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Abstract 

The influence of fluid dynamic conditions on the oxygen transport through mixed ionic-electronic 

membranes was studied experimentally and numerically. A set of permeation experiments was 

performed in a wide range of operating conditions combining temperature, driving force and flow 

rate of air feed and sweep streams. A computational model was built and enabled to systematically 

evaluate the effect of the fluid dynamic conditions on O2 separation process. This model includes 

the surface resistance (gas exchange kinetics) and bulk oxygen-ion diffusion. The experimental 

set was used to obtain the model parameters by following a two-step fitting procedure: a first 

fitting of a simplified one-dimensional model using genetic algorithms and a subsequent refining 

of the parameters using the complete model implemented in COMSOL Multiphysics. The high-

accuracy model allowed characterizing the O2 transport phenomena and understanding the 

different factors governing the overall process, e.g. by using different membrane thicknesses, 

sweep gases or vacuum. Simulations of the fitted model revealed the importance of the sweep 

effect in the O2 transport across the membrane and enabled to establish rules for both design of 

permeation experiments and up-scaling. 
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1 Introduction 

Oxygen Transport Membranes (OTM) represent a very appealing option for conducting an in-situ 

and low cost O2 generation in small and medium-scale industrial applications with an O2 demand, 

e.g. partial oxidation and combustions in cement, ceramic, glass and power generation industries 

[1–3]. Currently, these industries utilize vacuum pressure swing adsorption (VPSA) or cryogenic 

O2 thus requiring a periodic bulk transport and storage implying a high cost and an external 

dependence. The economic and process advantages of implementing OTM-based O2 supply 

systems have been largely studied, demonstrating benefits in O2 production costs and a gain in 

process efficiency due to the thermal integration of OTM systems within processes presenting 

waste heat streams [4–6]. Amongst all the considered materials for OTMs, Ba0.5Sr0.5Co0.8Fe0.2O3-

δ (BSCF) is that presenting the highest permeation values with O2 production capabilities of up to 

62 mL·min-1·cm-2 at 1000 °C [7] despite the limited stability. Some studies have set a permeation 

threshold of at least 10 mL·min-1·cm-2 O2 for considering the feasible utilization of OTM modules 

in oxy-fuel applications [8], therefore, membrane modules based on BSCF would be suitable for 

being integrated in such applications. 

The configuration of OTM modules for integration within an industrial process can follow a 3-

end or a 4-end approach [9]. In the latter, a hot gas stream belonging to the process (typically a 

flue gas stream) is used for heating up the module and for conducting the O2 separation as sweep 

gas, whereas for the 3-end mode the permeated O2 is collected by inducing vacuum. As BSCF is 

very sensitive to environments containing CO2 and H2O [10–12], it is considered a 3-end approach 

for BSCF-based OTM production systems. O2 permeation performance is affected by several 

parameters such as temperature, O2 concentration at feed and permeate sides, feed and sweep gas 

flow rates and membrane thickness. OTM module integration into an industrial process requires 

a preliminary design phase where plant layout, elements and devices are dimensioned. In this 

stage, process simulations are conducted for checking mass and energy transfer balances and thus 

perform the most precise definition of the different elements. Amongst all the existing equipment, 

the OTM module is the most difficult to simulate, since the most commonly used process 

simulation software do not include pre-defined algorithms for simulating the OTM module 

performance. It is then necessary to build an accurate permeation model that takes into account 

the aforementioned parameters as well as permeation mechanisms such as oxygen surface 

reactions and oxygen ions diffusion through the bulk material. 

Regarding the development of these materials, modelling helps to improve the understanding of 

the permeation process as it provides a physical explanation from the raw empirical results. 

Therefore, the achievement of an accurate model describing the O2 transport across the membrane 

is critical to design the assemblies for the demanded O2 considering the suitable membrane area. 
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Most of the defined algorithms for these processes consider 0D models [13–16]. Modelling of O2 

permeation typically assumes local electroneutrality and the idealization of the ionic conduction 

and gas diffusion as hypothesis [17]. The applicability of the simulation results is limited by the 

considered assumptions. The most-frequently considered models are based on the surface 

reactions [18–24], chemical potential transport [13,25] and effective medium transport [26]. The 

development of these models allows the conduction of advanced studies by using computational 

techniques for higher analysis of the O2 permeation process. On one side, commercial process 

simulation software such as Aspen Plus permits the evaluation of the process viability [9,27–34]. 

On the other side, Computational Fluid Dynamics (CFD) has been utilized as strong visualization 

tool to simulate the effects of reactions in membrane reactors and gas separation units [33,35,44–

46,36–43]. In summary, although several of the developed models are suitable to numerous 

applications, the continuous development of O2 permeation models is necessary especially when 

these membranes are integrated in reactive systems such as oxy-combustion reactors. 

In the present work, the joint effect of the fluid dynamics conditions and operating conditions 

(feed concentration and temperature) on the oxygen transport was studied by using a model that 

specifically takes into account the most relevant phenomena involved in oxygen transport through 

MIEC membranes, i.e. formation and diffusion of oxygen vacancies and surface resistance to 

transport as proposed by Zhu et al. [13]. The model implementation was carried out using a 

Multiphysics software for finite element analysis (COMSOL Multiphysics) that made possible to 

handle complex geometries. The results herein obtained will permit the understanding and 

interpretation of the different factors governing the oxygen permeation and subsequently, the 

definition of strategies for the optimization of the oxygen production with ceramic MIEC 

materials. Therefore, the main objective of this work is providing a tool for researchers on the 

definition of tests and interpretation of experimental results involving permeation of oxygen, as 

well as helping of more advanced and applied research oriented to the design and the upscaling 

of processes in the field of OTM technology. 

2 Materials and methods 

2.1 Experimental procedure 

In order to obtain the necessary information to fit the membrane parameters from experimental 

data, permeation experiments were carried out in an experimental set-up for a wide range of 

operating conditions (i.e. temperature, flow rates, O2 partial pressure, sweep gas type). Permeation 

tests were conducted on 0.8 mm-thick disk-shaped BSCF membranes. Dense membrane 

specimens were produced from Ba0.5Sr0.5Co0.8Fe0.2O3-δ commercial powder (IKTS Fraunhofer, 

Germany) after uniaxial pressing in a 26 mm diameter steel die and subsequent sintering at 1100 

°C in air for 5 hours. These samples were tested in a quartz lab-scale reactor in which synthetic 
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air (21%, vol. O2) or O2/N2 mixtures were fed into the O2-rich chamber, while Ar was used as 

sweep gas on the permeate side chamber in a 4-end mode configuration, as displayed in Figure 

1a-b. Both streams were fed at atmospheric pressure. Inlet gases were preheated in order to ensure 

the correct gas temperature for contact with the membrane surface. This is particularly important 

when high gas flow rates are employed. All streams were individually mass flow controlled. The 

temperature was measured by a thermocouple attached to the membrane. Membrane gas leak-free 

conditions were achieved using gold rings, which were heated to 1060 °C for 4 h immediately 

prior to the measurement. The permeate was analyzed at steady state by online gas 

chromatography using a micro-GC Varian CP-4900 equipped with Molsieve5A, Pora-Plot-Q 

glass capillary, and CP-Sil modules. Membrane gas leak-free conditions were ensured by 

continuously monitoring the N2 concentration in the product gas stream. An acceptable sealing 

was achieved when the ratio between the O2 flow leak and the O2 flux was lower than 1%. The 

data reported here were achieved at steady state after 1 h in the reaction stream. Each test was 

repeated three times to minimize the analysis error. The experimental analytical error was below 

0.5%. 

