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Abstract

An electrochemical oxygen filter is described that removes efficiently dissolved oxygen
from the surface of an electrochemical sensor. Simulations show that 99 % of oxygen can be
removed in less than 60 s if an electrochemical filter made of a porous electrode is positioned
at less than 200 um from the sensor surface. For experimental demonstration, the metallic filter
was made with either a stainless steel or a platinum grids separated from the sensor by a porous
separator. It was combined with a sensor for analysis of paraquat, an herbicide widely used over
the world. In aerated solutions, paraquat signal was not distinguished due to the strong
interference of oxygen. When using the oxygen filter, paraquat was clearly detected with a
better-defined response than the one obtained under N2 atmosphere that requires longer time

before analysis.
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1. Introduction

The detection of many analytes (N20,}? NO,",* NOg",* CO,,® hydrazine,® organic carbon
content,’etc) is hindered by the presence of oxygen in the solution. A common method to
eliminate dissolved oxygen in laboratory experiments is the purge of the solution with an inert
gas such as nitrogen or argon. However, this method is time consuming if reaching a very low
concentration of oxygen is required, is not necessarily reproducible if a shorter time of purge is
used, and is not suitable for out-of-the-laboratory measurements.

For sensing applications, oxygen scavengers have been tested for several analytes. For
example, phosphines! and ascorbic acid® can consume oxygen in N2O sensors and sodium
thiosulfate was applied to H.0O, sensing.® Pluméré et al. proposed an enzymatic oxygen
scavenger using glucose, galactose or pyranose 2-oxidase as effective catalysts for O2
reduction* and the efficiency of the system was evaluated for the biosensing of nitrate. More
recently, enzyme immobilization in a thin polymeric film at the surface of the electrode

suppressed the need to introduce the enzyme in the whole solution, but one still needs to



introduce in the whole volume the aldohexose substrate that will react with oxygen and this is
the main drawback of oxygen scavengers.'

Another solution is provided by electrochemical methods. Porous silver electrodes were
initially used to remove oxygen in the solution of analysis.** Different configurations and
electrode materials have been proposed to reach the complete oxygen removal for analytical or
other purposes.”*?7** Drawbacks of such approaches are the production of H20 or the alteration
of pH due to a quantitative conversion of oxygen initially present in the treated solution.**
Miniaturization has been described, using two gold porous electrodes in a glass micro-capillary
to remove oxygen interfering with N,O detection,? and application of electrochemical dissolved
oxygen removal from microfluidic streams was also shown.*® Finally, a sandwich electrode was
evaluated for multi-gas analysis.’® In that case, oxygen interference could be significantly
decreased but not totally suppressed.

Electrochemistry is powerful to remove oxygen on demand, but it is preferential to
restrict the removal of oxygen to a limited volume near the surface of the sensor, without
affecting significantly oxygen concentration in the whole volume of the analyte solution. For
that purpose, interdigitated electrodes has been reported for oxygen removal in N2H4 sensors,
but only 80% of oxygen molecules was prevented from reaching the sensing electrode.b Of
related interest, a thin layer of redox polymer was deposited on electrode with embedded redox
proteins to provide a full electrochemical protection for oxygen sensitive , by reacting locally
with oxygen at the electrode surface before it reaches the sensitive catalytic site of the enzyme.’
So, it is possible to reach complete oxygen removal, locally, with electrochemical methods if a
suitable system architecture is proposed.

Our goal here was thus to remove oxygen only from the surface of an electrochemical

sensor, and not from the all solution. The expected advantages are a rapid (within a minute) and

reproducible removal of oxygen, and a design that could be easily implemented in commercial



sensor platforms. We first conducted simulation of ideal electrochemical cells, with a grid
electrode as oxygen filter and a sensor as second working electrode, the two electrodes being
separated by a controlled distance. Later, we implemented the system experimentally using
platinum or stainless steel grids as electrochemical oxygen filter and a porous layer to separate
the sensor from the filter. At first, experiments have been conducted to demonstrate the local
oxygen removal and finally, we evaluated the performance of this electrochemical filter for
eliminating oxygen from the surface of a sensor for paraquat, a pesticide, which detection is
very sensitive to oxygen traces.'®
2. Experimental section
2. 1. Materials

