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Abstract One of the methods of industrial dimethyl ether production is the catalytic dehydration

of methanol. In this research work, methanol dehydration reactor has been modeled using contin-

uous model and its results have been compared with experimental works and Voronoi pore network

model. A 1D heterogeneous dispersed plug flow model was utilized to model an adiabatic fixed-bed

reactor for the catalytic dehydration of methanol to dimethyl ether. The mass and heat transfer

equations are numerically solved for the reactor. The concentration of the reactant and products

and also the temperature varies along the reactor, therefore the effectiveness factor would also

change in the reactor. We used the the effectiveness factor that was simulated according to the dif-

fusion and reaction in the catalyst pellet as a Voronoi pore network model. Sensitivity analysis was

performed to determine the influence of T, P and weight hourly space velocity on performance of

the chemical reactor. Acceptable agreement was reached between the measured and the model data.

The results showed that the maximum reaction conversion was obtained about 90 % at



Nomenclature

C Concentration

C0 total concentration
cp specific heat of fluid
d reactor diameter
Da dispersion coefficient

Da;k dispersion coefficient
Dm molecular diffusion coefficient
ds particle diameter

K thermodynamic equilibrium constant
Ks reaction rate constant
KM adsorption constant of methanol

Kw adsorption constant of water
ka axial thermal conductivity
kp solids thermal conductivity
kf fluid thermal conductivity

k0e thermal conductivity of a quiescent bed
L catalyst bed height
Pek Peclet number for k component

Peh heat Peclet number
Pr Prandtle number
T temperature

T0 inlet temperature

U superficial velocity

x reactor longitudinal coordinate
Z
�

–
a thermal diffusivity
DH heat of reaction

DH
�

dimensionless heat of reaction
ebed bed porosity
g CM;Tð Þ effectiveness factor

q gas phase density
qB catalyst bed density
sbed tortuosity coefficient

t kinematic viscosity
U2

k thiele modulus

Subscripts
d DME

k Methanol, DME
M Methanol
W water

2 Y. Tian et al.
WHSV = 10 h�1 and T = 560 K, while the inlet temperature (Tinlet) had a greater effect on metha-

nol conversion. In addition, the effect of water in the feed on methanol conversion was quantita-

tively studied. Also, the deactivation kinetics of c-Al2O3 heterogeneous-acidic catalyst in

methanol to dimethyl ether dehydration process was studied using integral analysis method. Based

on independent deactivation kinetics, a second order was found that accurately fitted the experi-

mental conversion time data. The main reaction activation energies and catalyst deactivation ener-

gies were 143.1 and �102.1 kJ/mol, respectively.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dimethyl ether (DME) is a linear combination, odorless, colorless

component and has no corrosive properties. It is also not environmen-

tally hazardous. DME, as a liquefied gas has characteristics similar to

those of liquefied petroleum gas (LPG) (Arcoumanis et al., 2008;

Semelsberger et al., 2006). It is identified as a potential diesel and cook-

ing fuel. Its oxygen content is 34.78 % and can be burned without soot

emission. It has a boiling point of 248 K, which is 293 K higher than

LPG and can be liquidized at 5.4 bar (293 K). DME behaves as a gas

in standard conditions (0.1 MPa, 298 K) (Semelsberger et al., 2006;

Jiang et al., 2021; Li et al., 2021b; Liu, 2008; Mudiyanselage, 2021;

Niknam et al., 2021; Pourbavarsad et al., 2021). DME can be produced

from a variety of feed-stocks such as natural gas, crude oil, residual oil,

coal, waste products and bio-mass (Arcoumanis et al., 2008; Amini

et al., 2019; Andalib and Sarkar, 2022; Bakht et al., 2016; Bakhtadze

et al., 2020). One of the commercially processes for DME production

is the catalytic dehydration of methanol (MeOH). For this reaction,

acidic porous catalysts such as zeolites, SiO2–Al2O3, Al2O3 etc. are

used (Hassanpour et al., 2010; Keshavarz et al., 2010; Lu et al.,

2004; Moradi et al., 2008; Moradi et al., 2008; Yaripour et al., 2005;

Yaripour et al., 2009; Hassanpour et al., 2010). The reaction rate for

this process is mainly derived under the experimental conditions in

the laboratory, while these results are not found in an industrial reac-

tor (Bandiera and Naccache, 1991; Bercic and Levec, 1992; Figueras
et al., 1971; Gates and Johanson, 1969; Klusáček and Schneider,

1982). Bercic and Levec reviewed the different reaction rates, and they

designed some experiments to study this reaction in industrial condi-

tions using c-Al2O3 as the catalyst (Bercic and Levec, 1992; Al-

Shawi et al., 2021; Alibak et al., 2022; Dong et al., 2020; He et al.,

2022; Hutapea et al., 2022; Johnson et al., 2022; Ma et al., 2022).

The experimental works were conducted in a differential chemical reac-

tor (8-mm inside diameter) with the temperature variations between

521 and 651 K. Also, in the process, pressure maintained at

1.46 bar. The chemical reactor wroked free of inter particle heat and

mass resistances. Bercic and Levec suggested the kinetics of the reac-

tion at this condition (Bercic and Levec, 1992). They also used a lab-

oratory scale reactor to find its conversion and temperature profile

in it. Then plug flow condition and longitude changes of concentration

and temperature were considered for the reactor modeling. They con-

sidered convection and reaction terms in the mass and heat transfer

equations. In order to find the effectiveness factor (EF), the continuum

model was considered for the spherical catalyst particles. They used a

Rang Kutta method to solve the mass and heat transfer equations

simultaneously (Bercic and Levec, 1993). Mathematical modeling

and kinetics of chemical processes help a lot in simulating any process

(Li et al., 2021a; Mianmahale et al., 2021; Kazemeini et al., 2014;

Kazemeini et al., 2012). In the modeling presented in this paper we

used the results of Voronoi pore network model (VPNM) for the value

of EF. In fact, since the catalyst pellet has porous structure, continuum



Table 1 Summary of the published rate equations.