A one-dimensional implementation of the model was additionally performed for diminishing the 

computational time required for fitting. This enabled an objective function performing 

significantly faster than the objective function for the multidimensional model considering the 

exact system geometry. Therefore, it was possible to use a genetic algorithm for the minimization 

of the objective function, a technique which is suitable for seeking for global optima, but highly 

time-consuming. Once the model parameters were fitted, the model was able to predict the O2 

permeation flux using as inputs the O2 partial pressure on both sides of the membrane and the 

operating conditions. Subsequently, the fitting parameters obtained with the one-dimensional 

model were used as starting point for the minimization of the objective function based on the full 

set-up geometry (COMSOL model) by using a direct optimization method. 

Once the fitting of the parameters was performed in the COMSOL model for a base case, the 

effects of membrane thickness, feed and sweep flow were studied in a range around reference 

conditions. The subsequent results will be displayed either as mapping profiles or as 2D 

dimensionally-averaged values on the membrane plane. In addition, the effect of dilution and 

shear conditions in the sweep side and the study of the limiting case of sweep vacuum conditions 

were thoroughly characterized. Finally, it was built a specific permeation model for the considered 

setup geometry by using dimensionless numbers and the whole set of CFD results. 
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Figure 1. Experimental set-up. (a) View of the general set-up; (b) adaptation of the geometry to 
2D axial symmetry; (c) mesh of the geometry for the CFD method 

2.2 Modeling procedure 

2.2.1 Model equations 

The developed model describes the O2 transport through a MIEC membrane taking into account 

bulk diffusion and surface resistances, both based on empirical parameters, together with model 

equations that account for fluid dynamics and component transport in gaseous phases, assuming 

isothermal conditions. Note that these equivalent resistances are defined as a degree of the 

limitation of the transport through the membrane surfaces but are not related to true electric 

resistance or charge polarization phenomena. Table 1 summarizes the equations used to describe 

the transport through the membrane bulk and across the gas-membrane interfaces. According to 
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the simplified scheme shown in Figure 2, five regions are distinguished, where the O2 flux is 

expressed in a different manner as a function of the oxygen potentials in each region. 

The O2 transport through the membrane bulk occurs through the diffusion of oxygen vacancies 

(Eq. (1)). In this equation, the diffusion coefficient of oxygen vacancies is assumed to follow an 

Arrhenius behavior (Eq. (2)). The equilibrium between the effective O2 pressure on the gas side 

and the oxygen vacancies (oxygen non-stoichiometry) is expressed by a Langmuir-like equation 

(Eq. (3)) with temperature-dependent coefficients (Eq. (4)) and (5)). This set of equations together 

with Eq. (6) enables to relate the concentration of oxygen vacancies on the membrane surfaces 

with the respective effective O2 pressure of each side.  

The transport of O2 in the gaseous phases depends on the fluid dynamics. In the model, the 

Navier–Stokes equations were used under the assumptions of stationary and isothermal flow, 

negligible volume forces, density independent from composition, and Newtonian gas behavior. 

The O2 transfer in the feed gas was modeled using the Maxwell–Stephan diffusion approach, as 

the O2 fraction is far from dilute conditions. This equation requires the estimation of the diffusivity 

matrix in terms of binary diffusion coefficients. In the sweep-gas compartment, as the O2 

concentration is low, the Fick’s law accurately describes the O2 mass transfer in the gas phase. 

The binary diffusion coefficients were obtained from the Chapman-Enskog theory as a function 

of the temperature and molecular properties. The flow modelling and transport equations used in 

the COMSOL model are described in a previous work. [47] 

The flux on both membrane interfaces is proportional to the drop in chemical potential and 

inversely proportional to the transport surface resistances (rf) and (rp) in Eqs. (11) and (12), 

respectively. The drop in chemical potential through the membrane-gas interface is calculated 

with the O2 effective pressure (in equilibrium with the concentration of oxygen vacancies in the 

membrane) and the gas O2 pressure in contact with the membrane (Eqs. (7) - (10)). According to 

the surface resistance model proposed by Zhu et al. [13] , the resistances follow a pressure power-

law (Eqs. (13) and (15)) with coefficient n = 0.5. The specific resistances of the feed side (rf,0) 

and permeation side (rp,0) followed an Arrhenius-like expression (Eqs. (14) and (16)).  

In the case of the one-dimensional implementation of the model, it was assumed that the only 

relevant gradients were those along the axial coordinate z. The equations resulting from this 

simplification are shown in Table 2. Thereby, the diffusive flux of oxygen vacancies from 

permeate to feed side is simplified by Eq. (17), where the surface-averaged value of oxygen 

vacancies concentrations for each side depends on the average oxygen effective pressure in each 

membrane side. In this case, the Navier-Stokes and the rigorous transport equations cannot be 

used to obtain the O2 transport in the gas phase domains. Instead, these equations were replaced 

by phenomenological expressions using a mass transfer coefficient (Eq. (23), (24)). Note that the 
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latter equation considers an average O2 pressure in the permeate compartment being expressed in 

its implicit form. In both equations, the mass transfer coefficients kf and kp were obtained from 

mass transfer simulations performed with the Multiphysics software for the gas compartments 

specific geometries as a function of gas inlet flow, temperature and gas composition. 

