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We report the optimization, characterization, and validation of Adsorptive Square Wave Cathodic Stripping
Voltammetry on antifouling gel-integrated microelectrode arrays for autonomous, direct monitoring of cobalt(II)
metal species. Detection is accomplished by complexation with an added nioxime ligand. The limit of detection
established for a 90 s accumulation time was 0.29 + 0.01 nM in freshwater and 0.27 + 0.06 nM in seawater. The
microelectrode array was integrated in a submersible probe to automatically dose the complexing agent nioxime

and realize an integrated sensing system. For the first time ever, the potentially bioavailable Co(II) fraction was
determined in La Leyre River-Arcachon Bay continuum, enabling to evaluate the potential ecotoxicological
impact of freshwater-carried Co(Il) in the Arcachon Bay. The measured potentially bioavailable Co(II) concen-
trations were hazardous for aquatic biota along the continuum. The electrochemical Co(II) data were compared
to ICP-MS data in various fractions to determine spatial Co(II) speciation.

1. Introduction

The anthropogenic release of ubiquitous and persistent trace metals
increased exponentially since the industrial revolution. Among these,
cobalt (Co) is an important bioactive trace metal (Bundy et al., 2020). In
a given range of concentration, Co plays a critical role in phytoplankton
growth and calcification (Anderson et al., 2014; Bundy et al., 2020) and
may catalyze cellular processes for carbon fixation and organic phos-
phorus acquisition (Tagliabue et al., 2018). Above or below this optimal
concentration range, Co can cause deleterious effects to aquatic organ-
isms (Saili et al., 2021). Unfortunately, today no provisional guidelines
for the regulation of cobalt exist by the European Water Directive (WFD-
2013/39/EU, 2013). However, the Australian and New-Zealand gov-
ernments have established threshold concentrations for hazardous
compounds to protect marine species and reported that available Co
concentrations should not exceed 0.085 nM (to protect 99 % of the
aquatic species) and 17 nM (to protect 95 % of the aquatic species) in
seawater, respectively (ANZEEC, 2000). Cobalt concentrations in fresh
water can be as low as 0.1 nM and reach up to 1.28 mM in impacted
areas (Kosiorek, 2019). Because seawater Co concentrations range from
0.017 nM in the open sea to 12.8 nM in coastal areas, appropriate
guidelines for cobalt are needed.

* Corresponding authors.

In the aquatic environment Co(II) is the dominant oxidation state
owing to low Co(III) solubility (Collins and Kinsela, 2010) and can be
found in different chemical forms or species. Based on size, three ho-
mologous fractions can be defined as particulate (size >0.2 pm),
colloidal (0.2 pm > size < 1 nm) and the truly dissolved fraction (size
<1 nm). This later includes the free metal ions and the labile complexes
that are potentially bioavailable. The proportion of these different forms
are influenced by the physicochemical conditions, the water composi-
tion and various biotic and abiotic processes and may vary continuosly
in space and time (Abdou et al., 2022; Abdou and Tercier-Waeber, 2022;
Layglon et al., 2022; Tercier-Waeber et al., 2009, 2021b).

Sensing systems that enable the in situ, autonomous measurements of
bioavailable metals at appropriate frequency are needed for improving
metal ecological risk assessments. The implementation of a more effi-
cient environmental regulation was indeed recently prescribed by EU
and international administrations (WCA Environment, 2015, 2016).
Today, the techniques recommended by government institutions to
define metal concentration guidelines to protect aquatic ecosystems
include DGT (Diffusive Gradient in Thin Films) (Cindric et al., 2017) and
computer code speciation models, especially the Biotic Ligand Model
(BLM). DGT provides only averaged concentrations over the total
deployment time (usually 2 to 5 days) (Vaananen et al., 2018 and ref.
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therein). BLM assumes that the free hydrated ion in solution is the only
chemical species available for biouptake (Niyogi and Wood, 2004)
which is not always true (e.g. (Tercier-Waeber et al., 2012; Zhao et al.,
2016; and refs therein). Reliable site-specific BLM data requires a high
number of input parameters (T, pH, DOC, major inorganic cations and
anions, alkalinity and sulfides, DOC, fulvic and humic acid proportion of
DOC; Smith et al., 2015). BLM also suffers from the uncertainty of
complexation/adsorption constants of metals with complex natural
inorganic or organic ligands/sorbents. These drawbacks can only be
solved by the development of cost-effective methods that allow for the
direct in situ quantification of potentially bioavailable metal species. The
characteristics of voltammetric techniques are well suited for this pur-
pose (Buffle and Tercier-Waeber, 2000, 2005).

