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Abstract

Electrochemical extraction of oxygen from air can be carried out by chemical reduction
of oxygen at the cathode and simultaneous oxygen evolution by water anode oxidation.
The present investigation deals with the use of an electrolysis cell of PEM technology for
this purpose. A dedicated 25 cm? cell provided with a commercial water electrolysis MEA
and titanium grooved plates has been designed for continuous operation at pressures
close to the ambient level. The MEA consisted of a Nafion 117 membrane sandwiched
between a Pt/C cathode and a non-supported Pt-Ir anode. Oxygen partial consumption
in long-term runs was evaluated by analysis of the outlet air by gas chromatography,
depending on the cell voltage - or the current density - and the excess in air oxygen fed
to the cathode. Runs over more 50 hours indicated the relative stability of the
components used for current densities ranging from 0.1 to 0.2 A cm™ with high efficiency
of oxygen reduction. Higher current density could be envisaged with more efficient
MEA’s, exhibiting lower overpotentials for oxygen evolution to avoid too significant
degradation of the anode material and the membrane. Interpretation of the data has
been carried out by calculation of the cathode current efficiency.
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1. Introduction

Extraction of oxygen from air can be used for various applications, as follows. For instance
oxygen impoverished air reduces the oxidation content from the atmosphere over food for the
sake of higher preservation in its packing. Lower oxygen contents in air also reduce the corrosion
rate at non-noble metals pieces. Another potential application is the preparation of the gas phase
to be injected to biological reactors — upon addition of carbon dioxide — for the possible growth of
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microorganisms such as bacteria, fungi or microalgae or undifferentiated cells of higher-grade
vegetal organisms in dedicated bioreactors.

Various techniques for oxygen removal from a gas phase to be used for biological applications
or food processing can be listed as follows. The easiest technique, which can be qualified as
indirect, simply consists of adding of pure nitrogen into the air stream: the cost of pressured
nitrogen renders the technique somewhat expensive for practical applications. Conventional, non
electrochemical techniques for oxygen removal rely upon the following various principles:
(i) oxygen combustion by a gas microburner, however other gases of significant safety or
environment impact such as carbon monoxide or nitrogen oxides can be formed; (ii) selective
reaction of oxygen upon addition of reducing agents e.g. sulfites that have been used for decades
for food preservation: however the sulfate produced by oxygen oxidation of sulfite have to be
removed from the medium; (iii) selective adsorption on a suitable compound which has
nevertheless to be regenerated for its possible reuse; (iv) membrane separation of oxygen from
carbon dioxide and nitrogen at temperatures close to ambient: however, because of the
intermediate behaviour of oxygen in the three-species, this technique cannot be used for
biological applications.

Besides, various electrochemical techniques can be used for oxygen extraction from an air flow,
as reviewed by Winnick [1]. In a pioneering paper, Langer and Haldermann [2] showed that oxygen
could be extracted from air and recovered in the form of pure oxygen in a two-compartment
electrolytic cell, in the presence of acidic or alkaline solutions and separated by a conventional
cationic membrane:

Cathode O, +4H" +4e > 2 H,0 (1)
Anode 2H,0 - 0,+4H" +4e (2)

The equilibrium voltage of such a cell is nil, assuming similar conditions of H" activity and
oxygen pressure in the two compartments; the cell voltage is the sum of the two overpotentials —
in absolute value- and the ohmic drop of the cell. The two reactions involved are nevertheless
slow, even at platinum surfaces, and the cell voltage attains easily 1 V even at low current
densities. Since then, the technique was improved by Wynween and Montgomery [3]. In the
eighties, Fujita et al. [4] improved the efficiency of the technique by using a Nafion membrane, an
air cathode whereas the anode was platinum particles deposited on the membrane surface: this
technology derived from PEM fuel cell technology allowed current density up to 200 mA cm™ for
cell voltage at 1.4 V for continuous operation: the corresponding energy consumption for the
oxygen extraction was near 4.7 kWh kg™ 0,. It can be observed that the process consumes less
energy than the conventional electrolysis, with specific energy consumption near 6.7 kWh kg™ 0,
for a cell voltage of 2 V, even though the current densities of the two processes differ quite a lot.
More recently, General Electrics [5] developed an oxygen supply system for high-altitude aircraft
relying upon similar technology: oxygen at high pressures could be produced with cell voltage
claimed to be near 1V at 125 mA cm™.

