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ABSTRACT: A new submersible probe for the in situ detection of
nitrate, nitrite, and chloride in seawater is presented. Inline coupling of a
desalination unit, an acidification unit, and a sensing flow cell containing

all-solid-state membrane electrodes allows for the potentiometric
detection of nitrate and nitrite after removal of the key interfering ions
in seawater, chloride and hydroxide. Thus, the electrodes exhibited
attractive analytical performances for the potentiometric detection of
nitrate and nitrite in desalinated and acidified seawater: fast response time
(tos < 12 s), excellent stability (long-term drifts of <0.5 mV h™"'), good
reproducibility (calibration parameter deviation of <3%), and satisfactory
accuracy (uncertainties <8%Diff compared to reference technique). The
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desalination cell, which can be repetitively used for about 30 times, may additionally be used as an exhaustive, and therefore
calibration-free, electrochemical sensor for chloride and indirect salinity detection. The detection of these two parameters
together with nitrate and nitrite may be useful for the correlation of relative changes in macronutrient levels with salinity cycles,
which is of special interest in recessed coastal water bodies. The system is capable of autonomous operation during deployment,
with routines for repetitive measurements (every 2 h), data storage and management, and computer visualization of the data in
real time. In situ temporal profiles observed in the Arcachon Bay (France) showed valuable environmental information
concerning tide-dependent cycles of nitrate and chloride levels in the lagoon, which are here observed for the first time using
direct in situ measurements. The submersible probe based on membrane electrodes presented herein may facilitate the study of
biogeochemical processes occurring in marine ecosystems by the direct monitoring of nitrate and nitrite levels, which are key

chemical targets in coastal waters.

Marine environments are vulnerable to a wide range of
substances originating from anthropogenic activities that
may have adverse effects on water quality.' > While certain
compounds are important for the dynamic functioning of
aquatic ecosystems, the disturbance of its natural equilibrium
may have serious impact on living organisms and ultimately on
human health. This is the case for freshwater discharges of high
macronutrient content from extensive activities such as
agriculture.” Thus, uncompensated levels of inorganic nitro-
gen along recessed coastal water bodies, such as bays, estuaries,
gulfs, sounds, or bights, may lead to the gradual eutrophication
of the ecosystem if the connected ocean/sea is not able to
naturally dilute these inputs.® It is important to identify the
sources as well as day/night and tide-dependent concentration
distributions of certain compounds such as nitrate and nitrite, at
the appropriate temporal and spatial scale. This would greatly
help in (i) the understanding of ecosystems disturbance, (ii)
risk evaluation, and (iii) the management and mitigation of
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environmental impact, especially when anomalous concen-
trations exceeding the expected levels in coastal zones (i.e.,
0.1—40 uM for nitrate and 0.01—4 uM for nitrite) occur.”®
Current existing monitoring programs mostly work with
monthly measurements, which do not account for short-term
variations of nitrate/nitrite and other chemical parameters in
coastal water bodies.

For the reasons described above, there is an urgent need for
analytical tools to monitor nitrate and nitrite in marine
ecosystems. Detection achieved in real time and in situ is
clearly preferred over centralized approaches, which require
discrete sampling, in order to minimize the risk of sample
contamination or degradation and drastically increase the
frequency of data acquisition.” Few analytical techniques offer
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the required characteristics for their implementation in situ, and
it is therefore important to exploit the application of those
techniques that may provide local environmental observations
through deployable devices. In this regard, flow injection
systems based on the Griess reaction to detect nitrite and
additionally incorporating a Cd reduction column to detect
nitrate have been extensively adapted for in situ measure-
ments.'”"'* However, the degree of complexity of these
deployable devices is high and sometimes only the determi-
nation of total oxidized nitrogen (NO;~ + NO,7) is
accessible."" On the other hand, submersible ultraviolet nitrate
analyzers that are chemicals free have also been proposed in the
literature and are even commercialized.'>'® Yet, the precision
reported in seawater (2.4 uM) related to detector drift may not
provide sufficiently accurate data.

