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A model was developed for the electrochemical oxidative dehydrogenation of ethane to ethylene in a solid
electrolyte membrane reactor. Experimental data from the process with oxygen being supplied either
electrochemically or gaseously were used in the model validation. In the model description, the converse
axial distribution of the oxygen concentration in the reactor operated in the co-feed modus as well asin the
electrochemical membrane modus was taken into account. The conversion of ethane and the selectivity
to the desired product ethylene were well predicted with the model that included the kinetic equations
based upon the Mars-van-Krevelen or the Langmuir-Hinshelwood mechanisms for investigations in the
co-feed modus with gaseous dioxygen. This model was not directly applicable for the conditions of an
electrochemical membrane reactor. The kinetics of the oxygen reduction on the cathode, the transfer of
oxygen ions from the cathode to the anode, as well as the formation of the gaseous dioxygen on the
anode, were therefore included in the model. Furthermore, the model for the electrochemical operation
was extended by two additional side reactions that describe the electrochemically induced oxidation
of the intermediate ethylene. After this, the experimental data measured in the temperature range of
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540-620°C agreed well with the predictions of the extended model.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ethylene and propylene are industrially the most important
olefins. Due to the relative high reactivities, only limited amounts
of them exist in natural gas or crude oil. Thus, they must be man-
ufactured by cracking processes. Ethylene is mostly produced by
thermal cracking of petroleum hydrocarbons with steam. The pro-
cess is called steam cracking or pyrolysis and it is carried out at
temperatures above 750°C [1]. Alternative methods for ethylene
production have not yet been commercialised, but there is a grow-
ing research interest in this field. One alternative method is the
heterogeneously catalysed oxidative dehydrogenation of ethane
(ODHE). During the last few years, several new and promising cat-
alysts for this process have been found, and they have enabled
high activity and selectivity at relative low temperatures. The insuf-
ficient selectivity could also be surmounted using highly active
materials. Cavani et al. [2] summarized several catalytic materi-
als being active in this reaction in their overview, but recently,
completely new materials or novel modifications of well known
former catalysts have been presented. Heracleous et al. [3,4], for
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example, tested Ni-Nb-O mixed oxides that exhibited both a high
activity in ODHE and a very high ethylene selectivity (~90%) with an
overall ethylene yield of 46% at 400 °C. The supported and unsup-
ported vanadium oxides, often mixed with other metal oxides, are
active at temperatures between 300 and 600 °C. Botella et al. [5]
obtained selectivities higher than 80% at ethane conversion levels
higher than 80%, while operating at relatively low reaction tem-
peratures (340-400°C) with an MoVTeNbO catalyst. Solsona et al.
[6] found in their study that V-containing catalysts are approxi-
mately four times more active than pure Mo-catalyst, whereas a
Mo-V-containing catalyst was the most selective one for ethylene
in the ODHE. The reaction has also been investigated by Klisin-
ska et al. [7] with VOy/SiO, (VSi) and VOx/MgO (VMg) catalysts
which were doped with various additives from the main group ele-
ments (K and P) and transition metal ions (Ni, Cr, Nb, and Mo).
Although the earlier mentioned mixed oxides might show slightly
higher activities and selectivities in ODHE compared to the well-
known vanadia containing catalysts, the latter was selected in
the present study because this type of catalyst has been largely
used, it has been detailed characterised, and it is simple to syn-
thesise by impregnation [8]. In the present study we applied
the alumina-supported vanadium oxide catalyst VOx/vy-Al;03, as
used also in several earlier alkane dehydrogenation investigations
[9,10].
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Aside from the optimal catalyst selection, the type of the applied
reactor is another important factor required for the maximisation
of the yield of one intermediate. For the ODHE to ethylene, vari-
ous reactor types have been implemented. Martinez-Huerta et al.
[11] carried out ethane ODH in a conventional isothermal fixed-
bed reactor in the temperature range of 450-610 °C at atmospheric
pressure. The operation of a classical packed-bed reactor was com-
pared to that of a packed-bed membrane reactor (PBMR) by Klose et
al. [12]. The PBMR with an inert, porous ceramic alumina compos-
ite membrane, filled with VOx/y-Al, 05 catalysts (1.4%V) showed a
higher selectivity towards the desired product, ethylene, at higher
conversion level for the ODHE reaction in comparison to the corre-
sponding packed-bed reactor. Using the same catalyst, Ahchieva et
al. [13] could significantly improve the selectivity to ethylene in a
pilot scale fluidized bed membrane reactor (FLBMR) compared to
the corresponding conventional fluidized bed reactor (FLBR).

