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Abstract— Reactor modelling has previously focused on fluid dynamics, using simplified kinetic rate expressions. Although this method
has proven to be sufficient in the past, it has a limited range of applicability. This limitation hinders various ends for which reactor models
are created: sizing, optimisation, control, etc. This work aims to use detailed microkinetics of the intervening reactions in a catalytic partial
oxidation process to generate a comprehensive reactor model. The use of a detailed model for the reaction’s kinetics additionally provides
a better understanding of the reaction’s mechanism and the impact of specific changes on the overall scheme. A microkinetic model for
ethylene epoxidation was selected from literature. The detailed kinetics were tested within a gPROMS ProcessBuilder catalytic multitubular
fixed bed reactor. A parameter estimation was performed using experimental data. An enhanced model adapted to industrial catalysts was
parameterised accordingly. The last stage focused on possible model extensions. The moderator effect and catalyst deactivation were studied
due to their prevailing presence in an industrial setting. A deactivation expression was developed for the current microkinetic model, as
well as suggestions on incorporating the moderator effect.
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Introduction

C hemical production plants have long been a source of
great profit. The search for the most lucrative plant de-

sign has progressively become more competitive. Methods
for sizing and designing the various equipment, as well as the
plant as a whole, have evolved to reach near optimal configu-
rations. Nonetheless, obtaining optimal configurations repre-
sents a higher challenge for a few sets of processes. This is
the case of the processes that involve catalytic partial oxida-
tion (POX) reactions [1] which leads to most POX processes
currently still operating far from optimal conditions, prom-
pting oversized reactors, sub-optimal productivity, and profit
loss.

The difficulty in the exact characterization of these proces-
ses stems from the fast nature of the POX reactions coupled
with the fact that most have accentuated thermal effects. Sin-
ce the majority of these reactions occur appreciably fast, they
often become mass-transfer limited under industrial produc-
tion conditions, accounting for the unknown kinetics for that
range (e.g. CO oxidation) [1].

The POX high exothermic attribute confers numerous
complications, including possible safety concerns in respect
to run-away reactions and/or regular operating conditions;
the need for intensive heat transfer and thermal stability;
and the formation of gradients within the catalyst which may
achieve steady-state multiplicity [1].

The demand for a detailed model of these partial oxidation
reactions arises from the necessity of uncoupling the determi-
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nation of reaction kinetics from the sizing of the reactor. Si-
multaneously, it provides comprehensive and exact knowled-
ge of the reactor, allowing to accurately predict the reactor’s
performance for a wide range of operating conditions, and
enabling the optimisation of the reactor’s design with scar-
cely any additional data. As an example of a partial oxida-
tion reaction, ethylene epoxidation was chosen, due to ethy-
lene oxide’s prominent growing demand and to the reaction’s
complex kinetics. Moreover, the microkinetic approach has
been successful for similar applications, namely the partial
oxidation of methanol to formaldehyde [2].

Ethylene oxide (EO) is the simplest cyclic ether. One of its
most hazardous properties, being a very reactive compound,
is simultaneously the main reason for its popularity [3]. This
aspect enables this chemical intermediate to be applied in a
variety of chemical reactions, increasing its demand throug-
hout the chemical industry.

Some of its primary uses include disinfectants, sterilizing
agents and fumigants [3]. In respect to the derivative uses,
the most significant industry is ethylene glycol production,
which is used in applications such as antifreeze and manu-
facturing polyester fibers. Other derivatives include amines
and polyethylene glycols, triethylene glycol, ethylene glycol
ethers, ethanolamine and ethylene carbonate [3–5].

Ethylene partial oxidation competes with other two reac-
tions, ethylene and ethylene oxide total oxidation, as shown
in Fig. 1. Thermodynamically, total combustion is markedly
more favourable; ethylene oxide is only the kinetic product
[6].

Previous modelling approaches focused on obtaining the
extent of each one of these three reactions through rate
expressions. The expressions could be power-laws [4] or
Langmuir-Hinshelwood-Hougen-Watson (LHHW) formula-
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Fig. 1: Simplified ethylene oxidation scheme

tions [7–13], both with fitted parameters. However, the pro-
posed detailed modelling involves using a reaction mecha-
nism. The discrimination of the intermediate steps for each
reactions provides a deeper understanding of the reactions
and their respective driving forces. Additionally, it establis-
hes the nature of the relationships between the three main
reactions.

Although thoroughly investigated, the scientific commu-
nity has not reached a consensus for the mechanism that en-
tails ethylene partial oxidation [6, 10, 14]. Early mechanisms
established molecular oxygen as the only active oxygen spe-
cies [3, 15]. This implied that there was a 6/7 upper bound for
epoxidation selectivity. It was stipulated that combustion dis-
played an ensemble effect, which dictated that this reaction
required a larger amount of sites to occur [16]. At the time,
all experimental data corroborated this mechanism. More re-
cently, promoted catalysts have reached selectivies as high as
90%, disproving this theory [3, 16].

Authors Grant and Lambert [17] proposed the presence of
two types of adsorbed oxygen: a low-valence charge "selec-
tive" oxygen and a high-valence charge oxygen (which took
part in hydrogen abstraction) [18].

Reports of the existence of three types of oxygen [5, 6, 16,
17, 19]: adsorbed atomic oxygen, subsurface atomic oxygen
and molecular oxygen, are fairly universal. The subsurface
oxygen is usually described as adsorbed oxygen that has mi-
grated into lattice positions.

Recent developments in this field has evolved to believe
that the subsurface oxygen is an active species in the process
[3, 5, 17]. Its contribution is thought to be the removal of
electron density from the silver particles which are bonded to
the atomic oxygen, providing an electrophilic character to the
metal-adsorbate compound. This promotes the interaction of
the adsorbed oxygen with the ethylene C-C bond by drawing
electron density to the catalyst’s surface [3, 5, 20, 21].

