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Environmental significance

A submersible probe with in-line calibration and
a symmetrical reference element for continuous
direct nitrate concentration measurementsy

Tara Forrest, Thomas Cherubini, Stéphane Jeanneret, Elena Zdrachek, ©
Polyxeni Damala and Eric Bakker & *

Current methods to monitor nitrate levels in freshwater systems are outdated because they require
expensive equipment and manpower. Punctual sampling on the field or at a fixed measuring station is
still the accepted monitoring procedure and fails to provide real-time estimation of nitrate levels.
Continuous information is of crucial importance to evaluate the health of natural aquatic systems, which
can strongly suffer from a nitrogen imbalance. We present here a nitrate-selective potentiometric probe
to measure the analyte continuously without requiring maintenance or high-power consumption. Owing
to a simple design where the sensors are located directly in contact with the sample, the need for
constant pump usage is eliminated, requiring just 0.7 mW power per day instead of 184 mW per day and
per pump. It is estimated that with this power consumption, the setup can easily run for more than 97 h
on four simple Li-ion batteries. A simple in-line one-point calibration step was implemented to allow for
drift correction. At the same time, a symmetrical design was used involving a second nitrate probe as
a reference electrode placed in the calibrant compartment. This, combined with an in situ calibration
step, allows one to quantify nitrate ion concentrations directly, instead of yielding activities. The
dependence on ion activity was removed by using the analysed sample spiked with nitrate as the
calibrant. This results in essentially the same activity coefficients and additionally reduces junction
potentials to a fraction of a millivolt. In addition, a symmetrical reference element served to compensate
for fluctuations caused by environmental factors (temperature, convection, etc.) to achieve improved
stability and signal reproducibility compared to a traditional Ag/AgCl based reference electrode. The final
prototype was deployed in the Arve River in Geneva for 75 h without requiring any intervention. The
nitrate levels measured using the symmetrical reference element over this period were estimated at 44.0
+ 3.5 M and agreed well with the values obtained with ion chromatography (38.2 &+ 2.1 uM) used as the
reference method. Thanks to a modular sensing head the potentiometric sensors can be easily
exchanged, making it possible to quantify other types of analytes and leading the way to a new
monitoring strategy.

The effects of excessive amounts of different forms of N (e.g. NH, and NO;) in water range from human health impacts to eutrophication (which affects dissolved
0,, T and pH). The European Union adopted a motion which sets out the obligation to monitor eutrophication risks and report the results every 4 years.
Currently constant monitoring points are lacking due to low spatial density and frequency of monitoring. The observations point out that the monitoring
network should be strengthened and a different strategy must be envisioned. We propose here a nitrate-selective potentiometric probe that directly measures
concentration continuously, has low maintenance and does not require a large power source. This proposed system could pave the way to replacing manual
sampling for better nitrate level estimations.

Introduction

Nitrogen plays an essential role in plant and crop growth,
promoting photosynthesis, which is essential for a healthy
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originates from the conversion of nitrite by bacteria. The aquatic
environmental balance of nitrate is crucial as excess nitrogen will
lead to extreme algae growth, resulting in oxygen depletion and
eutrophication. Excessive nitrate levels are often found in
streams crossing rural areas, where nitrate-based fertilisers are
still routinely used for agricultural purposes. This is generally the
result of leaching into groundwater or surface runoff. Indeed, to
enhance plant growth and therefore productivity, nitrate fertil-
isers have been used routinely in agriculture all over the world.

In 1991, the European Commission (EC) established a decree
aiming to reduce nitrate pollution and prohibit further pollu-
tion." Since this directive, the use of nitrate-based fertilisers has
been more adequately regulated and systematic water quality
monitoring has been implemented. This trend can also be seen
here locally in Lake Geneva, where the nitrate levels have been
either constant or decreasing since 1991.> Although it seems
that the general tendency leans towards a decrease in nitrate
levels and an increase in the general water quality, the moni-
toring process is not uniform and still rather tedious. The
current strategy relies on fixed sampling stations and punctual
sampling at strategic sites, which both require manpower and
expensive measurement techniques, making it impossible to
ensure a constant monitoring of nitrate levels. Monitoring
nitrate runoff continuously is especially important due to the
rapid multiplication of algae that generally are the cause for
eutrophication. This fragile ecological equilibrium can be
quickly impacted if no actions are taken swiftly.

Several methods are generally used to monitor nitrate in
freshwater systems, such as ion chromatography,** colorimetric
assays,”” spectrophotometry®**® and use of ion-selective
electrodes.””™ Ion chromatography is highly selective and
sensitive and a well-established laboratory technique that allows
nitrate quantification to the ppb level. Unfortunately, the equip-
ment is pricy and bulky and therefore not applicable for in situ
measurements, although some studies have been performed to
make it portable.* Colorimetric assays to determine nitrate date
back to the 19th century® and are mostly based on Griess test after
subsequent reduction of nitrates into nitrites. Currently Griess
reagent test kits are commercially available and this methodology
is still at the core of modern research.” Although these tests have
proven to be reliable, they require reagent mixing by the user,
which is incompatible with direct in situ measurements. Also
using the reduction to nitrite, this time with a cadmium column,
followed by azo-dye spectrophotometric detection, continuous
analysers have been developed.*>*® The constant usage of pumps
to deliver reagents makes these systems unfit for field measure-
ments where no power source is available. Spectrophotometric
water analysis of nitrate is possible because of its absorbance in
the UV range but limited to freshwater owing to chloride inter-
ference. Continuous and on-site measurements are possible with
this technique when coupled with a flow system.’ Long-term
measurements in this case are not practical due to high power
consumption because of the necessary and constant use of
a peristaltic pump and UV spectrophotometer.

