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Abstract: Dehydration of methanol to dimethyl ether using y-Al,O5 catalyst was modeled in an industrial adiabatic
fixed-bed reactor by one-dimensional heterogencous model. Longitudinal temperature and conversion profiles were
predicted. By the model, the best temperature for pure methanol feed, through plotting temperature-conversion
diagram at constant reaction rates and different inlet temperatures was determined. In addition, the optimum
pressure was obtained and the effect of mass flow rate was discussed at this pressure and inlet temperature. Finally,
it was found maximum obtainable conversion at optimum operating conditions was 81.36%.

[Seyyed Ya’ghoob Hosseini, Mohammad Reza Khosravi Nikou. Modeling of Industrial Fixed Bed Reactor to
Produce Dimethyl Ether from Methanol and Determination of Optimum Operating Conditions. ] Am Sci.

2012;8(5):218-225]. (ISSN: 1545-1003). http://www.americanscience.org. 28

Keywords: Dimethyl ether; Fixed bed reactor; y-Al,O;; Methanol dehydration; Optimization.

1. Introduction

Dimethyl ether (DME) is a new energy
source, which is expected to be commercially viable
as an environmentally friendly clean fuel [1]. The
physical properties of dimethyl ether are similar to
those of liquefied petroleum gases (i.e., propane and
butane) [2]. In general, DME can be used in three
primary applications: firstly, the immediate market
allows the use of DME as a blend-stock with LPG for
home heating and cooking; secondly, the developing
market is exploring DME as a transportation fuel, and
finally, it holds a promising future as fuel supply for
electric power generation [3, 4].

There are two methods for manufacturing
DME: direct synthesis [5, 6] and methanol
dehydration [7-10] as an indirect one with both
having corresponding advantages and disadvantages.
In general, Methanol dehydration to dimethyl ether
(indirect process) is a potential process and more
favorable in views of thermodynamics and economy
[9].

Solid acid catalysts such as v-AlLOs,
modified y-Al,O3; with silica, phosphorus or boron
oxide (B,O;) are excellent catalysts for dehydration
of methanol to Dimethyl ether in bench and large
scale [11]. For industrial production, y-Al,Oj3 is
usually preferred due to less production of by-
products and high stability, however, the application
is limited to pure methanol, since presence of water
would result in deactivation of catalyst rapidly [12].

Fluidized-bed and fixed-bed DME synthesis
reactors have been investigated through a number of
research studies. Mahecha-Botero et al. [13]
developed a generalized comprehensive model to
simulate a wide variety of fluidized bed catalytic
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reactors. Kumar & Srivastava [14] modified the
model proposed by Mahecha-Botero et al. and
employed the modified model to simulate DME
synthesis in a fluidized-bed reactor. Also, the
modified model was used under various operating
conditions to maximize DME productivity. Bercic &
Levec [15] proposed a rate equation using
experimental results from a differential fixed bed
reactor. This equation is frequently used by
researchers in the process modeling of dimethyl ether
production from methanol [16-18]. Fazlollahnejad et
al. [16] employed one dimensional plug flow model
to simulate an adiabatic fixed bed reactor of methanol
dehydration.  Longitudinal  temperature  and
conversion profiles predicted by this model were
compared to those experimentally measured in a
bench scale reactor. The reactor was packed with 1.5
mm v-Al,O; pellets as dehydration catalyst. Also,
Farsi et al. [17] simulated the industrial reactor of
DME synthesis accompanied by a feed pre-heater
using Bercic & Levec equation. They investigated the
controllability of the process through dynamic
simulation of the process under a conventional
feedback PID controller as well. At other work,
Khademi et al. [18] performed a steady-state
heterogeneous modeling in order to evaluate the
optimal operating conditions and enhancement of
dimethyl ether and benzene production in a thermally
coupled reactor. Nasehi et al. [19] simulated an
industrial adiabatic fixed bed reactor for DME
production from methanol dehydration at steady state
condition, and showed that the difference between
one and two dimensional is negligible. Mollavali et
al. [20] tested a series of commercial y-Al,O; samples
for vapor-phase dehydration of methanol to dimethyl
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ether and studied the influence of operating
conditions on catalyst performance as well as the
stability of catalysts towards water. Moreover, a new
kinetic expression was developed for dehydration of

methanol to DME by them.
2. Kinetics
The reaction equation of methanol

dehydration to dimethyl ether is shown in the
following:
2CH;0H % CH;0CH;+H,0
Table 1 shows the number of suggested rate
equations by researchers. The parameters of Bercic &
Levec equation are following as:
4019 _ - 10*
InK,, == —+3707InT -~ 2783 X 107° T+ 38X 107'T* - 5.561 X - — 2664 (1)
K; = A,exp (*ij (2)
! ' RT

Parameters of A; and E; have been listed in Table 2.

