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Abstract 

An intensification process for the selective oxidation of hydrocarbons integrates a 

catalytic reactor and oxygen separation membrane. This work presents the study of 

oxidative dehydrogenation of ethane at 850ºC in a catalytic membrane reactor based on 

mixed ionic-electronic conducting (MIEC) membranes. The surface of the membrane 

made of Ba0.5Sr0.5Co0.8Fe0.2O3- has been activated using different porous catalytic 

layers based on rare earth-doped cerias (fluorite structure) while the porous catalytic 

coating was deposited by screen printing (coating around 15 µm). The different catalyst 

formulations were developed by partial substitution of cerium and were synthesized by 

co-precipitation followed by cobalt impregnation when required. Specifically, seven 

different catalyst based on the system Ce1-xLnxO2- (x=0.1 or 0.2; Ln=Tb, Pr, Er, Gd and 

Tb+Er) including the effect of cobalt addition (2% molar) in Ce0.8Tb0.2O2- were 

studied. The ceria catalysts were studied by XRD, SEM, DC-conductivity as a function 

of oxygen partial pressure while the high-temperature stability in CO2 environment was 

assessed using thermogravimetry. Then, the influence of the ceria catalytic coating on 

the oxygen permeation flux through the MIEC membrane was studied when using argon 

and methane as sweep gas in the permeate side. Finally, the ODHE reaction tests were 

carried out at 850ºC as a function of the ethane concentration in the feed. The use of 

disk-shaped membrane in the reactor made it possible to prevent the direct contact of 

gaseous oxygen and hydrocarbons and thus to increase the ethylene. High ethylene 

yields (up to  84 %) were obtained using a catalytic coating based on 20% Tb doped 

ceria including macropores produced by the addition of graphite platelets in the screen 

printing ink. The high yields obtained in this kind of catalytic membranes are attributed 

to the combination of: the high catalytic activity; the control of the oxygen 

concentration in the gas phase (reaction chamber); and the appropriate fluid dynamics, 

enabling the fast ethylene evacuation. 
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1. Introduction 

Ethylene is widely applied in important technical processes for production of other 

valuable base chemicals. It is mainly produced by steam cracking of alkanes from crude 

oil or natural gas, although it is a highly endothermic process with extensive coke 

formation, and the product mixture is rather complex and much effort is required for 

downstream processing
[1]

. Oxidative dehydrogenation of ethane (ODHE) is one 

promising method to overcome the drawbacks of conventional method of ethylene 

production 
[1-2]

. 

Besides selecting an appropriate catalyst, advanced reactor concepts such as membrane 

reactor technology (MR) appear promising to enhance performance in ODHE. A 

potential alternative is the use of a membrane reactor based on oxygen permeable mixed 

ion-electron conducting (MIEC) perovskite-based ceramics such as lanthanide ferrite 

cobaltites 
[3]

. The process intensification achieved by the integration of gas separation 

membranes and high temperature reactors offers several advantages with respect to 

conventional process schemes, i.e. energy saving, safe operation, reduced plant/unit size 

and higher process performance. The membrane materials showing the highest oxygen 

permeability are based on Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) which was first investigated 

by Shao et al. 
[4]

 as ceramic membrane for oxygen separation from air. High oxygen 

permeation fluxes have been reported even in oxidizing conditions, for BSCF single 

phase materials 
[5]

. Some MIEC membrane materials also possess catalytic activity for 

partial oxidation reactions. So besides the use as oxygen separation membrane, MIEC 

membranes also favor application as catalytic membrane reactor in selective oxidation 

of hydrocarbons. Figure 1 shows the principle of a MIEC dense membrane reactor: (1) 

on the oxygen rich compartment, gaseous O2 is first reduced to O
2-

, which (2) diffuses 

towards the reaction side through the crystal lattice via oxygen vacancy defect sites. 

And then (3) ethane is oxidized by surface O
2-

 and the surface oxygen is depleted in the 

reaction side 
[2g]

. 

Moreover, it would be possible to increase its ethylene yield by using a proper porous 

catalytic layer on the membrane surface. Our previous study focused on the use catalytic 

coatings based on different perovskites, which have shown higher selectivity towards 

ethylene than the un-coated membrane
[6]

. However, catalysts must exhibit high 

chemical stability under both at higher temperatures and CO2-rich environments. 

Lanthanide doped-ceria materials (Ce1-xLnxO2-) present an interesting combination of 

high oxygen-ion mobility, redox catalytic properties and stability in reducing, wet and 

CO2-rich atmospheres at high temperatures 
[7]

. These features make these materials 

especially attractive for the use as catalyst for alkane activation reactions, as for ODHE. 

The redox catalytic properties of Ce1-xLnxO2- suggest that these catalysts could operate 

according to the redox process proposed by Mars-van Krevelen 
[8]

. Oxidation reactions 

in gas-phase with heterogeneous catalyst usually proceed via this mechanism, which 

involves the activation of the C-H bond and transfer of lattice oxygen from the oxide to 

yield the product and the reduced catalyst. The combination of efficient catalysts and 
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selective oxygen-transport membrane reactors may allow achieving important energy 

savings in the oxygen supply and significant improvements in the reactor productivity 

and catalyst selectivity. 

