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Dehydration of ethanol is one of the crucial processes as it is considered a green route
for producing ethylene and diethyl ether and is promoted mainly by economics and
environmental appeal. In this study, different kinetic models for ethanol dehydration to
ethylene and diethyl ether were developed based on two parallel reactions and different
mechanisms. Additionally, a mathematical model of a packed bed reactor was also
suggested based on a set of hypotheses for investigating the axial concentration profile
of ethanol. Kinetic parameters of each model were estimated by nonlinear regression
analysis of obtained experimental data reported in the literature at temperatures between
(523.15 — 623.15) K. The analysis showed that the single-site model | for ethylene
formation and dual-site (LHHW) model for diethyl ether formation gave the best
representation of experimental data compared to other proposed models. Kinetic
parameters were found to be in good accordance with the Arrhenius equation with
acceptable straight-line plots, and they have been satisfactorily correlated as functions
of reaction temperature. The mathematical model presented a smooth linear change in
ethanol concentration at various temperatures. The AARD% obtained for each chosen
ethylene and diethyl ether formation model were about (1.4502-2.5978) and (0.9135-
2.9394), respectively.

1. Introduction

from exhaust gas. As the problems associated
with fossil fuels became clear to the scientific

Due to the trajectory of human civilization
development in the last few centuries, fossil
fuels have become one of the essential resources
in the world to sustain the existence of human
societies. However, this dependency on fossil
fuels carries a risk with it as fossil fuels are not
renewable but take millions of years to form
under very peculiar conditions, and the source
of such finite fuels is located in politically
unstable regions. Furthermore, the continual use
of these fossil fuels by chemical sectors and
other industries has led to various environmental
problems, including greenhouse gas emissions
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community and  researchers, renewable
resources became a topic of interest. Due to its
large-scale production, ethanol is an interesting
candidate in the field of renewable chemicals for
its valorization into ethylene, diethyl ether, and
heavy hydrocarbons. It can also produce several
oxygenated molecules, such as acetaldehyde
and diethyl acetate [1]. Following the
environmental legislation, ethanol dehydration
has been boosted lately as a new and eco-
friendly route. It also gained industrial
importance due to its high vyield and
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sustainability
processes.
Generally, ethanol dehydration forms
ethylene as the main product, and significant
amounts of diethyl ether are produced as the
main co-product, while minor quantities of
acetaldehyde and some hydrocarbons can be
formed [2]. Several heterogeneous catalysts
have been investigated for ethanol dehydration,
including alumina, zeolites, and transition metal
oxides [3]-[5]. Zeolites (e.g., ZSM-5) have
attained the most attention among the
researched catalysts due to their high selectivity
and activity [6]. The Kinetics of heterogeneous
catalytic reactions represents a delicate field due
to the involvement of several factors. The
catalyst belongs to a different phase with respect
to reactants. Thus, besides the reaction step,
adsorption and desorption steps should be
added, increasing the modelling complexity.
The kinetics of chemical reactions can
sometimes be expressed by power law
expression through regressing experimental
data. These kinetic expressions are applied to
control industrial reactors and predict their
performance over time because of their
simplicity and ease of application. However,
they have a restricted insight into the reaction
mechanism and can be used only in a limited
range of reaction conditions [7], [8]. Complex
reaction  mechanisms, like  Langmuir-
Hinshelwood-Hougen-Watson (LHHW) and
Eley-Rideal (ER), that assume quasi equilibria
of adsorption/desorption steps and specific rate
controlling steps are also available for modeling
and expressing Kinetics of heterogeneous
reactions [9]. Beccera et al. [10] developed a
kinetic model for ethylene production from
aqueous ethanol over ZSM-5 catalysts using the
LHHW mechanism. Another LHHW model was
proposed by Rossetti et al. [11] through
regressing experimental data of Kagyrmanova
et al. [12] that aimed to suggest a comprehensive
simulation of ethanol to ethylene plant and
connecting the microscopic to the ton scale of
the overall process. Gayubo et al. [13]
developed a kinetic model for converting
aqueous bioethanol to hydrocarbons on a
catalyst with a slow deactivation by coke that
was prepared using a ZSM-5 zeolite catalyst

compared to petrochemical

treated with alkali for the purpose of generating
mesopores zeolite structure and lessening its
acidic strength. The proposed kinetic model
estimated the distribution of product lumps,
including C;- C5 paraffins, Cs-C,o0lefins,
ethylene, gasoline or Cs- Cy,. For this reaction
system, most published researches concern with
modification of catalysts wusing different
approaches [14]-[19] , the role of metal
impregnation on the yield of products and
catalyst activity [20]-[23], along with the
comparison between activity and lifetime of
different catalysts [24]. However, there are few
works in the literature related to Kinetics
modeling and mathematical modeling of
reactors for ethanol dehydration.