The nitrate/nitrite microbiosensor developed by Revsbech et
al. is another promising tool for in situ measurements as it has
been demonstrated in specific cases such as sediment
profiling.'”'® However, the authors realistically stated that the
construction of the electrodes is complicated and that the
bacterial cultures used in the sensor should always be fresh.
Moreover, incubation conditions change according to the
expected temperature, and there are also other issues related to
the sensor calibration. A macrosensor based on the same
concept is currently commercially available to measure
concentrations greater than 0.2 yM nitrate and nitrite,
operating between 10 and 38 °C with signal drift < 20% per
week and no pressure tolerance.'” The sensor is not currently
applicable for in situ measurements as the manufacturer
suggests not to submerse it below 1 m but to perform
sampling and on deck measurements (on site) instead. An
alternative to the mentioned in situ probes may be the use of a
submersible device based on electrochemical sensors and
particularly all-solid-state electrodes based on ion-sensing
membranes (ISMs), which have demonstrated excellent
functionality for in situ environmental analysis in the past
decade.**’

Solid-state membrane electrodes are fabricated by modifying
the surface of a conductive material (i.e, glassy carbon and
gold) with a suitable ion-to-electron transduction material (ie.,
conducting polymers and nanomaterials) and subsequently
coated by the ISM, which typically contains a polymeric matrix,
a plasticizer, an ion exchanger, and a selective chemical receptor
(ionophore).”””* The response mechanism of ISMs is
governed by a local ion distribution equilibrium at the
sample—membrane interface. When operating at zero current
potentiometry, an activity change of the primary ion in the
aqueous solution ideally results in a well-defined change of the
membrane potential that is governed by the Nernstian
relationship.” Ton-sensing membranes may alternatively also
be interrogated by dynamic electrochemistry by applying either
a linear sweep or a constant potential or current, givin%
additional analytical information about the system.”*™*
Whatever the ISM readout, the required instrumentation is
comparatively inexpensive, readily miniaturized, and easy to
use. In addition, inherent characteristics of solid-state electrodes
(versatility, simplicity, low cost, reduced size, fast response
time, and insensitivity to pressure and light)**° make them
particularly suited for in situ aquatic analysis by submersible
probes.

Field applications of potentiometric membrane sensors for in
situ water monitoring have been reported in recent years.
Athavale et al. described the implementation of all-solid-state
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ammonium-selective electrodes in a custom-built profiling ion
analyzer (PIA) deployed in a stratified lake.””*® The observed
depth profiles for ammonium concentration showed fine scale
features, which would go unnoticed using discrete sampling-
based analysis, allowing for the identification of hotspots and
step gradients of ammonium levels in the lake. The direct
contact of the membrane electrodes with the water column and
the profiling by the PIA at a continuous speed make it possible
to acquire high resolution depth profiles. More recently, our
group has developed a submersible probe based on a
potentiometric flow cell containing pH, carbonate, and calcium
membrane electrodes applicable to seawater analysis.”” The
flow module in the probe permits the single-point recalibration
of the electrodes and an improved biofouling resistance for
long-term experiments. In situ temporal profiles of pH,
carbonate, and calcium observed through the deployment of
the device at different marine locations demonstrated that it is a
promising tool for environmental analysis.

We present here a new submersible potentiometric probe for
real time detection of nitrate and nitrite in seawater. Nitrate-
and nitrite-selective miniaturized all-solid-state sensors based
on nanomaterials are accommodated in a flow cell developed in
house that allows the coupling of inline desalination and
acidification pretreatments to reduce the limit of detection of
the macronutrients in seawater as much as possible.””*" The
desalination cell is here also used as a calibration-free
electrochemical sensor for chloride detection, which is in turn
correlated to salinity data. The developed fluidics system is
incorporated into a deployable device, offering autonomous
operation and a single-point recalibration of the nitrate and
nitrite electrodes, therefore compensating for possible
potential—time drifts in the electrodes’ responses. The system
was deployed in the Arcachon Bay (France) for 23 h, recording
nitrate, nitrite, and chloride levels along with the tidal changes
in the lagoon and validated with traditional sampling
techniques.

B EXPERIMENTAL SECTION

Description of the Potentiometric Sensors. Miniatur-
ized glassy carbon electrodes were fabricated in house as
previously reported (see the Supporting Information).”” A film
of modified carbon nanotubes (-MWCNTs) was deposited on
top of each electrode by drop casting 5 X 5 pL of the f-
MWCNTSs solution in THF (1 mg mL™1),*? allowing each layer
to dry for 10 min before depositing the next layer. Then, the
corresponding membrane cocktail (see the Supporting
Information for composition) was drop casted on the top of
the fMWCNTs film (4 X 10 uL), allowing each layer to dry for
20 min. The coated electrodes were conditioned overnight
(~12 h) in 107 M HC], 107* M NaNO,, or 10 M NaNO,,
correspondingly, before being accommodated in the flow cell.