 

 

Figure 2. Scheme of the oxygen chemical potential gradient for the oxygen permeation process 
through the MIEC membrane 

 

Table 1. Model equations 

𝑗𝑗𝑉𝑉�̈�𝑂 =  −𝐷𝐷𝑉𝑉�̈�𝑂  ∇𝐶𝐶𝑉𝑉�̈�𝑂 (1) 

 

𝐷𝐷𝑉𝑉Ö
= 𝐴𝐴𝑣𝑣 exp �−

𝐸𝐸𝑎𝑎,𝑣𝑣

𝑇𝑇
� (2) 

 

𝛿𝛿 =
3 𝐾𝐾 (𝑃𝑃𝑂𝑂2∗ · 𝑃𝑃0−1)𝑚𝑚

1 + 𝐾𝐾 (𝑃𝑃𝑂𝑂2∗ · 𝑃𝑃0−1)𝑚𝑚
 

(3) 

 

ln𝐾𝐾 = 𝐶𝐶1 −
𝐶𝐶2
𝑇𝑇

 (4) 

 

𝑚𝑚 = 𝐶𝐶3 + 𝐶𝐶4 𝑇𝑇 (5) 
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𝐶𝐶𝑉𝑉�̈�𝑂 =
𝛿𝛿

𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 

(6) 

 

𝜇𝜇𝑂𝑂2,𝑓𝑓
𝑠𝑠 = 𝑅𝑅 𝑇𝑇 ln�𝑃𝑃𝑂𝑂2,𝑓𝑓

𝑠𝑠 · 𝑃𝑃0−1� (7) 

 

 

 

 

𝜇𝜇𝑂𝑂2,𝑓𝑓
∗ = 𝑅𝑅 𝑇𝑇 ln�𝑃𝑃𝑂𝑂2,𝑓𝑓

∗ · 𝑃𝑃0−1� (8) 

 

𝜇𝜇𝑂𝑂2,𝑝𝑝
∗ = 𝑅𝑅 𝑇𝑇 ln�𝑃𝑃𝑂𝑂2,𝑝𝑝

∗ · 𝑃𝑃0−1� (9) 

 

𝜇𝜇𝑂𝑂2,𝑝𝑝
𝑠𝑠 = 𝑅𝑅 𝑇𝑇 ln�𝑃𝑃𝑂𝑂2,𝑝𝑝

𝑠𝑠 · 𝑃𝑃0−1� (10) 

 

 

𝑗𝑗𝑂𝑂2,𝑓𝑓
𝑠𝑠 =

1
42 𝐹𝐹2

·
𝜇𝜇𝑂𝑂2,𝑓𝑓
𝑠𝑠 − 𝜇𝜇𝑂𝑂2,𝑓𝑓

∗

𝑟𝑟𝑓𝑓
 

(11) 

 

𝑗𝑗𝑂𝑂2,𝑝𝑝
𝑠𝑠 =

1
42 𝐹𝐹2

 
𝜇𝜇𝑂𝑂2,𝑝𝑝
∗ − 𝜇𝜇𝑂𝑂2,𝑝𝑝

𝑠𝑠

𝑟𝑟𝑝𝑝
 

(12) 

 

𝑟𝑟𝑓𝑓 = 𝑟𝑟𝑓𝑓,0 · �
𝑃𝑃𝑂𝑂2,𝑓𝑓

𝑃𝑃0
�
−1𝑛𝑛

 
(13) 

 

𝑟𝑟𝑓𝑓,0 = 𝐴𝐴𝑓𝑓 exp �−
𝐸𝐸𝑎𝑎,𝑓𝑓

𝑇𝑇
� 

(14) 

 

𝑟𝑟𝑝𝑝 = 𝑟𝑟𝑝𝑝,0 · �
𝑃𝑃𝑂𝑂2,𝑝𝑝

𝑃𝑃0
�
−1𝑛𝑛

 
(15) 

 

𝑟𝑟𝑝𝑝,0 = 𝐴𝐴𝑝𝑝 exp �−
𝐸𝐸𝑎𝑎,𝑝𝑝

𝑇𝑇
� 

(16) 

 

 

Table 2. Simplified equations used for the unidimensional model  
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𝑗𝑗𝑉𝑉�̈�𝑂 = −𝐷𝐷𝑉𝑉�̈�𝑂
𝐶𝐶𝑉𝑉Ö�𝑧𝑧=0

− 𝐶𝐶𝑉𝑉Ö�𝑧𝑧=Δ𝑧𝑧
Δ𝑧𝑧

 
(17) 

 

𝑗𝑗𝑂𝑂2,𝑓𝑓 = 𝑘𝑘𝑓𝑓 ·
𝑃𝑃𝑂𝑂2,𝑓𝑓 − 𝑃𝑃𝑂𝑂2,𝑓𝑓

𝑠𝑠

𝑅𝑅 𝑇𝑇
 

(18) 

 

𝑗𝑗𝑂𝑂2,𝑝𝑝 = 𝑘𝑘𝑝𝑝 · �
𝑃𝑃𝑂𝑂2,𝑝𝑝
𝑠𝑠

𝑅𝑅 𝑇𝑇
− �

𝑃𝑃𝑂𝑂2,𝑝𝑝

𝑅𝑅 𝑇𝑇
+
𝑗𝑗𝑂𝑂2,𝑝𝑝 · 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚

2 𝑄𝑄𝑝𝑝
�� 

(19) 

 

 

2.2.2 Boundary conditions 

The solution of the system of equations requires imposing proper conditions at the boundaries of 

the five considered regions. For the outmost boundaries, the pO2 in the feed and sweep gas bulk 

must be imposed. For the innermost boundaries, flux-matching conditions at the gas-membrane 

interfaces were used (Eqs. (20) and (21)). At the feed side membrane surface (z=0), the flux from 

the feed gas must be equal to O2 flux in terms of the surface resistance to transport (defined by 

Eq. (11)) and the O2 flux caused by the filling of oxygen vacancies at the membrane surface (Eq. 

(20)). On the other side of the membrane (z=Δz), the O2 flux originated by the formation of 

oxygen vacancies must equate the flux given by Eq. (12) and the O2 flux from the gas in contact 

to the membrane side to the sweep-gas bulk (Eq. (21)). 

𝑗𝑗𝑂𝑂2,𝑓𝑓�𝑧𝑧=0 = 𝑗𝑗𝑂𝑂2,𝑓𝑓
𝑠𝑠 =

1
2

 𝑗𝑗𝑉𝑉�̈�𝑂�𝑧𝑧=0
 (20) 

1
2

 𝑗𝑗𝑉𝑉�̈�𝑂�𝑧𝑧=𝛥𝛥𝑧𝑧 
= 𝑗𝑗𝑂𝑂2,𝑝𝑝

𝑠𝑠 = 𝑗𝑗𝑂𝑂2,𝑝𝑝�𝑧𝑧=𝛥𝛥𝑧𝑧 (21) 

In the case of the simplified one-dimensional approach, as there are not any flux components 

different from the axial one, all the fluxes for Eq. (11), (12), (17), (18) and (19) are equal. 