Electrochemical membrane reactors (EMR) equipped with gas
dense membranes [14] are promising reactor solutions, especially
the ones with oxygen ion conducting membranes [15,16]. In our
previous study, an yttria stabilized zirconia (YSZ) membrane was
applied in a tubular packed-bed membrane reactor with a mem-
brane/electrode composition of Au|YSZ|Pt [17], and where the
anodic compartment was filled with VOx/y-Al,03 catalyst parti-
cles. The working principle of an EMR is comparable to that of
a solid-oxide fuel cell (SOFC), with the difference that in a fuel
cell the on-going reactions on the electrodes generate the electric
potential difference between the anode and cathode. In EMR, oper-
ating at lower temperatures than SOFC, the current between the
electrodes is usually supported additionally with applied electric
potential (oxygen pumping). On the cathode, oxygen is reduced to
oxygen anions. These anions are transported through the ceramic
membrane to the anode compartment, where diluted ethane is fed.
Ethane reacts with the supplied oxygen species to form ethylene
and COy, and the released electrons are transported back to the
cathode via the outer electric circuit. The oxygen transferred across
the membrane can be precisely controlled by the applied electric
potential or current between the two electrodes. Fig. 1 shows the
schematic diagram of an EMR.

In our recent publication [17], the feasibility of electrochemi-
cal ethane dehydrogenation was demonstrated, and a comparison
of the EMR and packed-bed reactor (PBR) operation mode was
carried out. Based upon the achieved experimental results, it was
concluded that a model based analysis is necessary for the improve-
ment of the reactor performance and the optimisation of the
operation parameters. Therefore, the goal of the present study is
to develop a model which is able to describe the behaviour of the
electrochemical membrane reactor during the oxidative dehydro-
genation of ethane to ethylene. The experimental data obtained
using the electrochemical membrane reactor [17] will be analysed
in detail, and an extended reactor model including the kinetic equa-
tions and the respective parameters will be presented.

2. Kinetics of ODH reactions

In literature, only few papers consider the kinetic aspects of the
ODHE reaction. A detailed overview regarding the proposed kinetic
models for C;-C3 alkanes ODH on oxide catalysts was recently given
by Grabowski [18]. Supported vanadia catalysts were used in all
here reviewed studies. Oyama et al. [19], Grabowski and Sloczynski
[20] and Le Bars et al. [21] proposed kinetic models and reac-
tion networks based upon the experimental results achieved using
either VO,/SiO, catalyst undoped or the same catalyst doped with
potassium. Rao and Deo [22] investigated the effects of vanadia sur-
face loading on the ODH reaction kinetics with supported VOy/TiO,
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Fig.1. Shematicillustration of ethane oxidative dehydrogenationin an electrochem-
ical membrane reactor.

catalysts. Klose et al. [23] performed studies, where the ODHE was
carried out by applying a VOy/v-Al,03 catalyst. All authors used a
parallel-consecutive reaction network in their kinetic analysis for
the description of the ODHE system. Generally, the formation of
an ethoxy complex was proposed to be the first step of the ODH
reaction of ethane, but depending on the system various succes-
sive stages were proposed. However, each of the models is valid
only for specific operation conditions.

In this study, we found the kinetic model proposed by Klose et al.
[23] as the most suitable one for our reaction system. In the reaction
network (see Fig. 2), ethane reacts following two parallel pathways
to form ethylene and CO; in accordance with Eqgs. (1) and (2).