In the present work, different doped-ceria catalysts were used to study their catalytic 

performance in the ODHE reaction at 850ºC and different ethane concentrations in the 

feed were considered. The effect of their catalytic behavior was studied when different 

lanthanides were incorporated in the lattice of ceria. The catalysts were applied as ~ 15 

µm-thick porous coatings onto disk-shaped monolithic membranes made of BSCF. 

 

2. Experimental procedure 

2.1. Catalyst preparation 

Lanthanide doped ceria compounds were prepared by co-precipitation method in order 

to synthesize powders of nanometric size. This technique consists of the dissolution of 

commercial lanthanide nitrates mixture in distilled water at 323 K. (NH4)2CO3 solution 

in a 1:1.5 molar ratio was dropped to achieve the total precipitation of the mixed 

cations. The resulting precursor powder was dried at 373 K after filtration and rinsing. 

Cobalt incorporation (when required) was carried out over the dried precursor powder 

by incipient wetness impregnation of cobalt nitrate. Calculated 2% molar of Co was 

dissolved in distilled water (volume corresponding to the pore volume) and mixed with 

the powder. Finally, the powders were calcined during 5 hours in air atmosphere at 

1073 K to decompose the residual nitrates and carbonates and to favor the formation of 

fluorite phase. Table 1 lists the composition of the seven ceria-based catalysts 

synthesized. 

2.2. Characterization 

The powders were characterized by X-ray diffraction (XRD) in a PANalytical Cubix fast 

diffractometer, using CuKα1,2 radiation (=1.5406 Å) and an X’Celerator detector in 

Bragg-Brentano geometry. XRD patterns were recorded in the 2θ range from 0º to 90º 

and analyzed using X’Pert Highscore Plus software. The crystalline phase was 

identified and lattice parameter (a) for the (h k l) planes was calculated using the 

equation for a cubic system.  

The introduction of a dopant cation whose radius and valence are different from the host 

cations, produces a strain in the fluorite lattice. This strain is an estimation of the stress 

existing in the materials due to the crystal imperfections, oxygen vacancies, and other 

defects. The strain is calculated from the XRD pattern using the following equation 
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         (1) 

Where  is the diffraction angle, and d is the difference of the d spacing corresponding 

to a typical peak of the structure with respect to pure ceria lattice. 

 

Temperature programmed desorption (TPD) measurements were performed in order to 

observe the oxygen release with temperature. The powder material (100 mg) sintered at 

1473 K was placed in a quartz reactor and it was heated up in air up to it 1273K and 

cooled down in the same atmosphere. Then the sample was heated up at 10 K/min up to 

1273K in N2 and the oxygen release was monitored by following the m/z = 32 and 16 

amu with a mass spectrometer Omnistar (Balzers).  

Rectangular probes (4 x 0.4 x 0.2 cm
3
) of the powders fired at 1073 K were uniaxially 

pressed at 125 MPa and subsequently sintered for 5 hours at 1573 K in air. Electrical 

conductivity measurements were conducted by standard four-point DC technique on the 

sintered rectangular bars using silver wire and paste for contacting. The measurements 

were carried out in a temperature range from 673 to 1073 K by cooling down (1 K/min) 

in constant different O2 contained atmospheres (Linde calibrated gas mixtures checked 

by an YSZ oxygen sensor). The constant current was supplied by a programmable 

current source (Keithley 2601) and the voltage drop through the sample was detected by 

a multimeter (Keithley 3706). The conductivity measurements are thermally activated 

and were analysed on the basis of Arrhenius behaviour (T) = (A/T) exp(-Ea/kT). The 

activation energy (Ea) was extracted from the slope of the graphs. Once the highest 

temperature (1073 K) was reached, the samples were stabilized for two hours in order to 

warrantee the high-temperature reduction state corresponding to the specific oxygen 

partial pressure (pO2). 

2.3. Membrane surface modification 

Catalytic porous layers were deposited by screen-printing method on the surface of the 

permeate side. The screen-printing inks were prepared by a classic technique described 

previously 
[9]

. The ball-milled catalyst powders were mixed with a solution of 94 wt.% 

terpineol and 6 wt.% ethylene cellulose. Graphite (Aldrich) was added as a pore former 

in the screen-printing ink, and then the ink homogenization was conducted using a 

three-roll mill. Subsequently, the coated membranes were sintered in air for 2 h at 1323 

K. During this process the graphite is removed and a proper microstructure of the 

catalytic coating is generated, which promotes the gas transport through porous catalytic 

layer. The microstructure of the catalytic modified membrane reactors was analyzed by 

scanning electron microscopy (SEM-EDS) in a JEOL JSM6300 electron microscope. 
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2.4. Membrane reactor setup and ODHE tests 

Oxygen permeation studies and investigations of the ODHE reaction were carried out in 

a reactor fully described in 
[2d]

. Figure S1 shows a scheme of the catalytic modified 

BSCF membrane reactor used in this work. Quartz membrane reactor was placed inside 

an electrical furnace. Temperature was measured by a thermocouple attached to the 

membrane surface (reaction side), while a proportional-integral-derivative (PID) 

controller maintained temperature variations within 2 K of the set point. Flow of all gas 

streams were individually controlled (Brooks). A mixture of synthetic air-N2 was fed to 

the feed side. In oxygen permeation experiments, either argon or diluted methane was 

used as sweep gas whilst diluted ethane was used as sweep gas in the ODHE tests. 