Waugh an Hague’s [22] investigation on kinetic parame-
ters provided additional insight on the mechanism. By ob-
serving that both epoxidation and combustion have similar
activation energies, it is considered that a possible common
intermediate to both reactions may be present in one of the
rate-determining steps [6, 16, 22–24]. They also enlighten on
the role of the cesium promoter, which inhibits the formation
of the unselective silver-oxygen bonds.

Linic and Barteau [25] combined Density Functional
Theory (DFT) calculations and High-Resolution Electron
Energy Loss Spectroscopy (HREELS) experiments to pro-
ve the existence of an oxametallacycle intermediate, using
the reversibility of the reaction. Its vibrational presence in
the infrared spectrophotometer had been previously recorded

by Force and Bell [26]. This has been considered to be the
common intermediate previously postulated.

The predominate belief is that the oxametallacycle inter-
mediate forms either ethylene oxide or acetaldehyde. The
latter is then readily combusted, generating the unselective
pathway [6, 27, 28].

Generally, the rate-determining step under industrial con-
ditions has been set as the dissociative chemisorption of oxy-
gen [5, 25], although the same may not be applicable in other
temperature and pressure ranges. In contrast, Grant and Lam-
bert [17] reported the surface reaction as the rate-limiting
step.

The catalyst usually elected by the industry is silver fi-
nely dispersed (7-20%) on a porous matrix (pore diameter
within 0.5 to 50 µm) of α-alumina (higher than 99% pu-
rity) [3, 6, 16, 25]. It has low specific surface area (around
2 m2/g) [3, 5, 6] which confers less activity but higher selec-
tivity, and slows down diffusion to inhibit further oxidation.
Hydroxyl groups must be removed from the support through
silane treatment to avoid promoting catalytic isomerisation
to acetaldehyde. The catalyst is used in the form of spheres
or rings with diameters that range from 3 to 8 mm [3].

Promoting the catalyst with alkali salts has become wides-
pread [3, 5, 29], usually in the range of 100-500 mg/kg. It is
noteworthy that residual acidity in the support is highly un-
favourable for the process selectivity, since it promotes the
combustion reaction [5]; hence the need for the previously
mentioned alkali salts, (which reduce density of acid sites).
These also enhance oxygen dissociation [5].

Cesium or a combination of rhenium, sulfur, tungsten and
molybdenum can significantly affect the selectivity, which
may thus reach the 80% threshold. Cesium is said to crea-
te a silver film that decreases the support’s importance
[23, 30, 31], and increases the selectivity.

The use of chlorine-based modifiers [3, 5, 16, 29, 32–
35] is also of the utmost importance. These compounds (e.g.
1,2-dichloroethane (DCE), vinyl chloride (VCM), and ethyl
chloride) are added to the reactor’s feed to provide a higher
selectivity for the epoxidation reaction, while simultaneously
decreasing the rate of both epoxidation and combustion reac-
tions [5, 16, 34].

The method of how these moderators work is still uncer-
tain, although their positive effects are clear throughout li-
terature [34]. There are two major (non-exclusive) theories
of how these modifiers promote the selectivity. The first con-
sists of enhancing the electrophilic effect of silver [5, 25, 32].
It can be considered as the modifier, acting as a surrogate for
subsurface oxygen, since chlorine atoms draw electron den-
sity from the metal surface, or as the rehybridization of va-
lence band orbitals [32]. This is supported by the increase
in apparent heat of adsorption reported by ethylene at higher
modifier concentrations [16].

The second theory considers that chlorine acts as a sup-
pressor [5, 32], occupying vacant sites that neighbor the in-
termediates and preventing total oxidation to occur. The latter
site-blocking theory is corroborated by the fact that at high
concentrations chlorine becomes an inhibitor, poisoning the
catalyst and preventing oxygen chemisorption [24, 32].

Other authors [3] state the modifiers ensure an even cove-
rage.

In regard to the reactor, high reaction heats account for the
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need for efficient means of heat transfer, at times considered
the determining process in the reaction kinetics [4, 6]. Mul-
titubular arrangements with coolant circulation through the
shell-side are therefore employed for this purpose. The inlet
is fed in gas-phase, with the alternative of air and oxygen-
based processes [3, 5]. Reaction temperatures and pressu-
res range from 230 to 290°C and 1 to 3 MPa, respectively
[3, 5, 6].

The tube bundles consists of thousand of tubes which are
6-13 meters long and have 20-40 mm internal diameter (to
ensure proper heat transfer). The catalyst is located inside
the tubes [3].

Mild steels (e.g. stainless steel) are used in the reactor
even though ethylene oxide is not corrosive since the pro-
cess may reach relatively high temperatures. Additionally,
this prevents rust, which promotes isomerisation, polymer
formation, and increases the viscosity [3, 16].

Modern designs use pure oxygen in a single-stage appara-
tus [5]. Recycling of recovered reactants is standard to ensure
acceptable process yields and to increase profit. The reactors’
feed has a high ethylene content (25-30%), and the oxygen
content is subject to the reaction mixture remaining above
the upper flammability limit [5, 6, 16]. This new configura-
tion achieves overall higher yields in smaller equipment [5].

Various processes may lead to the deactivation of the Ag-
based catalysts, the most significant being sintering, poiso-
ning (e.g. sulfur from ethylene) and wearing [33, 36]. Pro-
cesses such as abrasion and dust formation are adverse for
the stability of the catalyst [3].

