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a b s t r a c t

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 as in 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
odelling 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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. Introduction

Ethylene and propylene are industrially the most important
lefins. Due to the relative high reactivities, only limited amounts
f them exist in natural gas or crude oil. Thus, they must be man-
factured by cracking processes. Ethylene is mostly produced by
hermal cracking of petroleum hydrocarbons with steam. The pro-
ess is called steam cracking or pyrolysis and it is carried out at
emperatures above 750 ◦C [1]. Alternative methods for ethylene
roduction have not yet been commercialised, but there is a grow-

ng research interest in this field. One alternative method is the
eterogeneously catalysed oxidative dehydrogenation of ethane
ODHE). During the last few years, several new and promising cat-
lysts for this process have been found, and they have enabled
igh activity and selectivity at relative low temperatures. The insuf-
cient selectivity could also be surmounted using highly active

aterials. Cavani et al. [2] summarized several catalytic materi-

ls being active in this reaction in their overview, but recently,
ompletely new materials or novel modifications of well known
ormer catalysts have been presented. Heracleous et al. [3,4], for

∗ Corresponding author. Tel.: +49 391 6110318; fax: +49 391 6110566.
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e predictions of the extended model.
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xample, tested Ni-Nb-O mixed oxides that exhibited both a high
ctivity in ODHE and a very high ethylene selectivity (∼90%) with an
verall ethylene yield of 46% at 400 ◦C. The supported and unsup-
orted vanadium oxides, often mixed with other metal oxides, are
ctive at temperatures between 300 and 600 ◦C. Botella et al. [5]
btained selectivities higher than 80% at ethane conversion levels
igher than 80%, while operating at relatively low reaction tem-
eratures (340–400 ◦C) with an MoVTeNbO catalyst. Solsona et al.
6] found in their study that V-containing catalysts are approxi-

ately four times more active than pure Mo-catalyst, whereas a
o-V-containing catalyst was the most selective one for ethylene

n the ODHE. The reaction has also been investigated by Klisin-
ka et al. [7] with VOx/SiO2 (VSi) and VOx/MgO (VMg) catalysts
hich were doped with various additives from the main group ele-
ents (K and P) and transition metal ions (Ni, Cr, Nb, and Mo).
lthough the earlier mentioned mixed oxides might show slightly
igher activities and selectivities in ODHE compared to the well-
nown vanadia containing catalysts, the latter was selected in
he present study because this type of catalyst has been largely

sed, it has been detailed characterised, and it is simple to syn-
hesise by impregnation [8]. In the present study we applied
he alumina-supported vanadium oxide catalyst VOx/�-Al2O3, as
sed also in several earlier alkane dehydrogenation investigations
9,10].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rihko@mpi-magdeburg.mpg.de
dx.doi.org/10.1016/j.cej.2008.08.017
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C2H4 + 2O2 → 2CO + 2H2O (3)

C2H4 + 3O2 → 2CO2 + 2H2O (4)
86 L. Chalakov et al. / Chemical Eng

Aside from the optimal catalyst selection, the type of the applied
eactor is another important factor required for the maximisation
f the yield of one intermediate. For the ODHE to ethylene, vari-
us reactor types have been implemented. Martinez-Huerta et al.
11] carried out ethane ODH in a conventional isothermal fixed-
ed reactor in the temperature range of 450–610 ◦C at atmospheric
ressure. The operation of a classical packed-bed reactor was com-
ared to that of a packed-bed membrane reactor (PBMR) by Klose et
l. [12]. The PBMR with an inert, porous ceramic alumina compos-
te membrane, filled with VOx/�-Al2O3 catalysts (1.4% V) showed a
igher selectivity towards the desired product, ethylene, at higher
onversion level for the ODHE reaction in comparison to the corre-
ponding packed-bed reactor. Using the same catalyst, Ahchieva et
l. [13] could significantly improve the selectivity to ethylene in a
ilot scale fluidized bed membrane reactor (FLBMR) compared to
he corresponding conventional fluidized bed reactor (FLBR).

