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Introduction

Ethylene oxide (EO) is an important intermediate
product in the petrochemical industry and is widely
used in the production of ethylene glycol, polyethylene
oxide, glycol ethers, ethanolamines, surfactants,
lubricants, plasticizers, and other chemical products
[1]. The main industrial route for EO production is
the direct catalytic oxidation of ethylene with oxygen
or air over silver-based catalysts in multitubular
fixed-bed reactors [2]. Since this reaction network is
highly exothermic, and it includes undesired complete
oxidation reactions, the accurate modeling of the
following items: (1) temperature behavior, (2) catalyst
activity, (3) selectivity, and (4) production rate is
essential [3, 4].

Ethylene, as the main feedstock for EO production, is
commonly produced by energy-intensive routes such
as steam cracking. Therefore, alternative catalytic
routes for ethylene production, including oxidative
dehydrogenation of ethane in the presence of COs,
have also been studied in the literature [5-8]. These
studies are mentioned here only to emphasize the
importance of ethylene as the upstream feedstock of
EO production.

In industrial EO reactors, heat transfer, pressure drop,
reaction kinetics, and catalyst deactivation strongly
affect long-term reactor performance. In addition,
small amounts of ethylene dichloride (EDC) are used

as a reaction moderator to improve EO selectivity
by suppressing complete oxidation reactions |[3].
However, increasing EDC concentration may
decrease EO production rate. Therefore, determining
an optimum EDC concentration is an important
operational challenge.

The aims of this study are to (1) model and simulate an
industrial fixed-bed EO reactor using Aspen Plus V14,
(2) evaluate its steady-state and dynamic behavior
over a 1100-day operating period, (3) compare the
simulation results with actual plant data, and (4)
optimize the process using artificial neural networks
(ANN) in MATLAB.

Materials and Methods

The industrial EO production process was simulated
in Aspen Plus V14 using a plug-flow fixed-bed reactor
model. The reactor was considered as a multitubular
fixed-bed reactor filled with a silver-based catalyst.
The reacting gas flows through catalyst-packed tubes,
while boiling water circulates on the shell side to
remove the heat generated by the exothermic reactions.
The model was first developed for a single tube and
then extended to the industrial reactor scale.

The Soave-Redlich-Kwong (SRK) equation of state
was used to describe the thermodynamic behavior of
the reacting gas mixture. The desired reaction was the
partial oxidation of ethylene to EO, while the complete
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oxidation of ethylene to CO: and H2O was considered
as the main side reaction [3, 4]. Nonlinear kinetic
expressions were implemented in the reactor model.
Pressure drop through the catalyst bed was calculated
using the Ergun equation, and heat transfer between
the reacting gas and the coolant was also included.

To investigate long-term performance, catalyst
deactivation was introduced as a time-dependent
function. The dynamic behavior of the reactor was
simulated over 1100 days. The daily EO production
rate was used as the main validation variable and
was compared with actual industrial plant data. Axial
profiles of temperature and component mole fractions,
including EO, Oz, CO:, C:Ha, and H:20, were also
analyzed.

For optimization, EDC concentration and catalyst
deactivation energy were selected as the main
effective variables. The optimization was performed
using a feed-forward ANN in MATLAB. The input
variables were operating time, EDC concentration,
and catalyst deactivation energy, while the outputs
were EO production rate, selectivity, and conversion.
EDC concentration was varied from 0 to 0.9 ppm, and
catalyst deactivation energy was studied at 40, 80, and
120 kJ/mol. A minimum EO production constraint
of 220 ton/day was imposed to maintain industrially
acceptable operation.

The ANN consisted of two hidden layers with 16 and
8 neurons. The ReLU activation function was used in
the hidden layers, and the network was trained using
the Bayesian Regularization algorithm to reduce
overfitting and improve prediction accuracy |[1]. The
data were divided into training and validation sets and
normalized before training.

Results and Discussion

The steady-state simulation showed that the reactor
temperature increases rapidly near the inlet due to the
highly exothermic oxidation reactions. The maximum
temperature reached about 512 K at approximately 1
m from the reactor entrance. This region corresponds
to the hot spot, where reactant concentrations, reaction
rate, and heat release are at their highest levels. After
this point, the temperature gradually decreased and
reached about 506 K near the reactor outlet. This
behavior indicates that heat generation is mainly
concentrated in the upstream section of the catalyst
bed, while the cooling system stabilizes the reactor
temperature downstream.