The commonly employed solution to counter-effect the
loss of activity due to sintering is to increase the reaction
temperature [34, 36]. In practice, plants gradually increase
feed or coolant temperature to compensate for this aging ef-
fect of the catalyst, since the silver surface decreases to 50%
its initial value in two years [3]. However, there is an upper li-
mit for the feed temperature (flammability limits): when this
condition is reached, the catalyst must be replaced. The fre-
quency of catalyst replacement is dependent on the type of
catalyst, the rate at which the process is run, and the purity
of the feed. In general, highly selective catalysts require to
be traded every 2 years, while lower selectivity catalysts last
for 5 years [3].

Surface ReactionMicrokinetics
Stegelmann et al. [6] have created a microkinetic model for

unpromoted silver with parameters obtained from transient
surface science experiments in UHV and steady-state kine-
tics on single crystals. It reports the presence of two types
of active sites: silver metallic silver sites (*) and surface oxi-
de sites (O*). It further describes the adsorption of oxygen
from an oxide layer, which results in surface reconstruction:
these events are corroborated by DFT and ab initio calcu-
lations and laboratory experiments [6]. This model is con-
sistent with oxygen adsorbing more strongly on pre-oxidized
surfaces [6, 14, 37–40]. Furthermore, the model corroborates
the predominate theory of an oxametallacycle intermediate
for both selective and unselective reactions.

Species may be adsorbed in * and O* sites, generating
what Stegelmann et al. [6] coined as surface species. The-
se adsorbed species, in addition to the gaseous components,

are the reactants/products of the reaction steps (see Table 1
Ref. [6]).

The main limitation reported for this model is the under-
prediction of activity below the oxygen partial pressure of
10 kPa [6]. Product inhibition was al so neglected since only
initial rates were considered [6].

Partopour and Dixon [27] have successfully simulated the
microkinetics proposed by Stegelmann et al. [6] using Ca-
talyticFoam.

The reaction scheme presented by Stegelmann et al. [6, 37]
was used in this work. Stegelmann et al. [6, 37] developed
a 17-step scheme (see Table 1 Ref. [6]) for ethylene epoxi-
dation, which incorporates the two secondary (undesirable)
reactions: ethylene and ethylene oxide combustion.

Although the gPROMS ProcessBuilder reactors are co-
ded to allow for user-defined kinetics, the template is desig-
ned for power-law or LHHW-type rate expressions. For this
reason, a microkinetics custom model was created in order to
enable the simulation of a multi-step reaction.

The rate of each step i at temperature T is given by eq. (1).
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Where rT
i is the overall reaction rate for step i at tempe-

rature T , k j
0, i is the pre-exponential factor in the direction j

(forward, reverse), k j, T
i is the rate constant, E j

i is the activa-
tion energy, pl is the partial pressure of component l, Pre f is
the reference pressure, θk is the surface coverage of species
k, RR and P represent reactants and products, respectively,
and a and b represent the stoichiometric coefficient at which
RR and P react/are produced, respectively.

The surface coverage, θk, of the surface species k is the
fraction of active sites (*) that have been occupied by the
given species. As a result, the sum of coverages must be equal
to 1. To determine the coverages, the following mass balance
was written:

∂θk

∂t
=

∑
k

(
β1 · rk is produced −β2 · rk is consumed

)
(3)

where β1 and β2 are the stoichiometric coefficients of surface
species k in the step it was produced and consumed, respec-
tively.

There is an Arrhenius temperature dependence for the
reaction constants (eq. (2)). Therefore, the rates, and necessa-
rily the surface coverages, are temperature dependent. Furt-
hermore, the rates are a function of the partial pressures at a
given point.

The pre-exponential factors (k0) and activation energies
(E) were obtained from literature (see Table 8 Ref. [6]).

The use of elementary steps eliminates the concept of ove-
rall reactions between the gas species. Since mass balances in
the catalyst pellet models consider only the gas phase com-
ponents, reactions for production/consumption of all the gas
components were defined independently as the sum of the
reaction steps in which they intervene.
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RRaterr = φ ·ρ∗ ·

Step 17∑
i

(
βi,m · ri

)
(4)

RRaterr represents the rate of reaction rr, φ is the effecti-
veness factor, ρ∗ is the density of active sites (mol/kg), ri is
the rate of step i and βi,m is the stoichiometric coefficient of
component m in this reaction. Each reaction rate is associated
with only one component, m.

The reaction scheme proposed by Stegelmann et al. [6]
aims to detail all the steps that the reactants undertake to be-
come the products observed in EO production. However, it
must be noted that not all the steps considered within the
scheme are elementary. This is the case for steps 10 and 14.
Due to absence of additional insight on the workings of the
mechanism, the authors [6] considered these simplified steps,
which are, therefore, void of scientific veracity.

Fig. 2: Schematic representation of the multi-step mechanism1

Fig. 2’s representation underlines how ethylene oxide pro-
duction and ethylene oxide combustion may have the same
oxametallacycle intermediate (CH2CH2O/O*). As mentio-
ned previously, this common intermediate has been suppor-
ted by many articles [17, 41–44]. The isomerisation of the
product to acetaldehyde through the oxametallacycle is al-
so included. The ratio between the equilibrium constants for
steps 7 and 8 is, therefore, decisive in determining the rele-
vancy of EO combustion.

In addition to ethylene oxide combustion there is a second
route to CO2 and water production (steps 12-14). These steps
represent ethylene combustion, which is less meaningful for
the current mechanism. Interestingly, authors Partapour and
Dixon [27] found these steps insignificant to the extent that
they eliminated them completely to create a simplified mo-
del.

The steps for the formation of O* (from oxygen) are pre-
sented separately, since they impact too many other steps,
and would render the analysis of the scheme to be extremely
complicated.

1The colours mark the stoichiometry and species that intervene in a step.
The numbering is done through brackets and placed next to the forward
direction of the corresponding step.