Description of the Desalination and Acidification
Units. The design of the desalination and acidification cells
was previously reported.’”*" Dimensions of this first prototype
of the desalination cell were modified here in order to increase
the volume of the desalinated seawater plug (see Supporting
Information Figure S1). Thus, the cell contains the following
parts between two acrylic pieces (60 X 120 X 20 mm?) tightly
pressed by screws, in this order: Ag/AgCl foil (50 X 100 mm?);
a piece of FKL membrane (cation-exchange membrane, 50 X
100 X 0.120 mm®) sandwiched between two serpentine
channels made of natural latex rubber (50 X 100 mm?); and
Ag foil (50 X 100 mm?). Note that the membrane divides the
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Figure 1. (a) Scheme of the developed fluidics for in situ measurements (NO = normally open, NC = normally closed, CAL SOL = calibration
solution, RE = reference electrode). (b) Image of the submersible probe based on the valve (1), the desalination module (2), the acidification
module (3), and the potentiometric flow cell (4). The system is placed inside the water- and pressure-proof cylindrical housing (S) made of acetylic
copolymer (Deldrin).>* (c) Probe incorporated into the titanium cage together with the pump and the CTD multiparemeter probe (6, filter for
seawater; 7, pump; 8, unit containing the electrochemical sensors; 9, bag containing the calibration solution; 10, bag containing the HCl solution; 11,
CTD). (d) Submersible device deployed in the Arcachon Bay from a boat using a small onboard crane.

cell into two parts: (i) a compartment for seawater desalination
(175 uL) in contact with the working electrode (Ag foil) and
(ii) a reservoir for the reference solution (175 uL, 600 mM
NaCl or seawater) in contact with the counter/reference
electrode (Ag/AgCl foil).

Description of the Submersible Probe. The designed
fluidics for chloride and nutrient detection is presented in
Figure la. Pump 1 is used to flush the “in situ calibration
solution” (stored in a bag), which is also used for the
regeneration of the desalination unit (see below), while pump 2
is used for the acid (stored in another bag) needed in the
acidification module as well as the seawater for both (i) to be
measured in the potentiometric flow cell and (ii) to be utilized
as reference solution in the desalination module. All this
constitutes the external part of the fluidics, which is connected
to the internal part by a special cap with nuts for water/air
pressure resistance.”” The internal fluidics is placed inside a
submersible housing made of acetal copolymer (Delrin)** and
is based on a two-position valve, the desalination module, the
acidification module, and the potentiometric flow cell, in this
order (Figure 1b). The valve is placed before the desalination
cell, allowing for the switch between the “in situ calibration
solution” (composition: 3 X 10°® M NaNO;, 1 X 107 M
NaNO,, and 5 X 107> M NaCl) and the seawater. The outlet of
the desalination unit is connected to the inlet of the
acidification unit. The outlet of the acidification unit is
connected to the inlet of the potentiometric flow cell. There
is also one channel containing the reference solution (seawater)
needed for the desalination cell and another one to provide the
acid solution (0.1 M HCI) for acidification. Both solutions are
safely discharged into the environment together with the outlet
of the potentiometric cell.

We have recently reported on a submersible device for the
detection of species relevant to the carbon cycle based on two
physical parts (two different housings that are connected): one
containing the electronics to control the system and the other
containing the fluidics needed for the potentiometric sensing.””
If this latter is disconnected, the submersible housing developed
here to detect nutrients and chloride can instead be coupled to
the electronics part. Indeed, the same electronics (hardware for
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pump and valve control, potentiometric measurements,
voltammetric measurements, the adjustment of the exper-
imental protocol, data acquisition, storage, and management) is
combinable with either probe, (i) sensors for species relevant to
the carbon cycle or (ii) chloride and nutrient sensors, for
deployment in seawater.