The Rate Equation Model Reference

�rM ¼ 2r0P
1=2
M

P
1=2
M

þbPW

Padmanabhan (Padmanabhan

and Eastburn,

1972)

�rM ¼ KKMCM

1þ2
ffiffiffiffiffiffiffiffiffiffiffi
KMCM

p þKWCWð Þ2 Klusacek and

Schneider

(Klusáček and

Schneider, 1981)

�rM ¼ KKMC2
M

1þ2
ffiffiffiffiffiffiffiffiffiffiffi
KMCM

p þKWCWð Þ3

�rM ¼ KKMC2
M

1þ2
ffiffiffiffiffiffiffiffiffiffiffi
KMCM

p þKWCWð Þ4

�rM ¼ Ks
K2
M C2

M�CDCM
Kð Þ

1þ2
ffiffiffiffiffiffiffiffiffiffiffi
KMCM

p þKWCWð Þ4
Bercic (Bercic and Levec,

1992)

�rM ¼ K2PM� K2=Keqð Þ PDPW=PMð Þ
KMPMþ PW=KWð Þþ1

Mollavali (Mollavali, 2008)

�rM ¼ KSK
2
MC2

M

1þKMCMþKWCWð Þ2
Moradi

�rM ¼ KSK
2
MC2

M

1þ2 KMCMð Þ2=3þKWCWð Þ3
(Moradi, 2010)

�rM ¼ KSK
2
MC2

M

1þ2 KMCMð Þ2þKWCWð Þ4

�rM ¼ kPM 1�PWPD=P
2
Mð Þ

1þ2
ffiffiffiffiffiffiffiffiffiffiffi
KMPM

p þKWPWð Þ2
Zhang (Zhang et al.,

2011)

P, K and k are partial pressure, equilibrium constant and rate

constant of surface reaction respectively,

M, W and D are MeOH, water and DME, respectively.

Table 2 The MeOH dehydration reaction kinetic constants

on c-Al2O3 catalyst.

Kinetics parameters Value Unit

KS (Bercic and Levec, 1993) 5:35� 1013exp �17280
T

� �
kmol=kg:hr½ �

KM (Bercic and Levec,

1993)
5:39� 10�4exp 8487

T

� �
m3=kmol
� �

KW (Bercic and Levec,

1993)
8:47� 10�2exp 5070

T

� �
m3=kmol
� �

K (Schiffino and Merrill,

1993)
exp �1:7þ 3220

T

� �
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models cannot predict its behavior precisely (Antoine et al., 2022;

Chen et al., 2021a; Chen et al., 2021b; Gao et al., 2022; Huang

et al., 2019; Huang et al., 2018; Yin et al., 2022a; Yin et al., 2022b).

Any porous structure can be mapped into a VPNM. The pore network

models have been extensively used in the last decades. The structure of

the porous medium can strongly affect its characteristics (Li et al.,

2021c). EF was found based on a three dimensional VPNM for the cat-

alyst pellets (Li et al., 2021c). Here, first the mathematical model was

explained, then the mass and heat transfer process were explained in

the reactor. Also, the mathematical approach for solving the equations

is described as well. After that the results are presented and discussed.

In this research work, the MeOH dehydration reactor modeled using

the continuous model (CM) was compared with the experimental

model and VPNM which was our research work (Li et al., 2021c). In

the final part a summary of the paper is presorted. In this work, c-
Al2O3 was used as a catalyst for the dehydration of MeOH to DME.

We also reached the optimal WHSV, which gives us the maximum

MeOH conversion at different MeOH gas inlet temperatures. In the

kinetic modeling part of this research work, the ‘‘deactivated” rate

of c-Al2O3 was modeled in the presence of added water to the MeOH

input feed (Shen et al., 2022; Wang et al., 2021; Wang et al., 2020; Wu

et al., 2021; Xiong et al., 2020). However, c-Al2O3 catalyst activity was

restored after feeding pure MeOH, indicating that activity loss in this

catalyst was due to competitive water uptake at active sites. After

exposure of the c-Al2O3 catalyst to steam at different Tinlet, the conver-

sion of c-Al2O3 to c-AlO(OH) (Boehmite) was shown to decrease the

catalyst activity by about 13 %. However, this conversion was reversi-

ble under reaction conditions and c-AlO(OH) was converted back to c-
Al2O3 and recovered the catalyst activity. Fresh and recovered alumina

have different textural characteristics, but recovered alumina has a

smaller surface area than fresh alumina. However, as far as we know,

no kinetic model for catalyst deactivation has been reported in previ-

ous research. However, deactivation kinetics are essential for reactor

design and predict catalyst lifespan in commercial plants

(Sahebdelfar et al., 2022). Also in this research work, a kinetic model

for MeOH dehydration to DME and catalyst deactivation on c-Al2O3

catalyst was obtained.