The majority of the model parameters were determined, by
the authors [6], through surface science experiments and au-
xiliary calculations, conferring them physical meaning. Ho-
wever, these experiments were performed on single unpro-
moted crystals, rending its extrapolation to industrial catalyst
dubious. Furthermore, the validation that Stegelmann et al.
[6] performed used initial rates which do not account for the
product inhibition effect to the extent which it occurs indus-
trially.

Thus, the scope of this work is to provide an enhanced
model, adapted to industrial catalysts and conditions.

Parameter Estimation
Petkim Petrokimya Holding A.Ş. has provided a series

of experimental laboratory trials, in which different reaction
conditions were tested. Since the catalysts used in these ex-
periments had different activities from the catalysts used to
determine the parameters proposed by Stegelmann et al. [6]
it was necessary to adapt the model to the current activity and
selectivity.

As was observed previously, model parameters, such as
steps 7 and 8 pre-exponential factors, were selected to fit the
selectivity on Ag(111). Furthermore, the density of active si-
tes is also particular to the catalyst as it is a measure of its
activity. These parameters must be estimated prior to model
validation for a coherent comparison.

Each catalyst loading also has a different start-of-run acti-
vity which must included in the model. The usefulness of this
parameter arises from the non-uniformity of the catalyst bat-
ches created. The activity varies (but not substantially) bet-
ween batches. By establishing a reference batch, the quality
of the activation of the remaining can be analysed by compa-
rison. Reference activities higher than 1 translate into a better
activation. The latter concept will henceforth be referred to as
catalyst reference activity (αρ∗re f ), and will be employed in the
model generating the site density variable:

ρ∗ = ρ∗,0 ·α
ρ∗
re f (5)

The data used in the parameter estimation was obtained in
a laboratory reactor. Various experiments were carried out
with different feeds, and operating temperatures and pres-
sures. These experimental laboratory trials have previously
been used and described in a greater extent in Sarrafi’s thesis
[45].

The reactor itself was scaled-down from industry. In con-
trast with a plant reactor, there was no fluid used to cool the
reactor. It was substituted by a furnace which would heat the
miniature reactor to the desired reacting temperature. The
set-point of the furnace may have not been achieved in the
duration of the experiment. Furthermore, the reactions that
took place within the reactor generated temperature profiles
along the bed, rendering the set-point to be merely a referen-
ce value. The kinetic model used just the center measurement
of the catalyst bed, referred to as Bed Temperature at 10 mm.

The experiments were divided into different catalyst loa-
ding. Catalyst loadings could differ in the amount of mass of
catalyst used in the reactor. Table 1 shows the different con-
ditions at which the experiments were performed. The ex-
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Table 1: Description of the experiments considered in the parameter estimation [45]

Experiment
Mass of
Catalyst

(g)

Relative
Pressure
(kg cm-2)

Furnace Setpoint
Temperature

(°C)

Feed Composition (%mol) (*)

C2H4 O2 CO2 EO VCM CH4

1_1
0.1

0 219 22.74 5.77 4.14 0 0 63.08
1_2 0 237 22.74 5.77 4.14 0 0 63.08
1_3 0 255 22.74 5.77 4.14 0 0 63.08
2_1

0.1

0 219 66.6 1.81 2.1 0 0 29.49
2_3 0 219 25.68 1.81 6.18 0 0 66.33
2_4 0 219 8.53 23.04 2.1 0 0 66.33
2_5 0 219 35.18 14.28 4.28 0 0 46.26
3_1

0.1
0 255 29.76 1.81 2.10 0 0 66.33

3_2 0 255 26.95 23.04 6.18 0 0 43.83
4_1

0.2
0 237 22.74 5.77 4.14 0 0 63.08

4_2 0 219 22.74 5.77 4.14 0 0 63.08
4_3 0 250 22.74 5.77 4.14 0 0 63.08
6_3

0.2
0 237 22.75 5.77 0 0 0 57.34

6_5 0 237 22.75 5.77 4.14 0 0 57.34

(*) Balance with Helium

periments were identified using the following nomenclature:
catalyst loading_experiment number.

The experiments’ feed composition was defined for each
trial and are shown in Table 1. These have been calculated
by defining the standard volumetric flow of the various feeds.
The remaining component in the feed is helium, an inert used
to carry small quantities of the EO and VCM.

The experiments measured the temperature along the bed
and the outlet dry composition. The latter was obtained by
gas chromatography and focused on the five following com-
ponents: methane, ethylene, oxygen, ethylene oxide and car-
bon dioxide.

The Orsat composition has subsequently been submitted
to a data reconciliation process, where the outlet of metha-
ne has been adjusted to ensure carbon balance. The metha-
ne outlet composition measurement was then disregarded for
the present parameter estimations.

A gPROMS ProcessBuilder flowsheet was created to re-
semble the experiment conditions and set-up. It included va-
rious models, namely, the Stegelmann et al.’s [6] microkine-
tics custom model.

The controls defined in the gPROMS platform where the
variables from the originally defined Process, which may
change for each experiment. The time invariant controls we-
re the following: the catalyst loading, the mass of catalyst,
the relative pressure, and the EO/He and VCM/He inlet stan-
dard volumetric flow. The piecewise constant controls were
the following: bed temperature at 10 mm and the remaining
components’ inlet standard volumetric flow.

Additionally, the outlet dry composition of EO and carbon
dioxide were the measurements used. Ethylene and oxygen
outlet dry composition were observed for monitoring purpo-
ses.