B RESULTS AND DISCUSSION

The need of reducing chloride and hydroxide levels to achieve
adequate potentiometric detection of nutrients in environ-
mental waters has recently been demonstrated.’”*"***> The
sensitivity of nitrate- and nitrite-selective electrodes drastically
improves with diminishing concentrations of these two
interferences while levels of other common ions present in
environmental waters do not appreciably affect the response of
the probes.’”’' Figure 2 shows calibration graphs of
miniaturized all-solid-state nitrate and nitrite potentiometric
sensors incorporated in a flow cell described earlier (see

a) NITRATE b) NITRITE
50 mV 50 mV
5 mM NaCl, pH=5.5
5 mM NaCl, pH=5.5
5 mM NaCl, pH=8
> >
IS €
I I 5 mM NaCl, pH=8
= =
Ll w
600 mM NaCl, pH=8
600 mM NaCl, pH=8
8 7 6 5 4 3 -8 -7 6 5 -4 -3
log aNO:?, log aNO&

Figure 2. Calibration graphs obtained for (a) nitrate and (b) nitrite
using the developed flow potentiometric cell based on miniaturized all-
solid-state electrodes.
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Experimental Section).”” In the case of nitrate, no response is
observed in 600 mM NaCl background at pH 8 (seawater
conditions). For chloride background concentrations that are
reduced to millimolar levels, however, micromolar limits of
detections are achieved (2 X 107° M). Even lower values are
obtained (9 X 1077 M) if additionally the pH is reduced to 5.5.
In this latter case, a close to Nernstian electrode slope is
observed (—55.4 mV).

With nitrite, the same decrease in chloride concentration
improves the limit of detection from 5 X 107" to 1 X 107> M
and values lower than micromolar (6 X 1077 M) with a close to
Nernstian slope (—55.7 mV) are observed at pH 5.5. Other
analytical performances of the sensors such as response time,
drift, and between-day reproducibility are adequate for in situ
seawater analysis (see Table S1). The observed limits of
detection are suitable to analyze nitrate and nitrite in seawater
from locations such as coastal zones and areas strongly
influenced by freshwater inputs, as well as to detect anomalous
levels in aquatic systems with eutrophic features,” but are far
from the nanomolar levels required in oligotrophic open
ocean.”” If inline pretreatments for sample desalination and
acidification are coupled prior to the potentiometric flow cell, in
situ detection may be accomplished in the mentioned cases.

In this context, we explore here the possibilities of coupling
electrochemical desalination and passive acidification modules
to the characterized potentiometric flow cell containing nitrate,
nitrite, and additionally pH potentiometric sensors in order to
enable in situ seawater analysis (the pH electrode is used to
qualitatively control the final pH achieved after the pretreat-
ment to confirm its correct operation; see below and the
Supporting Information for more details). Thus, when a
sufficiently positive constant potential is applied between the
working and the reference electrodes of the desalination cell,
chloride is removed from the seawater down to millimolar
levels by exhaustive electrochemical glating as silver chloride on
the working electrode (silver sheet).”” Subsequently, the pH of
the desalinated seawater plug is reduced to ~5 owing to the
cation-exchange process established between the sample and
the acid form of the ion-exchange Donnan exclusion
membrane.”’ While the general design of the acidification cell
was as reported,”’ the design and materials of the desalination
cell were further optimized compared to the prototype
published previously, in order to increase the volume of the
desalinated plug available for the potentiometric detection (see
Experimental Section and Figure S1a).”’ Thus, the designed
channels based on natural rubber (Figure S1b) and the use of
bigger silver sheets as electrodes allow for the increase of the
volume in the sample reservoir from ca. 80 to 175 uL.

The efficiency of the desalination process in this new cell was
first explored in a 600 mM NaCl sample at different excitation
pulses during several time periods. The chloride concentration
in the desalinated plug was calculated from conductivity, by
coupling the ion chromatography detector (see Supporting
Information) to the outlet of the desalination cell. As observed
in Figure S2a, the desalination efficiency increased with
increasing applied potential up to 700 mV and then remained
almost constant at higher values. Optimum efficiency at 800
mV was achieved after 300 s of electrolysis time (Figure S2b).
A decrease of chloride concentration from 600 to 4.8 + 0.1 mM
(~99.2% efficiency) was achieved using these conditions. A
subsequent regeneration step at a cathodic potential of —900
mV for 600 s (doubling the time used for desalination)’* in 5
mM NaCl assured the recovery of ~99.5% of the chloride
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deposited on the working electrode, as calculated from
conductivity measurements of the collected samples after this
regeneration step.