Stainless steel (SS, 0.103 nominal aperture, 0.066 mm wire diameter) and Platinum (Pt,
0.12 mm nominal aperture, 0.04 wire diameter) grids were purchased from Goodfellow SARL
with purity of 99.9 %. Porous filters (DVPP), glassy carbon electrode (GCE) were bought from
Merck Milipore and Sigradur HTWHochtemperatur-Werkstoffe, Germany, respectively.
Potassium chloride (KCI), hydrogen peroxide (H202), paraquat, were obtained from Sigma-
Aldrich and sodium nitrate (NaNO3) from Prolabo. These chemicals were used without any
further purification. All solutions were prepared with high purity water (18 MQ cm) from a
Purelab Option water purification system (Elga LabWater, Veolia Water STI, France).
2.2. Electrochemical experiments

The electrochemical cell was composed of four electrodes and fabricated from Teflon.
The glassy carbon electrode (working electrode 1) and the metallic filter (working electrode 2)
were separated by a porous layer with diameter of 0.5 cm and pore size at 0.65 pum. Glassy
carbon was firstly wet-polished by SiC grinding paper (#4000, Struers, Denmark) for 1 min,
then cleaned with ethanol and distilled water under ultrasonic condition. The experiments were

conducted with on a Palm Sens 3 potentiostat in a four-electrode configuration (two working



electrodes, Ag/AgCI/3M KCI reference electrode, and stainless steel counter electrode). The
reaction of oxygen with the filter and the efficiency of the electrochemical removal was
characterized by cyclic voltammetry. Usually, a 10 mL aqueous solution of KCI (0.1 M) was
utilized as supporting electrolyte. When needed, purging the solution with N2 gas was
performed at least 15 min before running experiment and N2 flow kept over the solution during
the experiment. The modification of glassy carbon with mesoporous silica was achieved by sol-
gel electrodeposition following strictly a protocol recently reported.*® Paraquat detection have
been performed in 0.07 M NaNOs as it was optimized previously.®

2.3. Theory and Methodology

We simulated the reduction of dissolved oxygen (Equations 1 & 2) at the surface an
electrochemical filter and monitored the variation of its concentration within an electrochemical
cell and in the vicinity of a sensor located at the bottom of the electrochemical cell (Figure 1A).
0, + 4H* + 4e~ — 2H,0 (Acidic conditions) Equation 1

0, + 2H,0 + 4e~ — 40H~ (Basic conditions) Equation 2

The electrochemical cell is described as a cylinder of a radius reen of 2.5 mm and a height heen
of 6 mm. The working disk electrode used as a sensor is located at the bottom of the
electrochemical cell (z = 0) and is of the same diameter as the electrochemical cell. A porous
layer is placed on top of the disk working electrode, with a thickness of hporous layer = 125 pum
and a porosity, P, of 0.7. The electrochemical filter is a Pt mesh made of intertwined wires of
varied radii (25, 50, 100 um spaced respectively by 100, 200, and 400 pum) and located at varied

distances from the sensor (z = 150, 175, 200, 250, 275, 325 pm).
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Figure 1. (A) 3D representation of the electrochemical cell. (B) 2D representation of the electrochemical cell with
the definition of the cell parameters (in black) and of the boundary conditions (in blue). The blue circles represent
the Pt wires of the electrochemical wires at which the dissolved oxygen is reduced. The red point is the position at
which the dissolved oxygen concentration is calculated (i.e., the surface of the sensor that is associated with this

filter).