Online gas chromatograph (micro-GC Varian CP-4900 equipped with Molsieve5A, 

Pora-Plot-Q glass capillary and CP-Sil modules) was used to determine the 

concentration of the reaction products in the permeate gas stream.  

The measurements were carried out on 15 mm diameter disk planar membrane 

(approximately 0.8 mm thick BSCF sintered disk). Membranes were prepared by 

uniaxial pressing and final sintering at 1100 ºC following the procedure described in 

reference 
[2c]

 while sealing was performed using gold gaskets. Membrane gas leak-free 

conditions were confirmed by continuously monitoring the nitrogen concentration in the 

product gas stream. An acceptable sealing was achieved when the ratio between the 

oxygen flow leak and the oxygen flux was lower than 1%. The oxygen permeation flux 

through the membrane, J(O2) (ml min
-1

 cm
-2

), was calculated considering the oxygen 

content measured in the reaction side of the permeation assembly, the sweep gas flow 

rate and the area of the membrane surface exposed to the flowing gas. Data reported are 

achieved at steady state after at least one hour on stream for a given operating condition. 

Each GC analysis was repeated three times to minimize analytical error. Reproducibility 

with regard to ODHE reaction for different membrane reactors is below 0.7 %. Carbon 

balances were always better than  2.3%. Ethane conversion (XC2H6), selectivity toward 

main products (Si) and ethylene yield (YC2H4) were defined as follows: 
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where i includes all reaction products with carbon atoms in the permeate gas stream, ni 

is the number of carbon atoms of component i, and Fi is its molar flow. 
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Fixed-bed catalyst tests were conducted in a quartz glass reactor. The bed was supported 

on a quartz frit. One gram of catalyst with particle size in the range 0.2-0.5 mm was 

mixed with 1 ml of CSi (Carlo Erba). The gas feed consisted of a mixture of 

C2H6/O2/Ar and a fixed gas flow rate of 400 ml min
-1

. The ethane concentration was 

kept constant (7.5%) while the oxygen concentration was varied in the range from 0.26 

to 2.44 %. 

 

3. Results and Discussion 

3.1. Characterization 

XRD patterns of Ce1-xLnxO2- sintered at 1573 K are shown in Figure 2a. All the 

powders are single cubic fluorite structured. Diffraction peaks corresponding to any 

precursor or secondary phase were not observed. The obtained patterns indicate that the 

lanthanides are incorporated in the lattice of ceria. Ce0.8Tb0.2O2- + Co 2% has a slightly 

shorter cell parameter than Co-free sample attributed to the partial (1.3 mol%) 

incorporation of Co cations into the ceria lattice and higher oxidation state in the Co 

containing compounds is observed i.e., 38% (Co-free) and 48% (Co-containing) on 

Tb
+4

/Tb ratio 
[7a]

. In addition, Ce0.8Tb0.2O2- + Co 2% shows sharper and more intense 

diffraction peaks than the other specimens, which indicate greater grain size. It is 

reported that cobalt is a sintering aid that lowers the densification temperature 
[10]

 

resulting in higher grain size growth when the same sintering temperature is used. SEM 

pictures of Ce0.8Tb0.2O2- and Ce0.8Tb0.2O2- + Co 2% membranes calcined at 1473 K in 

Figure 2b confirm the effect of cobalt addition in the sintering activity. 

 

At relevant ODHE operating conditions, different redox processes dependent on 

temperature and pO2 take place albeit the fluorite structure remains stable. Specifically, 

when multivalent lanthanides (Tb
+3/+4

 or Pr
+3/+4

) are present, the thermal reduction of 

these cations and the consequent oxygen vacancy formation lead to changes in the 

electronic and ionic conductions properties as well as structural changes due to the 

additional chemical expansion. Table 1 summarizes the cell parameters (cubic fluorite) 

extracted from XRD patterns and non-stoichiometry in air determine by 

thermogravimetry, both at room temperature and 1073 K (relevant operation 

temperature for the oxygen membrane). 

Figure 3 presents the Arrhenius plot corresponding to the total DC conductivity in air of 

the different catalysts. The incorporation of trivalent lanthanides such as Gd or Er 

induces the formation of a fixed number of oxygen vacancies regardless of the specific 

pO2, while doping with lanthanides with mixed valence (+3/+4) such as Tb or Pr are 

able to release oxygen as the temperature rises, even under oxidizing conditions. 

Consequently redox activity in the temperature range where the conductivity is 
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measured provokes a change in the Arrhenius slope (apparent activation energy, Ea) for 

Tb and Pr doped ceria in air. Table 1 summarizes the total conductivity and Ea of the 

ceria-based catalysts. The best conductivity was found for Ce0.8Tb0.1Er0.1O2- althoughit 

decreased steeply with decreasing temperatures due to the high Ea. Ce0.8Gd0.2O2- 

combines high conductivity and low Ea and this compound has been widely studied as 

solid oxide fuel cell electrolyte 
[11]

, 
[12]

 ,
[13]

. The addition of Co to Ce0.8Tb0.2O2-results 

in the enhancement of conductivity and lowers the Ea, which may be due to the increase 

in the electron hole conduction ascribed to the redox behaviour of Tb and Co 
[7a]

.  

