F, (g cat*h/g methanol fed)=0.129-0.0268, T=635-673
K, P=1 atm|].

in Fig. 9(d).

The weighted least square analysis method was used to calculate
the difference between experimental and simulated values. The de-
viation between experimental and simulated values was 1.1%. This
model is simple, establishes olefins as primary products, and pro-
poses the reaction between oxygenates and the olefins as an auto-
catalytic step.

2. Model-IT

A third model was proposed based on the model developed by
[26]. This model has also been used in MTG process by Mobil oil
for simulation of a pilot plant with a fixed bed reactor.

This model also assumes that dimethyl ether and methanol are
in equilibrium at all times in the reactor. Once the dimethyl ether is
formed, it can react to form light olefins (major component being
(C,-C;) which can oligomerize to form products in the gasoline
boiling range. These products can react with DME/methanol or more
light olefins to produce additional gasoline products. The first two
reactions are assumed to be slow, while last two steps proceed rap-
idly. The overall reaction sequence tends to be autocatalytic. Based
on these observations the kinetic scheme of MTG process may be
written as:

MHLOHE%HLOCH3 (at equilibrium)

CH,OCH,—H,O+Light olefins (ethylene and propylene)
Light olefins— (Liquid hydrocarbons)
Light olefins+Products— Liquid hydrocarbons.

The equations may be written as

ki

A C 22)

2C D (23)

A+D—> 5D (24)
ky

C+D D (25)

where C denotes the light olefins (ethylene and propylene), A denotes
the oxygenates and D denotes that gasoline range hydrocarbons.
For a fixed bed reactor the kinetic equations for these reactions have

Korean J. Chem. Eng.(Vol. 27, No. 5)
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been formulated considering elementary steps for mechanism and
in terms of mass fraction.

- dYA
dz

=k Y,+kY,Y), (26)

dYe_ kY.-kYi-kY.Y,

iz @7

The Y; represents weight fractions of component (lumped) i (on a
water-free basis), 7is the space time (W/F,,). The model parame-
ters were evaluated by minimizing the deviation between the ex-
perimental and simulated conversions.

The kinetic constants of best fitting were

k,=2.378x 107exp(— %} (23)
k,=7.70x 103€xp(— %} 29
k;=1.0x 103exp(— %} (30)
k,=9.07x 10“exp(— % 3D

The experimental values of the weight fraction (water free basis)
of oxygenate, light olefins and rest of the hydrocarbons (products)
are compared with the calculated values from this model and have
been plotted at different contact times. These results are presented
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Fig. 10(a). Comparison between experimental results and simu-
lated values of mass fraction (water-free basis) from
Model-1I using HZ (Ox) catalyst (T=635 K).
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ues of mass fraction (water free basis) from Model-II
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with HZ (Ox) catalyst (T=653 K).

Contact time (g cat*h/g of methanol fed)

Fig. 10(c). Comparison between experimental results and simu-
lated values of mass fraction (water-free basis) from
Model-II (673 K).
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Fig. 10(d). Parity plot showing the simulated vs experimental mass
fractions of hydrocarbons, olefins and oxygenates on
water-free basis over HZ (Ox) using Model-II [W/F,,
(g cat*h/g methanol fed)=0.129-0.0268, T=635-673 K,
P=1 atm].

in Figs. 9(a) to (c). As can be seen from Figs. 10(a) to (c) the model
fitted reasonably well with the experimental data. A parity plot be-
tween experimental and calculated mass fractions at various con-
tact times and temperatures is also given in Fig. 10(d). The devia-
tion between experimental and simulated values was 0.6%. The
weighted least square analysis was used to calculate the difference
between experimental and simulated values using this model. The
goodness of fitting of all the kinetic models proposed with the ex-
perimental results has been proven in a wide range of operating con-
ditions.

The calculated value from the weighted least square analysis is
similar for all models, the fitting being slightly better for Model (II),
which was proposed from experimental results obtained under iden-
tical conditions(temperature and contact time).

CONCLUSIONS

Methanol conversion and hydrocarbons yield increased progres-
sively on increasing W/F,, with HZ (Ox). The yield of gasoline range
liquid hydrocarbons increased with increase in the contact time while
the yield of lighter olefins decreased. At low conversion, high yield
of olefins and DME was obtained with negligible yield of aromat-
ics. These lighter olefins and DME are partially converted to heavy
hydrocarbons, indicating intermediate products in methanol to hydro-
carbon reactions. Distillation profiles obtained by ASTM distillation
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curves give deeper insight of composition of Indian gasoline and
gasoline range hydrocarbons obtained by MTG process.

A significant effect of temperature on the methanol conversion
and hydrocarbons yield was observed. There was an increase in
conversion and liquid hydrocarbon yield up to 673 K, and above
this major liquid product yields decreased with the increase in tem-
perature. It was concluded that up to 673 K oligomerization, cycliza-
tion, dehydrogenation and aromatization reactions predominate and
olefins are converted into the higher products. These secondary reac-
tions convert primary olefin product to gasoline range hydrocar-
bons. But at temperature higher than 673 K there was cracking and
rapid coke formation over the catalyst. Therefore, 673 K is the re-
commended temperature for MTG reaction. Yield of aromatics de-
creases with increase in methanol partial pressure (>90 kPa) whereas
the yield of alkane and olefins marginally increases with increase
in partial pressure. The validity of the kinetic models proposed has
been analyzed by minimizing the error between experimental and
theoretical yields of hydrocarbons.

NOMENCLATURE

A, B, C, D : abbreviated notation for lumps of various kinetic model
studied

E  :activation energy [kJ/mol]

F,, :mass flow of methanol fed [gh™']

F(x) : objective function

k,, k,, ks, k; : kinetic constants of individuals steps of various kinetic
models [h™']

N :number of lumps

N., :number of experimental points

R :gas constant (8.314) [Jmol 'K™']

T  :temperature [K]

W :mass of catalyst [g]

Y, :weight fraction of lump i on water free basis

i

Greek Letters

o density [kg/m’]
7 :contact time [g cat *h/g of methanol fed]
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