Kinetic modeling is used to identify critical
reaction intermediates and rate controlling
elementary  reactions,  providing  vital
information to design an improved catalyst.
While mathematical modeling of reactors is
usually used to solve issues of modernizing
existing  plants, developing alternative
operational approaches, designing safety
systems, enhancing the yield/conversion of
desired products by minimizing the cost, and
reducing the required number of full-scale
experiments [25], [26].This existing gap in the
literature is addressed in this investigation by
proposing different kinetic models for ethylene
and diethyl ether formation and suggesting a
mathematical model for a packed bed reactor to
study the axial concentration profile of ethanol.

2. Kinetic modeling

The reactions considered in the ethanol
dehydration process were based on the work of
Ghassan [27]. The experimental studies of his
work were conducted in an isothermal fixed bed
reactor, which applied ethanol in the vapor
phase over four different catalysts under a total
pressure of 1 atm. Two temperature ranges were
considered according to the type of catalyst,
(523.15-623.15) K for alumina and zeolites
(ZSM-5 and 4A) and (363.15-393.15) K for
resin, along with using W/F ratio of 0.38-1.166
(Qcat, hr/gmol). His results revealed that the main
products on the surface of the catalysts were
ethylene (C,H,) and diethyl ether (C,Hs),0
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according to the following parallel reaction
scheme:

C,HsOH = C,H, + H,0 1)
2C,HsOH = (C,Hs),0 + H,0 )

Ghassan investigated the kinetic modeling
of this reaction system on resin catalysts only,
while kinetic modeling on other catalysts
remains unstudied. This point is considered in
the present work by developing several kinetic
models based on different mechanisms. The
following references are used for notation
purposes:

C,HsOH —A; C,H, —0O; H,0 —W;
(C,H5),0 — E
1— Ethylene formation reaction;

2— Diethyl ether formation reaction
2.1 Ethylene formation

For the ethylene formation reaction, three
Langmuir-Hinshelwood-Hougen-Watson
(LHHW) models are presented. This approach is
mainly based on the Langmuir adsorption
isotherm.

a. Single-site model I

The single-site model involves ethanol
chemisorption on the active site of ZSM-5
catalyst, then surface reaction to form ethylene
gas and adsorbed water, followed by water
desorption [28]. The mechanism of this model is
represented by the following steps:

Step 1: Ethanol chemisorption

kAl
A+S = AS

k—Al
Step 2: Surface reaction

Ks1
AS = W.S + Oy
k_s1

Step 3: Water desorption
kDWl
WS &= W+S
k—DWl
By assuming each step to be rate controlling,

the following rate expressions were obtained as
shown in Table 1.

Table 1: Single-site model | rate expressions

Rate controlling step

Rate expression

Equation Number

kl(PA - POPW/Keql)

. . Tap1 =
Ethanol chemisorption (1 + popw% + Pg1Kgq + Py Ky + P,K,l) 3
51
) re. — kl(PA_ POPW/Keql)
Surface reaction SU7 (1 4 PyKyy + PeKgy + PyKyy + PK;y) 4
) r _ kl(PA/PO - PW/Keql)
Water desorption PWLT (1 + PyKay + PaKaiKs1/Po + PpKgy + PiKyy) 5

b. Single-site model Il

This model consists of the following steps:
ethanol chemisorption on the ZSM-5 active site,
then the surface reaction takes place to form
adsorbed ethylene and water vapor, followed by
the desorption step [28], as follows:

Step 1: Ethanol chemisorption

ka1
A+S = AS

k_a1
Step 2: Surface reaction

Ks1

AS = 0O.S + W)
k—sl
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Step 3: Ethylene desorption

kpo1
0S = 0+S

k—DOl

Table 2 contains the rate expressions of each
individual step as the rate controlling.