The use of ion-selective electrodes to quantify the nitrate
levels in water dates back to the 1970s™ and was then based on
classical liquid-contact electrodes where a Ag/AgCl reference
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element is placed on the backside of a polymeric PVC-based
membrane in a solution of fixed nitrate and chloride concen-
trations. Over the years, attempts to miniaturise these sensors
and apply them to field measurements have been made," but
although the stability of these sensors proves to be good at high
analyte concentrations (>10~> M), the lifetime and E° value
reproducibility were poor at lower concentrations® (~10"* M)
which are in the environmentally relevant range. Developing
ion-selective electrodes that have a long lifetime has always
been and remains a fundamental challenge. The focus is often
only set on maintaining'* a Nernstian slope and sufficiently low
detection limit during the analysis period to ensure an adequate
response. Unfortunately, less attention is drawn to maintaining
a stable E° value during the development of new sensors
because correcting a long-term potential drift can be compen-
sated by regular calibration. This maintenance step is recom-
mended daily with commercially available ready-made nitrate
sensors.” Having to perform a calibration daily adds a compli-
cation, which is incompatible with independent long-term
monitoring.

In the last few decades, special attention has been drawn to
replacing liquid-contact electrodes with solid-contact elec-
trodes* where no inner filling solution, which must be punc-
tually replaced, is required. The implementation of
a transducing layer between the conducting element and the
polymeric membrane increases the stability of the signal and
gives more control over potential stability. Such sensors have
already been applied to the determination of nitrate levels in
environmental samples, but in most cases, measurements are
performed on collected samples and not made in situ.**** An
important characteristic of potentiometric sensors is that they
are designed to measure activity rather than concentration,
which may be a drawback in environmental analysis because
the reporting of concentrations is prevalent. Converting activity
to concentration requires one to know the total ionic strength of
the sample which is not easily available in situ. Recently,
however, direct access to concentration measurements with
potentiometric sensors has been achieved for cations.? It used
a symmetrical design, with two different indicator electrodes
measured against each other, in which the activity coefficients
for the analyte ion and the ion measured at the reference elec-
trode changed similarly with ionic strength. Another approach
for direct concentration measurements for anions has been
developed based on a pulstrode protocol.””

Submersible potentiometric probes®®*® are by nature
designed to perform measurements directly in the field and
have been used previously in environmental studies,"”****? but
they require a pump to drive the sample towards the measuring
site. To enable constant monitoring, the pump must run
continually, which would lead to wunreasonable power
consumption and difficulties in deployment because of power
source availability. We present here a simple nitrate-selective
submersible potentiometric probe to perform constant moni-
toring in an independent manner. For this purpose, solid-
contact nitrate-selective PVC based electrodes have been
selected. The chosen transducing layer polymer, PEDOT-Cyg,
was based on previous work on nitrate sensors performed by
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our group.* This choice was also supported by the observation
that electrodes prepared with PEDOT-C;, exhibited more
mechanical stability than those prepared with carbon nano-
tubes as seen in previous work.** This was attributed to the
layer-by-layer deposition procedure of carbon nanotubes* that
promoted membrane fall-off. In this new design, the probes are
located in a small recess and are in direct contact with the
sample allowing constant monitoring without the requirement
of any additional power. A small peristaltic pump has been
programmed to run briefly at predetermined time intervals to
perform a one-step calibration that is used to correct underlying
drifts, that would otherwise bias the signal, and allow direct
estimation of the concentration of the analyte of interest. The
implementation of this automated process cancels the need for
external calibration and reduces the necessity for maintenance.

Following a recent research finding by our group,*° a new
reference element based on the principle of electrochemical
symmetry was also tested and implemented to reduce the
temperature influence on the sensor signal. In this case, both
reference and measuring electrodes are of the same nature (PVC
nitrate-selective membrane) as opposed to an asymmetrical
system where a plasticised membrane is measured against an
all-solid-state reference, Ag/AgCl in most cases. Although lack-
ing stability over time, the Ag/AgCl reference electrode was
chosen for comparison purposes as it is currently the gold
standard in the field. It also offers miniaturisation possibilities
that are often desired in submersible probes. Traditional
reference electrodes, such as classical double junction elec-
trodes, exhibit a higher stability and do not require a Cl™
background but are known to be bulky, which is incompatible
with the reduced available space in submersible probes. In an
asymmetrical setup, outside influences such as temperature can
affect the E° value of the reference and measuring electrode
differently, resulting in unwanted drifts and deviations. With an
automated one-point calibration occurring 2-3 times a day and
a sensing principle based on open circuit potential, the power
consumption of the probe remains low and allows independent
measurements to be carried out continuously on simple
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Environmental Science: Processes & Impacts

batteries. Longer deployment periods could be envisioned
thanks to solar panels in order to have fewer power limitations.
After initial testing in a laboratory with both artificial and
natural freshwater samples, the prototype was deployed in the
Arve River in Geneva for testing under real conditions. The
obtained results from the field campaigns were cross correlated
with traditional reference measurement methods for nitrate.
Comparisons between the proposed system and other types of
submersible probes for freshwater sensing can be found in
Table 1.

Experimental
Reagents and materials

All aqueous solutions were prepared in deionised water (>18
MQ cm). Sodium nitrate (=99.0%, NaNO;), sodium chloride
(=99.5%, NaCl), poly(vinyl chloride) (Selectophore™, PVC),
bis(2-ethylhexyl) phthalate (Selectophore™, DEHP), tridode-
cylmethylammonium nitrate (=99.0%, TDMAN), tetradodecy-
lammonium tetrakis(4-chlorophenyl)borate (Selectophore™,
ETH 500) and tetrahydrofuran (=99.5%, Selectophore™, THF)
were purchased from Sigma-Aldrich. Potassium tetrakis(penta-
fluorophenyl)borate (=97%, KTPFPB) was purchased from Alfa
Aesar. Analytical grade acetonitrile (=99.5%, ACN) was
purchased from Fischer Scientific. EDOT-C,, was synthesised
in-house according to ref. 37.