The electrochemical separation of oxygen can be carried out upon specific diffusion in mixed,
non stoichiometric oxides exhibiting oxygen vacancies in the lattice, as described in several
patents [6-8]. The technology used derived from solid oxide cells: oxygen is reduced to O ions at
the cathode and migrates to the anode for back oxidation to oxygen; temperatures higher than
500 °C are required for sufficient diffusivity of O% ions in the non-stoichiometric oxide mixture.
However the current density is usually below 100 mA cm™.
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Oxygen extraction by its reduction to hydrogen peroxide on a graphite-based cathode through
exchange of two electrons only was imagined by Tseung and Jasem [9]

Cathode O, + H,0 + 2e - HO; + OH’ (3)

As expected form the electron number, the energy consumption could be reduced to
2.7kWh kg 0, in a concentrated KOH solution. Peroxide decomposes chemically to oxygen and
peroxide on the surface of NiCo,04 mesh, whereas oxygen is formed at the NiCo,04 anode after

Anode 2 OH - % 02+ H,0 +2e (4)

Brillas et al. [10] developed the above technique by using carbon-polytetrafluorethylene air-fed
cathode. Peroxide anions HO, are formed at the carbon-based cathode, whereas oxygen evolution
occurs at the anode by oxidation of both HO,  and OH™ anions. Pure oxygen is produced with a
voltage lower than in conventional water electrolyzers, because of the lower standard potential of
OH’/ H,0,, which further reduces the energy consumption. However, the current density is limited
below 0.2 A cm™ by the finite concentration of peroxide in the solution.

Recently, we demonstrated the use of a PEMFC for oxygen extraction, the anode reaction being
hydrogen oxidation [11]. The technique was shown to be of relatively high efficiency, with current
density up to 0.6 A cm?, i.e. 0.015 mol O,s* per m? membrane. Long-term tests confirmed the
validity of the method, which however requires the presence of hydrogen to feed the fuel cell. To
avoid this drawback, it was preferred to replace hydrogen oxidation at the anode by oxygen
evolution. The present investigation deals with the use of an electrolysis cell of PEM technology
involving reactions (1) and (2) at the electrodes. A dedicated 25 cm? cell provided with a
commercial water electrolysis MEA has been designed for operation at pressures close to the
ambient level. Oxygen partial consumption in long term tests was evaluated by analysis of the
outlet air, depending on the cell voltage - or the current density - and the excess in air oxygen fed
to the cathode. Interpretation of the data has been conducted by calculating the cathode current
efficiency.

2. Experimental section

2.1. Electrochemical cell and measurement devices

The 25 cm? cell has been designed and built up from regular PEM technology. The cell consisted
of two Ti bipolar plates being 10 mm thick: the flow pattern of serpentine type with five 1x1 mm?
parallel channels with 1Imm broad edge was designed and machined by the mechanical workshop
of the lab. The grooved part of the plate was covered by a 0.5 um gold layer by ion sputtering. Gas
diffusion layer at the cathode was of carbon material (SGL 30 BC, UBZM, Germany) including a
macroporous carbon fiber paper and a carbon black microporous layer (MPL), whereas a one mm
thick high porosity Ti fleece was used at the anode. The MEA (Fumatech) designed for PEM water
electrolysis, consisted in a 117 Nafion membrane, a Pt/C (0.4 mg cm™) cathode and a non-
supported Pt/Ir (0.45 mg cm™) anode (Figure 1).

All experiments were conducted at temperature levels ranging from 50 to 80°C. Liquid water
was driven to the anode compartment by a peristaltic pump at 5 cm® min™ and preheated before
entering the cell. Purified compressed dry air at flow rate ranging from 20 to 200 STP cm® min™
was humidified in lab-made trickled bed at RH=62 %. The cell was operated either at fixed voltage
or at controlled current density using a PGSTAT 30 Autolab potensiostat connected to a 20 Amp.
Autolab booster.
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Figure 1. Schematic view of the 25 cm? cell for oxygen extraction

Prior to its use for oxygen extraction, the MEA was run up by carrying out water electrolysis at
80°C: the anode was fed with hot water and nitrogen at 40 STP cm® min™ was fed to the cathode.
As recommended by the supplier the MEA was conditioned by 24 hour long operation at 2.0 V for
maturation of the anode Ir/Pt catalyst.