Table 2: Rate expressions of single-site model |1

Rate controlling step Rate expression i%'“r'stb':rn
r _ kl(PA - POPW/Keql)
i . AD1 —
Ethanol chemisorption (1 ¥ popw% + PyKyy + PgKpy + P1K11) 6
S1
] Yoo = kl(PA_ POPW/Keql)
Surface reaction U7 (14 PyKyy + PeKgy + PoKpy + PiK;p) 7
_ kl(PA/PW_ PO/Keql)
Ethylene desorption ~ "Po1 = 8

(1 + P4Kpq

+ Ks1Ka1 Pa/ Py + PgKgq + PK}p)

c. Dual-site model

Step 2: Surface reaction

: . k
Based on the literature, it has been proposed -1
that more than one active site can participate in AS+S I:_ 0.S+W.S
ethanol dehydration reaction over ZSM-5 —s1
catalyst [29]. In the dual-site model, the Step 3: Ethylene desorption
chemisorbed ethanol reacts with an adjacent kpo1
vacant site of the catalyst (S) to form adsorbed 0S = 0O+S
ethylene and water, then followed by the k_po1
desorption of each product as represented Step 4: Water desorption
below: K
DwW1
Step 1: Ethanol chemisorption WS = W+S
k—DWl
kA1 - - -
A+S = AS The obtained rate expressions for this model
k_4q are shown in Table 3.
Table 3: Rate expressions of dual-site model
. . Equation
Rate controlling step Rate expression number
_ kl(PA - POPW/Keql)
. . Tap1 = K
Ethanol chemisorption (1 + POPWKA + PyKgy + PyKyy + PyKpy + P1K11) 9
eql
) - kl(PA - POPW/Keql)
Surface reaction S (1 + PyKay + PeKgy + PwKwy + PoKoy + PiK;1)? 10
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P,K
o (e = 7o)

Ethylene desorption

Water desorption bwi =
P <1 + PyKy; +

PAKeqlKW1

bo1 — PyKeq1Ko1 11
P4K,
b (= )
12

2.2 Diethyl ether formation

The Kkinetic models for diethyl ether
formation were developed based on two
different mechanisms, Langmiur-Hinshelwood-
Hougen-Watson (LHHW) and Eley-Rideal. The
details of each mechanism are given below.

a. LHHW model

According to this model, two adjacently
chemisorbed ethanol molecules react to form
chemisorbed diethyl ether and water as main
products [29]. This model is represented by the
following mechanism:

Step 1: Ethanol chemisorption
Kaz

A+S = AS
k_az

Step 2: Surface reaction
ksz

AS+AS == W.S+ES
k_s;

Step 3: Diethyl ether desorption

kDEZ

—>
«—

E.S E+S

_kDEZ
Step 4: Water desorption

kDWZ

—>
P——

W.S W +S
_kDWZ
Table 4 shows the rate expressions of each

step as rate limiting one.

Table 4: Rate expressions of LHHW model for diethyl ether formation

Rate controlling step Rate expression i%l:ﬁtbfp
kZ(PA Y/ PWPE/Kqu)
Tap2 =
Ethanol K> 13
Chemlsorptlon 1 + PWPE qu + PEKEZ + PWKWZ + POKOZ + PIKIZ
) reo — kZKAZZ(PAz - PWPE/Kqu)
Surface reaction 527 (1 + P,Kyy + PeKgy + PyKys + PoKoy + PiKp5)? 14
I ka(Pa? = PurPe/Keg2)
Diethyl ether bE2 — P2 K
desorption (1 + PuKyz + Py Ky + ﬁﬁ + PoKy, + P,K,Z) 15
_ kz(PAZ _PWPE/Kqu)
. Tpw2 = P2
Water desorption (1 +PKy + PRy + KW p g L pK ) 16

PE Keqz
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b. Eley-Rideal model I ks,
. AS+A+S &= WS+E.S
This model assumes that one ethanol k_s,

molecule in the gas phase reacts directly with
another chemisorbed ethanol molecule in the

Step 3: Diethyl ether desorption

presence of a catalyst vacant site adjacent to ki)EZ
forming chemisorbed diethyl ether and water as ES = E+S
products [30]. The reaction sequence for this —KpE2 .
model is: Step 4: Water desorption
Step 1: Ethanol chemisorption kpw2
Ko WS &= W+S
A+S &= AS _kDWZ_ _
K_u The Eley-Rideal model | rate expressions are

Step 2: Surface reaction

shown in Table 5.