Laboratory electrochemical equipment

Glassy carbon (GC) electrodes were fabricated in-house using
a PEEK tube (L x OD x ID = 10 ft x 1/8 in x 0.055 in) as the
body with a GC rod glued inside (@ 1.00 + 0.05 mm). These
electrodes were approximately 25 mm long. Before use they
were polished using different diamond powder suspensions (J
6—3—1—0.25 uM). Electropolymerisation of the transducing
layer was performed in a three electrode system with a PGSTSAT
101 (Metrohm Autolab, B.V., Utrecht, The Netherlands)
controlled by the Nova 1.8 software. A platinum electrode was
used as a quasi-reference with a glassy carbon rod as the

Table 1 Comparison between published nitrate potentiometric probes for freshwater analysis and the proposed system

Principle Application LOD Characteristics Reference
Pump driven fluidic system on site 20 pM High energy consumption 17
with an ISE due to pumps
Pump driven fluidic system in line 1.6 uM High energy consumption 18
with an ISE and manual weekly
calibration
Gravity-fed fluidic system in situ 7 uM Non-submersible probe 19
with an ISE
Commercial multiparameter in situ 0.2 uM Matrix effects, limited to 15 20
probe (YSI) with an ISE m depth
ISE with a solar powered in situ 7.5 M Non-submersible probe 21
antenna
Low power consumption in situ 6 UM Submersible, no matrix This work

submersible probe with an
ISE

This journal is © The Royal Society of Chemistry 2023
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counter electrode. Preliminary potentiometric measurements in
the laboratory were performed using a high impedance input
16-channel EMF monitor (Lawson Laboratories, Inc., Malvern,
PA) to record the signal with double-junction Ag/AgCl/3 M KCl/
1 M LiOAc (Metrohm, Switzerland) as the reference electrode.
Ion chromatography was used to determine the concentrations
of nitrate anions. The eluent solution consisted of 1 mM
NaHCOj3, 3.2 mM Na,CO; and 50 mM H,SO, for regeneration of
the suppressor (pressure = 7.0 mPa, flow = 0.7 mL min~" and
temperature = 30 °C). A 0.2 pm cellulose acetate syringe filter
(VWR International GmbH) was used to filter the sample prior
to injection into the ion chromatograph. The pH of the sample
was determined using an 826 pH lab station (Metrohm) at room
temperature (21 °C). Flame atomic absorption spectroscopy
(AAS, Vvarian SpectrAA 240 FC) was used to determine the
concentrations of Ca** and Mg>* and atomic emission spec-
troscopy (AES, Varian SpectrAA 240 FC) was used to quantify K"
and Na'. All samples were acidified to pH ~2.0 with HCI prior to
AAS or AES measurements. The concentration of HCO;~ was
determined by potentiometric titration. The raw sample was
diluted with a known volume of 0.1 M NaOH and then titrated
with 0.1 M HCI using a pH-sensitive glass electrode from Met-
rohm. For light influence measurements, a photo studio light
box (PULUZ Technology, Shenzhen, China) equipped with
modulable LED lights (max intensity of 1690 LM) was used.

Field electrochemical equipment

Potentiometric measurements on the field were performed
using an EmStat Pico module (Palm Sens, Houten, The Neth-
erlands) located inside the probe. This whole module is
designed around an STM32L476 microcontroller running on an
operating system called Chibios. The probe is equipped with
a PT1000 temperature probe using a MAX31865 chip. The data
is stored internally on a microSD card located on the main
board (Fig. S1f). To perform time-based measurements, an
integrated clock with a CR2032 battery is mounted internally.
To perform the calibration step, two small KMPP peristaltic
pumps (Kamoer Fluid Tech, Shanghai) were added to the
sensing head. The pumps are controlled by a Grove 12C Motor
(TB6612) module that can control two pumps. The pumps and
the main board are powered by 4 Li-ion batteries (3500 mA h-
3.6 V). The main reference electrode was a simple Ag/AgCl
coated wire (Metrohm AG, Switzerland).

Electrode preparation

The polymerisation solution used to generate the transducing
layer was made of 0.01 M of EDOT-C4, and 0.03 M of KTPFPB in
acetonitrile as previously reported in ref. 33. The PEDOT-C,,
films were generated on the polished GC electrode by dynamic
electropolymerisation (cyclic voltammetry), from —1.1 Vto 1.6 V
at a scan rate of 0.1 Vs~ for 2 cycles. The transducing layer was
then prepolarised by applying a constant potential to a solution
of 0.03 M of KTPFPB in acetonitrile to reach an oxidation ratio
of 50 : 50 between PEDOT-C,,°/PEDOT-C14".*® The prepolarisa-
tion potential was chosen as the potential corresponding to the
oxidation peak potential. The electrodes were then air-dried for
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30 min. The membrane cocktail was prepared by dissolving
32.35 mg of PVC, 65.77 mg of DEHP, 0.60 mg of TDMAN
(10 mmol kg™ ") and 1.73 mg of ETH500 (15 mmol kg™ ') in 1 mL
THF. A total amount of 25 pL (5 times 5 pL) of membrane
cocktail was drop cast onto the electrode body and left to dry
overnight. The membrane deposition was performed sequen-
tially to avoid overflowing due to the small diameter of the
electrode. Prior to analysis, the sensors were conditioned in
1 mM NaNO; overnight.