Electrochemical membrane reactors (EMR) equipped with gas
ense membranes [14] are promising reactor solutions, especially
he ones with oxygen ion conducting membranes [15,16]. In our
revious study, an yttria stabilized zirconia (YSZ) membrane was
pplied in a tubular packed-bed membrane reactor with a mem-
rane/electrode composition of Au|YSZ|Pt [17], and where the
nodic compartment was filled with VOx/�-Al2O3 catalyst parti-
les. The working principle of an EMR is comparable to that of
solid-oxide fuel cell (SOFC), with the difference that in a fuel

ell the on-going reactions on the electrodes generate the electric
otential difference between the anode and cathode. In EMR, oper-
ting at lower temperatures than SOFC, the current between the
lectrodes is usually supported additionally with applied electric
otential (oxygen pumping). On the cathode, oxygen is reduced to
xygen anions. These anions are transported through the ceramic
embrane to the anode compartment, where diluted ethane is fed.

thane reacts with the supplied oxygen species to form ethylene
nd COx, and the released electrons are transported back to the
athode via the outer electric circuit. The oxygen transferred across
he membrane can be precisely controlled by the applied electric
otential or current between the two electrodes. Fig. 1 shows the
chematic diagram of an EMR.

In our recent publication [17], the feasibility of electrochemi-
al ethane dehydrogenation was demonstrated, and a comparison
f the EMR and packed-bed reactor (PBR) operation mode was
arried out. Based upon the achieved experimental results, it was
oncluded that a model based analysis is necessary for the improve-
ent of the reactor performance and the optimisation of the

peration parameters. Therefore, the goal of the present study is
o develop a model which is able to describe the behaviour of the
lectrochemical membrane reactor during the oxidative dehydro-
enation of ethane to ethylene. The experimental data obtained
sing the electrochemical membrane reactor [17] will be analysed

n detail, and an extended reactor model including the kinetic equa-
ions and the respective parameters will be presented.

. Kinetics of ODH reactions

In literature, only few papers consider the kinetic aspects of the
DHE reaction. A detailed overview regarding the proposed kinetic
odels for C2–C3 alkanes ODH on oxide catalysts was recently given

y Grabowski [18]. Supported vanadia catalysts were used in all
ere reviewed studies. Oyama et al. [19], Grabowski and Sloczynski

20] and Le Bars et al. [21] proposed kinetic models and reac-
ion networks based upon the experimental results achieved using
ither VOx/SiO2 catalyst undoped or the same catalyst doped with
otassium. Rao and Deo [22] investigated the effects of vanadia sur-

ace loading on the ODH reaction kinetics with supported VOx/TiO2

F
(

ig. 1. Shematic illustration of ethane oxidative dehydrogenation in an electrochem-
cal membrane reactor.

atalysts. Klose et al. [23] performed studies, where the ODHE was
arried out by applying a VOx/�-Al2O3 catalyst. All authors used a
arallel-consecutive reaction network in their kinetic analysis for
he description of the ODHE system. Generally, the formation of
n ethoxy complex was proposed to be the first step of the ODH
eaction of ethane, but depending on the system various succes-
ive stages were proposed. However, each of the models is valid
nly 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
etwork (see Fig. 2), ethane reacts following two parallel pathways
o form ethylene and CO2 in accordance with Eqs. (1) and (2).

2H6 + 0.5O2 → C2H4 + H2O (1)

2H6 + 3.5O2 → 2CO2 + 3H2O (2)

The formed ethylene can be further oxidized through another
wo parallel pathways to CO or CO2 according to Eqs. (3) and (4).
ig. 2. Simplified reaction network for the oxidative dehydrogenation of ethane
ODHE).
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Finally, the consecutive CO oxidation to CO2 (Eq. (5)) also can
ake place.

O + 0.5O2 → CO2 (5)

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

atred + 0.5O2 → Catox (6)

hich is supplied either electrochemically (see next chapter) or
aseously.

The total oxidation of ethane or ethylene (reactions (2)–(4)) is
ssumed to occur only in the presence of gaseous oxygen by the
angmuir-Hinshelwood mechanism, assuming a non-competitive
dsorption of the reactants. The oxidation of CO (Eq. (5)) is also
escribed by a Langmuir-Hinshelwood mechanism with compet-

tive adsorption of the reactants. In accordance with the model
resented by Klose et al. [23], we assumed that the oxygen partici-
ates in the dissociated form in all of the reactions with a reaction
rder in the kinetic equations of 0.5, whereas the reaction orders
or all other compounds are considered to be one.