The axial mole fraction profiles confirmed the expected
reaction behavior. The EO mole fraction increased
along the reactor length, indicating continuous EO
formation. In contrast, the ethylene and oxygen mole
fractions decreased because of their consumption in
the oxidation reactions. The increase in CO2 and H.O
mole fractions indicated the occurrence of complete
oxidation as the main side reaction. The most

significant changes occurred in the first part of the
reactor, where the reaction intensity was higher.
Moreover, the dynamic simulation over 1100 days
showed a gradual decline in the EO production rate due
to catalyst deactivation. The simulated EO production
rate decreased from about 380.32 ton/day at the
beginning of operation to about 349.03 ton/day after
1100 days. The actual plant production rate changed
from 370.00 ton/day to 347.20 ton/day over the same
period. The comparison showed acceptable agreement
between the simulation results and plant data,
indicating that the developed model can adequately
describe the long-term behavior of the industrial EO
reactor. The minor deviations may be attributed to
plant fluctuations, shutdowns, measurement errors, or
limitations of the kinetic model.

The optimization results showed that EDC has a
dual effect on EO production. Increasing the EDC
concentration improves EO selectivity by reducing
complete oxidation reactions; however, it also
decreases the EO production rate. Therefore, the
optimum EDC concentration should provide a balance
between improving selectivity and maintaining
production. For catalyst deactivation energies of 40,
80, and 120 kJ/mol, the optimum EDC concentration
was obtained in the range of approximately 0.333—
0.34 ppm. Within this range, EO selectivity improved
while the minimum production constraint of 220 ton/
day was maintained.

Conclusions

The Aspen Plus model successfully captured the main
characteristics of the industrial EO reactor, including
hot-spot formation, axial concentration variations, and
the long-term decline in EO production associated
with catalyst deactivation. The satisfactory agreement
between the simulated and plant production data
demonstrates the capability of the developed model
to represent the reactor behavior over an extended
operating period.

The ANN model effectively represented the nonlinear
relationships among EDC concentration, catalyst
deactivation energy, EO production rate, selectivity,
and conversion. The optimization results demonstrated
that an appropriate EDC concentration can improve EO
selectivity while satisfying the minimum production
requirement. Overall, the integration of Aspen Plus
process simulation with MATLAB-based ANN
optimization provides an effective computational
framework for evaluating reactor performance and
identifying suitable operating conditions for improved
industrial EO production.

Nomenclatures

ANN: Artificial neural networks

EO: Ethylene oxide

EDC: Ethylene dichloride

SRK: Soave—Redlich—-Kwong
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Table 1 Ethylene oxide reactor feed inlet condition [ 1]

value Unit Parameter
Feed composition (mole fraction)
0.25 _ CH,
0.08 _ 0,
0.0001 _ CH,0
0.0025 _ H,0
0.07 _ CO,
0.1271 _ N,
0.4703 _ CH,
0.89 mol/s Total molar flow rate
21.7 Bar Inlet pressure
463 K Inlet Feed temperature
503 K Coolant water temperature
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Table 2 Catalyst and reactor specifications [ 1]

Value Unit Parameter
7.74x1073 m Particle diameter
1 kJ/(kg.K) Heat capacity
387.59 m*/m? Specific surface area
0.5 B Bed void fraction
5523 _ Number of tubes (Reaction side)
8.7 Length of reactor
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Table 4 Comparison of heterogeneous model-predicted ethylene oxide production rates with actual plant data

%Error Simulation (t/day) Plant (t/day) Time (day)
1.3 380.32 370 0
0.87 377.13 370.6 100
0.25 374.008 372.10 200
0.24 370.96 369.12 300
0.068 367.99 368.5 400
0.46 365.10 361.69 500
0.23 362.26 360.58 600
1.68 359.50 347.61 700
0.28 356.79 354.74 800
0.24 354.15 352.39 900
0.87 351.56 345.43 1000
0.26 349.03 347.20 1100
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Table 5 Comparison between the predicted production rates
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Fig. 4 (a) Production rate, selectivity, and conversion at EDC = 0; (b) production rate, selectivity, and conversion at EDC
= 0.34; (c) optimization of the EDC value at a deactivation energy of 40,000 J/mol; (d) optimization of the EDC value at a
deactivation energy of 80,000 J/mol; and (e) optimization of the EDC value at a deactivation energy of 120,000 J/mol.
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