Transport of species is considered by diffusion only, described by a time-dependent diffusion

equation in Cartesian coordinates (Equation 3).
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C is the concentration, t is the time, D is the diffusion coefficient. The working disk electrode
is separated from the electrochemical filter by a porous insulating layer of porosity P. The
diffusion coefficient for dissolved oxygen in the membrane, Dporous Iayer 1S given by equation 4:
Dyorousiayer = P X Deen Equation 4

Simulations were run on a simplified 2D projection of the electrochemical cell (Figure 1B),
where boundary conditions are shown for the domain studied. For all simulations, the potential
of the sensor electrode was kept at open-circuit potential.

2.5. Computational details



Simulations were performed using the finite element method program package COMSOL
Multiphysics (version 5.4, COMSOL Ltd, Hertfordshire, United Kingdom) equipped with the
electrochemistry module. Free mesh parameters were used at locations where high
concentration gradients occur, i.e. around the electrochemical filter, at the boundary between
the electrochemical cell and the porous layer. The maximum size of the triangular elements of
0.0008 and a factor of 1.2 for element expansion were used. The PARDISO linear solver was
used, with an absolute tolerance of 0.1 and a relative tolerance of 0.001. The parameters used

for all simulations are gathered in Table S1 in Supporting Information.

Results and discussion

Modeling of oxygen concentration profiles

Influence of the wire diameter of the electrochemical filter

After validating the simulation program (see Figure S1), we investigated the concentration
profile for dissolved oxygen using three different kinds of electrochemical filters. The size of
the platinum mesh was varied with three different wire radii (25, 50, and 100 pum). The spacing
between wires was adjusted (100, 200, 400 um) to maintain the ratio Stiiter / rriiter cONStant at 4.
The distance between the electrochemical filter and the electrode, hriier, was kept constant at
225 pm. For these three electrochemical filters, the variation of the dissolved oxygen
concentration, at the sensor surface, over time was simulated for a potential applied of Eo - 0.5
V (Figure 2A). In order to compare the dissolved consumption at the vicinity of the sensor, we
compared the time necessary for the concentration to drop below 1 % of the initial concentration
Co2, ti%. For the smaller mesh, tis was of 67 s, while 86 s were necessary for the intermediate
mesh and 200 s for the largest. These results are expected as a smaller mesh will have the
highest electroactive surface area and indeed will allow faster depletion of the zone between

the electrochemical filter and the sensor.



Influence of the electrochemical filter — electrode distance

The influence of the distance between the electrochemical filter and the working electrode,
hritter, ON t105 1S NOW investigated (Figure 2B). The hriier value was varied between 125 and 225
pm. The lowest value is limited by the thickness of the porous layer, acting as an electric
insulator between the electrochemical filter and the working electrode. The value of tiy

decreased with the distance between the electrochemical filter and the working electrode.

These simulations show that the presence of dissolved oxygen in the vicinity of the working
electrode can be reduced to less than 1 % of the original value within less than a minute, which
constitutes an advantage over N2 purging. The use of the electrochemical filter is a time gain

and simplifies the electrochemical set-up in the view of on-site analysis.
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Figure 2. (A) Variation of the dissolved oxygen concentration over time for different electrochemical filters;
concentrations are shown for the point marked as a red dot on the inset. Electrochemical filters: (black) rwire = 25
KM, Stiter = 100 UM, hiiier = 225 pm; (red) rwire = 50 UM, Stiter = 200 UM, hsiier = 225 pum; (blue) ryire = 100 pm,
Stiter = 400 um, hsier = 225 pm. The dash line represents the 1 % of the initial concentration and the time values
given are the tiy (i.e. the time necessary for the concentration to reach 1 % of the initial concentration). (B)
Variation of the dissolved oxygen concentration over time for an electrochemical filter located at various distances
from the sensor electrode. Electrochemical filter: rwire = 25 UM, Siter = 100 pm, hiiier = 225 pum (black), 175 um
(red), 150 pm (blue), and 125 pm (green). Concentrations are shown for the point marked as a red dot on the inset

of Figure 2A. Inset: tyy values for the different hsier distances.