2. Mathematical model

2.1. Model for reaction rate

The dehydration of MeOH is based on the following reversible
reaction:

2CH3OH $ C2H6OþH2O ð1Þ
The dehydration kinetics of MeOH on acidic catalysts,

especially c-Al2O3, have been extensively studied (as shown
in Table 1) (Padmanabhan and Eastburn, 1972; Klusáček

and Schneider, 1981; Bercic and Levec, 1992; Mollavali
et al., 2008; Moradi et al., 2010; Zhang et al., 2011).

To model the production of DME from MeOH dehydra-

tion, the Bercic’s rate equation has been used in many research
works, and the results show that this equation is more widely
used and suitable than other proposed equations (Mollavali

et al., 2008; Moradi et al., 2010; Fazlollahnejad et al., 2009;
Farsi et al., 2010). Also, many kinetic models include condi-
tions to explain the inhibitory effect of water product due to
thermodynamic and kinetic factors (ie, competitive absorption

at catalyst active sites) (Sahebdelfar et al., 2022).
Based on Table 1; the reaction rate �rð Þ is considered as

follows (Bercic and Levec, 1993):
�r ¼ Ks

K2
M C2

M � CDCM

K

� �
1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KMCM

p þ KWCW

� �4 ð2Þ

The kinetic constants for MeOH dehydration reaction on c-
Al2O3 catalyst are presented in Table 2. The unit of reaction

rate calculated using Eq. (2) is [kmol.(kgCatalyst)
�1.h�1].

2.2. Equilibrium constant

There is not much research to determine the reaction equilib-
rium constant. Schiffino conducted his research on the equilib-
rium constant by in the temperature range of 503–623 K using

the ideal gas heat capacities and obtained the following expres-
sion (T in K) (Schiffino and Merrill, 1993):

Ln K ¼ �1:7þ 3220

T
ð3Þ
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In another study by Deep and Wainwright, an extensive
study of equilibrium conditions in reaction was performed
and presented a more general K-to-temperature relationship

that is presented elsewhere (Diep and Wainwright, 1987):

ln K ¼ 2835:2

T
� 1:675 ln Tþ 2:39� 10�4

� 0:21� 10�6T2 � 13:36 ð4Þ
After two previous research papers, a new relationship has

been proposed by H. T. Zhang:

ln K ¼ 4019

T
� 3:707 ln Tþ 2:783� 10�3T

� 3:8� 10�7T2 � 6:561� 104

T3
� 26:64 ð5Þ

The schematic diagram of the DME production process
cycle by MeOH dehydration method in a catalytic plug reactor
from MeOH production from carbon production sources to

water and DME production is shown in Fig. 1.
Mathematical modeling for the reactor is built considering:

(1) It is operated at steady state conditions; (2) Plug flow is

taken into account and the gas phase is assumed to behave ide-
ally; (3) Adiabatic condition is employed, and heat transfer is
ignored; (4) The pressure in the reactor is constant. (5) Con-
centration and temperature changes are considered only in lon-

gitudinal direction.
The mass and energy balance equations are arranged

according to diffusion, convection and reaction mechanisms

in the reactor:

d2Ck

dx2
� U

Da;k

dCk

dx
� qBvg CM;Tð Þ

Da;k

�rð Þ ¼ 0 ð6Þ

d2T

dx2
�UqCp

Ka

dT

dx
� qBDHg CM;Tð Þ

Ka

�rð Þ ¼ 0 ð7Þ

Eq. (6) should be written for MeOH and DME and index k
refers to the components. Eqs. (2), (6) and (7) can be changed

to a dimensionless form as follows:
Fig. 1 Schematic diagram of the dimethyl ether production process
d2C
�
k

dx
�
2
� Pek

dC
�
k

d x
� � U2

kvkg CM;Tð Þ �Rð Þ ¼ 0 ð8Þ

d2 T
�

dx
�
2
� Peh

dT
�

d x
� � DH

�
g CM;Tð Þ �Rð Þ ¼ 0 ð9Þ

�R ¼
K2

MC
2
o C

� 2

M � C
�
DC
�
M

K

� �

1þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KMC

�
M

p þ KWC
�
W

� �4 ð10Þ

Where C
�
¼ C

C0
; T

�
¼ T

T0
; x

� ¼ x
L
. The dimensionless parameters

in Eqs. (8) and (9) are:

Pek ¼ UL

Da;k

ð11Þ

Peh ¼ qCpUL

Ka

ð12Þ

U2
k ¼

KsqBL
2

Da;kC0

ð13Þ

DH
�

¼ KsqBL
2DH

KaT0

ð14Þ

The water concentration in each segment can be calculated

from the total balance.

Cw ¼ CT � CM þ CEð Þ ð15Þ
The appearance of EF in Eqs. (8) and (9) is due to the

heterogeneity in the reactor and the mass transfer limitation
in the catalysts.

We used the results of our previous study to find EF along
the reactor (Li et al., 2021c). EF was found based on a three-
dimensional VPNM for the catalyst pellets. In that model

pores are places where mass transfer and reaction occur, and
nodes are interchange points between the pores. For more
details, one can refer to the mentioned study where EF is cal-

culated at different temperatures and MeOH concentrations.
cycle from carbon production sources (in a catalytic plug reactor).
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Eqs. (5) and (6) are solved considering:

x
� ¼ 0 C

�
k ¼ C

�
k;0 ð16Þ

x
� ¼ 1

dC
�
k

d x
� ¼ 0 ð17Þ

x
� ¼ 0 T

�
¼ T

�
0 ð18Þ

x
� ¼ 1

dT
�

d x
� ¼ 0 ð19Þ

The dispersion coefficient in Eq. (6) should be considered in
the porous packed bed. This parameter is a function of Rey-

nolds number and can be calculated as follows (Berger et al.,
2002):