3. Reactor model

In this study, one dimensional heterogeneous
model has been considered for steady state simulation
of the process using Bercic & Levec rate equation.
Material balance equation is shown in the following:
;ﬂ _n1m)ey 3)

v 'F:W,D

Also, the energy balance for an adiabatic
reactor with pure methanol feed is following:
dT n(—ry j{_[ﬂHr(Trsf) + f;f ACdT]}ps
av Foro(Cay + XACS)

In the above equations, 1 is the effectiveness
factor which is defined in Equation (5). Since the
catalyst particles are so small that concentration and
temperature variations in particles can be neglected,
the effectiveness factor can be assumed 1. Thus, this
factor does not have any significant effect on
temperature of reactor and conversion of methanol.

Jng dVp

a Vot ®)
In the Equation (4), ACp is calculated according to
stoichiometric coefficients of species. The heat
capacity data for methanol, water and dimethyl ether
are given in Table 3. The coefficients found in this
table should be set in the following equation:
Cp=a+bT+cT?+dT? ©)
The following reasonable assumptions have been
considered in this model:
- plug flow pattern along with negligible
concentration and temperature variations in radial
direction
- No heat loss to the surrounding from the reactor
wall
- Tubular reactor with steady state operating
conditions
- Pressure drop and diffusion in catalyst pores are
negligible

“
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In this case study, an industrial reactor with a length
of 8 meters in height and 4 meters in diameter is
available. The mass flow rate of pure methanol as
feed of reactor is 51 kg/s. Also, the catalyst in use is
gamma alumina from Suedchemie Company and
catalyst bed density of 780 kg.m™.

4. Results and discussion
4.1. Temperature effect

One of the most important diagrams in the
kinetics of a chemical reaction is the changes of
conversion versus temperature. Figure 1(a) shows
variations of methanol conversion versus temperature
in different inlet temperatures and reaction rates. In
this figure, adiabatic lines have been plotted at
different inlet temperatures using Equation (7):

_ LpAT @
MT T, H.
From Figure 1(b) it is obvious that in the
exothermic reversible reactions like methanol

dehydration, by increasing the temperature, the rate
of reaction increased but the maximum obtainable
conversion decreases. Therefore, when the system is
far from equilibrium condition, temperature should
be increased and by approaching to equilibrium,
temperature must be decreased. Also, Figure 1(b)
shows the best temperature progression by
connecting the maximum of different reaction rates.
According to this figure, a temperature ranging from
498 to 523 K is the best inlet temperature range,
because of the highest mean value of rate of reaction
and desirable conversion.

Figures 2(a) and 2(b) show profiles of
methanol conversion and temperature along the
reactor at different inlet temperatures, respectively.
The optimum temperature between range of 498 to
523 K is found to be 498 K. From Figure 2(b), it is
clear that the higher inlet temperature resulted the
higher temperature distribution entire the reactor bed
which is undesirable for exothermic reversible
reactions. Moreover, increasing the temperature
resulted to use more energy which is not appropriate
from energy consumption point of view. On the other
hand, from Figure 2(a) it is clear that the maximum
conversion (81.36%) is reached at 498 K. Figure 3
shows maximum of reaction rate at different inlet
temperatures. As expected when the temperature
increased, the maximum of reaction rate increased,
however, this was not a good reason for running of
reaction in higher temperatures especially for an
exothermic and reversible reaction.
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Figure 1. Conversion-temperature diagram at constant reaction rates and different adiabatic lines. Diagonal straight
lines are adiabatic lines at different inlet temperatures. (a) In an overview. (b) With desirable conversion, and thick
line shows the best temperature progression path

4.2. Pressure effect

Methanol dehydration is an equimolar
reaction; therefore, pressure could not affect on
equilibrium conversion and the only effect may be on
the reaction rate. Profiles of methanol conversion and
temperature along the reactor at different pressures
have been shown for inlet temperature of 498 K and
flow rate of 51 kg/s in Figures 4(a) and 4(b),
respectively. These two diagrams show negligible
effect of pressure on the final temperature of the
reactor and maximum conversion of methanol. In
order to clarify the effect of pressure on the rate of

http://www.americanscience.org

220

reaction, variation of reaction rate along the reactor
has been plotted at different pressures in Figure 5.
From this diagram it is obvious that maximum rate
occurs at low pressures, but having the higher
average reaction rate is the most important factor,
which resulted to more production rate. The area
under the curves of Figure 5 is a measure of
production rate. For determination of optimum
pressure, these areas versus different operating
pressures were plotted in Figure 6. From this
diagram, it is clear that the maximum production rate
is obtained at 5 bar.
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Figure 2. Effect of reactor inlet temperature under constant pressure of 5 bar and feed flow rate of 51 kg/s. (a)
Methanol conversion profile. (b) Temperature profile