2.2.3 Model calculation 

The equations of the multidimensional model (Table 1) were implemented in the software 

COMSOL Multiphysics v4.4. As the axial geometry permits using 2D computational domains, 

then the model complexity can be greatly reduced from a computational point of view if only 

radial and z-components of the equations are considered [47]. Therefore, three interconnected 

domains were considered: permeate, membrane, and feed compartments. 
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Figure 1c shows the meshing built for the different domains. The membrane domain used a mesh 

based on quadratic elements using a mapped mesh type, while the gas phases were meshed using 

free triangular elements. For the boundary layers, a special type of meshing suitable for contours 

was used. The final mesh has an average quality mesh of 0.9316. The calculations were carried 

out using the Parallel Direct Solver (PARDISO) with parameter continuation to warrantee 

convergence, fixing the tolerance of the method at 0.001. 

The simplified one-dimensional model was implemented in MATLAB and used the software 

numeric capabilities to solve the set of non-linear algebraic equations corresponding to the flux 

identity between domains. All scalar equations of Table 1 were used in the one-dimensional 

model. The expression for flux of oxygen vacancies was simplified to Eq. (12). The flux equations 

were expressed as a function of the inlet O2 pressure, O2 pressure in the gas in contact with the 

membrane surface and effective pressure in equilibrium with the oxygen vacancies. The 

application of the boundary equations required the calculation of these pressures and, 

consequently, of the O2 fluxes. 

2.3 Fitting procedure 

The model equations include many parameters. To simplify the problem, the equilibrium related 

parameters of Eqs. (4) and (5) were taken from [48]. Even so, the amount of the remaining 

temperature dependent parameters was high. However, the quantity of parameters to be fitted 

becomes smaller if the fitting is performed independently for each temperature. Once the 

parameters for each temperature are obtained, they can be fitted to determine their temperature-

dependent correlations. 

According to this procedure, the experiments were divided into subsets for each temperature. 

Figure 3 schematizes a procedure for the fitting of the parameters to the set of experimental 

results. However, this fitting procedure has the problem that many local minima can occur. To 

increase the possibilities to obtain a global optimum, optimization technique based on genetic 

algorithms was used although a large number of evaluations of the objective function were 

required. This optimization approach can be very time-consuming in the case of 2D models solved 

by a Multiphysics software. 
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Figure 3. Overall fitting procedure of the model parameters 

The genetic algorithm used was a single genetic algorithm for real-coded parameters as described 

by Haupt and Haupt [49]. The individuals took the form of the parameter vector to be fitted and 

the objective function to be minimized was the medium square error (MSRE, Eq (22)) obtained 

between the calculated values for the present parameter vector and the experimental values at 

constant temperature. The algorithm starts from an initial population randomly generated. The 

initial population size was 45. The population was improved for a number of generations of 800. 

The values of the parameters obtained using the one-dimensional model were used as starting 

values for the fitting procedure using an objective function based on the 2D model. In this case, 

a direct method (Nelder-Mead) was sequentially applied to minimize the objective function by 

sequentially using the results given by COMSOL. The whole procedure was repeated for each 

temperature. Afterwards, linear fitting was applied between the logarithm of the parameters and 

the inverse of temperature to obtain the law of temperature dependence for each parameter. The 

fitting procedure of the vector of parameters was based also on the minimization of the medium 

square relative error (MSRE) of the oxygen flux at given operating conditions (Eq (22)). 

𝑀𝑀𝑀𝑀𝑅𝑅𝐸𝐸(𝑝𝑝) =
1
𝑁𝑁
� �1−

𝑗𝑗𝑂𝑂2,𝑖𝑖
𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐(�⃗�𝑝, �⃗�𝑦𝑖𝑖  )
𝑗𝑗𝑂𝑂2,𝑖𝑖
𝑒𝑒𝑒𝑒𝑝𝑝 �

2𝑁𝑁

𝑖𝑖
 (22) 

2.4 Simulation studies 

Experimental 
data set 

Experimental 
data set at Ti 

GA optimization of 
fitness function based 

on 1D model 

Fitted parameters 
at Ti 

Nelder-Mead 
optimization of fitness 

function based on 
spatial model 

Fitted parameters 
at Ti 

Parameter correlations 
as a function of T 

Initial guess 
(fitted parameters at Ti-1) 

Parameter fitting for each Ti 
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By using the fitted parameters, several studies were performed in order to analyze the influence 

of the main variables of the membrane and separation process. In addition, the use of vacuum 

pressure was studied as an alternative to using a sweep gas for many industrial applications. The 

conditions of the reference case used in the simulations are shown in Table 3. In the following 

sections, the specific conditions and ranges studied are described while keeping the rest of the 

conditions as depicted in Table 3. 

Table 3: Conditions for the reference case 

Parameter Units Values 

Feed inlet composition - Air 

Feed inlet flow mLSTP/min 300 

Pressure in the feed compartment bar 1 

Sweep inlet composition - Ar(1) 

Sweep inlet flow mLSTP/min 300 

Pressure in the sweep compartment bar 1 

Membrane thickness µm 800 

Temperature °C 700, 800, 900, 1000 
(1)Ar with 2·10-5 bar of O2 

 

2.4.1 Effect of the membrane thickness 

The membrane thickness was varied from 10 µm to 10000 µm to assess the relative importance 

of the bulk transport with respect to the other transport mechanisms involved in O2 separation. 

The study was performed with and without considering surface-exchange resistances.  

2.4.2 Effect of the feed inlet flow 

The flow rate of the air feed was varied from 10 to 1250 mLSTP/min to characterize the fluid 

dynamic behavior in the feed compartment and to determine its impact in the O2 flux as a function 

of temperature. 

2.4.3 Effect of the sweep inlet flow 

The gas sweeping causes different effects that influence the magnitude of the net O2 flux. Namely, 

the gas sweeps the O2 from the membrane surface and simultaneously dilutes the swept O2 gas. 

Both effects enable to increase the driving force for oxygen transport. Both effects were 

investigated through the fluid-dynamics simulation in the permeate (sweep gas) compartment, i.e. 

by varying the sweep inlet flow rate in the range from 10 to 1000 mLSTP/min. 
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2.4.4 Effect of the sweep gas composition  

He, CO2 and steam were used as sweep gases for comparison with the reference gas (Ar). For all 

the three sweep gases, a pO2 of 2·10-5 bar was assumed at the inlet. CO2 and steam may be 

adsorbed on the BSCF membrane surface, leading to changes in the O2 surface-exchange kinetics 

and in the material microstructure, thus affecting negatively the O2 permeation [9,11,12,50,51]. 

However, the model does not consider this specific surface phenomena and, therefore, the 

simulation only will account for fluid dynamic effects related with molecular mass, viscosity and 

differences of oxygen diffusion in these gases. 