To facilitate the parameter estimation, a variable change
was performed. The pre-exponential terms were substituted

by constants at a reference temperature which was set as 525
K (the furnace set-point for multiple trials). The new para-
meters were determined using the original ones and the fo-
llowing expression:

k
j,Tre f
i = k j

0,i · e
−

E j
i

RTre f (6)

in which k
j,Tre f
i is step i’s constant at reference temperature in

the direction j (forward, backward) and E j
i is the activation

energy for step i in the direction j.
Following various preliminary estimations, the following

strategy was applied: the steps identified as rate-determining
were estimated (only the forward parameters). This approach
had the disadvantage of the substantial amount of parameters
it entailed. However it eliminated estimation of parameters
that would not have a significant impact on the overall sche-
me. Due to the amount and nature of the parameters, the exis-
tence of correlations and, consequentially, the low confidence
of the estimated parameters was expected.

Table 2 confirms the suspected drawback of this approach:
there is low confidence in the values estimated. The advanta-
ge of this method sets upon its grasp on the selectivity. Con-
trasting with the previous preliminary estimations, the dry
outlet composition predictions of ethylene oxide and carbon
dioxide (Fig. 3) are almost a perfect match.

The quality is most visible on the carbon dioxide composi-
tion which is predicted with near perfect accuracy. In respect
to the EO predictions, it must be underlined that the axis of
the graph shows a much more confined range, for which the
deviations shown are lower than the 0.1% magnitude (irrele-
vant).

Furthermore, the CO2 produced by ethylene combustion
as a percentage of the total produced CO2 was defined. This
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Table 2: Estimated paramters

Model
Parameter

Estimated
Value

Standard
Deviation

α
ρ∗
re f ,2 1.51 ± 0.05

α
ρ∗
re f ,3 0.98 ± 0.03

α
ρ∗
re f ,4 0.549 ± 0.005

α
ρ∗
re f ,6 1.16 ± 0.08

k
f orw, Tre f
2 (s-1) 6 x 107 ± 10 x 107

k
f orw, Tre f
5 (s-1) 1153 ± 2

k
f orw, Tre f
7 (s-1) 0.7 ± 2

k
f orw, Tre f
8 (s-1) 0.2 ± 2

k
f orw, Tre f
13 (s-1) 19 ± 2 x 104

E f orw
2 (kJ/mol) 390 ± 2000

E f orw
5 (kJ/mol) 383 ± 50

E f orw
7 (kJ/mol) 14 ± 8

E f orw
8 (kJ/mol) 98 ± 10

E f orw
13 (kJ/mol) 70 ± 900

performance indicator was used to investigate the case study
consisting of experiments 1_1 and 2_5.

The two experiments (1_1 and 2_5) display the same mea-
sured temperature (~504 K). Two identical temperatures will
predict the same carbon dioxide production if two routes for
combustion are not proposed, having only the temperature
dependence of the model as an influence on the selectivity.
Intuitively, this is incorrect. It was found that for experiment
1_1, the CO2 produced through ethylene total oxidation va-
ried from 55% to 60% (along the bed). For experiment 2_5,
ethylene total oxidation only accounted for 45 to 48% of the
CO2 produced.

The use of the model provides an explanation for the dif-
ferent measurements reported for these two experiments. It
points to experiment 1_1’s feed composition being a region
in which ethylene combustion is predominant. The same is
not applicable to experiment 2_5. Moreover, since the per-
centage of CO2 produced from ethylene oxide is established,
it is possible to quantify the increase in the selectivity that
would be observed if ethylene oxide combustion were to be
totally inhibited.

Model Extensions
A gPROMS ProcessBuilder flowsheet was set-up to test

possible model extensions using a simplified assembly. The
assembly consisted of a catalytic multitubular fixed bed in-
dustrial reactor, an inert bed, two coolants, and a stream split-
ter to dry the effluent.

The first model extension deliberated was the moderator
effect. The Introduction briefly explained the role of mode-
rators in EO production. It may be stated that rare are the
cases which do not use this strategy to increase overall yield

Fig. 3: Catalyst loading 1, 2, 3, 4 and 6’s measured and predicted
carbon dioxide and ethylene oxide dry outlet composition

from the raw materials and render the process more profita-
ble. Being a crucial aspect in reactor’s performance and op-
timisation, this factor must be included in the scheme.

These compounds are not considered promoters, since
they do, in fact, inhibit the reaction (lower the conversion)
[46, 47]. Yet, they are added consistently to reactor’s inlets,
due to their ability to increase the selectivity to the 90% th-
reshold2 [48]. These chlorine compounds (VCM, DCE, etc.)
are added in vestigial amounts to the streams (few ppm), and
still have a substantial impact [35, 48]. As a case study, vinyl
chloride (VCM) was studied.

The goal of this section was to insert in Stegelmann et.
al.’s [6] model the moderator effect as a physical phenome-
non (non-empirical form) to maintain consistency with the
overall tone of the scheme. However, as was underlined in
the Introduction section, there is no universal agreement in
the scientific community of how the modifiers operate.

The first option examined was chemisorption. Since the
presence of VCM is said to both increase the selectivity and
decrease the conversion, the purpose was to find an adsor-

2Valid for promoted catalysts which show a 80% selectivity before this
addition [23, 30].
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ption that met these two goals. The most potential was ac-
commodated by the oxide sites (O*). The incorporation of a
step 18 (eq. (7)) would represent the adsorption of the mode-
rator on the vacant oxide sites. Adsorption on the oxide sites
causes the coverage of O* to decrease by generating a new
surface species, VCM/O*.

VCM (g) + O*
 VCM/O* (7)

By analysing the reaction scheme (Fig. 2), it may be obser-
ved that the decrease in O* coverage decreases step 4, which
is the reaction that defines the consumption of ethylene (sin-
ce step 11 is ate equilibrium), thus achieving the first goal.