Da

ebed
¼ Dm

sbed
Re < 1 ð20Þ

Da

ebed
¼ Dm

sbed
þ 0:5dsURe > 5 ð21Þ

The tortuosity in Eqs. (20) and (21) is given by (Epstein,

1989):

sbed ¼ 1ffiffiffiffiffiffiffi
ebed

p ð22Þ

The axial effective thermal conductivity in Eq. (7) is deter-

mined by the following equation (Wen and Ding, 2006):

ka
kf

¼ k0e
kf

þ 0:5RepPr ð23Þ

where:

k0e
kf

¼ kp
kf

� �n

ð24Þ

where n is:

n ¼ 0:28� 0:757log eð Þ � 0:057log
kp
kf

� �
ð25Þ

The dimensionless parameters in Eq. (23) are:

Rep ¼ Uds
v

ð26Þ

Pr ¼ v

a
ð27Þ

The SRK equation of state is used to calculate the com-
pressibility factor (Prausnitz et al., 1988). Other parameters
used in the simulation are presented in Table 3.

The finite difference method is used to solve Eqs. (8) and

(9):

2� PekDx½ �C
�
k;iþ1 � 4C

�
k;i þ 2þ PekDx½ �C

�
k;i�1

� 2Dx2D2
kvkg CM;Tð Þ �Rð Þ ¼ 0 ð28Þ

2� PehDx½ �T
�
iþ1 � 4T

�
i þ 2þ PehDx½ �T

�
i�1

� 2x2 DH
�

g CM;Tð Þ �Rð Þ ¼ 0 ð29Þ
where k refers to different components (DME and MeOH) and

i shows the grid number is Dx the element length in the reactor
and here it is considered equal to 0.01 of the reactor length
these equation should be written for all the grids. Using the

conditions Eqs (16)–(19), the nonlinear set of equations has
to be solved in order to calculate the concentration and tem-
perature distributions in the reactor. A try and error method
is used to transform the equations into a linear form. Then

the set of linear equations is solved using the Lower–Upper
(LU) decomposition method. This trial method is repeated
until desired precision is obtained.

As shown in Table 4, the reactor process conditions are
shown in this research work.

Using Eq’s 30 and 31, the reactor performance in terms of

conversion (MeOH) and DME selectivity were evaluated:

ConversionMeOH ¼ QFeed
MeOH �QOutlet

MeOH

QFeed
MeOH

ð30Þ

SelectivityDME ¼ 2QOutlet
DME

QFeed
MeOH �QOutlet

MeOH

ð31Þ

In these equations as mentioned, for specific heat capacity

(Cpf), viscosity (l) and conductivity (ker) of the mixture, it is
defined as temperature relations. These relationships are based
on the mixing and correlation rules of the Perry Handbook of

Individual Characteristics of Species as summarized in Tables
5 and 6 (Hayashi and Moffat, 1982).

2.3. Kinetic modeling

In order to analyze the rate-time data, in addition to the deac-
tivation kinetics, a kinetics for the main reaction is needed that
can describe the reaction rate in terms of the concentration of

reactant species. The result of comparing the kinetics for
MeOH dehydration with c-Al2O3 catalysts showed that simple
kinetics based on the power law according to Eq. (32) show a

comparable fit with most of the accepted kinetic expressions:

�r0M ¼ K1a C2
M � CDCW

Ke

� �
ð32Þ

where W, M, and D represent water, MeOH and DME respec-
tively. �r0M is the dehydration rate of MeOH per catalyst

weight, the forward reaction rate constant (k1), the equilibrium
constant at the reaction temperature (Ke), and Ci is concentra-
tion of the components. Since there is no volume change in the
reaction, Eq. (32) can be written as an equation in terms of the

fractional conversion of MeOH, (XA). (Eq. (33)).

�r0M ¼ K1aC
2
M0

XMe

XMe
� XMð Þ XMe

� 2XMe
� 1ð ÞXMð Þ ð33Þ

where e and 0 refer to the reactor equilibrium and the input
conditions, respectively. The time-dependent catalyst activity
(a) is defined as follows:

a ¼ �r0M tð Þ
�r0M t ¼ 0ð Þ ð34Þ

To deactivate rate an independent decay law in the form of

an Eq. (35) is appropriate.

� da

dt
¼ kda

n ð35Þ



Table 3 The used parameters in the simulation.

Parameter Value Unit Parameter Value Unit

Cp* (Bercic, 1990) 110 kJ/kmol.

K

kp (Walas, 1985) 0.972 kJ/h.m.K

DHr (Schiffino and Merrill, 1993) –23.56 kJ/mol Catalyst Bulk Density, qB (Bercic and Levec,

1993)

882 kgcatð kgcat/

m3

d (Bercic and Levec, 1993) 0.078 m dS (Bercic and Levec, 1993) 0.003 m

Catalyst Bed Length, L (Bercic and Levec,

1993)

0.7 m q 0.0825 kmol/m3 m3

Catalyst Porosity, ebed (Bercic and Levec,

1993)

0.4 – Da,MeOH 0.201 m2/h

Z
�
(Maloney, 2008) 0.99515 – Da,DME 0.0081 m2/h

ka (Walas, 1985) 0.42 kJ/h.m.K Kf 0.1599 kJ/h.m.K

Catalyst BET Surface Area 183.206 m2/gcat WHSV** 10 gMeOH/gcat.h

* The heat capacity used in the modeling was used as a function of temperature (Table 5).
** WHSV used in the modeling was used in the range of 10–150 h�1.

Table 4 The Reactor Process conditions.