The optimized protocol was then used for the desalination of
actual seawater samples, obtaining a chloride concentration of
5.11 + 0.23 mM (Figure S3 shows an example of the observed
current profiles for desalination and regeneration processes).
The lifetime of the cell operating in seawater is 30 cycles of
desalination, likely due to the deterioration of the silver
elements of the cell with the repetitive plating/release of
chloride on their surfaces, which is an incomplete process
(<99.5% of surface recovery). At the same time the membrane
also deteriorates, as silver chloride complexes are being
precipitated there because of the strong chloride gradient
across the membrane. This limitation was already observed in
the first reported prototype.”® The lifetime of the desalination
cell is currently the limiting factor for the lifetime of the
detection system (comprising desalination + acidification +
potentiometric detection) applied to in situ measurements. A
replacement of the exhausted unit is therefore required to use
the submersible device for longer periods.

If the desalination cell is interrogated using cyclic
voltammetry rather than at constant potential, it may also
function as a coulometric electrochemical chloride sensor.
Panels a and b of Figure 3 show the voltammograms obtained
at increasing concentrations of NaCl (scan rate = 2 mV s7")
using synthetic samples prepared from NaCl solutions as well
as freshwater/seawater mixtures (the chloride concentration
was calculated from jon chromatrography). The peak current
and the integrated charge under the peak both follow a linear
relationship with the chloride concentration in the sample.
Moreover, the use of the integrated charge results in
coulometric detection that can be utilized without recalibrating
the cell during its lifetime and that is temperature-independent
(ie., integrated charge of 600 mM solution at S—31 °C was
10.14 + 0.01 C; scan rate = 2 mV s~'). Table S2 presents the
calibration graphs obtained in the mentioned NaCl solutions
over time using two desalination cells. The low variation found
for the slope (1.2%) and the intercept (3.1%) over 3 weeks of
operation, together with the fact that the calibration graphs
obtained for different desalination cells are very close, point out
the calibration-free ability of the exhaustive cell as chloride
Sensor.

Cyclic voltammograms obtained for 600 mM NaCl at
different scan rates are shown in Figure S4. As observed, it is
necessary to operate at low scan rate (22 mv s_l) in order to
obtain a constant charge of chloride deposited on the working
electrode as AgCl (anodic scan) that is sufficiently close to the
theoretical charge associated with the exhaustive deposition of
the chloride contained in the entire volume of the cell (10.13
C). Note that the unequivocal use of low scan rates for
exhaustive detection of halides based on thin layer samples that
are controlled by cyclic voltammetry was already proposed in
the literature and, hence, the behavior found here for chloride
detection at different scan rates is in principle expected.”® While
this restricts the sample throughput of the chloride coulometric
sensor, its use allows one to precisely quantify the chloride
content of the sample in tandem with the analysis of
macronutrient levels.

In order to validate chloride detection in environmental
waters, the developed desalination unit was tested over the
entire salinity gradient of the Gironde Estuary (France). Several
samples ranging from minimum to maximum salinity (S = 0—
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Figure 3. Cyclic voltammograms observed at increasing chloride
concentrations in (a) synthetic NaCl solutions and (b) freshwater/
seawater mixtures. Reference solution = water sample that is measured.
(c) Correlation between chloride concentrations measured using ion

chromatography (IC) and the desalination cell (CV) in samples
collected in the Gironde Estuary (France).

3S; see Table S3) were collected and additionally analyzed
using ion chromatography (IC). As observed in Figure 3c, the
linear correlation between the chloride concentrations calcu-
lated from IC and voltammetry measurements as well as the
low average uncertainty, 1.7%Diff, validate the use of the
desalination cell as chloride detector in samples ranging from
freshwater to seawater. In addition, there is a correlation
between salinity and chloride content (Figure 4a) that may be
used to calculate salinity from chloride measurements and vice
versa.

In this regard, there are two chief methods for determining
the salt content (salinity) of water: total dissolved salts (TDS)
and electrical conductivity measurements (EC). Indeed, EC can
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Figure 4. Plots of chloride versus salinity measured in (a) samples
collected in the Gironde Estuary and (b) the 23 h deployment in the
Arcachon Bay. Blue squares indicate predicted salinity values from the
observed chloride—salinity linear relationship. Dashed line indicates
the extrapolation of the chloride—salinity linear relationship to lower
chloride values.

be used to give an estimate of TDS as measurement of TDS is
tedious and cannot be carried out in the field (EC
measurement is much quicker and simpler). While EC covers
salinity ranges from ca. 25—42 with acceptable accuracy, its use
in low salinity waters is however limited®”*" and consequently
the desalination unit may provide an alternative for in situ
salinity measurements in most types of natural water. Optical
sensors” " are currently emerging for this same purpose, but
they have not yet been implemented for in situ measurements
and field data continue to be extracted from EC measurements
using CTD multiparameter probes.