Table 5: Rate expressions of Eley-Rideal model |

) ) Equation
Rate controlling step Rate expression
number
o ka(Ps = PwPg/PaKeq2)
Ethanol chemisorption Ab2 (1 + Ko Py Py / PaKogy + PeKgo + PyKyr, + PoKoy + PiKy3) 17
] Yoo = kZI(AZ(PA2 _PWPE/KSQZ)
Surface reaction S27 (1 + PyKyy + PgKep + PyKu, + PoKoy + PK;3)? 18
Diethyl ether o ko (Pa*Keqz /P — Pr)
DE2 —
desorption (1 + PyKy, + PAZKEZKqu/PW + Py Ky, + PoKo, + PIKIZ) 19
o k;(Pa*Keq2/ P — Pw)
Water desorption V5T (14 PaKap + PeKio + Pa®KuoKegs / Pe + PoKoy + ProK)) 20

c. Eley-Rideal model Il

This model states that one ethanol molecule
in the gas phase reacts with another
chemisorbed ethanol  molecule  without
requiring a catalyst vacant site, water goes
directly into the gaseous phase while diethyl
ether is chemisorbed [30], as shown below:

Step 1: Ethanol chemisorption
kAZ
A+S = AS

k—AZ

Step 2: Surface reaction

kSZ
AS+A &= ES+ W

k—SZ
Step 3: Diethyl ether desorption

kDEZ
ES &= E+S
_kDEZ

Table 6 contains the rate expressions of all the
steps involved in the Rideal-Eley II.
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Table 6: Rate expressions of Eley-Rideal model Il
Rate controlling step Rate expression Equation
number
_ kZ(PA _PWPE/PAKqu)
orti Tap2 = PuP: K
Ethanol chemisorption (1 + %% + PeKgy + PyKpy + P,K,Z) 21
. - szAz(PAZ _PWPE/Kqu)
Surface reaction 527 (14 PyKy, + PeKgy + PoKyy + PiKp) 22
r _ kZKEZ(PAzKqu/PW - PE)
DE2 — 2
Diethyl ether desorption (1 +P,K,, + ﬁKAZKSZ +PyK,, + pIKIZ) 23

d. Eley-Rideal model Il ks
_

This model assumes that one ethanol AtS k(_ AS
molecule in the gas phase reacts with another Step 2: S_lfr?ace reaction
chemisorbed  ethanol  molecule  without ke,
requiring a catalyst vacant site as in (Rideal- AS+A == WS+Eg
Eley II), but in this model the water is k_s,
chemisorbed while diethyl ether goes directly Step 3: Water desorption
into the gaseous phase. The model is represented Kpwo
by the following steps: WS = W+S
Step 1: Ethanol chemisorption —kpw>

The rate expressions of each step as rate

controlling step are shown in Table 7 below.

Table 7: Rate expressions of Eley-Rideal model 111

Rate controlling step Rate expression Eﬂﬁggp
r _ kZ(PA_PWPE/PAKqu)
hanol chemi i bz Pw Pg Ky, 2
Ethanol chemisorption 1+ P K.t Py Ky, + PoKp, + PiK;; 4
A 52
Yoo = kZI(AZ(PA2 - PWPE/Kqu)
Surface reaction 527 (1 + PyKuy + PwKyo + PyKoy + PiK;) 25
_ szWZ(PAZKqu/PE _PW)
) Tow2 = p,2
Water desorption (1 + P,Kyy + A—K,yKg, + PoKpy + P1K12) 26

Py
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3. Reactor modeling

This section describes the proposed
mathematical model of a packed bed reactor that
operates isothermally. The most relevant
hypotheses used for the development of the
model are: steady-state  system, one-
dimensional plug flow, pseudo-homogeneous,
no radial dispersion effects, negligible change in
the volumetric flow rate due to chemical
reactions, constant physical properties of the
fluid including density and velocity, along with
negligible pressure drop throughout the system.
Based on the restrictive assumptions presented

above, the general mass balance can be written
as follows:

ac;