CyHg +0.50, - CyH4 +Hy0 (1)
CyHg +3.50, - 2C0O, +3H,0 2)

The formed ethylene can be further oxidized through another
two parallel pathways to CO or CO, according to Egs. (3) and (4).

CyH4 +20, — 2CO + 2H,0 3

CyHy +30, — 2C0;, +2H,0 (4)
C,H;

A

C2H4 —l 002
N\ /4
co

Fig. 2. Simplified reaction network for the oxidative dehydrogenation of ethane
(ODHE).
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Finally, the consecutive CO oxidation to CO, (Eq. (5)) also can
take place.

CO + 0.50, — CO, (5)

For the dehydrogenation step the Mars van Krevelen mecha-
nism is assumed, where ethane reacts with the lattice oxygen of
the catalyst to form ethylene. The reduced catalyst is subsequently
reoxidized by gaseous oxygen

Catyeq +0.505 — Catox (6)

which is supplied either electrochemically (see next chapter) or
gaseously.

The total oxidation of ethane or ethylene (reactions (2)-(4)) is
assumed to occur only in the presence of gaseous oxygen by the
Langmuir-Hinshelwood mechanism, assuming a non-competitive
adsorption of the reactants. The oxidation of CO (Eq. (5)) is also
described by a Langmuir-Hinshelwood mechanism with compet-
itive adsorption of the reactants. In accordance with the model
presented by Klose et al. [23], we assumed that the oxygen partici-
pates in the dissociated form in all of the reactions with a reaction
order in the kinetic equations of 0.5, whereas the reaction orders
for all other compounds are considered to be one.

3. Kinetics of electrochemical reactions

The initial set of kinetic equations was extended by two addi-
tional equations for reactions (Eqgs. (7) and (8)) describing the
electrochemical oxygen reduction on the cathode and the release
on the anode.

Cathode:

0.50, +2e~ = 02~ (7)
Anode:

0%~ = 0.50, +2e" (8)

Such a similar electrochemical extension was also made in the
model of EMR proposed by Munder et al. [24] for the electro-
chemically supported synthesis of maleic anhydride. The oxygen
supply occurs due to the potential difference over the membrane
via the conduction of oxygen anions (02~) in the fluorite-type solid
electrolyte membrane (YSZ). At high temperatures, oxygen anions
migrate from the cathode to the anode through the membrane, and
the released electrons (e~) are returned back to the cathode via the
outer electric circuit. By increasing the potential difference between
the electrodes with an external electric source, the oxygen transfer
can be enhanced. In the EMR reactor, the anodic electrode surface
is supplied with 0%~ and, eventually, with other electrochemical
oxygen species like 0,~, 052~, O~, and the anodic compartment
with gaseous O, formed on the anode. The heterogeneously catal-
ysed reactions between gaseous dioxygen and the hydrocarbons
are assumed to take place on the surface of the catalyst particles in
the anodic compartment.

The electrochemical reaction steps (Eqs. (7) and (8)) are
described by the Butler-Volmer kinetics (Eq. (9), valid for both elec-
trodes). The forward and backward electrochemical charge transfer
reactions taking place on both the anode and cathode are taken into
consideration in the model.

A/C A/C
E oy F 0.5
o (i ) oo (" 20) -

AJC
X exp (—O[;QTF A@A/C>} (9)