4.3. Flow rate effect

Figures 7(a) and 7(b) show profiles of
methanol conversion and temperature at optimum
inlet temperature and pressure along the reactor,
respectively. The more flow rate leads to less
residence time. Therefore, the time to reach
equilibrium conversion is greater in higher flow rate.
Accordingly, the maximum conversion occurs at the
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end of reactor for high flow rates. From Figure 7(a),
it may be concluded that by using the total reactor
volume for the reaction, maximum mass flow rate to
reach equilibrium conversion is 104 kg/s, but it must
be considered the hydrodynamic consideration and
pressure drop across the reactor are the factors that
would define the optimum mass flow rate.
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Figure 4. Effect of reactor total pressure under inlet temperature of 498 K and feed flow rate of 51 kg/s. (a)
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Figure 6. Effect of pressure on production rate

5. Conclusions

In this study, an industrial dimethyl ether
synthesis reactor from dehydration of methanol with
volume of 100 m® was simulated in steady state
conditions on a one-dimensional heterogeneous
model with y-Al,O; as catalyst. By plotting variations
of methanol conversion versus temperature at
different reaction rates, optimum inlet temperature
for adiabatic operation was obtained. To determine
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optimum pressure, diagram of (-ry) (V) versus
pressure was used. It was found that the maximum
production rate was achievable at 5 bar. Moreover,
the effect of flow rate on conversion and temperature
was investigated. For the aforementioned reactor, it
was shown at optimum operating conditions
(pressure, inlet temperature and feed flow rate)
maximum conversion was 81.36%.
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Figure 7. Effect of feed flow rate under inlet temperature of 498 K and total pressure of 5 bar. (a) Methanol
conversion profile. (b) Temperature profile

Symbols used

A [-] pre-exponential factor in
Arrhenius’ law

G, [J/mol.K] specific heat of the gas at
constant pressure

E; [J/mol] activation energy

F [kg/s] mass flow rate

Fu [mol/s] molar flow rate

k [mol/g.h] rate constant of reaction

Ki  [m’/kmol] adsorption constant of

component i

K [ reaction equilibrium constant

for methanol dehydration reaction

P [bar] total pressure

PB [kg/m’] density of catalytic bed

r [mol/gg,.h] rate of reaction for DME

synthesis

AH, [J/mol] heat of reaction

T [K] temperature

n [-] effectiveness factor

\% [m’] volume
http://www.americanscience.org 224

X [-] methanol conversion
Subscript

0 inlet conditions

i chemical species

M methanol

P particle

w water

Corresponding Author:

Dr. Mohammad Reza Khosravi Nikou
Gas Engineering Department
Petroleum University of Technology
P.0.Box 63431, Ahwaz, Iran

E-mail: mr.khosravi@put.ac.ir

References

1. Khaleel, A. (2010). Methanol dehydration to
dimethyl ether over highly porous xerogel
alumina catalyst: Flow rate effect, Fuel
Process. Technol., 91(11), 1505-1509.

editor(@americanscience.org




Journal of American Science, 2012;8(5)

http://www.americanscience.org

10.

11.

12.

Semelsberger, T. A., Borup, R. L., and Greene,
H. L. (2006). Dimethyl ether (DME) as an
alternative fuel, J. Power Sources, 156(2), 497-
511.

Keshavarz, A. R., Rezaei, M., and Yaripour, F.
Nanocrystalline gamma-alumina: A highly
active catalyst for dimethyl ether synthesis,
Powder Technol., 199(2), 176-179.
Semelsberger, T. A., Ott, K. C., Borup, R. L.,
and Greene, H. L. (2005). Role of acidity on the
hydrolysis of dimethyl ether (DME) to
methanol, Appl. Catal. B, 61(3-4), 281-287.
Mao, D., Yang, W., Xia, J., Zhang, B., and Lu,
G. (2006). The direct synthesis of dimethyl
ether from syngas over hybrid catalysts with
sulfate-modified  y-alumina as  methanol
dehydration components, J. Mol. Catal. A:
Chem., 250, 138-144.