. Kinetics of electrochemical reactions

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

Cathode:

0.5O2 + 2e− � O2− (7)

Anode:

O2− � 0.5O2 + 2e− (8)

Such a similar electrochemical extension was also made in the
odel of EMR proposed by Munder et al. [24] for the electro-

hemically supported synthesis of maleic anhydride. The oxygen
upply occurs due to the potential difference over the membrane
ia the conduction of oxygen anions (O2−) in the fluorite-type solid
lectrolyte membrane (YSZ). At high temperatures, oxygen anions
igrate from the cathode to the anode through the membrane, and

he released electrons (e−) are returned back to the cathode via the
uter electric circuit. By increasing the potential difference between
he electrodes with an external electric source, the oxygen transfer
an be enhanced. In the EMR reactor, the anodic electrode surface
s supplied with O2− and, eventually, with other electrochemical
xygen species like O2

−, O2
2−, O−, and the anodic compartment

ith gaseous O2, formed on the anode. The heterogeneously catal-
sed reactions between gaseous dioxygen and the hydrocarbons
re assumed to take place on the surface of the catalyst particles in
he anodic compartment.

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

A/C A/C

(
EA/C

A

)[ (
˛A/C

a F A/C

) ( )0.5

el = k0 exp −

RT
exp

RT
�˚ − yO2

× exp

(
−˛A/C

c F

RT
�˚A/C

)]
(9)
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. Electrochemical membrane reactor model

Our recently published experimental results [17] and additional
npublished data were used to determine the numeric values for
he kinetic parameters. The details of the experimental set-up
nd conditions are given in [17] and are, therefore, only briefly
ummarized below. The experiments were performed in a tubu-
ar Au|YSZ|Pt packed-bed membrane reactor with a VOx/�-Al2O3
1.4% V-content) catalyst bed. The thickness of the solid electrolyte

embrane (13 mol% YSZ) was 0.5 mm and the electrode area was
5.7 cm2. The reactor was operated either in a co-feed or in an elec-
rochemical membrane reactor mode at atmospheric pressure. In
he co-feed mode, both gaseous reactants – diluted ethane and oxy-
en – were delivered directly into the anodic compartment, and the
eactor practically operated as a conventional gas phase plug flow
acked-bed reactor. In the EMR mode, the oxygen was applied elec-
rochemically through the membrane. The relation between the
xygen transfer flux (J) of one oxygen ion, O2−, and the current (I)
s given by the Faraday law: J = I/2F, where F is the Faraday constant.
n the present study, the current was gradually increased in 10 mA
ntervals in the range of 0.002–0.1 A. As an example, with the vol-
metric flow on the anodic side of 100 ml/min (7.44 × 10−5 mol/s)
nd ethane concentration 0.111 vol-%, a total current of 50 mA gives
molar oxygen flow of 1.30 × 10−7 mol/s, corresponding to a oxy-

en/ethane molar ratio of 1.57. The applied oxygen/ethane molar
atio was in the range of 0.18–3.10 (PBR), resp. 0.06–3.10 (EMR), dur-
ng the experiments. The investigations were typically carried out
n the temperature range of 500–620 ◦C. The main products of the
nvestigated ODHE reaction were ethylene, CO and CO2. The forma-
ion of carbonaceous deposits was negligible under the conditions
iscussed in this paper. A formation of carbonaceous deposits was
bserved in EMR experiments without oxygen supply. For all the
resented experimental data, the carbon balance that had been
alculated on the basis of these three main products was always
95%.

The most important findings in this experimental study were
hat the ethane total conversion was higher, while the ethylene
electivity was not positively influenced during the operation of
he electrochemical membrane reactor in comparison to the oper-
tion of the packed-bed membrane reactor [17]. The selectivity ratio
CO2 /SCO was found to depend upon the type of oxygen supply
rovided in such a way that when providing a gaseous dioxygen
upply, the ratio was always lower than that determined through
he use of an electrochemical oxygen supply. In order to analyse
hese results, the above kinetic model for the oxidative dehydro-
enation of ethane to ethylene was integrated to a reactor model
hich had been developed by Munder et al. [24] to describe the
revailing physical phenomena in an electrochemical solid elec-
rolyte membrane reactor (SEMR). The developed model had been
nvestigated by Munder et al. [24,25] using the partial oxidation
f n-butane to maleic anhydride as a model reaction. Therefore,
he existing model was here modified to our reaction system (the
nodic compartment filled with catalyst particles of VOx/�-Al2O3).
he main assumptions made in the model are listed in the following
hapter.

