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Abstract: This article is devoted to the development of the direct resistive heating of oxygen transport
membranes technique. In this case, DC was selected to perform direct heating. The effect of DC
on the oxygen fluxes and the microstructure of the membrane was studied. It is shown that in the
short-term experiment with DC, a positive significant effect on the oxygen transport was found, while
sample exposure under the influence of DC for a long period of time had a significant negative effect
on the microstructure of the membrane.
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1. Introduction

Oxygen-permeable (OP) membranes that are composed of oxides with mixed ionic-electronic
conductivity (MIEC) have found applications in various innovative technologies. They have 100%
selectivity and are easily incorporated into the high-temperature processes of the partial oxidation
of hydrocarbons, the conversion of methane to synthesis gas, and the dimerization and oxidative
pyrolysis of methane, and the production of ethylene and acetylene [1–5].

Earlier [6,7], it was shown the promise of using AC (50 Hz frequency) for the direct heating of
hollow fiber membranes (HFMs), which improves their performance and efficiency of temperature
control. In this case, the membranes with mixed oxygen-electronic conductivity are both a heater and
an oxygen separator.

Here, research is devoted to the development of this technique, namely to the study of AC/DC on the
heating process of OP HFMs. The long term stability of the AC/DC-heated Ba0.5Sr0.5Co0.7Fe0.2Mo0.1O3-δ

(BSCFM10) HFMs is studied. It is shown that direct DC heating leads to the degradation of the membrane
surface, which negatively affects the functional characteristics of the material.

2. Experimental

A powdered BSCFM10 precursor was synthesized by a convenient solid-state reaction. BSCFM10
HFMs were produced by a phase inversion technique. The ceramic precursor was mixed with an
N-methyl-2-pyrrolidone solvent (NMP) and a polysulfone binder (PSU) in a ratio of 10:4:1, respectively [6–8].
The slurry was homogenized and degassed by using a Dispermat®LC-55 (VMA-Getzmann, Germany)
over 120 min at 1500 rpm. The slurry was extruded through a spinneret (Figure 1) to make the green bodies
of the HFMs. The air gap was 10 mm.
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Figure 1. Schematic diagram of the spinneret.

The sintering of the BSCFM10 HFMs was done at 1160–1170 ◦C for 6 h in a muffle furnace in
the air, keeping the sample for 1 h at 600 ◦C to remove the organic binder; Vheat = 250 ◦C/h.

The morphology of the HFMs was examined with a TM-1000 (Hitachi, Japan) scanning electron
microscope. The gas tightness of the HFMs was approved by using a NORD-TEST ROT 3000 commercial
penetrant (Helling GMBH, Germany) whose penetrating ability is comparable to gases.

The experimental setup is shown in Figure 2.

Figure 2. Installation for the study of the high-temperature oxygen permeability of hollow fiber
membranes (HFMs): 1—AC source; 2—rectifier; 3—gas mixer; 4—reactor; 5—infrared pyrometer; and
6—QMS.

Direct AC heating was performed by means of an AC source (1). In the case of DC heating,
a rectifier (2) was used. Gas flows (Ar, O2, N2) were monitored with a UFPGS-4 gas mixer (3) (SoLO,
Russia). The gases are fed into the reactor (4), thereby creating the internal and external areas of
the membrane. The concentration of oxygen passing through the membrane was determined by
quadrupole mass spectrometer (6) QMS 200 (SRS, USA). The temperature of the membrane was
monitored by an IGA 300 infrared pyrometer (5) with an accuracy of 5 ◦C (IMPAC, Germany). The spot
size of pyrometer was 2.0 mm. The summary flow of oxygenated Ar was controlled by a MARK flow
sensor (SoLO, Russia).

In this experiment, the original reactor was used (Figure 3).
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Figure 3. The reactor for AC/DC heating experiments.

The “Ar” and “Ar+O2” channels were connected with the HFMs through polymer tubes;
the connections were sealed by heat-shrink tubes. A current-conducting reliable connection between
the HFMs and the AC/DC source was provided by silver coating.

The study of high-temperature oxygen permeability was performed by using gas-tight BSCFM10
HFMs at 600–850 ◦C (with a step of 50 ◦C) and oxygen partial pressures on the feed side, pO2.1,
of 0.10–0.70 atm (with a step of 0.10 atm).

Oxygen and nitrogen were supplied in various proportions inside the reactor, and argon was
supplied into the membrane. The flow rate of the sweep gas (90 ml/min) and the flow rate of feed
gas (150 ml/min) were constant throughout the experiment. These values and counter-current flow
mode were selected earlier and determined as necessary and sufficient for the experiment, in particular
for the uniform distribution of heat along the membrane. The controlled heating of the membrane
was carried out by the current regulator, which ensured the necessary temperature regime during the
experiment: Vheat = 350 ◦C/h.

When the required temperature was reached, the oxygen pressure in the sweep gas (pO2.2) was
measured in a given range of partial oxygen pressures in the feed gas (pO2.1), as indicated earlier, with
a waiting time at each pressure for at least 5 minutes. Measurements were taken starting from the
lowest temperature, as well as from the lowest partial pressure of oxygen at each temperature.