2.4.5 Activation energy 

Taking into account the simulation results obtained by varying the feed and sweep inlet flow rates, 

two situations according to the magnitude of the concentration polarization were studied for all 

sweep gases: (i) situation with relative low sweep gas flow; and (ii) situation of high sweep gas 

flow, i.e. the effect of concentration polarization may be negligible. The term polarization here is 

used as the situation where substantial gas concentration gradients are present in the gas diffusion 

chambers. The comparison of both situations made possible to determinate the effect of the 

concentration polarization on oxygen flux and the associated (apparent) activation energy. Indeed, 

the apparent activation energy is usually determined experimentally and is used as a good 

indicator of the most probable rate-limiting step in O2 separation with ionic membranes. 

2.4.6 Fluid-dynamic dimensionless studies 

The analysis of the CFD results on the effect of the sweep gas in the oxygen transport across the 

membrane was made considering correlations of dimensionless numbers. For this kind of 

processes where the permeation is governed by the oxygen transference through the membrane, 

a correlation is needed to describe gas transference, gas diffusions and fluid-dynamics. The typical 

correlation for this kind of phenomena uses (Eq (23)) [52–57], which relates the Sherwood 

number �𝑀𝑀ℎ = 𝑘𝑘𝑚𝑚·𝐿𝐿𝑐𝑐
𝐷𝐷

�, Reynolds number �𝑅𝑅𝑅𝑅 = 𝜌𝜌·𝑢𝑢·𝐿𝐿𝑐𝑐
𝜇𝜇

� and Schmidt number �𝑀𝑀𝑆𝑆 = 𝜇𝜇
𝜌𝜌·𝐷𝐷
�. 

 𝑀𝑀ℎ = a · 𝑅𝑅𝑅𝑅b · 𝑀𝑀𝑆𝑆c (23) 

Where a, b, and c are the constants of the correlation. A typical value for c for this correlation is 

1/3. The material transference coefficient (km) was measured considering: 

 𝐽𝐽𝑂𝑂2 = k𝑚𝑚 · Δ𝐶𝐶𝑂𝑂2 (24) 

 𝑘𝑘𝑚𝑚 =
𝐽𝐽𝑂𝑂2
Δ𝐶𝐶𝑂𝑂2 

 (25) 
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Where ΔCO2 is the oxygen concentration gradient in the surroundings of the membrane. For the 

feed chamber:  Δ𝐶𝐶𝑂𝑂2,𝑓𝑓𝑒𝑒𝑒𝑒𝑚𝑚 = 𝐶𝐶𝑂𝑂2,𝑐𝑐ℎ𝑎𝑎𝑚𝑚𝑎𝑎𝑒𝑒𝑎𝑎 − 𝐶𝐶𝑂𝑂2,𝑚𝑚𝑒𝑒𝑚𝑚𝑎𝑎; and for the sweep chamber: Δ𝐶𝐶𝑂𝑂2,𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑝𝑝 =

𝐶𝐶𝑂𝑂2,𝑚𝑚𝑒𝑒𝑚𝑚𝑎𝑎 − 𝐶𝐶𝑂𝑂2,𝑐𝑐ℎ𝑎𝑎𝑚𝑚𝑎𝑎𝑒𝑒𝑎𝑎. 

2.4.7 Vacuum extraction system 

The simulation of a vacuum extraction system in the same set-up required the implementation of 

several changes in the model. The sweep gas inlet was removed, and the sweep gas outlet was 

replaced by the vacuum simulation module included in the COMSOL software at the 

corresponding pressure. The composition of the compartment was adapted according to O2 

properties. The considered vacuum pressures ranged from 10 to 200 mbar. The feed inlet for all 

cases was 500 mLSTP/min of standard air. 

3 Results 

3.1 Fitting of the CFD model 

Figure 4 shows the fitting results for parameters of the CFD model as a function of temperature. 

The diffusion coefficient of oxygen vacancies (Dv) fits an Arrhenius expression (Figure 4a) with 

a correlation factor of > 0.99. A comparison with diffusion coefficients from previous reports is 

available in Figure S3. The temperature dependence of the parameters associated to gas-exchange 

surface resistance (Figure 4b) was different for each membrane side. In the case of the feed – 

membrane surface, the resistance parameter rf decreases with temperature and the results fit to an 

Arrhenius equation (Figure 4b). For the membrane – sweep surface, the resistance parameter rp 

decreases until 800 °C, and it almost stabilizes its value above this temperature. The results after 

fitting to an Arrhenius expression are shown in Table 4. The activation energy values of Dv are 

similar to those obtained elsewhere but the surface resistances present lower values because of a 

small pre-exponential factor [24,58–63]. The decrease of the resistance related to the oxygen 

surface exchange indicates an intensification of this phenomenon (in both sides of the membrane 

when the temperature increases). The improvement of the surface exchange with temperature was 

previously reported [24,59,61]. 
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Figure 4: Fitting results (a) diffusion coefficient of oxygen vacancies (b) Pre-exponential factors 
for surface resistances of the CFD model. 

 

Table 4. Parameter fitting of the CFD model as an Arrhenius function of the temperature: 𝑓𝑓(𝑇𝑇) =
A · exp (−𝐸𝐸𝐸𝐸 R𝑇𝑇� ) 

Coefficient Pre-exponential factor units Activation energy, Ea Units 

DVo 8.471E-5 m2/s 63.853 kJ/mol 

rf,0 2.700E-6 Ω·cm2 -78.133 kJ/mol 

rp,0 (T < 800 °C) 7.223E-5 Ω·cm2 -33.035 kJ/mol 

rp,0 (T > 800 °C) 3.770E-3 Ω·cm2 2.272 kJ/mol 

 

Figure 5 compares the experimental results (data points) of O2 flux (JO2) with model simulations 

(solid lines) using the fitted parameters as a function of the pO2 of each chamber. In the studied 

range, the experimental data have similar values to those reported in other works [62,64–69] for 

BSCF membranes. In Figure 5a, the pO2 of the feed inlet is varied at different temperatures while 

the sweep inlet composition remains fixed, as can be seen, the obtained CFD model fits the 

experimental results with a high degree of accuracy. Similarly, Figure 5b illustrates the goodness 

of the fitting when the pO2 of the sweep gas is varied at a fixed feed inlet composition.  

a b
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Figure 5: Comparison of experimental results (points) and model simulations using the fitted 
parameters (full lines) for oxygen flux at different temperatures (a) Effect of the oxygen partial 
pressure of the feed inlet; (b) Effect of the oxygen partial pressure of the sweep gas inlet (feed 
inlet conditions: air, 300 mLSTP/min; sweep inlet conditions: argon, 300mLSTP/min, membrane 
thickness: 1mm). 