Parameter Value Unit

MeOH Tinput 521–651 K

MeOH Volumetric Flow Rate 6.74 and 4.34 L/h

Pressure 2.1 bar

Catalyst c� Alumina –
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In this regard, kd is the deactivation rate constant and n is
the deactivation order that should be obtained from the inte-

gral analysis of the experimental data. In order to calculate
the performance equation of the plug-flow fixed-bed catalystic
reactor, the following equation is used.

W

FM0

¼ s0

CM0

¼
Z XM

0

dXM

�r0M
ð36Þ

where the molar flow rate (FM0
) of MeOH, the catalyst charge

(W) and s0 is a capacitance coefficient. Substituting Eq. (33)
into Eq. (36), Eq (38) is obtained as follows (Sahebdelfar

et al., 2022).

s0 ¼ CM0
W=FM0

ð37Þ

2k1s0CM0
1� XMe
ð Þ

XMe

� �
¼ ln

XMe
� 2XMe

� 1ð ÞXM

XMe
� XM

� �
ð38Þ

Eq. (38) shows the conversion of MeOH in the absence of
catalyst deactivation as a function of operating conditions.
MeOH conversion changes with time when the catalyst is deac-

tivated. We determined the dependence of the MeOH
conversion-time by solving Eq.s 34, 35, 36 with a initial condi-
tion a (t = 0) = 1for Eq. (35). Eq’s (39), (40) are obtained for

the laws of first- order and second-order decay, respectively
(Sahebdelfar et al., 2022).
Table 5 Correlation for individual CP (J/kg.K) = a + bT + cT2

Constant a b c

Water 1914.5 �0.79148 2.628

DME 369.68 3.8902 1.136

MeOH 660.2 2.2144 8.077
ln ln
XMe

� 2XMe
� 1ð ÞXM

XMe
� XM

� �� �

¼ �kdtþ ln
2k1s0CM0

1�XMe
ð Þ

XMe

� �
ð39Þ

2s0CM0
1�XMeð Þ

XMe

� �

ln
XMe� 2XMe�1ð ÞXM

XMe�XM

� � ¼ kd
k1

tþ 1

k1
ð40Þ

The results of Eq’s 39 or 40 versus time on stream must lead
to a straight line of slope and interruption on which kd and k1
can be obtained (Sahebdelfar et al., 2022).

3. Results and discussion

3.1. Effect of different conditions on MeOH conversion and
reactor temperature

Fig. 2 shows the MeOH concentration versus reactor length.
The results are presented for different flow rates and compared

to the experimental data. As the flow rate decreases, the resi-
dence time will increase and MeOH has more time to be in
contact with catalysts in the reactor. Therefore, the equilib-

rium conversion is achieved in a smaller length from the reac-
tor from the inlet. The mean relative prediction error of the
simulation results using continuous and Voronoi models was
about 2.11 % and 5.32 %, (q = 6.74 lit/h) and 2.45 % and

7.35 % (q = 4.34 lit/h), respectively.
Fig. 3 presents temperature distribution in the reactor at

different flow rates at a constant inlet temperature. Increase

in flow rate affects the temperature distribution in the reactor
and would decrease it along the reactor. In both flow rates
equilibrium condition is attained, and the final temperature
+ dT3 + eT4.

d e

6 � 10�3 1.98022 � 10�6 5.1923 � 10�10

9 � 10�3 �4.16588 � 10�8 –

7 � 10�4 �9.0424 � 10�7 –



Table 6 Correlations of Individual viscosity (l ¼ C1T
C2

1þC3=TþC4=T
4) and conductivity (k ¼ C1T

C2

1þC3=TþC4=T
2).

Constant C1 C2 C3 C4 Temp. Range(K)

Viscosity Water 1.7e-6 1.114 – – 273–1073

DME 2.6e-6 0.397 534 – 131–1000

MeOH 3.0e-7 0.696 205 – 240–1000

Conductivity Water 6.2e-6 1.397 – – 273–1073

DME 0.059 0.266 1018.6 1,098,800 248–1500

MeOH 5.7e-7 1.786 – – 273–684
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Fig. 2 MeOH mole fraction as a function of reactor length at

T0 = 551 K (VPNM Simulation (Li et al., 2021c), (Exp.Points

(Bercic and Levec, 1993).
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Fig. 3 The simulated reactor temperature as a function of

reactor length at T0 = 551 K (VPNM Simulation (Li et al., 2021c),
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Green process of fuel production under porous c-Al2O3 catalyst 7
is the same. However, when the flow rate decreases the final
temperature occurs at a distance closer to the reactor inlet.
The mean relative prediction error of the simulation results

using continuous and Voronoi models was about 3.88 %
and 1.13 %, (q = 4.34 lit/h) and 2.93 % and 6.95 %
(q = 6.74 lit/h), respectively.

The effect of increase in Tinlet on MeOH concentration dis-

tribution in the reactor is demonstrated in Fig. 4 As the Tinlet

increases, the reaction rate would also increase, and the equi-
librium conversion is attained in a smaller length of the reac-

tor. Therefore, the upper limit of the temperature
corresponding to the equilibrium condition is closer to the
reactor inlet (Li et al., 2021c). The mean relative prediction

error of the simulation results using continuous and Voronoi
models was about 11.64 % and 3.77 %, (T = 551 K) and
9.78 % and 3.58 % (T = 561 K), respectively.