In order to describe the oxygen transport in the hollow fiber membranes, we propose a model
based on the semi-empirical dependence of the oxygen flux (JO2) on the partial pressures of oxygen,
which is generally used in the case of planar membranes [9–13] and was rationalized by the oxygen
transport model presented in [14]:

JO2 =
pO2.1

n
− pO2.2

n

h
DK + 2

kads

= γ(T)(pO2.1
n
− pO2.2

n) (1)

where h is membrane thickness, K = kads/kdes, kads and kdes are the rate constants of the surface reactions,
γ(T) is a temperature factor associated with the limiting stage of oxygen transport (bulk diffusion
coefficient D and/or surface exchange constants kads, kdes), and n is interpreted in various oxygen
exchange models as an effective order of reaction for oxygen.

Assuming that the leakage of nitrogen and oxygen through pores or cracks was in accordance
with Knudsen diffusion, the fluxes of leaked N2 and O2 were related by:

JLeak
N2

: JLeak
O2

=

√
32
28
×

0.79
0.21

= 4.02 (2)

For analysis, we used data in which the contribution from molecular oxygen due to leakage
through micro-cracks into oxygen fluxes was less than 1%.
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3. Results and Discussion

The obtained materials were characterized by means of XRD (Figure 4).

Figure 4. XRD patterns of the crushed hollow fiber membranes composed of Ba0.5Sr0.5Co0.7Fe0.2Mo0.1O3-δ

(BSCFM10). Red peaks correspond to the cubic perovskite (Pm-3m) structure.

Direct AC/DC heating allowed us to control the temperature of the membrane itself. Thus, the
longitudinal temperature gradient of the operating HFMs was studied (Figure 5). It was shown
that increasing the sweep gas flow up to 90 ml/min did not significantly affect the gradient along
the membrane.

Figure 5. Longitudinal temperature gradient of the AC/DC-heated HFMs.
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Figure 6 shows the initial pO2 data of the AC- and DC-heated HFMs.
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Figure 6. Dependence of oxygen partial pressure on the permeate side (pO2.2) of (a) AC- and (b)
DC-heated HFMs on the temperature and oxygen partial pressure on the feed side (pO2.1).

From the obtained data (Figure 6), the linearization of the measured oxygen fluxes was performed
in the pO2.1

0.5–pO2.2
0.5 coordinates (Figure 7a,b) according to [15]. The values of γ were obtained

from the slope of the dependencies, and the activation energies (89 ± 4 and 94 ± 2 kJ/mol for the
AC- and DC-heated HFMs, respectively) of the oxygen fluxes in the AC/DC-heated HFMs were
determined from an Arrhenius plot (Figure 8a,b). The obtained values are close to literature data for
Ba0.5Sr0.5Co0.75Fe0.2Mo0.05O3-δ samples [16].
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Figure 7. Linearization of oxygen flows and the Arrhenius dependence of the parameter γ of (a) AC-
and (b) DC-heated BSCFM10 membranes.
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Figure 8. Arrhenius dependence of parameter γ of (a) AC- and (b) DC-heated BSCFM10 membranes.
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In terms of activation energy values, the data obtained on the AC/DC HFMs can be considered
the same. Nevertheless, there was a steady effect of increased oxygen fluxes (by ~1.4 times) when
the membranes were heated by DC (Figure 9). An effect was discovered and further studies will be
reported elsewhere.
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Figure 9. Comparison of the oxygen fluxes obtained by AC and DC heating.

The use of DC can theoretically promote the migration of cations, which can lead to an imbalance
of composition. This hypothesis can be tested by a detailed study of the membrane surface after a
long exposure of the sample under DC. We conducted a long-term experiment with HFMs heating in
air at 800 ± 10 ◦C. Using scanning electron microscopy, the membrane surface was studied prior to
the experiment (Figure 10). After 310 h, surface images were taken along the length of the sample
(Figure 11).
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After a detailed analysis of the membrane’s surface with SEM, we concluded that the surface 
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Figure 10. The surface of the BSCFM10 HFMs before the experiment.

After a detailed analysis of the membrane’s surface with SEM, we concluded that the surface was
uniform over the entire area; a typical image is shown in Figure 10.

As can be seen from the SEM images, the membrane surface lost its uniformity. It can be assumed
that use of direct DC heating leads to degradation of the membrane, as opposed to using direct AC
heating [6]. In terms of long-term experiments such difference can lead to a significant negative effect
on the membrane.
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Figure 11. The surface of BSCFM10 membrane after experiment.

4. Conclusions

The present paper is a continuation of works related to the direct heating of oxygen transport
membranes. Comparative data on the direct resistive heating of oxygen transport membranes (OTM)
by alternating and direct electric current are presented for the first time.

Analyzing the data obtained in the study of various heating methods, we can draw the
following conclusions:

- The direct heating technique allowed us to study the longitudinal temperature gradient of the
operating HFMs.

- Increasing the sweep gas flow up to 70 ml/min did not significantly affect the gradient along
the membrane.

- The activation energies determined from Arrhenius plot were 89 ± 4 and 94 ± 2 kJ/mol for the
AC- and DC-heated HFMs, respectively.

- In the short-term experiment with direct current, a significant positive effect on the oxygen
transport was found, whereas the sample exposure under direct current for a long period of time
had a significant negative effect on the microstructure of the membrane.
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