Figure 4 shows the conductivity dependence on the pO2 for the doped ceria dense bars 

at 1073 K. The studied range of pO2 includes from oxidant (0.21-1 atm) to moderately 

reducing atmospheres (10
-5

- 0.21 atm), where the Ce
4+

 does not reduce to Ce
3+

 as it has 

been demonstrated that this reaction initiates at oxygen partial pressures lower than 10
-

10
 atm 

[7b-d, 14]
. Except for Tb and Pr, all the materials show mainly ionic conductivity 

behaviour, which is independent on pO2. Tb and Pr doped ceria present a dependency 

on pO2
-1/6

 attributed to the dopant reduction as pO2 decreases 
[7b]

. Even though the 

conductivity is mainly ionic in these oxidizing conditions, the multiple oxidation state 

of some dopants makes the ionic conductivity pO2 dependent and adds an electronic 

contribution due to the introduction of redox couples in the band gap of ceria (region 

not observed in single-oxidation-state acceptor doped systems such as Er and Gd). 

The stability of the doped ceria catalysts has been studied by thermogravimetry under 

continuous flow of air with 5% CO2. Figure 5 shows the mass evolution of Ce0.9Tb0.1O2-

, Ce0.8Tb0.2O2-, Ce0.8Er0.1Tb0.1O2- and Ce0.9Er0.1O2- samples together with the 

evolution of a highly-permeable perovskite, i.e., BSCF. Carbonates are generally 

formed (mass increase) in the range from 973 to 1073 K and decompose (mass 

decrease) at higher temperatures (above ~1123 K), as it can be observed for the BSCF 

measurement. Ceria catalysts presents a negligible formation of carbonates while it is 

also detected a mass loss in Tb containing compounds, which is ascribed to oxygen 

release at temperatures above 700K. All the ceria catalysts were stable under reducing 

and CO2 containing atmospheres at high temperatures in contrast with the instability 

observed for Ba- and Sr-containing perovskites. 

3.2. Oxygen permeation measurements 

J(O2) was determined in the temperature range of 923-1273 K. Figure 6 collects oxygen 

permeation data in an Arrhenius plot obtained using Ar and diluted methane (85/15 

vol.) as sweep gas for the reference BSCF membrane (bare membrane reactor with 

polished surface), and a BSCF membrane modified with a catalytic layer made of 

Ce0.8Gd0.2O2-. In both samples, J(O2) increases with the temperature as expected. Two 

different temperature domains become evident as a change in the slope of the curve with 

an increasing temperature. Moreover, the catalytic membrane activation has been 

therefore effective at increasing J(O2), specially at low temperature. Oxygen permeation 

flux is 2.3-fold increased when diluted methane (85/15 vol.) is used as sweep gas 
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(Figure 6b). This aspect was expected due to the increase in the separation driving force, 

i.e., log pO2 (air)/pO2 (sweep) from 0.90 to 4.02
1
 when diluted methane is used as 

sweep gas. Furthermore, at low temperatures a decrease in activation energy has also 

been observed when diluted methane was used as sweep gas. The Ea values obtained 

were 65.3 kJ/mol and 47.6 kJ/mol for bare BSCF membrane and the activated 

membrane (ceria coating on BSCF membrane) correspondingly. 

The apparent activation energies for oxygen transport process (Table 2, argon sweep) 

changed as a function of the temperature, indicating that either the rate determining 

mechanism is modified (e.g. phase transition alters bulk diffusion) or another step 

becomes rate limiting according to the temperature range investigated. The results 

suggest that the activation energies at high temperatures remained close to the value 

observed for bare BSCF membrane (30 kJ/mol), which is typical of bulk oxygen-ionic 

diffusion through BSCF perovskite crystal lattice. In fact, Ea for oxygen surface 

exchange rate is higher than for the oxygen ions diffusion; so at low temperature range, 

the oxygen permeation process is mainly rate-determined by the slow oxygen surface 

exchange kinetics 
[2f, 3-4, 15]

. In the latter case, the surface activation of the membrane 

using a CGO porous coating results in an important enhancement of J(O2), which stems 

from the enlarged surface area available for the surface exchange and the intrinsic 

catalytic activity of doped ceria. As a consequence, the catalytic membrane 

modification leads to lower activation energy at low temperature range, approaching the 

Ea ascribed to bulk diffusion. 

3.3. ODHE performance 

The catalytic results in the ODHE reaction (ethylene selectivity as a function of ethane 

conversion at 1123 K) are presented in Figure 7 for membrane reactors modified with 

different doped cerias. Different experiments were performed by keeping the residence 

time constant and changing the ethane concentration in the reaction mixture. In a 

previous study, we obtained that XC2H6 increased with the reaction temperature while 

the selectivity decreased slightly and remained always at high values for a given feed 

composition 
[2c]

. A systematic study of the effect of operating conditions on BSCF-MR 

for the oxidative dehydrogenation of ethane is reported elsewhere 
[2d]

. Among the 

different compositions of Ce1-xLnxO2- considered as catalytic coating (Figure 7), the 

best results are obtained with the materials with 10% Tb, 10% Pr and a mixture 

comprising 10% Tb and 10% Er. 