Before any experiments, the functionality of the electrodes
was tested by calibrating them with NaNO; solutions from
1077 M to 10> M in deionised water. The response slope as
well as the lower detection limit were recorded as they are
needed for further calculations. All activity coefficients were
calculated according to ref. 38. To test the reliability of the
electrodes under different conditions, the light and pH
influence on the potentiometric signal was evaluated. It can be
seen in Fig. S2AT that the signal remains constant no matter
the light intensity and in Fig. S2Bf that the signal remains
stable when changing the pH of the solution from 6 to 11,
especially in the range that is environmentally relevant (from
PH 6.5 t0 9.0). To confirm the applicability of these nitrate ion-
selective electrodes for measurements over several days,
a water layer test was conducted (see Fig. S31) and showed no
water formation between the transducer layer and the ion-
selective membrane. The selectivity of these membranes was
also tested to ensure the reliability of the measurements on
real samples. This experiment was performed according to the
MSSM.* It can be seen in Fig. S4 and Table S1f that the
proposed ion-selective electrodes are discriminating against
sulfate and chloride, which are the main anions that might
interfere in freshwater samples.

TO TRANSMISSION CABLE
+ ANCHORING CABLE

A) B) TEMPERATURE PROBE

CCONTROL BOARD

CALIBRANT INLET

CABLING + FLUIDICS.

SENSOR HEAD

PROTECTIVE

METALLIC MESH

DOME SHAPED RECESS FOR ION-
SELECTIVE ELECTRODES

Fig. 1 (A) Full view of the probe with (from bottom to top) the first
compartment containing the sensors (behind a piece of protective
metallic mesh), cabling and pumps. The calibrant inlet is located in the
middle part with the cables running from the first to the second
compartment that encloses the main board. An outlet to connect the
transmission cable is located on top, close to the anchoring point. (B)
Zoomed view of the empty sensing head, where the ion-selective
electrodes will be located in a dome-shaped recess. A temperature
probe is placed on the side.
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Probe design

The entire probe (Fig. 1A) was built and designed in-house. The
white casing is made of Delrin tubes (@ 10 cm) closed by
transparent custom lids made of poly(methyl methacrylate)
(PMMA). All lids are equipped with fluorinated, carbon-based
rubber (FKM) O-rings to make the tubes watertight. A close-up
of one of these lids, with the O-ring, can be seen in Fig. 1B, as
it acts as the sensing head. The two compartments of the probe
were separated on purpose to protect the electronics located in
the top compartment in case of a leak in the bottom part,
containing the pumps and sensors. The cables connecting both
compartments are enclosed in PMMA tubes sealed with silicone
rubber to ensure watertightness. The total length of the
instrument is 1.0 m (0.92 m without the top connector). Because
of the air located inside both tubes when closed, the instrument
had to be fixed on a stainless-steel bar (I = 1.4 m) acting as
a deadweight. To protect the sensors from foreign objects and
perform the calibration step during the immersion in real
samples, a piece of metallic mesh was mounted at the edge of
the dome-shaped recess where the electrodes are located. The
solution used during the calibration step is placed into a soft
plastic bag and connected through an inlet located between the
two tubes.

A schematic representation of the sensing head can be seen
in Fig. 2. The sensing head is divided into two parts: a modified
T-junction that contains the reference elements and sensing
dome, located in contact with the sample. The top channel,
called the calibrant inlet, is used to deliver the calibrant to the
ion-selective electrodes during the calibration step. This is
achieved using a small peristaltic pump that is activated
punctually. Both references, located in the top part of the
modified T-junction, will only ever be in contact with the cali-
brant solution thanks to the smaller diameter connection,
separating both parts of the T-junction. The use of a channel
exhibiting a smaller diameter prevents mixing between the
calibrant and sample during the measuring periods. A small
drain channel is located after the recess and can be used to
aspirate solution from the sensing dome, for example in case an

| e CALIBRANT INLET

REFERENCE ISE

SMALL DIAMETER CONNECTION
DRAIN CHANNEL s

Fig.2 Scheme of the sensing head. Calibrant solution flows from the
top trough the inlet. Both reference electrodes are located in the first
chamber of the modified T-junction. A drain channel is present in the
second chamber to remove potential bubbles in the sensing dome.
The ion-selective electrodes (ISEs) are located all around the sensing
dome.
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air bubble gets stuck inside (which will generate potential
drifts). The small diameter connection between both parts of
the modified T-junction is designed to ensure that when the
drain channel is used, solution is pumped selectively from the
sensing dome and not from the top part where the reference
electrodes are located. The ion-selective electrodes are located
at the bottom of the sensing head in a small dome-shaped
recess. The dome has a diameter of 12.64 mm for a maximal
depth of 3 mm. A schematic side-cut of the dome with its
housing can be seen in Fig. S5.f It is possible to fit six
measuring electrodes in the sensing dome. This can be useful to
obtain intra-electrode reproducibility or measure more than
one type of analyte. This geometry was chosen amongst others
to have no sharp edges that would impair equal diffusion of the
sample in the recess. The sensing dome is closed using metallic
mesh (30 pm mesh size-stainless-steel) that shields the elec-
trodes from outer foreign objects but still allows solution to flow
freely in and out.

Calibration and measurement principle

The scheme presented in Fig. 3 illustrates the principle of the in-
line calibration protocol. During the initial sample measurement
phase, the sample fills the dome-shaped recess and the ISEs
measure the sample. Both reference electrodes located on top are
in contact with the calibrant solution. To avoid significant junc-
tion potentials between the calibrant and sample, the calibration
solution was prepared by spiking the sample with a small amount
of nitrate. With this procedure, the matrix and overall ionic
strength are the same in both cases. Due to the high ionic
strength of freshwater samples, small concentration variations of
ions do not influence the junction potential significantly and the
calibrant does not have to be exchanged during the testing
period. Thanks to the small channel connecting both parts of the
cell, mixing can be neglected. Since mixing never occurs and the
references are in a solution of fixed concentrations, it is possible
to use an additional ion-selective electrode as a symmetrical
reference element. The principle of electrochemical symmetry
has been recently investigated by our group* and is based on the
observation that ion-selective electrodes of the same batch always
tend to experience similar drifts. It has been shown in this study
that traditional reference elements such as Ag/AgCl wires do not
experience temperature influence in the same way as ion-selective
electrodes.