Figure 4a presents the plot of EC salinity versus measured
chloride in the samples from the Gironde Estuary. The linear
relationship is maintained for the higher salinity samples (from
15 to 35), while low salinity samples show some deviation
(from 0 to 15 PSU) that is assigned to the less reliable use of
EC under low salinity conditions. On the other hand, the
accuracy in the integration of the voltammetric peak decreases
with decreasing chloride concentration as a consequence of the
flattening of the voltammetric wave, which becomes barely
readable for chloride concentrations lower than 3 mM (see
Figure SS), marking the lowest detectable chloride concen-
tration by this desalination module.

Before the in situ implementation of the developed system
composed of desalination cell, acidification cell, and potentio-
metric flow cell for nitrate, nitrite, and additionally chloride
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Table 1. Nitrate and Nitrite Analysis in Several Samples (n = 3) from Different Locations: Costa Calida (Murcia, Spain),

Plentzia Bay (Bilbao, Spain), and Genoa Harbor (Italy)

chloride (mM) pH NO;~ (uM) NO,™ (uM)
sample salinity Ccv IC before” after potentiometry colorimetry potentiometry colorimetry
1 35.2 586.9 583.1 8.11 4.82 123 £ 1.6 13.1 + 2.0 1.15 + 0.09 1.23 £ 0.10
2 32.2 527.0 532.3 7.98 491 57 +£0.7 S5+ 1.0 0.71 = 0.07 0.68 + 0.10
3 343 569.2 §75.2 8.15 4.87 21+03 23 +0.7 <0.5 0.11 £+ 0.10
“pH meter.

detection, laboratory validation of seawater sample analysis was
performed. Table 1 collects the results obtained for seawater
samples from different locations (calibrations of the sensors and
experimental protocol for the sample analyses are detailed in
the Supporting Information). The initial pH of the sample was
measured using a pH meter while the pH electrode in the
potentiometric flow cell controlled the pH after the pretreat-
ment in these laboratory measurements. Nitrate and nitrite
levels of the analyzed samples were additionally measured using
colorimetry and chloride by IC. As observed in the table, a
good correlation with the selected reference technique was
obtained in all the cases, with uncertainties <8%Diff. The
measured pH after the desalination-acidification pretreatment
was always close to 5, confirming that the system functioned
properly. If for any reason the desalination module would fail,
the pH of the treated seawater sample would approach 2
because the higher Na* content in the sample will result in a
larger H* exchange with the membrane.”® This dysfunction
would be immediately identified, therefore preventing the
calculation of erroneous nitrate and nitrite levels. The
desalinated and acidified plug is associated with a drastic
change in the signal (Figure S6): ie., nitrate and nitrite
potentiometric responses are higher as a consequence of the
decrease of chloride and hydroxide concentrations in the
modified plug; on the other hand, the potential readout of the
pH electrode is higher because the pH obtained after
acidification is lower than the one for unmodified seawater as
mentioned above.

In Situ Measurements of Nitrate, Nitrite, and Chloride
in the Arcachon Bay (France). In situ operation of the
sensors was demonstrated during a 23 h deployment in the
Arcachon Bay. For this purpose, the system (desalination unit +
acidification unit + potentiometric cell) was implemented in a
submersible housing (see Figure 1b), similar to that previously
developed for the potentiometric detection of species relevant
to the carbon cycle in seawater,”” and mounted in a titanium
cage for the joint deployment with other probes (ie., CTD
multiparameter probe); see Experimental Section and Figure
la—d for more details. The submersible device was deployed
from a boat (the R/V Planula IV), by means of a small crane,
that was anchored in a stationary position (44°40.822’'N
1°06.007W) (see Figure 1d). The experimental protocol
followed for the in situ detection of chloride and nutrients as
well as the data treatment is detailed in the Supporting
Information. While NO;™ and NO,™ potentiometric sensors are
recalibrated once the system is incorporated in the titanium
cage and during the deployment in order to correct for
temporal effects in the potentiometric readouts, chloride
detection does not need any in situ recalibration as mentioned
above.