Figure 8 shows the SEM morphologies of catalytic modified BSCF-MR after ODHE 

test. Even though some pores become visible on the cross-section of the membrane, 

they are proved to be closed pores by helium leakage test. The catalytic coatings have 

an open microstructure with macropores and a homogeneous thickness, which was 

                                                 
1
 Here, it is assumed that the permeate pO2 corresponds to the sweep gas (diluted methane). For the 

Wagner equation integration, it is also assumed that ionic conductivity does not depends significantly on 

pO2 and this is negligible with respect to the electronic conductivity. 
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determined to be  15 m from SEM image. As said above, all doped-ceria catalysts 

were stable under reducing and CO2 containing atmospheres at high temperatures, and 

the integrity of all catalytic porous layers was conserved during the whole reaction tests, 

as deduced by SEM analysis. 

The proper surface modification of the BSCF-MR with a doped-ceria catalyst has 

allowed increasing the ethylene yield 11 % (YC2H4  81.3 % at 7.5 % C2H4) compared 

to the bare membrane with polished surface. Furthermore, the raise in catalytic activity 

for modified BSCF membranes is just accompanied by a slight fall in SC2H4. Ethylene is 

the main reaction product although H2, COx, CH4 and C4-hydrocarbons are also 

observed in minor amounts in the products gas stream. Moreover, the oxygen 

concentration in the products gas stream was less than 40 ppm in the whole range of 

operating conditions studied. 

The improvement of ODHE performance (ethylene yield) observed due to the doping 

with Pr or Tb in ceria-based catalysts (i.e., Ce0.9Pr0.1O2- or Ce0.9Tb0.1O2- as catalytic 

coating) is due to the lower SCOx and SC4 with respect to the other catalytic layers (Table 

3). The catalytic behavior of Ce1-xLnxO2- for ODHE strongly depends on the redox 

activity of these catalysts and the presence of these multivalent cations (Pr and Tb), 

would have a direct impact on the redox activity of ceria, specifically by modifying the 

nature and surface concentration of oxygen species. Additionally, the concentration of 

vacancies, i.e. oxygen non-stoichiometry, in the oxide is an important factor, since 

surface oxygen vacancies are active sites in oxidation reactions. Assuming a Mars–van 

Krevelen type kinetics 
[8]

 for this reaction network, the doped ceria catalyst would 

operate in redox cycles, being reduced by the hydrocarbon and oxidized by mobile 

lattice oxygen diffusing from the MIEC membrane: 

Reactant + x O- → Products + x               (5) 

x + x O-latice → x O-                (6) 

where  represents an active site. 
 

However, when the ODHE reaction is carried out at high temperatures, olefins are not 

exclusively produced through catalytic conversion and a certain contribution of gas-

phase reaction takes place. In a previous work 
[6]

 the contribution of the gas-phase 

reaction was evaluated by conducting the same catalytic experiment at 1123 K but using 

an inert gastight catalyst-free Al2O3 membrane (instead of a MIEC membrane). 

Therefore, no oxygen permeated through the membrane into the reaction side. This 

experiment showed that the lack of oxygen in the reaction chamber leads to the rapid 

formation of carbon deposits while, if oxygen was co-fed, the ethylene yield decreases 

due to the formation of COx. For instance, an ethylene yield of 63% was reached when 

0.5% oxygen and 7.5% ethane were co-fed. Nevertheless, the better performance of 

catalytic MIEC membrane reactors was confirmed by the higher ethylene yield, and the 
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lower selectivity towards COx and C3
+
 products. The reaction network is very complex 

and may entail several consecutive and parallel steps. Thermal dehydrogenation 

(evidenced by the hydrogen formation) may occur in parallel with heterogeneous 

oxidative hydrogenation, while the catalyst may eventually play the additional role to 

facilitate the generation of radicals. The membrane role is to supply oxygen ion through 

the solid state conducting catalyst, promoting the oxidative dehydrogenation but also 

the COx and H2 oxidation. 

Figure 9a collects the catalytic results reached using catalytic coatings based on 

Ce0.9Tb0.1O2-, Ce0.8Tb0.2O2-  and Ce0.8Tb0.2O2-
 +

2%Co. Figure 9b shows the SEM 

pictures of fracture cross-section for three catalytic layers of terbium-doped ceria after 

ODHE reaction test. The ethylene yield increases with the amount of terbium 

incorporated in the lattice of ceria. Ce0.8Tb0.2O2- presents a higher number of oxygen 

vacancies that increase the oxygen transport and surface adsorption properties while it 

additionally contributes to the structural strain, which may be related with the chemical 

reactivity of the material 
[17]

. Actually, the highest strains (Table 1) in the studied series 

were observed for Ce0.8Tb0.2O2-  and Ce0.8Tb0.2O2-  2%Co (-16.5 and -19.5 a.u., 

respectively). 