This difference in temperature influence is of great impor-
tance for a probe that is meant for measurements outside the
laboratory, where temperature gradients during experiments
can be relatively large, especially in surface waters during day
and night cycles. In a follow up study,® it has also been
demonstrated that other types of drifts, occurring for example
at a transducer-membrane interface or because of water
uptake, are also comparable between ion-selective electrodes of
the same batch. With these considerations in mind, by
measuring one electrode against another of the same type
(located in a solution of a fixed concentration), these drifts
should cancel themselves out and lead to higher stability and
reproducibility.
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Fig. 3 Principle of in-line automated calibration. (A) Initial phase where the calibrant is measured. (B) Calibration phase where the calibrant
solution is actively pushed to the sensing dome. (C) Reequilibration phase where the sample gradually fills the sensing dome back.

During the sample measurement, the whole system is
passive and renewal of solution in the sensing dome is achieved
by natural water motion or buoyancy. During the calibration
phase (Fig. 3B), a small pump is activated and the calibration
solution is pushed towards the sensing dome. In this configu-
ration, all electrodes are now measuring the same solution. Due
to the small volume of the sensing dome, less than a minute is
needed to fully replace the sensing dome solution. It has also
been seen that the metallic mesh placed in front of the elec-
trodes for protection helps slow down the diffusion of the
calibration solution into the bulk, therefore rendering the
system more efficient and allowing for a shorter calibration
period. This is a significant advantage in terms of power
consumption.

During the reequilibration period, the pump is stopped and
the sample gradually fills the dome again to go back to its initial
state. In field campaigns, the probe is always anchored to a boat
or a buoy, hence it is never static. This natural movement will
help the reequilibration process and speed it up. The whole
calibration procedure can be preprogramed into the probe and
run at fixed time intervals (Fig. S61). The duration of a cycle can
be adjusted to space out the number of calibrations to fit the
experimental needs. Since the concentration of the calibrant
solution remains constant, the potential value corresponding to
the calibrant should remain stable throughout cycles and is
therefore a good control parameter towards undesired drifts. In
addition to this, the calibration step is also used to estimate the
concentration of the real sample with better accuracy.

When performing a calibration in a laboratory setup, one is
able to obtain a calibration curve that will normally adhere to
the theoretical Nernst equation. It is well known that this
equation correlates the measured potential with the activity of
the ion of interest. During field measurements, estimating the
activity of the sample is of limited interest since the ionic
strength (a; = v-¢;) has to be known to compute the concen-
tration of the ion of interest. Determining the total ionic
strength requires a concentration estimation of all major ionic
species. Because this involves benchtop instrumentation it
defeats the purpose of direct on-site measurements. In the case
presented here, since the calibrant is based on the sample, it
can be assumed that the ionic strength is the same in both
cases. It is possible to use this information to obtain the

524 | Environ. Sci.: Processes Impacts, 2023, 25, 519-530

concentration of the sample based on the Nikolsky-Eisenmann
equations of both solutions:

EMFsample = KI - S'Corrtemplog (71 : CNO31’ + ZK;::;')laj> (1)

J#EI

EMF, = K; — s-COITemplog <7,~cNo12 + ZK}’;’@) (2)
J=I

where s is the slope measured during initial calibration, corremp
is the correction factor based on the temperature difference
between the initial laboratory calibration and the in situ sample
measurement, v; is the dimension-less activity coefficient which
depends on the ionic strength, a; is the activity of the interfering
ion, €NO;, is the concentration of nitrate in the sample, CNOs, is
the concentration of nitrate in the calibrant and K; JP"taj is the
selectivity coefficient. It can be assumed that v; is the same in
both cases since the ionic strength of both solutions is very
similar. The lower activity-based detection limit determined
during initial laboratory testing of the electrode can be con-
verted into a concentration-based detection limit and used

instead of the selectivity coefficient:
v Y K =Dy (3)

JFI

If eqn (2) is subtracted from eqn (1), the difference potential
AEMTF is obtained. This allows the removal of the parameter K;
which is the same in both cases owing to the similar composi-
tion of the sample and calibrant. The activity coefficient is now
present everywhere in the logarithmic part of eqn (4) and
therefore also cancels out:

(Noy,- + Do
AEMF = EMFmpie — EMF., = 5°COITemp lOg 2

CNoy - + Dy

(4)

It should be emphasised here that this assumption is only
possible because both samples have very similar ionic
strengths. As mentioned before, the calibrant is prepared on-
site by spiking a nitrate aliquot in a known volume of sample.

This journal is © The Royal Society of Chemistry 2023
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The concentration of nitrate in both solutions can now be
correlated:

CNO_;I’ : Vcal + Cspike * Vspike
Vcal + Vspike

No;,- = (5)
where V, is the volume of calibrant, cspie the concentration of
the concentrated nitrate solution and Vypi. the volume of the
spiked aliquot.

Finally, the temperature correction on the slope can also be
adjusted, by knowing at what temperature the laboratory cali-
bration was performed initially:

T[°C| +273.15
Tcalibration [OC} +273.15

(6)

COIT(emp =

If eqn (1)-(6) are now combined, the unknown nitrate
concentration in the sample can be calculated using the
following equation:

ONO3 - =

AEMF
$°COITiemp

Cspike * Vspike + DL ( Vear + Vspike) - 10 ( ) Dy ( Vear + Vspike)

( AEMF )
10 e (Vca] + Vspike) - Vca]
()

This makes it now possible to have direct access to the
concentration (not activity) of the medium, without having to
estimate the total ionic strength, which is impossible during on-
site measurements.