2.2. Current versus voltage measurements

Current density vs. voltage curve was established either in potensiostatic or in galvanostatic
modes, so that the cell voltage was below 1.4 V for long term runs. Because the reactions of
interest are oxygen reduction and evolution, the two electrode potentials are distributed around
the equilibrium potential of H,0/0, couple. Moreover the two reactions are relatively slow
processes and exhibit absolute overpotentials in the same order of magnitude, it can therefore be
estimated that the maximal cell voltage corresponds to anode potentials in the order of
1.8 Vvs. NHE j.e. in a domain where corrosion phenomena at the anode can become significant
and affect the stability of the anode catalyst. Most measurements were carried out with air but
oxygen was also used for comparison.

2.3. Oxygen extraction runs and gas analysis

Oxygen extraction was achieved through numerous runs conducted at fixed current density for
which the cell voltage was below 1.4 V as justified above. Taking into account Faraday’s law and
the oxygen content in air (yg‘2 =0.21), the inlet oxygen flow rate was large enough for all runs. The
cell voltage at fixed current and air flow rate was monitored for lapses of time ranging from 4 to
24 hours: in most cases, the voltage attained a steady value within ten to thirty minutes.

The gas leaving the cathode was stored in a 400 cm? polymeric sampling bag. This bag has been
thoroughly emptied first, the outlet was then sampled for a couple of minutes and the bag was
purged again. The second, longer sampling procedure for analysis was then achieved. After
sufficient filling, the sampling gas was shut. The decrease in temperature to the ambient level was
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the cause of water condensation and the bag slightly shrunk. The ambient temperature, Tamb,
recorded for all runs ranged from 19 to 27°C. Analysis of the gas containing in the bag, i.e.
nitrogen, oxygen and slight amount of water vapor was carried out off line by gas chromatography
using a molecular sieve microcolumn with a TCD detector in the uGC equipment (Varian 490 GC).
Three replicate analyses were conducted for each sample. The TCD detector was calibrated by
analysis of six synthetic air-nitrogen mixtures of oxygen concentration perfectly known and
ranging from 5 to 21 vol. %. The vapor amount in the gas mixture at T,mp, Was estimated using
Antoine’s law:

1737.93
logP, , =5.20389 - ————— (5)
: T. . —39.485

where the partial pressure of water is expressed in Atm and T,mp is in K. The composition of the
dry outlet could then be deduced from y,, ,,.

3. Experimental results and interpretation

3.1. Electrochemical behavior of the cell

Steady values of the current or the voltage — depending on the electrical mode - were usually
obtained within 15 minutes or so and for voltammetric measurements the voltage or current level
was changed every 30-60 minutes. The MEA response could slightly depend on the long-term run
carried out immediately before the measurement. Temperature was shown to exert a moderate
effect (data not shown) and the results presented here were obtained at 60°C.

At a given voltage gas flow rate exerted also a moderate influence on the cell current at a given
cell voltage, as exemplified by Figure 2. Over a given flow rate depending on the current density,
the effect is however of reduced importance. The observed phenomenon probably expresses the
partial control by oxygen diffusion from the air fed to the cathode.

0.2 Cellvoltage=1.3V

0.15

0.1

0.05

Current density {Acm?)

&0 120 160 200
Air flow rate (STP cm? min't)

Figure 2. Effect of the air flow rate on the current density recorded at fixed cell voltage.

As expected, current density is an increasing function of the cell voltage (Figure 3). Feeding the
cell with pure oxygen largely increases the performance of the cell, with for instance a current
density twofold larger with pure oxygen than upon air feed at 1V. In comparison to what occurs
with air pure oxygen accelerates charge transfer rates in both oxygen reduction and evolution,
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while suppressing the gas-side mass transfer occurring in the presence of air nitrogen. Current
density up to 0.34 A cm™ could be measured at 1.2 V with pure oxygen. The voltammetric data
were compared to those obtained by Langer [2] or by Fujita [4] in Figure 3. In spite of the different
i-V profiles reported, the available current densities are in the same order of magnitude over 1V,
also with better performance with pure oxygen. The differences between the three sources of
data can be explained by the different features of the electrochemical cells: in addition to the
likely different ohmic resistances, the electrodes differed a lot, in particular the anode, consisting
of deposited Pt in the quoted papers and a Pt-Ir mixture in the present investigation.
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Figure 3. Current density versus cell voltage at steady state. Present work with air at
200 STP cm® min™® and oxygen at 120 STP cm® min™; comparison with literature data.