Another observation is that steps 10 and 14 are highly de-
pendent on O* coverage, consuming 6 and 5 O*, respecti-
vely. These two reactions are the steps which produce the
adsorbed combustion products (CO2* and H2O*). Therefore,
decreasing these steps increases the selectivity by inhibiting
the combustion reactions.

Furthermore, steps 12 and 13 are also inhibited (in a lo-
wer extent) by the decrease of oxide coverage. These steps
(along with step 14), form the path for ethylene combustion,
which is an unwanted side reaction, increasing, once more,
the selectivity.

Finally, the low coverage of oxides would promote the
desorption of ethylene oxide (since it produces a vacant O*),
also increasing the selectivity.

Different adsorption constants and activation energies for
step 18 were tested. Although the proposed adsorption gat-
hered all the necessary conditions, the results were not satis-
factory. The simulations showed that lowering the O* cove-
rage had a much more severe impact on ethylene conversion
than on EO selectivity. It was observed that the conversion
reached values below 1% before any real change in the se-
lectivity could be registered. Even so, the values of selecti-
vity were still far below what was expected. Furthermore, in-
dustrial values report selectivity increasing to 90% (for pro-
moted catalysts), while the conversion remains in the 7-15%
window [48]. When analysing the results, several factors we-
re outlined.

Step 4 is determined solely by the availability of oxide
sites, since there is an excess of ethylene present. This is
closely related to oxygen being the limiting reactant and ex-
plains the denoting change in the conversion.

Secondly, steps 10 and 14 are not actually dependent on
the availability of oxide sites (since they are irreverible), hen-
ce the sharp decrease in these steps being unachievable. Their
irreversible nature stems from markedly high forward cons-
tants (in the 1020 s-1 order of magnitude) which have been
set (by Stegelmann et al. [6]).

Although unsuccessful, the simulation of VCM adsorbing
on oxide sites breeds interesting questions. Namely, is the
path drawn by the authors for ethylene combustion the best
approach? Surely, it is fairly adequate to describe the surfa-
ce reactions, as was observed in the Parameter Estimation.
Nevertheless, one must also consider the alternative that the
original reaction scheme proposed by Stegelmann et al. [6]
is, in fact, correct. In this note, the best approach is to move
on to the Ag-bonding phenomenon.

In this approach, VCM works as a surrogate for subsurfa-
ce oxygen, providing the silver-oxygen (atomic) intermedia-

te the electrophilic character that promotes epoxidation. This
theory has been proposed by literature [5, 16, 25, 32].

The alternative step 18 is presented by eq. (8).

VCM (g) + *
 VCM* (8)

Incorporating the electrophilic effect provided by the
VCM is more trying. In theory, VCM-Ag bonding would
promote some steps and inhibit others. The proposed effect
is simple in theory, but too complex to apply at this stage.

The premise is that all the steps which involve * in the ori-
ginal scheme develop a twin step, identical to the originals,
but using VCM*. These steps would have different tempera-
ture dependence and rate constants.

The challenge is presented by this astronomical amount of
new parameters suggested by this proposal: 18 new steps (17
twins and the step presented by eq. (8)) with 4 sets of pa-
rameters each (forward and reverse activation energies and
pre-exponential constants). To apply this proposal at this sta-
ge would result in a highly-empirical model, since the num-
ber of added parameters is hefty, with no known constraints.
It remains as a suggestion that will be further detailed in the
Future Work section.

The second model extension studied was the catalyst deac-
tivation. The model had to be adapted to support the loss of
activity with time. This concept is known as catalyst deacti-
vation. The deactivation of a catalyst may have various cau-
ses. Poisoning or deposition on the surface of the catalyst,
changes in oxidation state of the catalyst’s metals and sin-
tering, are common examples [49]. Although all the previous
types of decay may impact the present catalyst, the latter is
the most predominant effect [50, 51]. For this reason, a sin-
tering instigated deactivation was added to the model.

Sintering is a temperature activated phenomenon, which
promotes the formation of particle clusters, decreasing metal
dispersion in the catalyst. The Ag/α-alumina catalyst is expo-
sed continuously to very high temperatures for a prolonged
period of time in the ethylene oxide production process, hen-
ce the sintering effect being prominent.

An advantage of using a detailed model is, once again,
highlighted by this situation. In other models deactivation
would be included directly into the rate expression(s). Alt-
hough this would be computationally less demanding, the
oversimplification rids the expression of what could be an
opportunity to allocate scientific meaning to parameters.

In the present case, the loss of dispersion (caused by sin-
tering) may be allocated to the parameter site density. Sin-
ce this model parameter represents the number of free acti-
ve sites available to adsorb (*), these will naturally decrease
in number (of availability) if the clusters prevent molecules
from contacting with all the metal particles.

A standard general power-law expression, eq. (9), propo-
sed by Bartholomew [52], was used:

∂α

∂t
= kd(α−αterminal)m (9)

kd = kd,0e
−

Ed
R ·(

1
T −

1
Tre f

)
(10)

in which α represents the catalyst activity, αterminal is the ter-
minal activity, kd is the deactivation kinetic constant (which
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follows a standard Arrhenius temperature dependence, eq.
(10)), and m is the deactivation rate order.

This expression accounts for the deactivation being a tem-
perature promoted occurrence. Higher temperatures result in
higher deactivation rates which is compatible with sintering.
Furthermore, it has another important factor: terminal acti-
vity. Contrary to reality, many deactivation expressions con-
sider that the activity of the catalyst can reach 0. This expres-
sion, however, considers an end-of-life activity. An activity
to which the decaying catalyst tends, observed for industrial
catalysts [36, 50].