The incorporation of Co cations in to the Ce1-xTbxO2-  system is reported to favor the 

reducibility of Tb
4+

 to Tb
3+

 at high temperatures and induce changes in the oxide 

conduction band. Specifically, TPD measurements demonstrate that the addition of 

either Co or higher amount Tb allows increasing the oxygen release, i.e., the material 

reducibility 
[7a]

. On the other hand, the ethylene yield obtained with Ce0.8Tb0.2O2-

+2%Co is worse with regard to Ce0.8Tb0.2O2- and this may be due to (1) the smaller 

specific surface arising from the greater particle size observed for Co sintered 

samples
[7a]

, which results in a slightly lower conversion (Table 3) and (2) the promotion 

of catalytic combustion of hydrocarbons 
[18]

 by surface Co species. This last effect is 

very small since the COx selectivity increases only a bit, as inferred from the results 

presented in Table 3. On the other hand, the improved oxide reducibility and electronic 

conductivity does not seem to have any clear effect on the catalytic activity. Finally, the 

use of Ce0.8Tb0.2O2-  as catalytic layer enables to reach the highest ethylene selectivity, 

while it showed low COX and C4 selectivities compared to the others Tb-doped ceria 

catalytic coatings.  

Several previous works illustrate that dense MIEC membrane reactors are very 

appealing for the ODHE process. This concept includes process intensification since 

both, separation (oxygen-ion diffusion through the membrane lattice) and reaction are 

included in the same unit. A disk-shaped BSCF membrane reactor 
[2e]

 at 777 ºC using 25 

% v/v of C2H6 in the feed stream allowed reaching a YC2H4  75 % when the membrane 

surface was modified with Pd nano-clusters. Moreover, a 73 % was achieved YC2H4 

when the membrane surface was activated using a thin layer of V/MgO. Akin and Lin 
[2a]

 employed a tubular Bi1.5Y0.3SmO3 membrane at 875 ºC and 10 % of C2H6 in the feed 

stream and a YC2H4  56 % (per pass) was reached. Yang et al. 
[2g]

 used a dense MIEC 
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(Ba0.5Sr0.5Co0.8Fe0.2O3-δ) as membrane in a co-feed reactor reaching an ethylene 

selectivity of 80 % at 84 % ethane conversion. Caro et al. 
[2b]

 reported an ethylene yield 

of 43% and ethylene selectivity of 67 % using a dense perovskite hollow-fiber 

BaCoxFeyZrZO3- membrane and a commercial dehydrogenation catalyst (Cr2O3 on Ca 

aluminate) as packed-bed, at 725 ºC and 30 % v/v of C2H6. Wang et al. 
[2f]

 investigated 

ODHE using a dense BSCF membrane at 850 ºC and 10 % v/v of C2H6 in the feed 

stream, reaching an ethylene selectivity of 67.4 % at 80 % ethane conversion. 

Nevertheless, it should be considered the diversity of operating conditions (temperature, 

contact times), catalysts and reactor configuration in these works.  

Finally, a previous work using a BSCF membrane reactor modified with perovskite-

based catalytic coatings
[6]

 reached an ethylene yield ( 81 %) in our group. In the 

present study the use of a Ce0.8Tb0.2O2- catalytic coating has produced an increase in 

the ethylene yield (close to 84 %). These interesting results could be ascribed to the 

joint use of (1) an oxide-ion conducting membrane and (2) a catalyst containing a redox 

couple and exhibiting high lattice oxygen anion mobility, which warranties the 

reoxidation of the reduced catalyst surface. Additionally, the high yields obtained in this 

kind of catalytic membranes MIEC are attributed to the combination of: (i) high 

catalytic activity related to the high operating temperature, promoting oxidative and 

thermal ethane dehydrogenation, and the oxygen species diffusing through the 

membrane; (ii) control of the oxygen concentration in the gas phase (reaction chamber); 

and (iii) appropriate fluid dynamics, enabling the right contact between the feed gas 

stream and membrane/catalyst assembly and the fast evacuation of reaction products. 

The catalytic activity towards ODHE of the best ceria coating (Ce0.8Tb0.2O2-) found in 

the previous CMR experiments was evaluated in a conventional fixed bed reactor. Table 

4 presents a summary of the catalytic performance at 1123 K where ethane and oxygen 

were co-fed using Ar as gas carrier. Catalytic test results at lower temperatures are 

available in Supporting Material. The ethylene selectivity at 1123 K is below 78% 

regardless of the O2 content in feed. The coke selectivity is around 10% at low O2 % 

while COx selectivity is above 40% for 2.44% O2 although the selectivity is always 

below 65%. Consequently, the highest ethylene yield achieved in this test was 42%. 

These results evidence that the use of the catalytically-activated MIEC membrane 

reactor is very effective in the ODHE process, allowing achieving both high ethylene 

selectivity and ethane conversion in contrast with conventional fixed bed reactors.  

4.  

5. Conclusions  

Oxidative dehydrogenation of ethane has been studied at 1123 K as a function of ethane 

concentration in feed on catalytic membrane reactors made of Ba0.5Sr0.5Co0.8Fe0.2O3-. 