Besides, the cell behaviour in long term runs was examined during oxygen extraction runs. As
shown by Figure 4 for fixed values of the cell voltage, the current monitored remained at a stable
level for periods up to 50 hours.
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Figure 4. Current density in the oxygen extraction cell operated at fixed voltage.
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3.2. Model of the cell oxygen extraction

A simple zero-D model has been written for the cathode compartment of the cell. The inlet
variables are the molar flow rate of dry air £ and the cell current I, whereas outlet variables are
the molar flow rate of oxygen ng“t and the temperature of the sampling gas, Tamp: Water was
assumed to be at vapor-liquid equilibrium at T,mp. Faraday’s law is written for oxygen consumption
at the cathode according to reaction (1):

Fout :Fin _ = (6)
% % 43

where @ is the current efficiency of oxygen reduction and 3 is the Faraday’s constant. The inlet

oxygen flow rate is related to the inlet air flow as follows:

Fci)n _ Fin —F,\;: — I_—inyin (7)

> air air” 0,

where fraction yg’z refers to the oxygen content in air. The oxygen molar fraction in the sampling
bag is defined as:

out
out _ 0,

y02 ~ out

f (8)
where subscript t refers to the total number of moles in the gas, covering nitrogen, oxygen and
water vapor. Finally the total molar flow rate of gas is related to the flow of dry gas and the vapor
molar fraction in the bag:

n_ Pl
po _ R " 43
t
1-y,.T. 1-y,.T.
yHZO amb yHZO amb (9)

For the sake of simplicity, the ambient temperature is no more mentioned in the following. The
fraction of vapor in the sampled gas was calculated by Antoine’s law. Finally, the stoichiometric
factor A of fed air oxygen related to the flow of oxygen consumed by reaction (1) with a current
efficiency at unity is defined by the relation:

. o |
Fln —y Fln :/1_
0, yOZ air 43

(9)

From relations (6) to (9) the current efficiency of oxygen reduction ® is expressed as follows:

y
1_szo_y?§
P=1—2 (10)
1 Yo, Vo

For current efficiency equal to unity, the molar fraction of the oxygen in the sampling bag can
be directly expressed as a function of operating parameter A as:

yo = j_l (1-¥0) (11)
——1
Yo,
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3.3. Experimental data and comparison with model predictions

The oxygen molar fractions determined by gas chromatography are compared to the values
predicted by eq. (11) in Figure 5, considering the actual T,mp value. Good agreement between
theory and practice is generally observed, even though the predicted line is slightly below the
experimental data, indicating that the current efficiency could be somewhat lower than unity. For
very large A values, corresponding to large excess in oxygen, air is only slightly depleted in oxygen
and the outlet gas fraction of oxygen is little different from the inlet value. Conversely, with low
excess of oxygen, high abatement of oxygen from the fed air can be obtained, as expected.

U.25
Jin
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c T T E e I R i e o B
IS 0.2 = T O mE
§ Eyﬂ———-——
w
20.15
= C  Experiment
c
a
© 04 Rel (11)
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50.05 |
0]
0] 5 10 15 20

Lambda

Figure 5. Oxygen molar fraction at the outlet of the cell versus the stoichiometric
factor of air oxygen A

Finally, because the outlet molar fractions of oxygen are in the same order of magnitude as the
inlet fraction, in particular for large excess in fed air, the uncertainty in the determination of the
current efficiency had to be estimated. The related calculations reported in the appendix show
that high values of the current and moderate values for stoichiometric factor are favorable for
higher accuracy in the determination of ®: although the inlet flow rate of air could be moderate,
the outlet molar fraction of oxygen is noticeably different from the inlet fraction, which prevails on
the overall estimate for the uncertainty. On the contrary, for large A values, the outlet molar
fraction of oxygen is little below the inlet fraction and, from the expressions of terms A and B, the
determination of the current efficiency is little accurate, with uncertainty exceeding 30 %.

The variations of the current efficiency with the stoichiometric factor of air oxygen and current
density are shown in Figure 6 and 7 respectively, in the form of the maximum and the minimum
estimates for each experiment. In spite of a significant dispersion, the data clearly show that the
current efficiency is somewhat lower than unity.