4. Electrochemical membrane reactor model

Our recently published experimental results [17] and additional
unpublished data were used to determine the numeric values for
the kinetic parameters. The details of the experimental set-up
and conditions are given in [17] and are, therefore, only briefly
summarized below. The experiments were performed in a tubu-
lar Au|YSZ|Pt packed-bed membrane reactor with a VOx/y-Al,03
(1.4% V-content) catalyst bed. The thickness of the solid electrolyte
membrane (13 mol% YSZ) was 0.5 mm and the electrode area was
25.7 cm?. The reactor was operated either in a co-feed or in an elec-
trochemical membrane reactor mode at atmospheric pressure. In
the co-feed mode, both gaseous reactants - diluted ethane and oxy-
gen - were delivered directly into the anodic compartment, and the
reactor practically operated as a conventional gas phase plug flow
packed-bed reactor. In the EMR mode, the oxygen was applied elec-
trochemically through the membrane. The relation between the
oxygen transfer flux (J) of one oxygen ion, 02~, and the current (I)
is given by the Faraday law: J=1/2F, where F is the Faraday constant.
In the present study, the current was gradually increased in 10 mA
intervals in the range of 0.002-0.1 A. As an example, with the vol-
umetric flow on the anodic side of 100 ml/min (7.44 x 10> mol/s)
and ethane concentration 0.111 vol-%, a total current of 50 mA gives
a molar oxygen flow of 1.30 x 10~7 mol/s, corresponding to a oxy-
gen/ethane molar ratio of 1.57. The applied oxygen/ethane molar
ratio was in the range of 0.18-3.10 (PBR), resp. 0.06-3.10 (EMR), dur-
ing the experiments. The investigations were typically carried out
in the temperature range of 500-620 °C. The main products of the
investigated ODHE reaction were ethylene, CO and CO,. The forma-
tion of carbonaceous deposits was negligible under the conditions
discussed in this paper. A formation of carbonaceous deposits was
observed in EMR experiments without oxygen supply. For all the
presented experimental data, the carbon balance that had been
calculated on the basis of these three main products was always
>95%.

The most important findings in this experimental study were
that the ethane total conversion was higher, while the ethylene
selectivity was not positively influenced during the operation of
the electrochemical membrane reactor in comparison to the oper-
ation of the packed-bed membrane reactor [17]. The selectivity ratio
Sco,/Sco was found to depend upon the type of oxygen supply
provided in such a way that when providing a gaseous dioxygen
supply, the ratio was always lower than that determined through
the use of an electrochemical oxygen supply. In order to analyse
these results, the above kinetic model for the oxidative dehydro-
genation of ethane to ethylene was integrated to a reactor model
which had been developed by Munder et al. [24] to describe the
prevailing physical phenomena in an electrochemical solid elec-
trolyte membrane reactor (SEMR). The developed model had been
investigated by Munder et al. [24,25] using the partial oxidation
of n-butane to maleic anhydride as a model reaction. Therefore,
the existing model was here modified to our reaction system (the
anodic compartment filled with catalyst particles of VOx/y-Al,03).
The main assumptions made in the model are listed in the following
chapter.

The anodic compartment of the reactor which had been filled
with the catalyst is described by a one dimensional pseudohomo-
geneous approach, where possible radial concentration gradients
have been neglected. The mass transport within the anodic com-
partment is dominated by convection and diffusion in the axial
direction. Initially, we assumed that the cathodic side was a quasi-
steady state oxygen reservoir and that the only electrochemical
reaction on the anodic side was the release of gaseous dioxygen at
the membrane-electrode interface. This means that the ODHE reac-
tions occur non-electrochemically. Furthermore, it was assumed
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that the reactor is operated under isothermal (due to the low educts
concentration and the temperature control provided by the exper-
imental set-up) and isobaric conditions, as well as that the gas
phases obey the ideal gas law. More details about the model are
given in [24]. The simulation environment DIVA 3.9 [26], a dynamic
simulator for chemical engineering plants (University of Stuttgart,
Germany), was used as the mathematical tool in the model simu-
lations.