(27)

Boundary conditions: C;=C;, at z = 0
(28)

This model is used to analyse the
concentration profile of ethanol along the length
of the reactor; a graphical representation of the
proposed reactor is shown in Figure 1. A similar
analysis was considered in the literature for
modeling the catalytic reactors [31], [32].

|

7Z=L

Figure 1. Graphical representation of the proposed packed bed reactor model

4. Result and discussion
4.1 Kinetic model analysis and parameter
estimation

The experimental data required for solving
the proposed kinetic models presented in
sections 2.1 and 2.2 are derived from the
experimental work of Ghassan [27]. These data
include the partial pressure of each constituent,
ethanol reaction rate, ethylene formation rate,
and diethyl ether formation rate. Prior to solving
these models, the thermodynamic equilibrium
constant (K.,) for temperatures 523.15,
548.15,573.15 and 623.15K for each reaction
was estimated. Based on the reported values in
the literature, the thermodynamic equilibrium
constant (K,,) of ethylene and diethyl ether at
363.15K are 1.89 and 43.81, respectively [27].

The Van 't Hoff equation is used for estimating
values of (K,,) at other mentioned temperatures
as given below:

Keq(T) _ AHR(T)-TACP [l
Keq(T1) R T;

In —%] +A%|nT11 (29)

Values of AHgp for ethylene and diethyl
ether formation were estimated to be (10728
cal/mol) and (-3032 cal/mol) respectively [33].
The Average heat capacity ACp was obtained
for each temperature by using equation 30, the
coefficients (A, B, C, D, and E) were taken from
reference [34].

C,=A+BT+CT*+DT3*+ET* (30)
Tables 8 shows the obtained values of (K,,)
for both ethylene and diethyl ether formation

reactions, the temperature dependency of (K,,)
is also demonstrated in Figure 2.

37



Narin A. Aali, Ghassan J. Hadi / Diyala Journal of Engineering Sciences Vol (16) No 2, 2023: 30-49

Table 8: Equilibrium constant K., values of ethylene and diethyl ether formation reactions

-1
Temperature ACp(cal/mol K) AHp (cal/mol) K q(atm™)
(K) AC,; AC,; AHpg, AHpg, Koqt Keq2
523.15 3.3175 1.7015 157.1964 11.3596
548.15 3.2255 1.6225 243.6445 9.79576
573.15 3.1417 1.5448 10728 -3032 361.8130 8.54626
623.15 2.9989 1.3963 716.3467 6.70605
7
Keql
® Keqz
6 -
o 5-
e
s
xcv 4_
[
3
3 -
. /./o/

T T T T T T T T T T T T
0.00162 0.00168 0.00174 0.00180 0.00186 0.00192

1T (K)

Figure 2. Variation of equilibrium constant K,,with temperature

Nonlinear ~ regression  analysis in
POLYMATH 6.10 software was used to find the
best fit kinetic model with experimental data.
Choosing the model was based on the minimum
value of absolute average relative deviation
AARD%, which is given by the following
equation:

AARD= )

fewn~Veall /)y % 100 (31)
Yexp

ex

When Ye,,is experimental reaction rate,

Y.q;1S the calculated reaction rate, and N is the
number of data points. The regression results

showed that the single-site model I with surface
reaction-controlled step (equation 4) for
ethylene and dual-site (LHHW) surface
reaction-controlled model for diethyl ether
formation (equation 14) gave the best
representation of experimental data compared to
other proposed kinetic models. The estimated
values of kinetic parameters k;, and k, along
with adsorption equilibrium constants for both
ethylene and diethyl ether at each temperature
for both chosen models are shown in Table 9.
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Table 9: The kinetic and adsorption equilibrium constant values of ethylene and diethyl ether formation reaction based
on equations 4 and 14

Temperature (K) 523.15 548.15 573.15 623.15
0.00505 0.00736 0.00868 0.01370
kl (mOl/gcat- hT')
k; 0.00046 0.00124 0.00308 0.02791
(mol/gear-hr)
Ky (atm™) 1.04002 1.08414 1.12604 1.20373
Ky (atm™) 0.07977 0.85796 7.50044 54.60495
—3.9622
The temperature dependence of these Ky, = 2.5862exp( = ) (34)

estimated parameters is also investigated as
these parameters are a function of temperature.
Figures 3 (a) and (b) show the variation of these
parameters with temperature. It is clear that
kinetic and adsorption equilibrium constant
parameters follow the Arrhenius equation;
according to that, the following expressions are
obtained:

—23.5220
ky = 1.2842 exp (22) (32)
_ 6 -94.6216
ky = 1.2937 x 10%exp (o) (33)
(@)
3
+k1
——K,

Lnk (mol/g.,.hr)

T T T T T T T T T T T T
0.00162 0.00168 0.00174 0.00180 0.00186 0.00192
AT (K)

Kz = 83243 x 101 exp (o) (35)

Under the same reaction conditions, the
adsorption equilibrium constant of ethanol for
the formation of diethyl ether is found to be
relatively higher than that for the ethylene
formation. This behaviour proposes that the
dehydration of ethanol to form ethylene and
diethyl ether occurs on different active sites of
the ZSM-5 catalyst.

KAl

49 ——K

A2

LnK, (atm™)

T T T T T T T T T T T T
0.00162 0.00168 0.00174 0.00180 0.00186 0.00192
UT (K)

Figure 3. Variation of (a) kinetic and (b) adsorption equilibrium constant values of ethylene and diethyl ether formation
reaction with temperature
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The values of Kinetic parameters are
compared with values found in the literature, as
shown in Table 10. There is an apparent
difference between the estimated and literature

values. This variation may result from using
different  temperature  ranges, different
experimental data, and differences in the applied
method for estimating kinetic parameters.

Table 10: Comparison between literature and estimated values of k; and k,

Temperature (K) (mol /Ziat. hr) (mol /’;:at' hr) Reference
523.15 0.802 1.02 [31]
523.15 0.0738 . [10]
548.15 0.0855 - [10]
573.15 0.0864 . [10]

623 0.000648 0.0009 [35]
488 0.000231 0.00576 [36]

Activation energies E; and E, along with
pre-exponential factors A, and A, for both
reactions were calculated by using Figure 3 (a),
because they represent the linearized form of the
Arrhenius equation as shown below:

Ej

In kj=—=L(3) + In 4; (36)

The activation energy is obtained through a
slope of the line and the pre-exponential factor
is attained from the intercept. The estimated
values of E; and E, are further compared with
the literature, as demonstrated in Table 11.

Table 11: Comparison between calculated and literature values of activation energy

Activation energy Reaction
tem peratu re Reference
Ethylene (kJ/mol)  Diethyl Ether (kJ/mol) (K)

23.5220 94.6216 523.15-623.15 this study
189 159 503.15-623.15 [37]
14 : 553.15-573.15 [10]
33.8 : 623-723 [36]
133 80 673.15 [4]

39.5042 85.3333 500-800 [39]

193530 47.210 483.15-543.15 [31]
57 : 424.15-633.15 [40]
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One of the main factors that influence the
activation energy is catalyst property. Regarding
zeolite catalysts, the Si/Al ratio plays a vital role
in changing the values of activation energy. It
has been reported that high Si/Al ratios reduce
the activation energy due to its higher
interaction with reactant constituents [10].
Antonio et al. [4] estimated values of the pre-
exponential factor for ethylene and diethyl ether
formation as (1.13 x 10% mol/ g4 hr) and

(2.25 X 103 mol/g.q:. hr)  respectively —at
temperatures lower than 673.15K, and Gayubo
et al. [38] reported an A;=283 (mol/gcqs- hr).
Other estimated parameters and AARD% for
both models are listed in Table 12, no pertinent
data were found in the literature to compare
these estimated values with, due to the
differences in the arrangement of the proposed
rate expressions.