Applying the previous expression to the site density, a new
variable is generated:

ρ∗ = ρ∗,0 ·α
ρ∗ (11)

Interestingly, a wide number of implications are drawn
from the previous expression. For once, the site density
becomes a distributed variable, since αρ∗ is temperature-
dependent, and temperature varies along the bed. Secondly,
at time 0 the activity of the catalyst is defined using the scalar
ρ∗,0 and the αρ∗t=0. The latter has been formerly introduced as
the catalyst reference activity (αρ∗re f ).

The value of m was fixed as 2 for this is the most common
deactivation rate order and simultaneously the one used in
Zhou and Yuan’s article [33]. The site density deactivation
constant pre-exponential factor (kρ∗d,0) was fixed with one of
the values proposed by Zhou and Yuan (see Table 4 Ref. [33])
and possible values for Eρ∗

d were examined.
Increasing coolant temperature is a commonly employed

strategy in plants to maintain the conversion as the catalyst
deactivates progressively. The method to determine a feasi-
ble Eρ∗

d consisted on finding the value which would result in
a coolant temperature increase of 35°C (approximately) in
4 years, at constant conversion. Thus, a simulation was run
which replaced the conversion degree of freedom with the
inlet temperature of the coolant. The value obtained was 155
kJ/mol.

An analysis of the effects of this deactivation energy to the
key performance indicators (KPIs) was also performed. This
analysis used constant coolant temperature (Fig. 4).

There is a visible decrease in the conversion, as intended.
Its trend is within expected, for it reaches the 5% deactiva-
tion barrier. Most importantly, there is only a residual change
in the selectivity (increases slightly, approximately 0.15 pp).
Reports on the deactivation having a discernible effect on the
selectivity have been seen throughout literature [36, 49, 50].
Thus, the need for a second handle (that will tune the selec-
tivity) to be in place arises. At this stage it is unknown if this
second handle is truly required, or if this residual effect is
considered sufficient. Nonetheless, it is important to create
the option.

The expression used in eq. (9) was used once more, in this
instance to deactivate the combustion reaction via step 8. The
ratio between the reaction rate for steps 7 and 8 is crucial in
defining the selectivity.

r8 = r8,0 ·α
comb (12)

Three deactivation energies (using similar values to the
ones obtained for site density deactivation) were tested for

Fig. 4: Change in the conversion and selectivity due to site density
deactivation using kρ∗d,0 = 4 x 1011 months-1 and Eρ∗d = 155 kJ/mol

the present deactivation. The pre-exponential for the com-
bustion deactivation was set to the same value as the site
density’s.

The simulation results (Fig. 5) show positive outcomes
which may be observed firstly on the conversion. The con-
version graph shows a nearly identical behaviour for the va-
rious deactivation activation energies tested. Thus, it may be
reported that the handle selected for the selectivity deactiva-
tion will not have a significant influence on the conversion;
which facilitates the tuning of these parameters since there is
little internal interference.

The second observation uses the selectivity graph as vi-
sual aid. It is possible to identify that the activation energies
shown have all marked impacts on the present KPI. Yet, they
all follow utterly distinct trends to which the catalyst reaches
its terminal selectivity.

Both these observations lead to the conclusion that if a
handle on the selectivity is considered advantageous, the pro-
posed strategy is successful in adapting to a plethora of deac-
tivation trends. Furthermore, these two handles may be easily
employed, demanding merely experimental data.

Conclusions
Modelling is a potent and extremely versatile tool. It

enables the sizing of equipment, the optimisation of condi-
tions, and the creation of control strategies. Particular atten-
tion must be given to modelling the reactor, since this is often
the core of a process. Most reactor modelling approaches ha-
ve focused on fluid dynamics. Indeed this has been the major
tactic for ethylene epoxidation [4, 27].

This work uses microkinetics to describe the reactions
that take place within the reactor. Rate expressions based on
Langmuir-Hinshelwood formulations, power-laws or equiva-
lents are the usual treatment for the reaction kinetics. This
approach is sufficient for many reactions. However, due to its
complexity, catalytic partial oxidation reaction modelling is
significantly improved by the use of microkinetics.

A mechanism for ethylene epoxidation was selected from

8
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Fig. 5: Change in the conversion and selectivity due to combustion
deactivation using kcomb

d,0 = 4 x 1011 months-1 and Ecomb
d = 150,

155 and 160 kJ/mol

literature. The reaction scheme was proposed by Stegelmann
et al. [6]. The original model was fitted using pure silver.
To meet the specifications of an industrial setting, the model
was reparameterised using a promoted silver dispersed in α-
alumina catalyst.

E f orw and k f orw, Tre f for all the rate-limiting step (2, 5, 7,
8, and 13) were estimated. The αρ∗re f for catalyst loadings 2,
3, 4, and 6 were also estimated (Table 2). The quality of this
result is specially visible for the EO dry outlet; for example,
for catalyst loading 2, the standard deviation was 0.1%.

Equally important was to introduce other effects to the mo-
del which are ubiquitous in the industry. For this purpose,
the last phase of this work investigated feasible extensions
to the current model. Firstly, the moderator effect was consi-
dered of the utmost relevance. A discussion on conceivable
approaches to incorporate this phenomenon was completed.
Competitive adsorption and Ag-bonding were selected as the
most feasible options.

Studying the implementation of catalyst deactivation in the
model equally suited the objective of obtaining a comprehen-
sive industrial reactor model, since deactivation is a source of
concern in this process. Deactivation is commonly balanced

with coolant temperature elevation to maintain equal conver-
sion in time. These efforts are a short-term solution, to extend
catalyst lifetime before replacement becomes imperative.