5. Analysis of experimental results and model validation
5.1. Electrochemical reactions

Initially, we took the parameter values for C¥SZ (YSZ conduc-
tivity constant), EX>? (activation energy for 02~ conduction within

the YSZ membrane), kg/ ¢ Ez/ € and o4/C for the electrochemical
reactions (Egs. (7) and (8)) directly from [24]. However, the model
predictions of the characteristic isothermal current-voltage dia-
gram with the parameters from [24] were not satisfying compared
to our experimental measurements. This might be due to the high
sensitivity of an electrochemical system to the membrane com-
position, the anodic and cathodic materials and the preparation
techniques, as already previously reported in [27]. Moreover, the
ageing of the reactor might also influence its operation. The reactor
in this study was operated for about 100 h prior the present inves-
tigations. Some key differences between the reactor used in [24]
and our reactor [17] are listed below. The different composition of
the membrane material (13 wt-% vs. 10 wt-%, respectively) directly
influences the oxygen conductivity, whereas the membrane in the
present study (with its lower stabilisation degree) should possess a
slightly decreased conductivity. The Pt-Ag alloy cathode used in the
experimental study by Ye et al. [28] being the basis for the model in
[24] could advance the oxygen reduction process on the cathode.
The slightly different radial and axial dimensions of the reactors are
considered in the model calculations.

The experimental current-voltage curve was ascertained under
the following working conditions: temperature of 580 °C; flow rate
of 100 ml/min; 0.1% CyHg, diluted in He in the anodic compartment
and air in the cathodic compartment. The measurements were car-
ried out without a reference electrode and therefore, the cathodic
and the anodic charge transfer processes could not be measured
separately. The construction of a reliable reference electrode in a
solid electrolyte system, such as in a solid-oxide fuel cell, is highly
challenging [29], and was not possible here. The ratio of the cath-
ode to the anode current density exchange was therefore assumed
to be 10, and the charge transfer coefficients equal, similarly as
reported in [24]. Under the above mentioned assumptions, the
activation energies for the electrochemical reactions, Eﬁ/ € and the
pre-exponential factor, CYZ, of the conductivity of the membrane,
were re-estimated (see Table 1) and the calculated current-voltage
curve is compared to the experimentally obtained data in Fig. 3.

Table 1
The estimated model parameters of the conductivity of the solid electrolyte and for
the reactions of oxygen on both electrodes

Parameter Value Unit

@z 0.03 x 108 SKm-~!
EYsz 96.9 x 1032 Jmol-!

kA 1.46 x 1032 molm—2s-1
kg 1.46 x 1042 molm—2s-1
g€ 130 x 103 Jmol-!

oAIC 0.32 -

2 Munder et al. [24].

: © Experiment

Model fit

Cell potential [V]

0 20 40 60 80 100
Current [mA]

Fig. 3. Characteristic isothermal current-voltage curve of the EMR (T=580°C,
W/F=0.013 g min/cm?, Cg¢hane =0.1vol-%).

The limited conductivity of the membrane and non-optimal
contact between the electrodes and the solid electrolyte hindered
the investigations with higher hydrocarbon concentrations due to
the limited supply of oxygen into the reaction anodic area. A possi-
ble solution for increasing the oxygen supply could be the more
detailed optimisation of the electrode design. The current den-
sity in the membrane/electrode interface might be improved by
the construction of a composite anode, where the solid electrolyte
membrane, electron conducting electrode material and catalyst
would be in a more close contact.

5.2. Heterogeneously catalysed reactions

The developed reactor model was first used to simulate the
PBR behaviour in the ODHE with gaseous dioxygen without
electrochemically supplied oxygen. In the investigations under con-
ventional PBR conditions, the gaseous dioxygen was fed together
with diluted ethane at one end of the reactor. The model predic-
tions, including the kinetic parameters for the gas phase reactions
(2)-(5) taken directly from literature [23], qualitatively agreed
with our experimental results [17]. However, there was a slight
deviation in the ethylene selectivity, as the model prediction was
higher than the experimental observations. Furthermore, the calcu-
lated CO selectivity was lower than that experimentally observed,
especially at low ethane conversions. The reason for the devi-
ations might be due to the different operational conditions of
the reactors. Klose et al. [23] used catalyst particles with a 10
times larger average particle diameter. Furthermore, they applied
much lower catalyst/feed ratios and higher educt concentrations
in comparison to our investigations. Therefore, in order to be
able to better describe our experimental results in the PBR, the
some kinetic parameters were re-estimated. In order to keep the
number of re-estimations as small as possible, only the reac-
tion rate coefficients were revalued by minimising the sum of
the deviations between the experimental and modelled reac-
tor output concentrations. Table 2 summarises all the kinetic
parameters for the non-electrochemical reactions. Fig. 4 shows
the model estimations, as well as the experimental results for
ethane conversion and ethylene yield (a) and the ethylene, CO
and CO, selectivity (b) as a function of the oxygen-to-ethane
feed ratio. In general, a good agreement between the experimen-
tal results and the simulations was found after the parameter
re-estimation, as the ethane conversion, ethylene yield and CO,
selectivity were very well predicted. The model predicted the
obtained experimental ethylene and CO selectivity most pre-
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Table 2