The effect of Tinlet on temperature distribution in the fixed-

bed catalytic reactor is also shown in Fig. 5. Higher Tinlet

would increase the reaction rate and therefore the temperature
would also be higher along the reactor. The final temperature

due to equilibrium condition happens closer to the reactor inlet
consequently (Li et al., 2021c). The mean relative prediction
error of the simulation results using continuous and Voronoi
models was about 14.88 % and 8.93 %, (T = 551 K) and

23.45 % and 8.33 % (T = 561 K), respectively.
Fig. 6 presents the concentration distribution of DME,

MeOH and water along the reactor. As expected DME Con-

centration increase along the reactor while MeOH decreases.
The effect of inlet MeOH concentration on concentration

distribution in the reactor is studied in Fig. 7 If MeOH
includes some water at the reactor inlet, DME conversion

would strongly reduce. The MeOH concentration along the
reactor would be higher or in other words the DME concentra-
tion would be less as the inlet water. Content of MeOH

increases and the necessary reactor length would increase.
Therefore feed water content affects reactor length (Li et al.,
2021c).

As shown in Fig. 8, the results of the experimental work;
VPNM and the continuous model are compared with each
other. Comparing the results of the two methods shows that
both models predict the same results for the MeOH concentra-

tion and temperature distributions throughout the reactor.
Due to the simplicity of the continuous model for predicting
the behavior of the reactor, this method is superior to the Vor-

onoi pore network method. The average standard deviation
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for Voronoi and continuous models is 19 % and 28 %, respec-
tively, which is desirable for present modeling.

3.2. The equilibrium conversion of MeOH

The equilibrium conversion results of MeOH by experimental

models along with the continuous model are shown in Fig. 9.
These results show that for exothermic reactions, with increas-
ing temperature has a negative effect. Because this reaction is
reversible, the equilibrium conversion of MeOH also decreases

with increasing temperature. Approximately T = 520 to 651 K
can be considered as the best temperature range for the process
(Li et al., 2021c).

Equilibrium conversions are calculated from the previously
relationships and by showing the experimental data to each

other, the best fixed equilibrium model is obtained. It is clear
from Fig. 8 that our correlations and the correlations proposed
by Bercic and Levec with experimental data are higher than

other correlations (Li et al., 2021c).
Based on Bercic rate and continuous and Voronoi Pore

Network models, the simulations were confirmed in compar-

ison with the experimental data and the results are shown in
Fig. 10. The mean relative prediction error of the simulation
results using continuous and Voronoi models was about

4.61 % and 11.12 %, respectively.
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It can be argued that two mechanisms are simultaneously

possible for the production of DME in MeOH dehydration.
The mechanism of separation of the two molecules of MeOH
is predominant above 551 K and the other mechanism is more
common at temperatures below 551 K. The Bercic rate equa-

tion was obtained in the temperature range of 521–651 K.
The distance shown in Fig. 10 is about 551 K. In addition,
the Bercic rate equation and the continuous model perform

well for the high temperatures shown in Fig. 10. Selectivity
for the production of DME under different Tinlet and MeOH
space velocities is shown in Fig. 10. As expected, the MeOH
conversion increased with increasing reaction temperature,
reaching a maximum at 651 K, while process selectivity relative
to DME for different space velocities in the Tinlet range of 521–

651 K remains an almost constant value of 100 %, with the dif-
ference that in the amount of lower space velocity, less selectiv-
ity was obtained, also increasing the Tinlet is a negative

parameter on selectivity. The results confirm the good perfor-
mance of c-Al2O3 catalyst in the reaction of DME production
from MeOH dehydration.

3.3. Effect of pressure on MeOH conversion

According to Le Chatelier principle, pressure change only

affects equilibrium systems if the number of moles of the reac-
tant and product gases on both sides of the balanced chemical
equation is not the same. On the other hand, the effect of pres-
sure on equilibrium in systems that are only solid, or liquid is

minor. Therefore, it is ignored. As shown in Fig. 11, pressure
does not affect the conversion of MeOH, and hence the key
operational parameters are the temperature and weight hourly

space velocity (WHSV). The temperature and WHSV effects
on MeOH conversion for WHSV = 10–150 h�1 and Tin-

let = 521 to 651 K have been investigated.

3.4. Effect of Tinlet on MeOH conversion

The effect of Tinlet on MeOH conversion in the range of 521–

621 K in different WHSV’s is shown in Fig. 11. As shown in
this figure, MeOH conversion increases with increasing tem-
perature, fastest increase in conversion vs Tinlet is observed at
WHSV values of 10 and 30 h�1, where MeOH conversion

achieves equilibrium conversions due to the slow reactants.
Because the equilibrium conversion of an exothermic reaction
decreases with increasing temperature, the conversion at

WHSV also decreases by 10 and 30 h�1. Also, MeOH conver-
sion in a fixed bed catalytic reactor must operate at the lowest



0 2 4 6 8 10 12
0

10

20

30

40

50

60

70

80

90

100

Pressure (bar)

M
eO

H
 C

on
v.

 (%
)

Fig. 11 Effect of pressure on MeOH conversion (Based on rate

equations Ref. (Mollavali, 2008).