The anodic compartment of the reactor which had been filled
ith the catalyst is described by a one dimensional pseudohomo-

eneous approach, where possible radial concentration gradients
ave been neglected. The mass transport within the anodic com-
artment is dominated by convection and diffusion in the axial

irection. Initially, we assumed that the cathodic side was a quasi-
teady state oxygen reservoir and that the only electrochemical
eaction on the anodic side was the release of gaseous dioxygen at
he membrane–electrode interface. This means that the ODHE reac-
ions occur non-electrochemically. Furthermore, it was assumed
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hat the reactor is operated under isothermal (due to the low educts
oncentration and the temperature control provided by the exper-
mental set-up) and isobaric conditions, as well as that the gas
hases obey the ideal gas law. More details about the model are
iven in [24]. The simulation environment DIVA 3.9 [26], a dynamic
imulator for chemical engineering plants (University of Stuttgart,
ermany), was used as the mathematical tool in the model simu-

ations.

. Analysis of experimental results and model validation

.1. Electrochemical reactions

Initially, we took the parameter values for CYSZ (YSZ conduc-
ivity constant), EYSZ

A (activation energy for O2− conduction within

he YSZ membrane), kA/C
0 , EA/C

A and ˛A/C for the electrochemical
eactions (Eqs. (7) and (8)) directly from [24]. However, the model
redictions of the characteristic isothermal current–voltage dia-
ram with the parameters from [24] were not satisfying compared
o our experimental measurements. This might be due to the high
ensitivity of an electrochemical system to the membrane com-
osition, the anodic and cathodic materials and the preparation
echniques, as already previously reported in [27]. Moreover, the
geing of the reactor might also influence its operation. The reactor
n this study was operated for about 100 h prior the present inves-
igations. Some key differences between the reactor used in [24]
nd our reactor [17] are listed below. The different composition of
he membrane material (13 wt-% vs. 10 wt-%, respectively) directly
nfluences the oxygen conductivity, whereas the membrane in the
resent study (with its lower stabilisation degree) should possess a
lightly decreased conductivity. The Pt–Ag alloy cathode used in the
xperimental study by Ye et al. [28] being the basis for the model in
24] could advance the oxygen reduction process on the cathode.
he slightly different radial and axial dimensions of the reactors are
onsidered in the model calculations.

The experimental current–voltage curve was ascertained under
he following working conditions: temperature of 580 ◦C; flow rate
f 100 ml/min; 0.1% C2H6, diluted in He in the anodic compartment
nd air in the cathodic compartment. The measurements were car-
ied out without a reference electrode and therefore, the cathodic
nd the anodic charge transfer processes could not be measured
eparately. The construction of a reliable reference electrode in a
olid electrolyte system, such as in a solid-oxide fuel cell, is highly
hallenging [29], and was not possible here. The ratio of the cath-
de to the anode current density exchange was therefore assumed
o be 10, and the charge transfer coefficients equal, similarly as
eported in [24]. Under the above mentioned assumptions, the

ctivation energies for the electrochemical reactions, EA/C

A , and the
re-exponential factor, CYSZ, of the conductivity of the membrane,
ere re-estimated (see Table 1) and the calculated current–voltage

urve is compared to the experimentally obtained data in Fig. 3.

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

arameter Value Unit

YSZ 0.03 × 108 S K m−1

YSZ
A 96.9 × 103a J mol−1

A
0 1.46 × 103a mol m−2 s−1

C
0 1.46 × 104a mol m−2 s−1

A/C
A 130 × 103 J mol−1

A/C 0.3a –

a Munder et al. [24].
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ig. 3. Characteristic isothermal current–voltage curve of the EMR (T = 580 ◦C,
/F = 0.013 g min/cm3, cEthane = 0.1 vol-%).

The limited conductivity of the membrane and non-optimal
ontact between the electrodes and the solid electrolyte hindered
he investigations with higher hydrocarbon concentrations due to
he limited supply of oxygen into the reaction anodic area. A possi-
le solution for increasing the oxygen supply could be the more
etailed optimisation of the electrode design. The current den-
ity in the membrane/electrode interface might be improved by
he construction of a composite anode, where the solid electrolyte

embrane, electron conducting electrode material and catalyst
ould be in a more close contact.