4 Results of the CFD simulations of the 3D permeation setup 

4.1 Effect of membrane thickness: 

As a rule of thumb, the higher the membrane thickness the higher the bulk-transport resistance 

towards O2 permeation, hence an improvement in JO2 can be expected when reducing thickness 

as long as the bulk-transport governs the O2 separation. Figure 6 shows the JO2 calculated by using 

the CFD model from the fitted parameters as a function of the membrane thickness at different 

temperatures. On one hand, if gas-exchange surface resistances are considered in addition to bulk-

transport resistances, JO2 does not increase (solid lines) when reducing membrane thickness below 

100 µm. On the other hand, if the effect of surface resistance is neglected in the model and only 

bulk-transport is considered, the flux increases as the membrane thickness is decreased in the 

considered range. Therefore, for thicknesses around 100 µm, the surface resistances fully control 

the permeation process, with no beneficial effects in JO2 if thickness is reduced. At thicknesses 

above 100 µm, both model considerations lead to a similar JO2 behavior with a performance 

worsening with thickness increments since the process is mainly controlled by the bulk transport 

of oxygen vacancies. Furthermore, for thicknesses higher than 2 mm, the bulk diffusion governs 

the oxygen permeation. These results are in agreement previous reports [70]. 

a b

> 0.99 R2 > 0.99
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Figure 6: Effect of thickness on the average oxygen flux (Feed inlet conditions: air, 
300mLSTP/min; sweep inlet conditions: argon (2·10-5 bar O2), 300mLSTP/min)  

From the CFD model it was also possible to determine the contribution of the different resistances 

in dependence of thickness and temperature. Figure 7 shows the relative distribution of the 

different resistances in a thickness range from 10 to 10000 µm at 1000, 850 and 700 °C. As it can 

be seen and as it was previously mentioned, for thicknesses below 100 µm the bulk resistance 

effect is not significant in comparison with the gas-exchange surface resistances in both feed and 

sweep sides for all the considered temperatures. Concerning the contribution of the surface 

resistances, there is a stronger limiting effect of sweep side surface exchange reactions at higher 

temperatures and low thicknesses, whereas at lower temperatures the surface reactions at feed 

side become more dominant. The latter is due to oxygen reduction reactions occurring at feed side 

are more dependent on temperature, being then slower at low temperatures with respect to oxygen 

oxidation reactions [71–75]. The state-of-the-art BSCF asymmetric membranes considered for 

practical applications present thicknesses in the range from 10 to 70 μm, therefore it is necessary 

the conduction of surface activation strategies for optimizing the O2 permeation performance 

[7,76]. For the highest thickness values studied, the bulk resistance becomes comparable to the 

surface resistances. At 700 °C (Figure 7a) and 850 °C (Figure 7b), the resistances of the three 

contributions are similar, while at 1000 °C (Figure 7c), the surface resistance on sweep side 

represents almost half of the total resistance. Other authors have reported similar resistance 

distribution [13,62]. 
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Figure 7. Contribution of the different resistances to the total resistance to oxygen permeation (a) 
700 °C, (b) 850 °C, (c) 1000 °C. Feed inlet flow 300mLSTP/min, feed inlet: air, sweep inlet flow 
300mLSTP/min, sweep inlet: Ar (2·10-5 bar O2) 

4.2 Effect of feed flow  

Figure 8 shows the effect of feed flow rate in JO2 for a 0.8 mm-thick BSCF membrane at different 

temperatures. For the considered membrane thickness, as it was observed in the Figure 7, both 

the gas-exchange surface and the bulk resistances are in the same order of magnitude. As can be 

seen in Figure 8, the influence of feed flow rate is significant at low values, with a sharp JO2 

decrease below 100 mLSTP/min for all the considered temperatures, whereas at flow rates above 

this value the O2 fluxes are barely improved. This is due to concentration polarization phenomena 

occurring at feed side surface when the provided O2 is insufficient for satisfying the high transport 

of O2- through the bulk. Therefore, for high-permeating materials such as BSCF, if the amount of 

O2- transported through the oxygen vacancies is higher than the supplied O2 (this happening at 

low feed flows), then a significant decrease of the local pO2 occurs at the membrane feed side 

surface due to an O2 depletion in the gas phase. This produces a reduction in the driving force 

through the membrane and subsequently in the O2 permeation. Instead, at higher feed flow rates, 

the O2 supply is sufficiently high for ensuring the O2- bulk diffusion and therefore no significant 

gain in JO2 is obtained by increasing the feed flow. This polarization concentration resistance takes 

place at all the temperatures, but it is more limiting at higher temperatures due to the higher O2- 

bulk diffusion, as can be seen for the 1000 °C results. The same behavior was reported for Zhu 

et. al.[13] and Wang et al. [66]. 
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Figure 8: Effect of the feed inlet flow on the average oxygen flux for different temperatures. (Feed 
conditions: air , Sweep inlet conditions : Ar (2·10-5 bar O2) 300 mLSTP/min, membrane thickness: 
0.8mm) 

4.3 Effect of the sweep inlet flow: 

Similarly to the feed side, the permeate side is also affected by concentration polarization 

resistances in the way that an accumulation of O2 on membrane surface generates an increase in 

the pO2 thus lowering the pO2 gradient across the membrane and, as previously explained, the 

JO2. Such an accumulation arises from a poor O2 desorption from the membrane surface due to an 

inefficient sweeping. The sweep inlet flow causes velocity gradients –on the membrane surface– 

that depend on the module geometry. The gas velocity gradients determine the O2 concentration 

profile in the sweep gas compartment that, at the same time, influence the oxygen transport. 

Therefore, it is of great importance to study the effect of the sweep flow rates on the pO2 profiles 

for understanding its influence on the maximization of JO2. Figure 9 shows the effect of the sweep 

inlet flow on the average O2 flux, the average pO2 and the average shear rate on the membrane 

surface. The pO2 is calculated as the average values at 2 mm from the membrane surface. From 

the obtained results it is confirmed that, as the sweep inlet flow rate increases, the O2 in the sweep 

compartment is more diluted, and therefore, the JO2 increases as a consequence of the increased 

driving force. For sweep gas flow rates greater than 300 mLSTP/min (approximately 104 s-1 of 

average shear rate), the sweep inlet flow does not significantly influence the oxygen flux, thus 

setting the optimal value for 0.8 mm-thick BSCF membranes. 
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Figure 9: Effect of the sweep flow on the average oxygen flux, oxygen partial pressure over the 
membrane surface and shear rate at the reference conditions (Qfeed = 300 mLSTP·min-1).  