100

10 Y. Tian et al.
possible Tinlet to benefit the system thermodynamics. This

reduction in Tinlet makes it possible to use a plug reactor,
which is almost impossible at normal inlet temperatures
(651 K) because the boiling water pressure rises about

200 bar and makes the reactor very expensive.
According to Fig. 12, at WHSV = 10 h�1 and at 560 K, a

maximum conversion of 90 % is achieved. This means that the
best conditions occurred at the minimum WHSV value at

moderate temperatures. Fig. 12 shows that the temperature
effect on MeOH conversion is much greater than that of
WHSV. As expected, lower Tinlet and higher WHSV’s decrease

the possibility of external mass transfer resistances and limita-
tions. The calculated and equilibrium conversion of MeOH
converged at temperature = about 610 K and then both

slowly decreased with increasing temperature due to thermo-
dynamic constraints. At temperatures below 610 K, the reac-
tion was kinetically controlled under the given operating

conditions.
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3.5. Effect of WHSV on MeOH conversion

The effect of WHSV on MeOH conversion in the range of 10–
160 h�1 under different Tinlet is also shown in Fig. 13. The
results show a decrease in MeOH conversion. At 651 K, the

conversion reaction is a weak function of WHSV. At constant
Tinlet, MeOH conversion increases with decreasing WHSV.
Increasing WHSV increases the gas velocity, which increases
mass transfer in the system. Also, in higher WHSV the operat-

ing temperature must be increased to have a better MeOH con-
version. Reactions at temperatures higher 581 K and WHSV
lower than 60 h�1 led to almost maximum conversion and

mass transfer limited conditions.

3.6. Effect of inlet water content on MeOH conversion

The effect of inlet water content on the MeOH conversion
reaction was shown in Fig. 14. This effect was investigated at
three levels of water mass fraction, i.e., 0.05, 0.1 and 0.5, in

the input feed and in the temperature range of 521–651 K
and in the WHSV = 50 and 130 h�1. The presence of water
at the reactor inlet has a negative effect on MeOH conversion
because water is the product of the reaction and according to

Le Chatelier principle, the rate of direct reaction is reduced
under these conditions. The increase in feed water content
reduces the MeOH equilibrium conversion that can be

attained, since it favors the reversible reaction (DME + H2-
O ? MeOH). As the temperature increases, the equilibrium
conversion suffers a further decrease and this is caused by

the reduction of the equilibrium constant with an increase in
temperature (Osman and Abu-Dahrieh, 2018).

3.7. Activation and deactivation kinetic of c-Al2O3 catalyst

The values for the kinetics parameters for the first- and second-
order decay laws under different temperature conditions are
shown in Table 7. Kinetic parameters were obtained using

regression analysis by ‘‘Linest function”. Also, the results of
0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

60

70

80

90

WHSV (h-1)

C
on

v.
 (%

)

T= 651 K T= 612 K

T= 601 K T= 581 K

T= 551 K T= 521 K

Fig. 13 Conversion of MeOH (%) versus different WHSV and

different Tinlet.



520 540 560 580 600 620 640 660
0

10

20

30

40

50

60

70

80

90

100

Temperature (K)

C
on

v.
 (%

)

Water= 0%

Water= 0.05 %

Water= 0.1 %

Water= 0.5 %

(a)

520 540 560 580 600 620 640 660
0

10

20

30

40

50

60

70

80

90

100

Temperature (K)

C
on

v.
 (%

)

Water= 0%

Water= 0.05 %

Water= 0.1 %

Water= 0.5 %

(b)

Fig. 14 MeOH conversion versus Tinlet under water mass

fraction different conditions at (a) WHSV = 50 h�1; (b)
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activation energy (Ea) and pre-exponential factor obtained

from the kinetic parameters. As can be seen from the kinetic
parameter values in Table 7, the values of the deactivation rate
Table 7 The values for the kinetics parameters for decay laws und

Al2O3 catalyst.

Temperature (�C) WHSV (h�1) First-Order Deactivation

k1
[m6.mol�1.gcat

�1.min�1]

k

[

521 10 0.0000087 0

551 10 0.0000397 0

581 30 0.000149 0

612 70 0.000924 0

651 70 0.00543 0

Catalyst Activation Energy

(kJ/mol)

P

c-Al2O3 140.33 � 9.21 �
* Pre-Exponential Factor.
constants based on both decays at the same reaction tempera-
ture show a larger difference than the numerical values of the
main reaction rate constants due to the difference in function-

ality in the decay laws.
In order to estimate the reaction Ea and catalyst deactiva-

tion, Arrhenius plots were shown according to the first- and

second-order decay laws of MeOH dehydration rate constants
as shown in Fig. 15. The obtained straight lines from results in
the Arrhenius plots are logical. The slope and intercept

obtained from the Arrhenius plots were used to calculate the
Ea and PFE, respectively. The calculated values of the main
reaction Ea based on the first and second order decay kinetics
determined from Fig. 15 were obtained as 140.33 ± 9.21 kJ/

mol and 143.1 ± 9.21 kJ/mol, respectively, which is in good
agreement with the values obtained by previous studies
(Bercic and Levec, 1992; Panasyuk et al., 2015).

Activation energies for c-Al2O3 catalyst deactivation
according to Fig. 16 were obtained based on first- and
second-order decay kinetics of �96.49 ± 4.3 and �102.16 ±

4.4 kJ/mol, respectively. The results of both first- and
second-order decay laws show negative activation energies
for c-Al2O3 catalyst decay. Negative Ea for catalyst deactiva-

tion indicates that the c-Al2O3 catalyst deactivation rate
decreases with increasing reaction temperature. Negative Ea

(<0) suggests that the permeance of the component decreases
with temperature.