In situ temporal profiles observed for temperature (CTD),
pH (CTD), salinity (CTD), chloride, and nitrate are presented
in Figure S. Nitrite levels were lower than the limit of detection
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Figure 5. In situ temporal profiles obtained for (a) temperature
(CTD), (b) pH (CTD), (c) salinity and chloride, and (d) nitrate
during the deployment of 23 h (starting from May 15, 2017 at 16:00
to May 16, 2017 at 15:00) in the Arcachon Bay (44°40.822'N
1°06.007W). The deployment depth was 2.3 + 0.3 m. The dissolved
O, concentration was 7.5 + 0.3 ppm, corresponding to 101.2 + 3.2%
for oxygen saturation within the monitoring window. Light hours are
shaded in gray.®' The local times for high and low tides (HT and LT,
respectively) were determined according to the tidal record at Jetée
d’Eyrac (44°40'N 1°10'W) and considering the temporal evolution of
the seawater level in the Arcachon Bay.”>>’

of the potentiometric sensor, as later confirmed by analyzing
the samples by colorimetry (see Table S4). All measured
parameters were tide-dependent and are therefore related to
tidal flushing effects as reflected in the observed cycles. The first
local minimum temperature and maximum pH coincide with
the first maximum salinity at high tide conditions, when the
seawater from the Atlantic Ocean floods the point of
observation in the Arcachon Bay (between 22:30 and 23:00
h, after ~4 h of deployment). Consequently, the water in the
bay compares more to seawater than to freshwater effluents in
the lagoon, ie, lower temperature, slightly higher pH, and
higher salinity. Thereafter, temperature gradually increased to
the first maximum, pH decreased to the first minimum, and
salinity decreased to the first minimum coinciding with low tide
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conditions (between 02:30 and 03:00 h, after ~10 h of
deployment), as a consequence of a higher influence of the
freshwater effluents in the lagoon. Temperature then
progressively decreased, pH increased, and salinity increased
while reaching the second high tide during the deployment
(between 09:30 and 10:00 h, after ~17 h of deployment).
Finally, the temperature gradually increased again, pH
decreased, and salinity decreased with the next low tide coming
into the bay. The tide-related variations for temperature and
pH are weak and do not exceed 3 °C and 0.2 units, respectively,
coinciding with other reported observations.*”

The same tide-dependent cycles observed for salinity were
obtained for the chloride concentration measured in situ with
the desalination module, showing a clear relationship between
salinity and chloride as has been already found for the samples
collected in the Gironde Estuary. Moreover, the linear
correlations found in both cases (Figure 4) are almost identical,
confirming its universal use to calculate chloride concentrations
from salinity measurements and vice versa:

Gironde Estuary:

salinity/%o = [0.052(cq;/mM)] + 2.03 (1)
Arcachon Bay:
salinity/%o = [0.054(cq;/mM)] + 2.27 (2)

To validate the in situ measurements of chloride, samples
collected during the entire deployment were analyzed ex situ
using the desalination cell and IC. Good correlations were
found in all cases (Figure S7) with uncertainties lower than 2%
Diff, and, additionally, similar standard deviations for chloride
concentration (lower than +2.5) were found using IC and the
desalination unit operating ex situ (see Figure S7c¢).

Regarding the temporal profile observed for nitrate (Figure
5d), the registered levels were also clearly tide-dependent.
Validation of in situ nitrate measurements was performed by
analyzing the samples collected during the deployment using
both the system operating ex situ and colorimetry (see the
Supporting Information). No correlations with in situ measure-
ments are shown because sampling times do not perfectly
match and a dashed line is drawn instead (Figure Sd) to
demonstrate that, in the three cases (in situ, ex situ, and
colorimetry measurements), nitrate levels follow the same trend
and the obtained values are comparable. Note that the
minimum nitrate levels detected by the developed nitrate
sensor (<2 uM) are close to the limit of detection and there is
an implicit error in the calculation of these concentrations as a
consequence of the deviation of the electrode response from
linearity, which may be further corrected for better accuracy.”’