 

 

Figure 10: Oxygen partial pressure profile as a function of z coordinate at different sweep inlet 
flows and 1000 °C at reference conditions (Qfeed = 300 mLSTP·min-1). 
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Figure 10 shows the pO2 profile for different sweep inlet flows at 1000 °C. Regarding the pO2 in 

the feed compartment, the polarization effects were not significant, even for the highest sweep 

inlet flows studied. However, in the sweep compartment, the polarization effect is important at 

low sweep inlet flows, since (i) the sweep stream does not dilute sufficiently the permeated O2 

and (ii) the velocity close to the membrane is not high enough to sweep the O2 and to properly 

mix it with the main gas stream. 

 

4.4 Analysis of the apparent activation energy 

Taking into account the previous results, the effect of the thickness in the apparent activation 

energies related to the O2 flux was studied for three cases according to the fluid dynamic regime: 

(i) the reference case; (ii) a case with low concentration polarization; and (iii) a case with high 

concentration polarization. The conditions of each case are described in Table 5. 

Table 5: Conditions for the activation energies study 

Case Feed inlet 

flow 

Feed inlet Sweep inlet 

flow 

Sweep inlet O2 

Units mLSTP/min - mLSTP/min Bar 

Reference 300 Air 300 2·10-5 

Low polarization  300 Air 500 2·10-5 

High 

polarization 

50 Air 50 2·10-5 

 

Figure 11 shows the O2 flux for three different membrane thicknesses (10, 100 and 1000 microns) 

in dependence of temperature. It is commonly found that the apparent activation energies (EA) for 

oxygen permeation change their values above a certain temperature [19,77,78]. In our case, the 

results showed a change in EA at a temperature near 800 °C. 
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Figure 11: Oxygen flux. Feed inlet: air, sweep inlet: Ar (2·10-5 bar O2). R = Reference case, LP = 
case with low gas-concentration polarization, HP = case with high gas-concentration polarization 

Figure 12 shows the results of the EA for the considered cases. The case with high polarization 

has the lowest EA values, while the reference case and the case with low polarization present 

similar results. For all cases, EA is lower at high temperatures (HT) than at lower temperatures 

(LT). At LT, the EA for the reference and low polarization cases do not significantly vary with the 

membrane thickness, while for the high polarization case, it increases with the membrane 

thickness (specially above of 100 µm). At HT, there is a notable raise in the EA with the thickness. 

These results are in line with previous experimental works [13,62]  and enables to quickly 

interpret typical experimental results in O2 permeation. 
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Figure 12: Apparent activation energies at LT (low temperature, <800 °C) and at HT (high 
temperature, >800 °C) for different cases, including the effect of gas-concentration polarization. 
Feed inlet: air, sweep inlet: Ar (2·10-5 bar O2).  

Figure 13 compares the pO2 profiles for the high and low polarization cases. In Figure 13.a (high 

polarization case) a large pO2 gradient can be observed in the sweep compartment near the 

membrane surface. Furthermore, the O2 profile in the feed compartment shows that the permeated 

O2 causes the pO2 in contact with the membrane to be 12% lower than the pO2 in the inlet feed. 

Otherwise, Figure 13.b (low polarization case) shows that the pO2 on the membrane surface has 

practically the same value than in the feed. In this case, the streamlines indicate the formation a 

swirl close to the membrane. 
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(a) 

 

(b) 

 

 

 

Figure 13: Oxygen pressure profile for the high polarization case (a) and the low polarization case 
(b) at 1000 °C. Streamlines: speed pathways. 

4.5 Effect of the sweep gas composition on the oxygen transport in the gas phase  

Considering the model established from the experimental data (obtained by using Ar as sweep), 

the effect of varying the type of sweep gas on the O2 transport in the gas phase was studied. For 

conducting this study, the sweeping of a BSCF membrane with Ar, CO2, H2O and He was 

considered. Note that the possible effects on the surface resistance due to gas composition are not 

considered in the study (e.g., CO2 and H2O competitive adsorption on the surface of ionic 

membrane), i.e., only the fluid dynamic and diffusional characteristics are considered. Figure 14a 

shows the results of O2 flux at different temperatures and sweep inlet flow for the four gases 

studied. The O2 flux obtained using He as sweep is lower than that obtained with the other gases 

for values of sweep inlet flow higher than 100 mLSTP/min, whilst the JO2 tends to the same value 

for all gases at very high values of sweep gas flow. As the molecular mass of He is notably smaller 

than the other considered gases, therefore its ‘sweeping capacity’ is also smaller. This is because 

the sweeping of the O2 molecules adsorbed on membrane surface not only depends on the 

diffusive effects generated by the low pO2 induced by the sweep gas, but also on the fluid dynamic 

effect consisting of molecular collisions between sweep gas molecules and the adsorbed O2 

molecules. Therefore, the larger the molecules colliding with the adsorbed O2 the better the 

sweeping will be. The viscosity of the sweep gas also influences this mechanism, i.e., the more 

viscous the fluid is the more the friction against the surface will produce. Therefore, sweep gases 

inducing a higher friction on membrane surface will release of adsorbed O2 molecules more 

effectively and, subsequently, a better sweeping is reached. This is described by the shear rate, 

which quantifies the rate at which a fluid is sheared during flow. Figure 14b shows the shear rate 

on the membrane surface from the same simulations as an indicator of the ‘sweeping capacity’ in 

the way that the higher the shear rate the more effective the sweeping. At low sweep gas flows 

(high concentration polarization), all gases lead to similar shear rate values, but at high sweep 
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flow values (low gas-concentration polarization), the use of Ar, CO2 or steam leads to shear rates 

two orders of magnitude higher than those of He, thus explaining the JO2 results observed in Figure 

14a. 

 

Figure 14. (a) Oxygen flux for different sweep gases (reference case) (b) shear rate in the sweep 
– membrane surface using different sweep gases (different sweep gas flow at reference 
conditions) 

Finally, Figure 15 shows results of fitting the correlation between Sherwood (Sh), Reynolds (Re) 

and Schmidt (Sc) numbers (Eq 23). This plot shows the relation 𝑀𝑀ℎ/𝑀𝑀𝑆𝑆𝑐𝑐, with c = 1/3 depending 

on Reynolds number, as expected for a gas separation process [52–57]. This plot provides an idea 

about the effect of the inertial forces effect on the permeation. At Reynolds lower than around 8 

– 10, the inertial forces do not present any effect in the oxygen transport, thus for these lower 

values, the oxygen transport is due only for the difference of partial pressures and it is expected 

polarization close of the membrane appear due to that low inertial strength of the gas. At Reynolds 

higher than 8 – 10, the increase of the inertial forces in the gas improves the oxygen transference 

and, as consequence, the inertial forces enable to improve the sweeping of the oxygen permeated. 

b
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Figure 15. Evaluation of the fluid dynamic effect in the oxygen permeation using correlations of 
Sherwood, Reynolds and Schmidt dimensionless numbers. 