When the overall reaction rate or deactivation is limited by
an exothermic reversible process such as adsorption under
reaction conditions, the reaction rate usually decreases as the

temperature increase (In multi-step reactions). The steam
resulting from the conversion of MeOH to DME can act as
a temporary poison to block the catalyst active sites by con-

verting c-Al2O3 to c-AlO(OH) less catalyst active (based on
(41)) (Boon et al., 2019):

c� Al2O3 þH2O $ 2c� AlO OHð ÞDH0 ¼ �27
kJ

mol
ð41Þ

The conversion of c-Al2O3 to c-AlO(OH) occurs at 523 K
and high partial vapor pressure (Zhang et al., 2011). The deac-
tivation reaction of the c-Al2O3 catalyst is exothermic, which

can be reversed at temperatures above 773 K. therefore, the
apparent Ea includes the intrinsic Ea and the adsorption
enthalpy term, which may predominate over the former.
er different temperature conditions, Ea and PEF obtained for c-

Second-Order Deactivation

d

h�1]

k1
[m6.mol�1.gcat

�1.min�1]

kd
[h�1]

.0127 0.0000079 0.0125

.0049 0.0000333 0.0042

.0011 0.000138 0.0009

.00059 0.00092 0.00048

.00015 0.00532 0.00011

EF* Activation Energy

(kJ/mol)

PEF

96.49 � 4.3 143.1 � 9.21 �102.6 � 4.4
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MeOH dehydration considering with decay law of (a) first-order

and (b) second-order.
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3.8. c-Al2O3 catalyst deactivation mechanism

In the stability test under reaction conditions, the activity of
the catalyst was measured for a period of 100 h on stream,
to detect signs of catalyst deactivation (Fig. 17). Conversion

of MeOH (xM) was used as an indicator of the c-Al2O3 catalyst
performance. The process condition was considered at Tin-

let = 551, 581 and 651 K, feeding MeOH at a WHSV= 20 h�1.

The catalyst activity must remain constant. As a result of
MeOH conversion, a drop of approximately 13 % was shown,
followed by a 2 % relative recovery after steaming, followed by

a slow decreasing trend. The results obtained from the c-Al2O3

catalyst deactivation mechanism model ensure the stability of
the catalyst activity under 400 h of kinetic test. During the

reaction, the catalyst is deactivated due to the formation of
coke, and this deactivation of c-Al2O3 catalyst leads to a
decrease in MeOH conversion over time. The activity of the
c-Al2O3 catalyst should not change or even improve with

steaming if the cause of the catalyst deactivation is due to
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the formation of coke because steam is a coke removal agent.
As the results show, the reduction in MeOH conversion must
be mainly due to c-Al2O3 conversion to c-AlO(OH) by steam.
4. Conclusion

Modeling and simulation for the MeOH dehydration process is stud-

ied. The effectiveness factor is considered due to VPNM results for cat-

alyst pellets. The simulations indicate that MeOH Tinlet and its flow

rate affect concentration and temperature distribution in the reactor.

Increase in Tinlet and decrease in MeOH flow rate causes the equilib-

rium condition occur in a smaller length from the reactor inlet. The

presence of water in the inlet MeOH would decrease the reaction rate

in the reactor as well. As can be seen from the results of the two models

selected to model the MeOH dehydration reactor, both models mod-

eled the reactor well. The continuous model is proposed due to its sim-

plicity for modeling the MeOH hydration reactor and the VPNM will

give better results for the reaction conditions with a very porous cata-

lyst bed. The Bercic model has the best MeOH conversion prediction

among all the rate equations listed in Table 1. The Bercic rate equation

predicted the MeOH conversion model with an average error of 14 %.

The process of producing DME from MeOH dehydration was simu-

lated in the temperature range of about 521–651 K and space velocity

in the range of 10 to 150 h�1. Maximum MeOH conversion in reaction

conditions in the temperature range was 521 to 651 K and at

WHSV = 10 h�1 with MeOH conversion 83 to 85 %; The best condi-

tions for the conversion process ofMeOH toDME inWHSV=10 h�1,

T was obtained = 563.15 K, and MeOH conversion = 85.03 %. Also,

in order to obtain MeOH conversion, the process conditions are pre-

sented in two states of pure MeOH input feed and MeOH input feed

with water presence. The results of the presence of water, along with

MeOH feed, showed a negative effect of water as a reactive. The results

showed that MeOH Tinlet is the main factor controller of the concen-

tration and profile of temperature as well as MeOH conversion in this

process. Also, these results showed that at temperatures above

583.15 K, space velocity had a minor effect on MeOH conversion. It

is concluded that the negative effect of increasing space velocity can

be compensated by increasing temperature. The study of c-Al2O3 deac-

tivation kinetics in the reaction of DME production by MeOH dehy-

dration is difficult due to its very slow rate. The low decay rates

obtained for c-Al2O3 catalyst cause uncertainty in calculating the

kinetic parameters of catalyst deactivation unless long enough times

are used to achieve significant catalyst deactivation. In the present

work, the main deactivation mechanisms of of c-alumina catalyst,

including MeOH chemical conversion, coking and sintering, may be

predominant depending on the reaction conditions of the MeOH con-

version to DME. Therefore, modeling catalyst deactivation experi-

ments is very difficult because the mechanism of catalyst

deactivation and its kinetics are only applicable to industrial operating

conditions. The present kinetic modeling provides an excellent insight

into the deactivation kinetic of c-Al2O3 catalyst in MeOH dehydration

to DME and related kinetic parameters. Advanced kinetic models can

be used to accurately predict the main reaction deactivation kinetics

which requires more complex solution methods, longer computational

times, more accurate data, and much more. However, such calcula-

tions are appropriate given the future work in this area.
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Klusáček, K., Schneider, P., 1981. Multicomponent diffusion of gases

in a model porous catalyst during methanol dehydration. Chem.

Eng. Sci. 36 (3), 517–522.
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