The kinetic parameters of the heterogeneously catalysed gas phase reactions
Reaction koi Ep /K] mol~!
1-0x 1.9 x 103 [molkg=1s~1] 942

1-Red 1.7 x 103 [mol®> m15 kg=1 s~1] 942
Reaction i (r;) koi/mol kg=1 s=1 Ep /K mol~!
i=2 4.4 %1032 1142

i=3 19.6 514

i=4 0.32 512

i=5 45.1 x 10° 1182

a Klose et al. [23]

cisely in the interval of 1.0 and 1.5 for the oxygen-to-ethane feed
ratio.

Subsequently, the parameters from Tables 1 and 2 were directly
adopted for the simulation of the EMR operation conditions with
electrochemically supplied oxygen. However, with this set of
parameters it was not possible to satisfactorily predict the exper-
imental results, as is illustrated in Fig. 5. The predicted selectivity
and the yield to ethylene (as can be seen in Fig. 5) in the EMR
modus, are high and the selectivity of the undesirable products COx
low. Unfortunately, the experimental results in the EMR operation
clearly deviated from the modelled results—much higher COy selec-
tivity, as well as a much lower ethylene selectivity and yield were
observed in the experiments as had been predicted by the model.
Principally, the EMR and PBR are operated with clearly deviating
oxygen profiles in the reactor. The oxygen pumping in the EMR
operating mode provides a controlled and even oxygen input over
the whole catalyst bed, whereas in the PBR the local O,/CyH,4 ratio
is high at the inlet of the reaction zone and decreases in the axial
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direction during the operation. However, the converse oxygen pro-
files in the EMR and PBR modus cannot be the explanation for the
deviation between the experimental results and the calculated ones
in EMR modus, as the different oxygen profiles are fully regarded
in the model.

Therefore, it is more likely that there are additional, electro-
chemically induced side reactions, as had also been suggested in
the maleic anhydride synthesis with solid electrolyte membrane
[17,28]. Compared to the PBR mode, where the oxygen on the anode
can only exist in the form of gaseous O,, additional oxygen species
could be present in the system, e.g. 02~,0,~,0,2~,0~, 0 (adsorbed)
during electrochemical pumping in the EMR operation. Therefore,
the final modification of the model is that two additional electro-
chemical side reactions are implemented in the reaction network.
The charged oxygen species might be highly active in the oxida-
tion reaction such as had been concluded in [17], and there exists
the possibility that ethylene can easily react with 02~ either to CO
(reaction (3el)) or CO, (reaction (4el)) according to equations:

CyH4 4+ 40%" — 2C0 + 8e™ +2H,0 (3el)

CyHs +60%~ = 2C0 + 12e~ +2H,0 (4el)

The backward reactions were assumed to be unlikely here, and
therefore, the kinetics of the reactions Egs. (3el) and (4el) were
described by the simple Tafel equation (Eq. (10)).

oAF
900 i owp (4 20%) | (0

The complete set of the kinetic equations is summarized in
Table 3. The model predictions calculated with the extended model
including the electrochemical side reactions are presented in Fig. 6.
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Fig. 4. Experimentally obtained and predicted ethane conversion, ethylene yield, and selectivities as a function of the oxygen-to-ethane feed ratio during PBR operation