Results and discussion

During the development phase of the sensing head, it was
realised that its design plays a significant role in achieving
a successful one-point calibration step. The critical point was
the height of the sensing dome (Fig. S51) that had to be carefully
adjusted. In earlier designs, a smaller dome was tested with
a height lower than 2 mm. In this case, unfortunately, a full
replacement of the solution during the calibration was never
achieved. The calibrant was directly diluted in the sample and
a stable signal for the calibrant was never obtained. The optimal
dome height was determined to be 3 mm. Attempts with
a higher dome (10 mm) were also undertaken but it was seen
that the reequilibration phase (Fig. 3C) was difficult in that case
as calibrant solution would stay trapped at the top of the dome,
creating a dead volume that was never replaced with the sample.
The final design had the recess closed by a metal mesh barrier
to shield the ion-selective membranes from foreign objects and
prevent excessive dilution of the calibrant in the sample during
the calibration step. Several materials, such as a dialysis
membrane, a cellulose membrane and metallic mesh were
considered during the development phase. Although conclusive
results were obtained with the cellulose membrane, the mate-
rial was discarded owing to its poor mechanical robustness. The
dialysis membrane proved to be much more robust, but its

This journal is © The Royal Society of Chemistry 2023

View Article Online

Environmental Science: Processes & Impacts

A) 100 B) 100

30 pm MESH 74 um MESH

50 50

E/mV
o
E/mV
)

-100 ~100
400 800 1200 1600 400 800 1200 1600

t/s t/s

Fig. 4 (A) Reversibility test with a piece of 30 um stainless steel mesh
closing the dome. (B) Reversibility test with a piece of 74 um stainless
steel mesh closing the dome. The top red line represents the potential
value of the sample (0.5 mM NaNOs) and lower red line represents the
potential value of the calibrant (2.0 mM NaNOs). Both solutions con-
tained a background of 0.5 mM NaCl since a Ag/AgCl reference was
used.

charged surface*® and low porosity were a challenge for solution
renewal, especially after the calibration step. The metallic mesh
was kept in the final configuration owing to its high mechanical
stability and larger pore size.

Tests mimicking a real environment were conducted in a fish
tank equipped with a water circulating system to reproduce the
natural flow of a river. The tank was filled with a solution con-
taining 0.5 mM NaCl/0.5 mM NaNOj; and the calibrant was set
to 0.5 mM NaCl/2.0 mM NaNOj;. As seen in Fig. 4, the sample
was first measured and then periodically the pump was acti-
vated to push the calibrant (containing a higher concentration
of nitrate ions) into the sensing dome as depicted in Fig. 3. Due
to the different concentrations of nitrate anions in the two
solutions the potential value drops according to the Nernst
equation when the calibrant solution is pushed towards the
dome. Once a stable potential value was obtained for the cali-
brant, the pump was stopped and the signal was found to
gradually return to the initial potential value corresponding to
the sample. The rate at which the initial potential is recovered
can be adjusted by changing the mesh size. By comparing
Fig. 4A and B it can be noticed that with the larger mesh size,
the baseline is reached faster than with the smaller sized mesh.
More cycles could be performed in 2000 s with the 74 pm mesh
size due to a faster reequilibration time. Having different mesh
sizes is also an advantage for field testing where it can be
adapted depending on the turbulences present in the medium.
A smaller mesh size may be more suited in the case of a very
turbulent sample to achieve the calibration step, while a larger
mesh size might be advantageous in more stagnant environ-
ments to not impair the reequilibration process after the cali-
bration step.

The potential jump that was observed in both cases (~—38.0
mV) was consistent with theoretical calculations based on the
Nernst equation, taking into account the junction potential. In
this case, since solutions of low ionic strength were used, the
junction potential had to be considered. The classical Hender-
son equation was used to estimate the junction potential and all
ion mobility values were taken from ref. 41. The liquid junction
potential was calculated according to Henderson's eqn (8).
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where z; is the charge of the ion and y; is the ion mobility.

With a calculated potential difference of —39.0 mV, it can be
concluded that the solution exchange during the calibration
process is optimal and that the proposed geometry of the
sensing head works as expected for the one-point calibration.

To avoid high junction potentials (up to 5 mV) when working
with solutions of low ionic strength, follow-up experiments
using the same setup were conducted in real water samples
sourced from the Rhone River in Geneva. To confirm the small
junction potential between two solutions of higher ionic
strength, the concentrations of all major cations (K", Na*, Ca>*
and Mg>") and anions (NO;~, ClI, HCO;~ and SO,>”) were
estimated using reference methods specified in the experi-
mental section. The individual concentrations of each ion can
be found in Table S2.7 The calibrant used in this case was the
same Rhone River water sample but spiked with NaNOs. The
concentration of nitrate in the calibrant was 155.3 puM
compared to 35.3 uM in the sample. The resulting junction
potential calculated between the two solutions was lower than
0.3 mV and can be neglected considering that the expected
potential shift between both solutions corresponds to
—38.0 mV.

The results from the tank-based tests with a real sample are
presented in Fig. 5. In this case, a piece of fine mesh (30 pm) was
mounted to have the same conditions that would be further
used in the field campaign. In addition to testing the one-point
calibration protocol, the symmetrical reference element was
also implemented. Since the experiment is performed in
a controlled environment, the temperature fluctuations are
minimal; therefore their influence on both references should
not be seen. In both cases, the reversibility is satisfactory and
the signal corresponding to the sample is recovered in minimal
time. It can be noticed that the time trace corresponding to the
response versus the Ag/AgCl reference exhibits more noise and
perturbations, especially during the calibration step. This can