The membrane surface in the permeate side (reaction chamber) was modified using 

porous coatings based on rare earth-doped cerias (fluorite structure) deposited by screen 

printing (coating around 15 µm). Specifically, seven different catalyst based on the 
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system Ce1-xLnxO2- (x=0.1 or 0.2; Ln=Tb, Pr, Er, Gd and Tb+Er) were synthesized by 

co-precipitation. The ceria catalysts were studied by XRD, SEM, DC-conductivity as a 

function of oxygen partial pressure and temperature, which illustrates how the different 

dopants modify the conduction properties, principally oxide ion transport, and the redox 

behavior, e.g. oxygen vacancy. Moreover, the high-temperature stability in CO2 

environment was confirmed using thermogravimetry. The modification of the MIEC 

membrane allowed increasing the oxygen permeation flux when using both argon and 

methane as sweep gas in the permeate side. 

 

The use of disk-shaped membranes in the reactor made it possible to prevent the direct 

contact of gaseous oxygen and hydrocarbons and hence to increase the ethylene. High 

ethylene yields (up to  84 %) were obtained using a catalytic coating based on 20% Tb 

doped ceria and this is attributed to the redox properties of the Tb doped sample in 

combination with the high concentration of oxygen vacancies, actives sites in the 

reaction mechanism. The addition of cobalt was not beneficial probably due to the loss 

of surface are related to the higher sintering activity. However, the understanding of the 

ODHE fundamental mechanism at high temperature in membrane reactors is still 

limited. Indeed, the reaction network is very complex and may involve several 

consecutive and parallel steps. Thermal may take place in parallel with heterogeneous 

oxidative hydrogenation, while the catalyst may eventually play the additional role to 

facilitate the generation of radicals. Oxygen supplied from the membrane would 

regenerate redox sites on the catalyst surface, promoting the heterogeneous ODHE 

reaction and, in less extent, the oxidation of H2 and deep oxidation of methane to COx. 

 

This membrane reactor system combines a highly permeable oxygen membrane and an 

active catalytic coating with high redox and CO2 stability. The ceria catalyst allows 

boosting the oxygen permeation through the promotion of the oxygen exchange 

reaction. Moreover, the catalyst formulation and the membrane reactor configuration 

made it possible to achieve very high ethylene yields while maintaining low selectivity 

towards COx and coke. The high yields obtained in this kind of catalytic membranes are 

attributed to the combination of: the high catalytic activity; the control of the oxygen 

concentration in the gas phase (reaction chamber); and the appropriate fluid dynamics, 

enabling the fast ethylene evacuation. 
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FIGURE CAPTIONS 

Figure 1. Scheme of a cross section of the surface activated BSCF membrane reactor.  

Figure 2.  (a) XRD patterns of Ce1-xLnxO2- powders sintered at 1573 K: (1) 

Ce0.8Gd0.2O2-; (2) Ce0.9Pr0.1O2-; (3) Ce0.9Er0.1O2-; (4) Ce0.8Er0.1Tb0.1O2-; (5) 

Ce0.9Tb0.1O2-;  (6) Ce0.8Tb0.2O2-;  (7) Ce0.9Tb0.8O2-+2%Co. (b) SEM pictures of 

Ce0.8Tb0.2O2- and Ce0.8Tb0.2O2-+Co membranes calcined at 1473 K. 

Figure 3. Arrhenius plot of the total conductivity in air of different doped cerias 

measured by DC conductivity. 

Figure 4. Total cconductivity as a function of pO2 for different doped cerias (dense bars) 

at 1073 K. 

Figure 5. TG-CO2 measurements: mass evolution of Ce0.9Tb0.1O2-, Ce0.8Tb0.2O2-, 

Ce0.8Er0.1Tb0.1O2-, Ce0.9Er0.1O2- and BSCF in 5% CO2 in air (heating ramp 10 K/min). 

Figure 6. Arrhenius plots of oxygen permeation flux through different catalytic 

membranes reactors. QSweep = 65 ml min
-1

, QFeed = 60 ml min
-1

 (synthetic air; pO2=0.21 

atm). (a) Ar was used as sweep gas; (b) Ar/CH4 (85/15vol.) was used as sweep gas. 

Figure 7. Comparative results on ethylene selectivities at different degrees of ethane 

conversions derived from the experiments performed with the catalytic modified BSCF-

MR used in this study. T = 1123 K, Qreaction-side= 400 ml min
-1

, ethane diluted with 

argon; Qfeed-side = 210 ml min
-1

 (pO2=0.04 atm). 

Figure 8. SEM images of the fracture cross-section of the different doped-ceria catalytic 

coatings on BSFC membranes after oxygen permeation tests. (a) Bare membrane 

(polished surface); catalytic coatings: (b) Ce0.8Gd0.2O2-; (c) Ce0.9Pr0.1O2-; (d) 

Ce0.9Tb0.1O2-; (e) Ce0.9Er0.1O2-; (f) Ce0.8Er0.1Tb0.1O2-. 

Figure 7. (a) Ethylene selectivity vs ethane conversion for experiments performed with 

BSCF membrane reactors. Ce1-xTbxO2- system is considered: Ce0.9Tb0.1O2-; 

Ce0.8Tb0.2O2-; Ce0.9Tb0.8O2- + 2 mol% Co. T = 1123 K, Qreaction side= 400 ml min
-1

, 

ethane diluted with argon; Qfeed side = 210 ml min
-1

 (pO2=0.04 atm). (b) SEM images of 

the fracture cross-section of the Ce1-xTbxO2--based catalytic layers on BSFC 

membranes after catalytic test. 