Table 6 shows the comparison of the values for the fluid dynamic correlation for this study (before 

the fitting and after the fitting). The correlation values are in line with those reported elsewhere 

while the fitted constants are similar to the reported in the bibliography [52,53,55,56] using this 

correlation (Eq (23)). 

Table 6. Comparison of the values for the fluid dynamic correlation (Eq. (23)). 

Composition a b c 

O2 - Ar 0.4361 0.9318 1/3 

O2 - steam 0.3577 1.0026 1/3 

O2 - CO2 0.5121 0.8936 1/3 

O2 – Global (sweep) 0.4394 0.9323 1/3 

O2 – Air (feed) 0.5309 0.697 1/3 

 

However, and although it is expected that the dilution has a higher effect in the O2 permeation 

than the inertial effect (or sweep effect), this analysis reveals the importance of the sweep gas in 

the oxygen transport process. Therefore, in order to avoid polarizations in this chamber, the 

suitable gas compositions and flow shall be chosen carefully. These considerations could be 

critical when upscaling the permeation system to minimize the required membrane surface area, 

and thus the related capital expenses. 
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4.6 Vacuum system 

Finally, the performance of a vacuum system was compared with that of case using sweep gas at 

an inlet flow for which low concentration polarization is obtained (500 mLSTP/min). Figure 16a 

shows that similar O2 flux values to those of the sweep gas case are obtained for a vacuum pressure 

of 10 mbar. For this vacuum pressure, the O2 flux is higher than that of the sweep gas case at 

temperatures higher than 800 °C and smaller under this temperature. The reason of this behavior 

can be seen in Figure 16b. Under this temperature value, the average pO2 on the membrane surface 

is higher using vacuum pressure and, consequently, the driving force is smaller. In addition, 

compared with the situations in which a sweep gas is used, there are no significant changes in the 

pO2 (Figure 16b) if vacuum pressure is used. A previous work reported similar results for tubular 

devices [66].  

 

 

Figure 16: Vacuum results. (a) Oxygen flux results; (b) oxygen partial pressure in the sweep 
compartment. Feed inlet flow: 300mLSTP/min; feed inlet: air; thickness: 0.8mm 

 

Figure 17 shows the pO2, velocity profiles and streamlines for a vacuum pressure of 10 mbar at 

1000 °C. Comparing the pO2 profiles (Figure 17a) with one obtained using sweep gas, it can be 

observed that the vacuum systems achieve a more homogeneous O2 profile in the sweep 

compartment. Therefore, by using vacuum pressure there is not stagnant flow near the corners 

and the entire membrane surface is active for transport. 
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Figure 17: contour plots. (a) oxygen partial pressure profile (left bar: pressure profile in the 
vacuum compartment; middle bar: oxygen partial pressure in the feed compartment; right bar: 
oxygen equivalent pressure in the membrane; streamlines: speed pathways); (b) speed profile (left 
bar: oxygen flow profile in the membrane; middle bar: speed profile in the feed compartment; 
right bar: speed profile in the vacuum compartment; streamlines: speed pathways). Feed inlet 
flow: 500 mLSTP/min; feed inlet: air; vacuum pressure: 50 mbar; 1000 °C. 

5 Conclusions 

A finite element model was built to evaluate the oxygen transport across MIEC ceramics at high 

temperature. This methodology allows to perform a local evaluation of all the phenomena 

involved on the oxygen permeation process. A fitting of the model to experimental results was 

done to determine surface and bulk diffusion parameters. Whilst conventional 0D methodology 

can be influenced by polarization phenomena, the methodology considered in this study evaluates 

locally all the phenomena. 

The results of the complete CFD model showed that the oxygen permeation of membrane with 

thicknesses >2mm are limited by bulk diffusion mechanism. Polarization effect causes strong 

limitations on the oxygen transport, especially at the sweep side. This polarization can occur at 

the sweep chamber when the permeated oxygen is not properly swept from the membrane surface. 

Furthermore, the inefficient sweeping is related to the nature of the gas used since it influences 

the diffusion of adsorbed oxygen species and desorption of molecular oxygen from the surface. 

This is related to two main factors that govern the inertial force of the sweep gas: (i) the speed of 

the gas close to the membrane; (ii) the molecular weight of the inert gas. The higher the both 

factors are (velocity and molecular weight), the better the oxygen is swept. The present study 

reveals that, although the diluting effect of the sweep gas strongly influences the oxygen transport, 

the sweeping effect is not negligible (mainly due to the appearance of polarization problems). 

Finally, a comparison with vacuum extraction of the oxygen permeated was performed. This last 

study allows evaluating how high vacuum pressures are needed to achieve similar oxygen results 

than when using a sweep gas. 
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6 Nomenclature 

 

Ap Pre-exponential factor of the permeate-membrane surface resistance 

Av Pre-exponential factor of the diffusion coefficient of oxygen vacancies 

Amod Membrane active area 

CVö Molar concentration of oxygen vacancies 

Ci Coefficients for equilibrium equation 

DVö Diffusion coefficient of oxygen vacancies 

Ea,f Activation energy factor of the feed-membrane surface resistance 

Ea,p Activation energy of the permeate-membrane surface resistance 

Ea,v Activation energy of the diffusion coefficient of oxygen vacancies 

F Faraday constant 

jO2 Molar flux of oxygen 

jVö Molar flux of oxygen vacancies 

k Mass-transfer coefficient 

K Temperature dependent coefficient of the oxygen non-stoichiometry 

m Temperature dependent exponent of the oxygen non-stoichiometry 

n Exponential coefficient for oxygen pressure dependence of surface resistance 

N Number of experiments 

𝑝𝑝 Vector of parameters to be fitted 

pO2 Oxygen partial pressure 

P0 Reference pressure 
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Qp inlet flow of sweep gas 

R Universal gas constant 

rf resistance parameter at the feed-membrane surface  

rp resistance parameter at the permeate-membrane surface  

rf,0 Pre-exponential factor of surface resistance at the feed-membrane surface 

rp,0 Pre-exponential factor of surface resistance at the permeate-membrane surface 

T Absolute temperature 

�⃗�𝑦 Vector of experimental conditions 

vBSCF Molar volume of BSCF membrane 

Greek letters 

Δ Oxygen non-stoichiometry 

∆z Membrane thickness 

µΟ2 Oxygen chemical potential 

Subscripts 

F Feed side 

P Permeate side 

Z z-direction (perpendicular to the membrane plane) 

Superscripts 

* Gas property calculated in equilibrium with the oxygen vacancies  

S Gas-membrane surface 
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