Takeguchi, T., Yanagisawa, K. L., Inui, T., and
Inoue, M. (2000). Effect of the property of solid
acid upon syngas-to-dimethyl ether conversion
on the hybrid catalysts composed of Cu-Zn-Ga
and solid acids, Appl. Catal. A, 192(2), 201-
209.

Hosseini, Z., Taghizadeh, M., and Yaripour, F.
(2011). Synthesis of nanocrystalline y-Al,O; by
sol-gel and precipitation methods for methanol
dehydration to dimethyl ether, J. Nat. Gas.
Chem., 20, 128-134.

Potdar, H. S., Jun, K. W, Bae, J. W., Kim, S.
M., and Lee, Y. J. (2007). Synthesis of nano-
sized porous y-alumina powder via a
precipitation/digestion route, Appl. Catal. A,
321, 109-116.

Khom-in, J., Praserthdam, P., Panpranot, J., and
Mekasuwandumrong, O. (2008). Dehydration
of methanol to dimethyl ether over
nanocrystalline Al,O; with mixed y- and y-
crystalline phases, Catal. Commun., 9, 1955-
1958.

Keshavarz, A. R., Rezaei, M., and Yaripour, F.
(2011). Preparation of nanocrystalline y-Al,O3
catalyst using different procedures for methanol
dehydration to dimethyl ether, J. Nat. Gas.
Chem., 20, 334-338.

Kim, S. M., Lee, Y. J,, Bae, J. W., Potdar, H.
S., and Jun, K. W. (2008). Synthesis and
characterization of a highly active alumina
catalyst for methanol dehydration to dimethyl
ether, Appl. Catal. 4, 348(1), 113-120.

Raoof, F., Taghizadeh, M., Eliassi, A., and
Yaripour, F. (2008). Effects of temperature and
feed composition on catalytic dehydration of
methanol to dimethyl ether over fy-alumina,
Fuel, 87(13-14), 2967-2971.

http://www.americanscience.org

225

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mahecha-Botero, A., Grace, J. R., Lim, C. J.,
Elnashaie, S. S. E. H, Boyd, T. and
Gulamhusein, A. (2009). Pure hydrogen
generation in a fluidized bed membrane reactor:
Application of the generalized comprehensive
reactor model, Chem. Eng. Sci., 64(17), 3826-
384e.

Kumar, M., and Srivastava, V. C. (2010).
Simulation of a fluidized-bed reactor for
dimethyl ether synthesis, Chem. Eng. Technol.,
33(12), 1967-1978.

Bercic, G., and Levec, J. (1992). Intrinsic and
global reaction rate of methanol dehydration
over y-ALO; pellets, Ind. Eng. Chem. Res.,
31(4), 1035-1040.

Fazlollahnejad, M., Taghizadeh, M., Eliassi, A.,
and Bakeri, G. (2009). Experimental study and
modeling of an adiabatic fixed-bed reactor for
methanol dehydration to dimethyl ether, Chin.
J. Chem. Eng., 17(4), 630-634.

Farsi, M., Eslamloueyan, R., and Jahanmiri, A.
(2011). Modeling, simulation and control of
dimethyl ether synthesis in an industrial fixed-
bed reactor, Chem. Eng. Process., S0(1), 85-94.
Khademi, M. H., Farsi, M., Rahimpour, M. R,
and Jahanmiri, A. (2011). DME synthesis and
cyclohexane dehydrogenation reaction in an
optimized thermally coupled reactor, Chem.
Eng. Process., 50(1), 113-123.

Nasehi, S. M., Eslamlueyan, R., and Jahanmiri,
A. (2006). Simulation of DME synthesis reactor
from methanol, in Proc. of the 11" National
Conf. on Chemical Engineering, Tehran.
Mollavali, M., Yaripour, F., Attashi, H., and
Sahebdelfar, S. (2008). Intrinsic kinetics study
of dimethyl ether synthesis from methanol on y-
ALO; catalysts, Ind. Eng. Chem. Res., 47(9),
3265-3273.

Klusacek, K., and Schneider, P. Stationary
catalytic kinetics via surface concentrations
from transient data: Methanol dehydration,
Chem. Eng. Sci., 37(10), 1523-1528.

Lu, W. Z., Teng, L. H., and Xiao, W. D. (2004).
Simulation and experiment study of dimethyl
ether synthesis from syngas in a fluidized-bed
reactor, Chem. Eng. Sci., 59(22-23), 5455-5464.

4/12/2012

editor(@americanscience.org