Figure 8. Catalytic performance of the modified BSCF-MR in the ODHE reaction in 

terms of ethylene selectivity as a function of ethane conversion. Data for various 

catalytic dense membrane reactors reported in literature: (1) Mirodatos et al. 
[2e]

; (2) 

Akin and Lin 
[2a]

; (3) Yang et al. 
[2g]

; (4) Caro et al. 
[2b]

; (5) Wang et al. 
[2f]

. 
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TABLES 

Table 1. Cell parameter, strain, non-stoichiometry in air at room temperature and 1023 

K, total conductivity at 1073 K and activation energies for Ce1-xLnxO2-. aerror = ±0.0002 

(Å). 

Composition 
aRT   

[Å] 

a1123 K 

[Å] 

strain 

[a.u.]
298K 1123K 1073 K 

[S·cm
-1

] 

Ea 

[kJ/mol] 

Ce0.9Tb0.1O2- 5.3994 5.4625 -9.17 0.020 0.045 0.018 106.10.9 

Ce0.8Tb0.2O2- 5.3918 5.4725 -16.54 0.047 0.092 0.035 84.20.2 

Ce0.8Tb0.2O2- + Co 2% 5.3852 5.4661 -19.5 0.046 0.084 0.048 81.70.1 

Ce0.8Gd0.2O2- 5.4225 5.4784 7.9 0.1 0.1 0.066 74.50.1 

Ce0.9Pr0.1O2- 5.4071 5.4771 1.29   0.047 86.81.0 

Ce0.9Er0.1O2- 5.4055 5.4586 -3.6 0.05 0.05 0.049 79.60.2 

Ce0.8Er0.1Tb0.1O2- 5.3980  -12.8 0.063 0.097 0.068 95.50.3 
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Table 2. Estimation of the activation energy (Ea, kJ/mol)
*
 with regard to oxygen 

permeation flux are shown (Ar as sweep gas). Catalytic coatings based on Ln-doped 

ceria were used on bulk BSCF membrane. The catalytic coatings were calcined at 1323 

K. 

Catalytic Layer Ea [kJ/mol] 

Composition Thickness [m]  High T Low T 

Bare BSCF membrane  --- 32.4  1.2 79.9  3.5 

Ce0.9Pr0.1O2- 15 29.2  1.9 49.5  2.6 

Ce0.9Er0.1O2- 17 35.5  2.1 50.4  1.9 

Ce0.9Tb0.1O2- 14 32.3  1.3 50.0  2.3 

Ce0.8Tb0.1 Er0.1O2- 16 25.8  2.3 62.4  1.7 

Ce0.8Gd0.2O2- 12 30.2  1.5 56.3  2.7 

Ce0.8Tb0.2O2- 14 29.4  0.9 55.7  3.1 

Ce0.8Tb0.2O2- + 2% Co 16 32.1  1.4 54.3  2.8 

* 95% C.I. 
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Table 3. Catalytic performance of the different BSCF membrane reactors is collected. T=1123 K, ethane diluted in Ar (7.5/92.5 vol.) 

Catalytic layer ODHE performance 

Composition Thickness [m] YC2H4 [%] XC2H6 [%] Selectivity [%] 
C2H4 productivity  

[ml/min cm
2
] 

    C2H4 COX C4 CH4  

Bare BSCF membrane --- 73.1 87.8 83.3 3.7 3.4 9.3 28.7 

Ce0.9Pr0.1O2- 15 77.3 84.1 91.9 0.8 5.9 1.1 30.3 

Ce0.9Er0.1O2- 17 75.6 82.7 91.4 1.1 6.1 1.3 29.6 

Ce0.9Tb0.1O2- 14 81.3 89.0 91.4 0.8 5.8 1.6 31.9 

Ce0.8Tb0.1 Er0.1O2- 16 77.3 83.9 92.0 1.0 5.8 1.1 30.3 

Ce0.8Gd0.2O2- 12 73.9 81.0 91.2 1.3 5.9 1.4 29.0 

Ce0.8Tb0.2O2- 14 82.5 89.2 92.5 0.7 5.1 1.5 32.4 

Ce0.8Tb0.2O2- + 2% mol. Co 16 81.9 89.3 91.7 1.1 5.4 1.6 32.1 
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Table 4. Catalytic performance of the Ce0.8Tb0.2O2- catalyst in a fixed bed reactor. T=1123 K, ethane diluted in Ar (7.5 %l.) 

 

 Selectivity [%] 

O2% in Feed YC2H4 [%] XC2H6 [%] C2H4 COX C3
+
 CH4 coke 

0.26 42.2 54.6 77.2 7.2 2.4 2.0 11.2 

0.42 40.7 52.2 78.0 11.5 1.9 1.8 6.8 

0.62 36.3 47.7 76.1 16.2 1.9 1.7 4.1 

1.23 34.2 56.5 60.6 33.6 1.1 1.4 3.3 

2.44 35.8 64.9 55.1 40.7 1.2 1.3 1.8 
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-.Schematic of the quartz membrane reactor design.-



Supporting Information

Figure S2

-.Fixed bed reactor test for the best catalyst 20% Tb doped ceria. 
GSHV = 3000 cm3/gcat·h, Feed 9:3:88 (C2H6/O2/Ar)
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