(T=580°C; W/F=0.013 g min/cm3).
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Fig. 5. Experimentally obtained and predicted ethane conversion, ethylene yield, and selectivities as function of the oxygen-to-ethane feed ratio during EMR operation
(T=580°C; W/F=0.013 g min/cm?). The model predictions without the additional electrochemical reactions of ethylene.
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Table 3
Kinetic equations for the reaction network

ReactionEquation

KredCc, Hg l<0xcg~5
2
1) =t 0
kredCCZ He T koxco‘z
0.5-0.5
_ Ke,Hs CcyHg KOz C02
(2) ry = ks x 0505
[1 + KCZHG CCyHg + Kcoz CCOZ:I [1 + KO‘Z CO'Z ]
0.5-0.5
Kc,H,CcyH, Ko, <o,

(3) r3=k3

[1 +KeyH,Ccm, +KcoCco] - [1 + Kgfcgf]

A
o _ 1,Co %F pa
(3el) e = kel [exp (ﬁ AP ):| y'éZH4

0.5-0.5
KeHy CeoHy K02 ‘o,
(4) T4 =ky = 95,05
[1 A KC2H4 CCyHy T+ Kcoz CCO;:I [1 + KO‘Z CO'Z ]

1 2Hy

A
agF
o) o =i [ (7 0%) |

0.5.0.5
KcoCco K02 CO2

(5) 5 =ks

2
[1 + KcoCco + Kg'ZSCg'ZS aF KCOZ CCOZ]

B3 ofF ofF
__A a C) _ 0.5 _Zc C
RT [exp( RT AD ) (Yo,) exp( R AP )]

E oAF ] oAF
—— {exp (ﬁ Ad"‘) — (¥0,)" exp (_ﬁ AtPA)}

C _1C
(6) rg = ko exp

>

(7) 4 = k8 exp

A good agreement between the experiments and the simulations
was obtained with the following parameter values: the rate con-
stants kS° = 1.1 x 107> mol/m?/s for reaction (3el) and kSP2 =

0.9 x 102 mol/m? /s for reaction (4el). The selectivity towards the
three products, as well as the ethylene yield, were much bet-
ter predicted with the final, extended model which considered
the additional electrochemical oxidation reactions of the ethylene
((3el)and (4el)). Due to the oxygen consuming electrochemical side
reactions, the reactions with ethane seem to be depressed to some
extent. This might be the reason why the model prediction of the
ethane conversion is limited even with this final form. The imple-
mentation of electrochemical side reactions in the model clearly
improved its applicability, and the final extended model is able to
describe the phenomena occurring in the anodic compartment in
more detail. However, in this contribution the presented model is
based on the apparent kinetics of the several catalytic and electro-
chemical reactions. Hence, in order to further improve the model
one should conduct separate electrochemical measurements, and
carry out detailed kinetic analysis of the heterogeneously catal-
ysed reactions in order to enlighten the intrinsic kinetics of the
various reactions in this complex network. Fig. 6¢ illustrates model
predictions in a wider range of oxygen/ethane feed ratio. As seen
in the illustration, the oxygen excess is expectedly increasing as
a function of molar feed ratio. However, ethane conversion is not
increasing considerably as more oxygen in provided, but the side
reactions, the formation of carbon oxides, are more pronounced
as oxygen concentration increases. The highest ethylene concen-
tration is obtained at the oxygen/ethane molar ratio 0.55, which
agreed well the experimental observations. At higher molar ratios,
the ethylene concentration is steadily decreasing, and according to
the model prediction it approaches zero at ratio 4.