Experimental validation

For experimental validation, we tested platinum and stainless grids as oxygen filter. The
porous layer was a filtration membrane. A schematic of the experimental setup is provided in
Figure S2 in Sl. The sensor and the metallic filter sandwiched the porous layer, in contact with
each other in order to reach the more rapid deoxygenation (see modeling section). Working
electrodes were connected to a bipotentiostat in a four-electrode configuration, including a
reference electrode and a counter electrode.

Figure 3A shows the electrochemical reduction of dissolved oxygen on a platinum filter
(curve a) and stainless steel (curve b). Oxygen reduction occurs at -0.360 V on platinum and
about -0.575 V on stainless steel (half-wave potentials). This means that it is necessary to apply
a more negative potential on stainless steel than on platinum to remove efficiently oxygen.
Because platinum is a good material for catalytic reduction of oxygen, its better behaviour than
stainless steel is expected. However, if one considers the cost criteria, the steel material is much
cheaper and could thus be a suitable option.

We first evaluated the stainless steel grid by performing several cycles of
deoxygenation/oxygenation. Oxygen was detected on glassy carbon electrode used here as
oxygen sensor (Figure 3B, curve a). A potential of -0.7 V was applied to the stainless steel filter
in order to perform oxygen reduction and indeed, this potential permitted a complete removal
of oxygen from the sensor surface (curve b of Figure 3B). Oxygenation of the solution was
achieved by stirring with a magnetic bar positioned 5 mm away from the sensor. Almost
immediately, the oxygen was introduced back on the surface of the sensor that could be detected
up to five times. After each oxygenation step, the application of -0.7 V to the oxygen filter
allowed the rapid removal of oxygen from the sensor surface (see Figure S3 in SI). We also
validated the platinum grid as filter (see Figure S4 in SI). The main advantage of platinum is

that potential applied to the filter can be less negative, being efficient at -0.4 V.



Electrochemical sensing of paraquat using designed electrochemistry cell

Paraquat, a chemical compound highly soluble in water, is used as herbicide to control
broad leaf weeds in agricultural practices since the early 1960s.° It is used worldwide in more
than 100 countries but is banned in European Union. It causes severe toxicity to living
organisms by damaging the lungs, kidneys, liver and heart.?® The main route of paraquat
toxicity is oral and it then circulates to other organs by blood stream leading to multiple organ
failure and ultimately death.?* It is also reported to cause Parkinson’s disease.?? Therefore, it is
necessary to detect this compound at small concentration in aqueous medium. At low
concentration, paraquat can be detected by electrochemical methods.

Electrochemically speaking, paraquat is methyl viologen (1,1°-dimethyl-4,4’
bipyridinium). It can be reduced to two successive one electron reactions at -0.7 V and -1.025
V2 and then oxidized back to the relative potential values. For electrochemical sensing of
paraquat, study of the first redox reaction is sufficient for quantification of paraquat in the
aqueous media.?* This was recently illustrated by Taugir et al. that developed a paraquat sensor
based on glassy carbon electrodes modified with thin mesoporous silica films.'® We used this
sensor to illustrate the performance of the electrochemical oxygen filter.

A main issue with paraquat is that the electrochemical detection is not possible in the
presence of dissolved oxygen. The accuracy of the analysis depends on a deoxygenation of the
solution. This problem is illustrated in Figure 3C. Curve a reports the electrochemical detection
of paraquat in the presence of oxygen. A large cathodic signal is observed, which is the overlay
of the reduction of both 20 uM paraquat and dissolved oxygen reduction, the latter reacting
directly on the sensor surface or with the reduced form of paraquat itself. The application of -
0.5V at a platinum filter leads to dramatic decrease of the current (curve b of Figure 3C). With
the electrochemical filter, the cyclic voltammetry of paraquat is well defined (curve b of Figure