Table 12: Estimated model parameters of ethylene and diethyl ether formation using model presented in equations 4 and

14
Temperature (K) 523.15 548.15 573.15 623.15
Kg, (atm™) 32.54745 35.23409 42.85514 57.8409
Ky (atm™1) 4.846697 1.467458 4.483844 13.1094
Ky (atm™1) 0.694172 0.576371 0.384379 0.57693
(AARD%), 1.660338 2.597770 1.450178 2.20786
Kg, (atm™?) 22.28196 17.36616 19.35379 83.7863
Ky, (atm™1) 2.064467 0.333399 61.30879 86.7665
Ko, (atm™1) 8.121068 5.09352 20.90733 89.1999
K, (atm™?) 0.607978 0.637303 1.954347 38.8528
(AARD%), 2.040975 0.913473 1.68023 2.939445

4.2 Comparison between the calculated and
experimental reaction rates

Calculated and experimental values of
reaction rate at a temperature range of (523.15-
623.15) K are compared graphically in this
section for ethylene formation through Figures
4a - 4d, and for diethyl ether formation through

Figures 5a - 5d based on the proposed models in
equation 4 and 14. According to the below
results, there is a good agreement between
calculated and experimental reaction rates, with
a little deviation observed at some points related
to the number of available data points as a small
number of experimental data were available in
the literature.
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Figure 4. Comparison between the proposed model and the experimental results for ethylene formation reaction rate at
(523.15-623.15) K from (a)-(d) respectively.
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Figure 5. Comparison between the proposed model and the experimental results for diethyl ether formation reaction rate
at (523.15-623.15) K from (a)-(d) respectively.
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4.3 Further comparison with literature

The proposed kinetic models, equation 4 and
14 are further compared with another set of
experimental data from reference[27]. The
estimated model parameters and AARD%

values for each model are listed in Table 13, and
the comparison results are demonstrated
graphically through Figures 6a-6d for ethylene
formation and Figures 7a-7d for diethyl ether
formation at temperature range of (523.15-
623.15) K.

Table 13: Estimated model parameters of ethylene and diethyl ether formation using model presented in equations 4 and 14

Temperature (K) 523.15 548.15 573.15 623.15
ky(mol/geqr. h1) 0.0203 0.00434 0.00566 0.01068
Ky (atm™1) 1.10735 1.15147 1.19338 1.27106
Kgy (atm™1) 7.3502 8.19044 20.51048 24.2706
Ky (atm™) 1.00209 4.26538 5.28295 7.07344
K,y (atm™) 0.07881 0.80899 0.64129 0.54956
(AARD%), 0.64012 2.69416 2.15456 1.53847
k,(mol/gcq:- hr) 0.000761 0.00154 0.00337 0.08706
Ky, (atm™) 0.56923 1.34741 12.547 60.125
Ky, (atm™1) 15.81099 25.3606 79.2991 98.1905
Kyy (atm™) 3.86627 11.3965 31.62525 66.0791
Koy (atm™1) 6.36828 9.01678 35.2430 99.9994
K, (atm™) 0.75241 0.77035 0.42253 16.4007
(AARD%), 0 2.22664 1.36187 1.24248
(a) (b)
R 0.016 - __:__ g;‘) B 0.018 1 —_:_— (E:::a
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Figure 6. Comparison between the proposed model and the experimental results for ethylene formation reaction rate at
(523.15-623.15) K from (a)-(d) respectively
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Figure 7. Comparison between the proposed model and the experimental results for diethyl ether formation reaction rate
at (523.15-623.15) K from (a)-(d) respectively

According to the above results, the proposed
models could successfully correlate the
experimental data of both ethylene and diethyl
ether formation rates with very small deviation.

4.4 Analysis of ethanol concentration profile

The concentration profile of ethanol along
the length of the reactor was studied using the
reactor design equation presented in section 3. A
kinetic model is developed to represent the
ethanol reaction rate (—r,) as follows:

_ k' Pg
AT Tk, Pa
37)

The proposed kinetic model is based on the
following assumptions:

a. Partial pressures of ethylene are smaller
compared to the partial pressures of
ethanol. Therefore, the contribution of
ethylene to the adsorption term can be

neglected.

b. The contribution of water is neglected
because of its absence in the feed as pure
ethanol was applied to the system.

c. Most polar components like ethanol and
water are generally adsorbed substantially
more than less polar components like
diethyl ether because of the marked
difference in dielectric constants. Thus,
the contribution of diethyl ether can be

neglected.

d. Negligible effect of the forward reaction
term

e. Negligible effect of the inert on the rate of
reaction.