Finally, we investigated the model predictions in various
temperatures within the investigated temperature range by imple-
menting the optimised activation energies Egojl (220KkJ/mol) and
ES02-¢1 (180 kJ/mol) for the reactions (3el) and (4el). The activation
energies for the non-electrochemical reactions were taken directly
from literature [23], and the values are typical for catalytic reaction.
The obtained activation energies (130 kJ/mol) for the electrochem-
ical reactions ((6) and (7) in Table 1) are comparable as published
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Fig. 6. Experimentally obtained and predicted ethane conversion (a), ethylene yield
(a), and selectivities (b) as a function of the oxygen-to-ethane feed ratio during EMR
operation (T=580°C; W/F=0.013 gmin/cm?3). The predicted molar concentrations
at initial oxygen/ethane molar ratio between 0.25 and 4.0 (c). All predicted values
calculated with the extended model including the additional electrochemical side
reactions.

for electrochemical reactions in the anode and cathode in SOFC fuel
cells (120 and 100 kJ/mol [30]). The activation energy values of the
electrochemical side reactions (3el) and (4el) are higher than the
other ones in Table 2, increasing the influence of the reactions at
high temperatures. The dependence of the product selectivity and
ethylene yield as a function of the reaction temperature was sim-
ulated and compared to the experimental results, as is depicted in
Fig. 7. Within the investigated temperature range of 540-620 °C, the
predicted selectivity and the yield at the oxygen-to-ethane molar
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Fig. 7. Experimentally obtained and predicted ethylene selectivity and yield (a),
and COyx selectivities (b) as a function of the temperature during EMR opera-
tion (0/CyHg =1.25; W/F=0.013 gmin/cm3). The predicted molar concentrations
at temperatures between 500 and 660 °C (c). All predicted values calculated with
the extended model including additional electrochemical side reactions.

ratio of 1.25 agreed well with the experimental results. Low temper-
atures favour the formation of ethylene, and the selectivity towards
ethylene clearly decreased as a function of temperature, which was
also well predicted by the model. At temperatures above 600 °C,
the predicted ethylene yield declined, most likely due to the deple-
tion of oxygen in the system. Expectedly, the COx selectivity was
favoured at high temperatures due to the high activation energies.
Fig. 7c illustrates the predicted mole fractions at the temperature
range between 500 and 660 °C at the molar feed ratio 1.25. Oxygen
is depleted at temperatures above 600°C limiting the reactions.
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Fig.8. Predicted molar concentrations at W/Fratio between 0.013 and 0.1 g min/cm3
(T=580°C; 0,/C3Hg =0.5). All predicted values calculated with the extended model
including additional electrochemical side reactions.

Expectedly, at high temperatures, the concentrations of carbon
oxides are high at molar ratio 1.25.

Fig. 8 shows the model estimations at temperature of 580°C
and 0,/C,Hg molar ratio of 0.5 for different W/F ratios. The W/F
ratio was varied between values of 0.013 and 0.1 gmin/cm? (resp.
100-13 ml/min), and the current between 16 and 2.1 mA, in order
to fix the oxygen/ethane feed ratio 0.5. Expectedly, the increase of
the WJF ratio (lower flow rate) caused the ethane concentration
to decrease and the concentration of the side reaction products
to increase. The longer residence time of the desired intermediate
product ethylene in the anodic compartment caused its further con-
version to CO and CO,. Consequently, the ethylene concentration
decreased steadily with increasing W/F ratio.

6. Conclusions

A mathematical model for an electrochemical membrane
reactor applied for the ODH of ethane to ethylene was developed.
Experimental data for the EMR and PBR operation modes were
analysed for the identification of the unknown kinetic parameters
of the electrochemical reactions and the VOy/y-Al,03 catalysed
reactions. The EMR conditions were not satisfactorily predicted
by the simple model, where the release of molecular oxygen at
the membrane-electrode interface was assumed to be the only
electrochemical reaction on the anodic side. The electrochemical
oxidation of ethylene to CO and CO, under the EMR operation
mode was also considered in the model, leading to a significant
improvement in the model predictions. The electrochemically
induced effects also reported by Ye et al. [28], who investigated
electrochemical butane oxidation to maleic anhydride with an
identical electrochemical membrane reactor, were also confirmed
in the present investigation.
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