3D for a detailed view) and the presence of oxygen is unnoticeable. This signal is reproducible
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over multiple CV detections (lcathodic=0.59+0.02 pA, N=3, see Figure S5). On the contrary,
when the detection of paraquat has been performed by removing O by bubbling N2 for 15 min,
a slight distortion of the cyclic voltammetric signal was observed, leading to higher cathodic
current (curve a of Figure 3D). We attribute this phenomenon to trace of oxygen still present in
the sample to analyze. Of course, longer N2 bubbling would have allowed the removal of this
residual oxygen concentration, but this experiment showed precisely the advantage of the
electrochemical filter for sensing application. As suggested by simulation, the residual
concentration of oxygen is low enough within a few minutes to allow electrochemical analysis

whereas much longer time is required for the removal of oxygen by an inert gas.
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Figure 3. (A) Linear sweep voltammetric response in aerated 0.1 M KCI solution of (a) a platinum filter and (b) a
stainless steel filter (scan rate: 100 mV s?). (B) Cyclic voltammetric responses in aerated 0.1 M KCI solution of a
glassy carbon electrode (a) before and (b) 5 min after activation of the oxygen filter by applying -0.7 V at a stainless

steel filter (scan rate: 100 mV s). (C) Cyclic voltammetric responses to 20 uM paraquat in 0.07 M NaNOj; aerated
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solution at silica thin film modified GCE (a) without and (b) with local oxygen removal by applying -0.5 V vs.
Ag/AgCI at a platinum filter for 5 min. (D) Similar experimental conditions, to compare the CV responses to 20
MM paraquat (a) with 15 min N2 purge and (b) with oxygen removal by applying -0.5 V at a platinum filter for 5

min. Scan rate for C&D: 20 mv s,

As the advantages of the method have been discussed (local and rapid removal of oxygen,
possibility to alternate activation and inactivation of the filter), the potential drawbacks must be
also considered carefully. The first one, the most important, is related to pH. First estimations
made with an initial pH of 7 shows that indeed, pH can change dramatically from 7 to 11 at the
sensor surface when oxygen is ideally reduced to water, but this variation can also be minimized
with a low concentration pH buffer, i.e. 5 to 10 mM phosphate buffer (see Figure S6 and the
associated discussion). The second one is the generation of reactive oxygen species (ROS) at
the filter while oxygen is reduced. ROS could damage sensor surface or affect the analyte and
great attention should be paid to this issue. However, many electrochemical sensors are of
single-use and the possibility to activate/inactivate the oxygen filter will limit this production
of ROS. No evidence of detrimental influence of ROS was noticed up to now. The third one is
related to the limited number of target analytes that would be both sensitive to oxygen but not
reduced at the same potential as oxygen on the filter. Apart viologen, important molecules are
concerned, such as the oxidized form of nicotinamide adenine dinucleotide (NAD™) and
nitrogen species (NOs, NO2, N20). Moreover, a different detection scheme could be
considered, such as anodic stripping detection of heavy metals sensitive to oxygen (Cd, Pb and

Zn), taking advantage of the sequential control of the filter activity.

4. Conclusion
An electrochemical filter has been designed to perform oxygen removal in the vicinity

of sensor surface. The initial modelling has shown that the deoxygenation could be reached
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rapidly, in the range of a minute if a porous electrode was positioned close enough from the
sensor surface. Experimentally, we demonstrated that stainless steel and platinum grids could
remove oxygen efficiently, no oxygen was detected by the sensor, and repeatedly. The device
was combined with a paraquat sensor and show good performances regarding the elimination
of oxygen interference: no oxygen was observed when the platinum filter was switched on at -
0.5 V for 5 minutes, much better than after 15 min N2 bubbling for which a trace of oxygen was
still detected. The next step of this research is the combination of the electrochemical filter with
screen printed sensors commercially available for the detection of other species sensitive to
oxygen, such as nitrogen species, some heavy metals (Cd, Pb, Zn) or biomolecules (for
example, NAD™ cofactor). Moreover, some issues remain and are worth of investigating such
as the dissolved oxygen concentration that we need to go for environmental applications, the
consequence of a local variation of pH and local production of reactive oxygen species at the
surface of the sensor, and the effect of convection on the efficiency of the local electrochemical

filter.

Supporting Information. Simulations parameters, simulation for program validation,
schematic of the experimental setup, additional electrochemical experiments to support the

discussion.
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