40 ) 24

—  SIGNAL VS Ag/AgCI
20 22
. o TEMPERATURE

0 U 20
L == SIGNAL VS NOy; REFERENCE
-20 18 (SYMMETRICAL REFERENCE)

-40 16

E/mV

0 50 100 150 200

t/ min

Fig. 5 Nitrate potentiometric response in the Rhdne River water
sample. Reversibility tests over 7 cycles alternating between the raw
sample and spiked sample. the pink trace is the potentiometric
response versus the Ag/AgCl reference electrode and red trace is the
potentiometric response versus the symmetrical nitrate reference. The
temperature time trace is in cyan. A 30 um mesh size was used to
mimic the field conditions. For each trace, the highest potential refers
to the sample (35.3 uM) and the lowest potential refers to the calibrant
(155.3 pM).
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be explained by the fact that when the pump is activated, the
electrodes are subjected to a stronger flow than during the
passive sample measurement, causing a small perturbation.
Since this flow is similar in the modified T-junction, where the
symmetrical reference is located, and the sensing dome, when
measured against each other, this interference cancels out,
leading to a smoother signal. The potential values recorded for
the sample exhibit a smaller standard deviation when measured
against the symmetrical reference (2.7 &+ 0.2 mV) element than
that exhibited when measured against the Ag/AgCl reference
(34.2 £ 0.6 mV). The same conclusion can be drawn for the
potential values corresponding to the calibrant (—0.6 &+ 0.6 mV
for the classical system versus —34.3 + 0.3 mV for the
symmetrical system). The observed potential shift between both
solutions is closer to the theoretical value with the symmetrical
system (—37.0 + 0.3 mV) compared to the classical system
(—34.8 £ 0.6 mV). Cycle by cycle data extracted from Fig. 5 can
be found in Table S37 for the symmetrical reference and Table
S4t for the Ag/agCl reference element. Both tests performed in
the laboratory showed that the one-point calibration is
successful and sufficiently accurate to enable one to estimate
the nitrate concentration of an unknown sample with eqn (7),
without having to use traditional measurement methods for
nitrate that are not well suited for field work. This accuracy is
reinforced by the use of the symmetrical reference element that
helps cancel out small perturbations or drift, seen when using
a traditional Ag/AgCl reference element.

Field measurements were performed in the Arve River in
spring 2022. The probe was anchored with a rope to a platform
close to the shore. During the testing period the smaller mesh
size was always used (30 um) due to a turbulent flow which is
typical for this time of the year, due to snow melting in the
French Alps where the Arve has its source. The probe was
immersed during the day and preprogramed to perform a cali-
bration every 8 h. The details of the calibration cycle can be
found in Fig. S6 and Table S51 During each cycle, the pump was
activated for a total time of a 120 s and the signal related to the
calibrant was recorded at the end. No measurements were taken
during the 5 min following the calibration routine to leave some
time for the calibrant to dissipate from the dome and be
exchanged with the sample again. Knowing the flow rate of the
pump (2.6 mL min "), 15.6 mL of calibrant was consumed every
day assuming 3 calibrations are performed. With the 500 mL
calibrant bag that was mounted, the solution would have to be
renewed only every 30 days. The results generated by the probe
were stored internally on an SD card as a text file. These files
were then processed with Mathematica to generate time traces
and convert potential readings into nitrate concentrations with
eqn (7).

Performing 3 calibrations a day means that the pump is
activated for a total of 360 s per day. Knowing that the pump
requires 50 mA at 3.7 V, the daily power consumption is just
0.77 mW. If the pump was running continuously, as it is clas-
sically done in submersible probes, the daily required power
would be 185 mW. The main board included in the instrument
needs 100 mA at 5 V to run at full power. If needed, the main
board can go into standby where it will only need 20 pA at 5 V.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (A) Potentiometric response of a nitrate-selective electrode versus the Ag/AgCl electrode. The 30 um mesh size was used due to the

strong flow of the river. (B) Potentiometric response of a symmetrical nitrate-selective reference electrode versus Ag/AgCl. (C) Potentiometric
response of the nitrate-selective electrode versus the symmetrical reference. Graphs (A) and (C) represent the same measuring electrode. Graph
(A) and (B) are raw potentiometric traces without temperature correction. In this case, the nitrate concentration of the calibrant was estimated at
161.8 uM by ion chromatography. The nitrate concentration calculated from graph (C) can be seen in Fig. 7.

Assuming the board runs at full power continuously, the daily
required power may be estimated at 0.5 W. With this informa-
tion, it is assumed that the probe can run for at least 97 h on 4
Li-ion batteries. To remove the need for battery exchange, it is
calculated that a 43 x 55 cm solar panel would be sufficient to
power the device with only 2 h of direct sunlight a day.

Fig. 6A shows the potentiometric time trace of a nitrate-
selective electrode versus the Ag/AgCl reference, showing
a drifting signal over time. Over the 75 h of the testing period
the overall potential change was estimated at around 30.0 mV
(from ~30.0 mV att =0 h to ~0.0 mV at ¢t = 75 h). Fig. 6B, which
represents the potentiometric time trace of the nitrate-selective
electrode used as the reference relative to the same Ag/AgCl
electrode, shows that this drift is similar. Since both reference
electrodes are in a solution of fixed concentration, one can be
sure that the observed potential shift is a drift and not
aresponse towards nitrate. The intense drift seen in the first few
hours after immersion may originate from the low water
temperature, below 10 °C during the testing period. To correct
for the drift seen in both cases, the symmetrical reference was
used to generate Fig. 6C. Both graphs presented in Fig. 6A and B
are raw potentiometric data, where no temperature correction is
applied. Applying a temperature correction here to generate
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Fig. 7 Converted potentiometric data using eqn (7) to get the
concentration of an unknown sample. (A) Results of the nitrate-
selective electrode versus the symmetrical reference. (B) Results of the
nitrate-selective electrode versus the Ag/AgCl reference. On both
graphs, blue dots represent the nitrate concentration obtained by ion
chromatography from punctual sampling. Error bars represent the
standard deviation (n = 3).
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Fig. 6C is not needed as it would be cancelled out mathemati-
cally. The temperature correction was applied when calculating
the concentration of nitrate as seen in Fig. 7. The drift is now
compensated for and the observed signal exhibits an increased
stability. The spikes, corresponding to the calibration events,
are now more reproducible and the overall signal change over
the entire testing period is now approximately 6.0 mV.