.2. Heterogeneously catalysed reactions

The developed reactor model was first used to simulate the
BR behaviour in the ODHE with gaseous dioxygen without
lectrochemically supplied oxygen. In the investigations under con-
entional PBR conditions, the gaseous dioxygen was fed together
ith diluted ethane at one end of the reactor. The model predic-

ions, including the kinetic parameters for the gas phase reactions
2)–(5) taken directly from literature [23], qualitatively agreed
ith our experimental results [17]. However, there was a slight
eviation in the ethylene selectivity, as the model prediction was
igher than the experimental observations. Furthermore, the calcu-

ated CO selectivity was lower than that experimentally observed,
specially at low ethane conversions. The reason for the devi-
tions might be due to the different operational conditions of
he reactors. Klose et al. [23] used catalyst particles with a 10
imes larger average particle diameter. Furthermore, they applied

uch lower catalyst/feed ratios and higher educt concentrations
n comparison to our investigations. Therefore, in order to be
ble to better describe our experimental results in the PBR, the
ome kinetic parameters were re-estimated. In order to keep the
umber of re-estimations as small as possible, only the reac-
ion rate coefficients were revalued by minimising the sum of
he deviations between the experimental and modelled reac-
or output concentrations. Table 2 summarises all the kinetic
arameters for the non-electrochemical reactions. Fig. 4 shows
he model estimations, as well as the experimental results for
thane conversion and ethylene yield (a) and the ethylene, CO
nd CO2 selectivity (b) as a function of the oxygen-to-ethane

eed ratio. In general, a good agreement between the experimen-
al results and the simulations was found after the parameter
e-estimation, as the ethane conversion, ethylene yield and CO2
electivity were very well predicted. The model predicted the
btained experimental ethylene and CO selectivity most pre-
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Table 2
The kinetic parameters of the heterogeneously catalysed gas phase reactions

Reaction k0i EA,i/kJ mol−1

1-Ox 1.9 × 103 [mol kg−1 s−1] 94a

1-Red 1.7 × 103 [mol0.5 m1.5 kg−1 s−1] 94a

Reaction i (ri) k0i/mol kg−1 s−1 EA,i/kJ mol−1

i = 2 4.4 × 103a 114a

i = 3 19.6 51a

i a a
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rel = kel exp �˚ yC2H4
(10)

F
(

F
(

= 4 0.3 51
= 5 45.1 × 103 118a

a Klose et al. [23]

isely in the interval of 1.0 and 1.5 for the oxygen-to-ethane feed
atio.

Subsequently, the parameters from Tables 1 and 2 were directly
dopted for the simulation of the EMR operation conditions with
lectrochemically supplied oxygen. However, with this set of
arameters it was not possible to satisfactorily predict the exper-

mental results, as is illustrated in Fig. 5. The predicted selectivity
nd the yield to ethylene (as can be seen in Fig. 5) in the EMR
odus, are high and the selectivity of the undesirable products COx

ow. Unfortunately, the experimental results in the EMR operation
learly deviated from the modelled results—much higher COx selec-
ivity, as well as a much lower ethylene selectivity and yield were
bserved in the experiments as had been predicted by the model.
rincipally, the EMR and PBR are operated with clearly deviating

xygen profiles in the reactor. The oxygen pumping in the EMR
perating mode provides a controlled and even oxygen input over
he whole catalyst bed, whereas in the PBR the local O2/C2H4 ratio
s high at the inlet of the reaction zone and decreases in the axial

T
i

ig. 4. Experimentally obtained and predicted ethane conversion, ethylene yield, and se
T = 580 ◦C; W/F = 0.013 g min/cm3).

ig. 5. Experimentally obtained and predicted ethane conversion, ethylene yield, and s
T = 580 ◦C; W/F = 0.013 g min/cm3). The model predictions without the additional electroc
ng Journal 145 (2009) 385–392 389

irection during the operation. However, the converse oxygen pro-
les in the EMR and PBR modus cannot be the explanation for the
eviation between the experimental results and the calculated ones

n EMR modus, as the different oxygen profiles are fully regarded
n the model.