The purpose behind using the above
hypothesis is to reduce the complexity [41],
[42]. Similar simplification analysis and Kinetic
models are also suggested in the literature [32],
[35]. Required data for solving equation 37 was
obtained from the work of Ghassan [27], and the
rector data for the design equation was taken
from the same reference, estimated values of the
Kinetic parameters are shown in Table 14.
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Table 14: Estimated kinetic parameters of ethanol reaction rate based on equation 37

Temperature (K) 523.15 548.15 573.15 623.15
, 0.1189643 0.1533384 0.3657129 0.5146619
k (moz/gcat- hT')
9.227561 9.013511 18.68639 27.21615

K, (atm™1)

The reactor design equation is with respect
to ethanol concentration, while the reaction rate
equation (—r,) is according to the partial
pressure of ethanol. To unify both expressions,
the following equation of state is used:

By combining equations (27), (37), and (38)
the final equation is obtained as follows:

dcy k' C4RT
sTaz . PBTik, carT (39)

The above first-order differential equation
was solved by using the numerical method
Runge-Kutta 4™order in MATLABE software

under the boundary conditions stated in equation
28. The result showed a smooth linear change in
the concentration of ethanol, as presented in
Figure 8. This phenomenon can be related to the
nature of the proposed model, applied
hypothesis, the negligible effect of the backward
reaction term, considering constant velocity
along the reactor, and the presence of laminar
flow inside the reactor. Similar results are also
obtained in the literature for the dehydration
process [32].
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Figure 8. Axial concentration profile of ethanol predicted by equation 39
5. Conclusion reaction  mechanisms.  Using  nonlinear

In this investigation, different Kkinetic
models were proposed for the ethanol
dehydration process to ethylene and diethyl
ether formation by considering different

regression analysis and the experimental data of
reaction rate, the best-fit models were chosen for
each constituent. According to the results, the
single-sit model with surface reaction-
controlled step for ethylene and LHHW dual-
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site model with surface reaction step for diethyl
ether formation gave the best representation of
the experimental data compared with other
proposed models. The models showed
acceptable values of AARD% about (1.4502-
2.5978) and (0.9135-2.9394), respectively, for
ethylene and diethyl ether. The Kinetic
parameters of both models were determined and
found to follow the Arrhenius equation at
different temperatures. Activation energies for
ethylene and diethyl ether formation were
calculated to be 23.522 (kJmol) and 94.622
(kJinol), respectively. The estimated parameters
were further compared with the literature. The
observed variation between the parameters can
be related to differences in proposed models by
other researchers, applying different analysing
techniques, working with different experimental
data and reaction temperatures, along with using
arrangement methods different from the one
applied in this study. Based on a set of
assumptions, a packed bed reactor model was
proposed for examining the concentration
gradient of ethanol through the reactor. The
outcomes showed a straight change in the
concentration profile that may result from the
applied hypothesis and the presence of laminar
flow in the real system from which the data was
taken. It can be concluded from the proposed
models that ethanol dehydration to form
ethylene and diethyl ether are both surface
reactions but require different active sites and
proceed throughout different transition states.
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Nomenclature
S: Catalyst vacant site
P;: Partial pressure of species i (atm).

K;;: Adsorption equilibrium constant of species

i in reaction j (atm™1)
k;: Kinetic rate parameter for reaction j
(gmol/gcar- hr)

Kcqj: Thermodynamic equilibrium constant for
reaction j. (units depend on reaction)

r;: Reaction rate for reaction j (gmol/ gcq. hr)
u,: Linear velocity of fluid (m/hr)

C;: Concentration of species i (mol/m3)

T: Temperature (K)

Z: Reactor axis coordinate (m)

L: Reactor length (m)

R: Gas constant (J /mol. K)

Ej: Activation energy for reaction j (kJ/mol)
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Aj: Pre-exponential factor for reaction j
(mol/gcas-hr)

Cp: Heat capacity (cal/ mol K)

ACp: Average heat capacity (cal/ mol K)

AHpy: Heat of reaction (cal/mol)

C;’: initial concentration of species i (mol/m?)
Greek letters

pg: Bed density (kg/m3)

Subscripts

i: Species

J: Reactions

eq: Equilibrium

1: Reaction 1

2: Reaction 2

Cat: catalyst

g: gram

A: Ethanol

O: Ethylene

W: Water I: Inert

E: Diethyl ether
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