Maximum concentrations occurred at low tide as a
consequence of the higher nitrate loading in effluents and
underground freshwater discharges in the bay. Thus, the bell
shape of this temporal profile is due to the “tidal flushing” effect
in the lagoon. The observed concentrations at low tide (5—9
uM) are in accordance with those reported by Deborde et al.
(5—10 M) during low tide of a tidal creek (1 day/night cycle)
in spring and summer in samples from the Arcachon Bay.** In
this regard, inputs of inorganic nitrogen in the Arcachon Bay
have been studied over the years using ex situ analysis after
sampling®™~*” and nutrient export to the Atlantic coastal zone
has been modeled.** Nutrients variability linked to freshwater
inputs and its relation with phytoplankton primary production
has been also studied for the same purpose.*’
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A regional monitoring program (SOMLIT, Service d’Obser-
vation en Milieu Littoral) provides nitrate, nitrite, other
nutrient levels, and major physical parameters measured
monthly, and the information is published online.”® However,
to the best of our knowledge, the results collected in the
present work constitute the first in situ study of nitrate levels in
the Arcachon Bay during a deployment in which salinity—
chloride is additionally measured in exactly the same water. In
addition, the developed submersible probe may therefore serve
as a tool to study the role of the Atlantic Ocean as a (partial)
sink of nutrient effluents from the lagoon as well as to follow
eutrophication gradients in the water column through in situ
data in real time. It could also serve as an alert system for
increasing nutrient concentrations and, more generally, to
better understand and model nitrate/nitrite biogeochemical
cycles in order to detect and prevent any shift in their levels.
This type of system would be of major usefulness in coastal
systems influenced by human activity inputs such as agriculture
regarding quality status requirements.

B CONCLUSIONS

We have developed submersible potentiometric sensors to
detect nitrate and nitrite in seawater after inline pretreatment to
achieve an electrochemical desalination and passive acid-
ification. The suppression of key interfering ions present in
seawater, chloride and hydroxide, makes it possible to reach
improved limits of detection and to allow for in situ detection
of these macronutrients in seawater. In addition, the
desalination cell interrogated with cyclic voltammetry provides
a calibration-free sensor for chloride detection in environmental
water ranging from freshwater to seawater, constituting an
alternative to the restricted use of a conductometric sensor in
waters of lower salinity. On the other hand, both the
desalination and acidification modules may be coupled to
other analytical techniques that need any pretreatment for in
situ detection of other ions. Moreover, slight modifications of
the designed prototypes may allow for the decrease of any
redox active ions deposited as silver salt on the working
electrode (i.e., other halides) and the depletion/release of any
interfering/needed ion in the sample in order to improve the
sensing sensitivity.

The submersible device developed here is capable of
autonomous operation during deployment, with routines for
repetitive measurements, data storage and management, and
computer visualization of the data in real time. Currently, a full
cycle lasts 1 h and 40 min for the sequence: chloride detection,
desalination, acidification, nitrate and nitrite potentiometric
detection, and regeneration of the desalination unit (20 min
less without chloride detection). With the actual design, the
desalination unit needs to be replaced by a new unit for long-
term measurements involving more than 30 desalination cycles.
Future developments will therefore mainly benefit from a more
robust desalinator design.

The environmental application of the proposed sensors was
accomplished first in the laboratory using water samples from
different regions, Costa Calida (Spain), Plentzia (Spain), Genoa
Harbor (Italy), and the Gironde Estuary (France), and then
during a 23 h deployment in the Arcachon Bay (France) by
means of the implementation of the sensors in an autonomous
submersible device developed in collaboration with the
company Idronaut (Italy). The following outcomes were
obtained from the observed in situ temporal profiles in the
Arcachon Bay: (i) Nitrate and chloride levels were tide-
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dependent and maximum nitrate levels were found at low tide,
when there are larger freshwater effluents with higher nutrient
loading in the lagoon. (ii) The observed cycles in salinity
coincide with chloride levels. A linear correlation between
chloride and salinity may be useful to predict chloride from
salinity measurements and vice versa. (iii) Nitrites levels were
lower than the limit of detection of the potentiometric sensor
(<0.6 uM). Equilibrium disturbances in nitrate or nitrite levels
in coastal areas with high productivity, such as the Arcachon
Bay, could have major socioeconomic effects. This fact
strengthens the need for reliable, efficient tools such as the
newly developed submersible probe, providing complementary
data to existing monitoring programs on biogeochemical cycles
of nutrients in coastal areas.
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