The separate analysis of the effect of operating conditions on the current efficiency is rendered
uneasy because of the large dispersion of the data in the representations (® vs. A) or (® vs. i) in
Figure 6 and 7. This apparent dispersion is mainly caused by the uncertainty in the determination
of the current efficiency but also by the slight interaction between the two parameters.
Nevertheless the stoichiometric factor of air oxygen exerts a negative influence on the current
efficiency (Figure 6) whatever the current density applied. The positive effect of current density on
@ appears clearly with very little effect from A (Figure 7): for current density over 100 mA cm?,
the current efficiency is near or larger than 0.9, which is promising for the investigated process.
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Figure 6. Current efficiency for oxygen reduction in the cell versus stoichiometric factor A:
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Figure 7. Current efficiency for oxygen reduction in the cell versus the current density:
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4. Conclusions and significance

The validity of the oxygen extraction using PEM electrolysis technology has been validated in
long term runs for current density up to 200 mA cm?, with a cell voltage near 1.3 V. Assuming that
the reductive extraction is carried out with a current efficiency of 90 %, the corresponding energy
consumption can be estimated to be near 4.4 kWh kg™ 0,. Although the state of health of the PEM
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electrodes could not be evaluated by measurements of the electrode active surface [12], as done
for PEMFC, no real decay in activity could be observed after more than 400 hour tests with the
same MEA.

Considering the current progresses in water electrolysis technology, the current efficiency can
be expected to attain 100 %, which would result in energy consumption near 4 kWh kg™ 0,.
Besides, the current improvement in the electrodes of PEM electrolysers is to allow substantial
reduction in cell voltage. However, to our point of view, the main advantage offered by PEM
electrodes is that the cathode reaction involving air oxygen should be carried out with current
densityto 1 A cm?, provided that the cell voltage does not exceed 1.4 V to limit degradation issues
at an acceptable level: progress in electrolysis MEA has to be achieved for this purpose. In
contrast, the reduction from a liquid phase as done through the peroxide route cannot be
conducted for current densities over 100 or 200 mA cm™. Although the PEM technique is not to
allow lower energy consumption, higher production rates can be expected.

Long-term tests will be carried out at larger current densities, i.e. higher cell voltages, together
with investigation of ageing phenomena, to evaluate the highest current density offered by the
technique. Further work has to be done by improving developing electrode materials exhibiting
faster kinetics for both oxygen reduction and evolution.

Acknowledgements: The authors are indebted from Region Lorraine and Institut Carnot ICEEL
which funded the investigation cost and B. Eladeb’s PhD grant.

Appendix: Uncertainty in determination of the current efficiency

out

Relation (10) shows that efficiency ® is a function of parameters or variables A, Yo, and Yio -
The differential of the current efficiency was expressed as a function of partial derivatives with
respect to the three above variables:

0D 0D L0
d®=| — |[dA+ dy2"t + d Al
(MJ (ay:;;“J Yo, (aymo] Yo A

out

Derivation of the current efficiency with respect to A, Yo, and Yio followed by algebraic
rearrangement led to:

d out d
@:ﬂ“‘—{?ﬁ yg:t 1_ lm + szO{szo[l_lﬂ (A2)
© A g B Ay, Yo B A
with
out
Y
A=1-y,,——2= (A3)
0,
and
1 __,,out _
B=1 yo2 szo (A4)

Factor Ais linked to the molar flow rate of fed oxygen, which is proportional to the volume flow
rate: the relative uncertainty of | can therefore be estimated by that for the inlet air flow rate. The
flow meters employed for the measurements had a 1 % relative uncertainty in a large range of
flow rates, i.e. for flow rates larger than 2 % of the full scale flow rate Q™. Below this threshold

value, larger uncertainty can be expected. The following expressions were then considered:
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AL _AQ), 0.02 Q"™

< =1%———2— for Q) <0.02Q (A5)
/1 Qair Czair
AQ" »
AL A% 19 for Q" >0.02Q™
l an

air

In practice, because of the flow rate scale considered, the relative uncertainty varied from 3 to
10 %.

Moreover, in spite of the replicate analysis in the gas chromatograph and the thorough
calibration procedure, it can be estimated that the relative error in the analytical determination is
near 1 %:

out

Ayo2
out
0,

=1% (A6)

Finally, the uncertainty in Yio IS due to uncertainty in the ambient temperature. Considering
that this temperature was estimated within 1°C and using Antoine’s law (5), the relative
uncertainty in the molar fraction of vapour could be estimated in the temperature range
considered:

Ao

Yo

=4.5% (A7)

Applications of relations (A2)-(A7) yielded estimates for the relative uncertainty on the current
efficiency, in the range 2-30 % for most cases.
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