Therefore, it is more likely that there are additional, electro-
hemically induced side reactions, as had also been suggested in
he maleic anhydride synthesis with solid electrolyte membrane
17,28]. Compared to the PBR mode, where the oxygen on the anode
an only exist in the form of gaseous O2, additional oxygen species
ould be present in the system, e.g. O2−, O2

−, O2
2−, O−, O (adsorbed)

uring electrochemical pumping in the EMR operation. Therefore,
he final modification of the model is that two additional electro-
hemical side reactions are implemented in the reaction network.
he charged oxygen species might be highly active in the oxida-
ion reaction such as had been concluded in [17], and there exists
he possibility that ethylene can easily react with O2− either to CO
reaction (3el)) or CO2 (reaction (4el)) according to equations:

2H4 + 4O2− → 2CO + 8e− + 2H2O (3el)

2H4 + 6O2− → 2CO + 12e− + 2H2O (4el)

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

CO/CO2 CO/CO2

[ (
˛A

a F A

)]
A

RT

The complete set of the kinetic equations is summarized in
able 3. The model predictions calculated with the extended model
ncluding the electrochemical side reactions are presented in Fig. 6.

lectivities as a function of the oxygen-to-ethane feed ratio during PBR operation

electivities as function of the oxygen-to-ethane feed ratio during EMR operation
hemical reactions of ethylene.



390 L. Chalakov et al. / Chemical Engineering Journal 145 (2009) 385–392

Table 3
Kinetic equations for the reaction network

ReactionEquation

(1) r1 =
kredcC2H6

koxc0.5
O2

kredcC2H6
+ koxc0.5

O2

(2) r2 = k2
KC2H6

cC2H6[
1 + KC2H6

cC2H6
+ KCO2

cCO2

] ×
K0.5

O2
c0.5

O2[
1 + K0.5

O2
c0.5

O2

]
(3) r3 = k3

KC2H4
cC2H4[

1 + KC2H4
cC2H4

+ KCOcCO

] ×
K0.5

O2
c0.5

O2[
1 + K0.5

O2
c0.5

O2

]
(3el) rCO

el = kCO
el

[
exp

(
˛A

a F

RT
�˚A

)]
yA

C2H4

(4) r4 = k4
KC2H4

cC2H4[
1 + KC2H4

cC2H4
+ KCO2

cCO2

] ×
K0.5

O2
c0.5

O2[
1 + K0.5

O2
c0.5

O2

]
(4el) rCO2

el = kCO2
el

[
exp

(
˛A

a F

RT
�˚A

)]
yA

C2H4

(5) r5 = k5

KCOcCOK0.5
O2

c0.5
O2[

1 + KCOcCO + K0.5
O2

c0.5
O2

+ KCO2
cCO2

]2

(6) rC
el = kC

0 exp

(
−

EC
A

RT

)[
exp

(
˛C
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RT
�˚C
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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
o
a
c
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f
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e
o
high temperatures. The dependence of the product selectivity and
7) rA
el = kA

0 exp −
EA

A
RT

[
exp

(
˛A

a F

RT
�˚A

)
− (yO2

)0.5 exp

(
− ˛A

c F

RT
�˚A

)]

good agreement between the experiments and the simulations
as obtained with the following parameter values: the rate con-

tants kCO
el = 1.1 × 10−2 mol/m2/s for reaction (3el) and kCO2

el =
.9 × 10−2 mol/m2/s for reaction (4el). The selectivity towards the
hree products, as well as the ethylene yield, were much bet-
er predicted with the final, extended model which considered
he additional electrochemical oxidation reactions of the ethylene
(3el) and (4el)). Due to the oxygen consuming electrochemical side
eactions, the reactions with ethane seem to be depressed to some
xtent. This might be the reason why the model prediction of the
thane conversion is limited even with this final form. The imple-
entation of electrochemical side reactions in the model clearly

mproved its applicability, and the final extended model is able to
escribe the phenomena occurring in the anodic compartment in
ore detail. However, in this contribution the presented model is

ased on the apparent kinetics of the several catalytic and electro-
hemical reactions. Hence, in order to further improve the model
ne should conduct separate electrochemical measurements, and
arry out detailed kinetic analysis of the heterogeneously catal-
sed reactions in order to enlighten the intrinsic kinetics of the
arious reactions in this complex network. Fig. 6c illustrates model
redictions in a wider range of oxygen/ethane feed ratio. As seen

n the illustration, the oxygen excess is expectedly increasing as
function of molar feed ratio. However, ethane conversion is not

ncreasing considerably as more oxygen in provided, but the side
eactions, the formation of carbon oxides, are more pronounced
s oxygen concentration increases. The highest ethylene concen-
ration is obtained at the oxygen/ethane molar ratio 0.55, which
greed well the experimental observations. At higher molar ratios,
he ethylene concentration is steadily decreasing, and according to
he model prediction it approaches zero at ratio 4.