A deactivation expression was developed for the current
microkinetic model. A sensitivity analysis was performed to
test the quality of the incorporated effect and viable kinetic
parameters were suggested using generic data. The site den-
sity deactivation was found reasonable when using kρ∗d,0 = 4 x
1011 months-1 and Eρ∗

d = 155 kJ/mol. These values were se-
lected to reproduce the Zhou and Yuan’s [33] observed 35°C
coolant temperature increase in 48 months. These parame-
ters correspond to a drop in conversion from 10% to 4% and
negligible change in the EO selectivity at constant coolant
temperature.

Values for the combustion deactivation’s Ecomb
d were tes-

ted to observe if different trends are achievable for the selec-
tivity. EO selectivities of 91%, 90%, and 89% were obtained
(for 150, 155 and 160 kJ/mol, respectively) at the end of the
48-month time horizon. The contribution of the combustion
deactivation on the conversion decrease was considered ne-
gligible compared to the site density’s. The main conclusion
was that these three combustion deactivation activation ener-
gies produce very different plots, thus demonstrating that the
selectivity trends from future data are attainable.

Overall the goal of this work was completed. Microkine-
tics were simulated within a high-fidelity reactor model. Se-
veral conclusions were drawn from the various simulations.
Moreover, the model was enhanced to meet the specifications
of the industrial production of ethylene oxide.

FutureWork
This work adapted Stegelmann et al.’s model [6] to be ap-

plicable to an industrial catalyst and conditions. This adap-
tation was established through parameter estimations using
experimental data. Validation of these estimated parameters
with other experimental trials would prove the quality of the
enhanced model.

Adding trials which co-feed EO in the absence of ethylene
to the parameter estimation would also help verify the ex-
tent of the ethylene oxide combustion, and its corresponding
contribution to the carbon dioxide and water production. This
would further validate the estimated parameters.

Additionally, to obtain a clear idea of the ethylene combus-
tion route, supplementary experiments could be performed to
trace intermediates. This would substantiate the outlined rou-
te or supply an alternative viable explanation. If an alternati-
ve route is outlined, the kinetic parameters should be deter-
mined using the original method elaborated by Stegelmann
et al. [6], statistical thermodynamics using gas molecules and
adsorbates.

In the Model Extensions section, the scheme was tested
within a multitubular catalytic fixed bed reactor model. Gi-
ven that the parameters have now been refined, it would be
intriguing to test their quality against industrial data. With
industrial data of the components and temperature profiles,
a comparison could be made between the performance of
the detailed kinetics against the conventional rate-expression
models.

Regarding the moderator effect, future work could con-
sist in testing the Ag-bonding theory for VCM moderation.
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The starting point for determining the sets of parameters
is suggested to be the values of the original model. Prefe-
rably, more data on surface science could be collected to
prove/disprove this theory, along with possible intermediates
and adsorption enthalpy values, before entering this stage.

Van Hoof et al. and other authors [53, 54] have recently
discovered (through STEM analysis) the importance of the
size and shape of the silver particles in the epoxidation reac-
tion. Thus, it would be preferable to create a more complex
formulation of the site density variable, to account for shape
and size of silver particles.

Upon validating the proposed moderator effect, this mo-
del could be used to optimise the reactor’s performance. This
could include finding the optimal quantity of moderator to
add to the reactor’s feed which is dependent on the modera-
tor coverage of the catalyst’s surface [46, 47, 50].

The catalyst deactivation model extension would also be-
nefit from a parameter estimation, since only feasible values
were proposed in the Model Extensions section (to uncover
if this phenomenon could be incorporated in the model).

A first approach could consist in applying the presented
expressions to the experiments considered in the Parameter
Estimation and conclude if the fit could be improved by in-
serting catalyst deactivation. The estimations should begin
by using merely site density deactivation, and only add the
combustion deactivation if the selectivity trends are seen to
be notably modelled worse than the conversion. A second
stage would be to extend this approach to other experiments.

From the quality of the fit, interesting illations could be
drawn. Namely, weather the proposed deactivation expres-
sions are qualified to model the catalyst’s decay, or if other
aspects have an acute impact in deactivation as well. Moreo-
ver, due to the uncertainty of how the moderator interferes
with the surface reaction, the catalyst undergoing changes
due to its presence, namely poisoning (a reversible deacti-
vation contribution) is a valid possibility [49, 53, 55]. This
would, once more, call for the more complex formulation of
the site density variable.
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[45] Ş. Sarrafi, Development of Kinetic Model for Industrial Ethylene
Oxide Catalyst by Using Model-Targeted Experimentation Approach,
Master of Science in Chemical Engineering, Graduate School of En-
gineering and Sciences of Izmir Institute of Technology (2019).

[46] J. Harris, A. Bhan, J. Catal. 367, 62 (2018).

[47] D. Kamenski, N. V. Kulkova, D. Bonchev, Reaction Kinetics and Ca-
talysis Letters 7, 481 (1977).

[48] H. E. Al-Ahmadi, A. S. Padia, Epoxidation on process with added mo-
derator (2015).

[49] M. Argyle, C. Bartholomew, Catalysts 5, 145 (2015).

[50] G. Boskovic, D. Wolf, A. Brückner, M. Baerns, J. Catal. 224, 187
(2004).

[51] X. Zhou, W. Yuan, Chem. Eng. Sci. 59, 1723 (2004).

[52] C. H. Bartholomew, Appl. Catal. A-Gen. 212, 17 (2001).

[53] A. J. F. van Hoof, I. Filot, H. Friedrich, E. J. M. Hensen, ACS Catal.
8, 11794–11800 (2018).

[54] P. Christopher, S. Linic, ChemCatChem 2, 78 (2010).

[55] K. Kumbilieva, L. Petrov, Y. Alhamed, A. Alzahrani, Chin. J. Catal.
32, 387–404 (2011).

10


	Introduction
	Surface Reaction Microkinetics
	Parameter Estimation
	Model Extensions
	Conclusions
	Future Work
	Acknowledgments