To confirm the reliability of the system, the water from the
Arve River was punctually sampled throughout the testing
period and analysed by ion chromatography to allow cross-
correlation. The potential readings obtained with the probe
were converted to concentration values using eqn (7). It should
be noted here that the parameter EMF,, was always updated
after a calibration cycle to use the latest value. Throughout the
cycles, the average value for EMF., was more reproducible
when using the symmetrical reference (EMF.q|, symmetry = —22.0
+ 1.6 mV) compared to that obtained when using the Ag/AgCl
reference (EMFc,, agagcl = —16.7 £+ 2.2 mV). The same
conclusion can be drawn when estimating the AEMF between
EMF,., and the EMF reading before the calibration process. The
average AEMF when measuring against the symmetrical refer-
ence was found to be equal to AEMFmery = —27.5 £ 1.2 mV
compared to AEMFag/agc1 = —23.6 £ 2.0 mV, obtained using the
traditional reference element. Both average AEMF values differ
by 3.9 mV, which will have an impact on the observed nitrate
concentration value.

Fig. 7 presents the converted raw data, extracted from the
probe, into a molar nitrate concentration. The implementation
of the in-line calibration step allowed one to have direct access
to the concentration of nitrate ions instead of activity. The blue
dots on the graph indicate the concentration of nitrate obtained
by ion chromatography used as the reference method. From
Fig. 7A and B it can be seen that the concentration levels ob-
tained using the symmetrical reference correlate better with the
measured levels by ion chromatography. The fluctuation of the
signal is also minimised when using the symmetrical reference
since interferences, such as temperature drift or convection,
affect both plasticised membranes in a similar manner. A more
stable signal correlates with the trend seen in the different ion
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chromatography (IC) measurements over time. The average
nitrate concentration measured by ion chromatography is 38.2
=+ 2.1 mM. Individual nitrate concentrations recorded by IC can
be found in Table S6.7 Sampling more often would have been an
advantage for better cross-correlation between IC data and the
probe, but it was unfortunately not possible due to the
complicated access to the anchoring point of the probe. When
performed, sampling was conducted manually, thus stressing
the need for better measuring systems and sampling facilities.
The average nitrate concentration observed using the probe for
the same times at which these samples were taken was 44.0 =
3.5 mM when measured against the symmetrical reference
element. This value increases to 77.4 + 6.4 mM when using Ag/
AgCl as the reference, which is unacceptable. This over-
estimated concentration was measured with the Ag/AgCl elec-
trode and is presented in Fig. 7B is due to a lower and biased
measured AEMF than expected. A smaller AEMF suggests
a smaller difference between the concentration of the sample
and calibrant, thus the overestimation. Such high deviations
can cause issues during a monitoring campaign, expressing the
need for better reference elements.

The potentiometric response of the electrodes was tested
before the immersion in the real sample and after the testing
period, to confirm that they were still functional. It can be seen
in Fig. S7 that after the experiment in the Arve River, the E°
value has indeed shifted and the lower detection limit shifted
from —5.2 to —4.8 in nitrate logarithmic activity. This change is
not significant for our experiments as the natural nitrate
concentration found in the Arve River is in both cases still in the
linear response range. It is assumed that this effect is due to
biofouling at the surface of the electrode. For longer deploy-
ment periods, a new strategy to avoid biofouling will have to be
implemented. Several options could be envisioned, such as
replacing the stainless-steel mesh by copper mesh that is known
to have antifouling properties*” or by in situ electrochemical
generation of chlorine® using the metallic mesh as the elec-
trode. The latter strategy is mainly used in seawater, where the
concentration of salt is high, but recently attempts with lower
amounts of NaCl** have been undertaken and could be applied
to the case of freshwater. For improved results, both of these
options could be combined with ion-selective membrane
surface modification with silver nanoparticles* for increased
anti-biofouling properties. To prevent microbial growth and
biofouling in the compartment where the reference electrodes
are located, a piece of copper mesh could be implemented
between the calibrant bag and tubing inlet. By avoiding
biofouling of the electrodes and using solar panels to power the
probe, maintenance should only be required to refill the cali-
brant bag and exchange the electrodes. In a previous study, it
was shown that nitrate-selective electrodes were functional for
at least 3 weeks.** The main limiting factor in this case is the
lifetime and lower detection limit of the ion-selective electrodes.

Conclusions

Finding new ways to easily estimate the quality of freshwater
environments is crucial for the needs of our society. This new
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fully integrated potentiometric probe offers the prospect of
long-term nitrate monitoring with minimal required mainte-
nance. Owing to its compact and portable design, this instru-
ment is not only limited to sampling stations, but could be
potentially deployed anywhere using a boat or a buoy. The use of
an ion-selective electrode of the same batch as the measuring
ones and placing it in a reference compartment allowed one to
test the concept of electrochemical symmetry under real
conditions. It was demonstrated here that the symmetrical
reference element offers superior performances as it frees the
signal from unwanted noise and generates more accurate
results. For further applications, one could consider not using
a Ag/AgCl reference element but only a symmetrical reference.
The implementation of an in-line calibration procedure enables
the user to obtain a direct estimation of the nitrate levels in
freshwater systems without having to analyse a sample before-
hand. The intermittent measurement of a solution of a fixed
concentration also offers an additional control of drifts occur-
ring in ion-selective electrodes. Using different types of sensors,
this instrument may be adapted to measure other types of
analytes and be used for multi-analyte quantification. It is
believed that this work based on a narrow timeframe (80 h) may
serve as a basis for long-term deployment measurements.
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