Finally, we investigated the model predictions in various
emperatures within the investigated temperature range by imple-

enting the optimised activation energies ECO el
A (220 kJ/mol) and

CO2 el (180 kJ/mol) for the reactions (3el) and (4el). The activation
A
nergies for the non-electrochemical reactions were taken directly
rom literature [23], and the values are typical for catalytic reaction.
he obtained activation energies (130 kJ/mol) for the electrochem-
cal reactions ((6) and (7) in Table 1) are comparable as published

e
u
F
p

peration (T = 580 ◦C; W/F = 0.013 g min/cm3). The predicted molar concentrations
t initial oxygen/ethane molar ratio between 0.25 and 4.0 (c). All predicted values
alculated with the extended model including the additional electrochemical side
eactions.

or electrochemical reactions in the anode and cathode in SOFC fuel
ells (120 and 100 kJ/mol [30]). The activation energy values of the
lectrochemical side reactions (3el) and (4el) are higher than the
ther ones in Table 2, increasing the influence of the reactions at
thylene yield as a function of the reaction temperature was sim-
lated and compared to the experimental results, as is depicted in
ig. 7. Within the investigated temperature range of 540–620 ◦C, the
redicted 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 COx selectivities (b) as a function of the temperature during EMR opera-
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ion (O2/C2H6 = 1.25; W/F = 0.013 g min/cm3). The predicted molar concentrations
t temperatures between 500 and 660 ◦C (c). All predicted values calculated with
he extended model including additional electrochemical side reactions.

atio of 1.25 agreed well with the experimental results. Low temper-
tures favour the formation of ethylene, and the selectivity towards
thylene clearly decreased as a function of temperature, which was
lso well predicted by the model. At temperatures above 600 ◦C,
he predicted ethylene yield declined, most likely due to the deple-
ion of oxygen in the system. Expectedly, the COx selectivity was

avoured at high temperatures due to the high activation energies.
ig. 7c illustrates the predicted mole fractions at the temperature
ange between 500 and 660 ◦C at the molar feed ratio 1.25. Oxygen
s depleted at temperatures above 600 ◦C limiting the reactions.
ig. 8. Predicted molar concentrations at W/F ratio between 0.013 and 0.1 g min/cm3

T = 580 ◦C; O2/C2H6 = 0.5). All predicted values calculated with the extended model
ncluding additional electrochemical side reactions.

xpectedly, at high temperatures, the concentrations of carbon
xides are high at molar ratio 1.25.

Fig. 8 shows the model estimations at temperature of 580 ◦C
nd O2/C2H6 molar ratio of 0.5 for different W/F ratios. The W/F
atio was varied between values of 0.013 and 0.1 g min/cm3 (resp.
00–13 ml/min), and the current between 16 and 2.1 mA, in order
o fix the oxygen/ethane feed ratio 0.5. Expectedly, the increase of
he W/F ratio (lower flow rate) caused the ethane concentration
o decrease and the concentration of the side reaction products
o increase. The longer residence time of the desired intermediate
roduct ethylene in the anodic compartment caused its further con-
ersion to CO and CO2. Consequently, the ethylene concentration
ecreased steadily with increasing W/F ratio.

. Conclusions

A mathematical model for an electrochemical membrane
eactor applied for the ODH of ethane to ethylene was developed.
xperimental data for the EMR and PBR operation modes were
nalysed for the identification of the unknown kinetic parameters
f the electrochemical reactions and the VOx/�-Al2O3 catalysed
eactions. The EMR conditions were not satisfactorily predicted
y the simple model, where the release of molecular oxygen at
he membrane–electrode interface was assumed to be the only
lectrochemical reaction on the anodic side. The electrochemical
xidation of ethylene to CO and CO2 under the EMR operation
ode was also considered in the model, leading to a significant

mprovement in the model predictions. The electrochemically
nduced effects also reported by Ye et al. [28], who investigated
lectrochemical butane oxidation to maleic anhydride with an
dentical electrochemical membrane reactor, were also confirmed
n the present investigation.
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