Anodic Stripping Voltammetry (ASV) uses an electrochemical pre-
concentration step while in Adsorptive Cathodic Stripping Voltammetry
(Ad-CSV) the preconcentration of metal complexes is achieved chemi-
cally by adding an appropriate ligand to the sample. These two ap-
proaches were first developed on macroelectrodes (mainly hanging
mercury drops) and made it possible to reach sensitivities of the order of
pM (Buffle and Tercier-Waeber, 2000; Padan et al., 2019, 2020). Later
on, both approaches have been used with microelectrodes, to quantify
trace metals in natural waters (Holmes et al., 2019; Kokkinos and
Economou, 2016; Tercier-Waeber and Buffle, 2013; Wang et al., 2000;
Xie et al., 2005). One of the main features of microelectrodes is that they
exhibit hemispherical diffusion that results in an attractive non-zero
steady-state currents in quiescent solution during the ASV and Ad-CSV
metal preconcentration steps (Bard and Faulkner, 2001; Buffle and
Tercier-Waeber, 2000). However, most of these developments focused
on the quantification of the total dissolved metal concentration. More-
over, the drawbacks for their in situ application at natural pH are their
susceptibility to adsorb organic matter and suspended colloids/particles
resulting in fouling, and to poorly controlled convective conditions in
the sample (Belmont-Hebert et al., 1998; Gibbon-Walsh et al., 2010;
Tercier and Buffle, 1996; Tercier-Waeber and Buffle, 2013; Tercier-
Waeber et al., 2008; Touilloux et al., 2015). These drawbacks can be
overcome with gel-integrated microelectrodes (GIME), forming an array
of interconnected Ir-microdisc of radius < 10 pm, electroplated with
appropriate sensing elements and covered by a hydrogel membrane
(Belmont-Hebert et al., 1998; Tercier and Buffle, 1996; Tercier-Waeber
et al., 2021a, 2021c; Touilloux et al., 2015). The agarose gel can be
understood to mimic the membrane of living cells (Buffle and Tercier-
Waeber, 2005). It efficiently excludes compounds >15 nm that repre-
sent typical fouling materials. The gel also forms a stagnant layer and
helps to eliminate the influence of sample convection (Belmont-Hebert
et al., 1998; Tercier-Waeber et al., 2021a). These characteristics allow
GIME sensors to perform reliable, high-resolution and long-term mea-
surements in complex aquatic media without the need to renew the
sensing element (Tercier-Waeber et al., 2009, 2021c). Because of the
dynamic nature of the measurement, which depends on kinetically labile
species that diffuse across the gel layer, GIME may be understood as
directly detecting the so-called dynamic metal species, i.e., the sum of
the free metal ions and the sufficiently labile and mobile (size <4 nm)
metal species in solution (Buffle and Tercier-Waeber, 2005). This frac-
tion represents the total dissolved metal species available for biouptake
by microorganisms (Buffle and Tercier-Waeber, 2005; Tercier-Waeber
et al., 2012 and refs. therein). Incorporated in submersible sensing
probes applied in situ or on-board (Tercier-Waeber et al., 2021b; Tercier-
Waeber and Taillefert, 2008), the GIME can be used to study the pro-
cesses that may influence the concentration of the dynamic metal spe-
cies and to better assess metal potential ecotoxicological impact (Abdou
et al., 2022; Abdou and Tercier-Waeber, 2022; Illuminati et al., 2019;
Layglon et al., 2022; Masson and Tercier-Waeber, 2014; Tercier-Waeber
et al., 2021a, b, ¢). However, until today, only metals electrochemically
preconcentrated at a GIME using ASV techniques have been studied with
this technology. The adaptation of Adsorptive Cathodic Stripping Vol-
tammetry at a GIME would be very valuable for detecting metal species
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that can only be observed electrochemically following a chemical pre-
concentration step upon complexation with an appropriate ligand
(Tercier-Waeber and Buffle, 2013 and refs. therein).

In this study, we investigated and optimized the performance of
Adsorptive Square Wave Cathodic Stripping Voltammetry on a gel-
integrated Hg-plated Ir-based microelectrode array (Hg-GIME) to
quantify dissolved Co(II) metal species available for biouptake. This was
achieved by chemical preconcentration after sample addition of the
ligand nioxime, which has been shown to give improved results
compared to dimethylglyoxime (Vega and van den Berg, 1997). Various
parameters that may influence the in situ voltammetric quantification of
the mobile and kinetically labile (dynamic) Co-nioxime complex were
investigated, including the nioxime concentration, pH, temperature and
contrasting media composition (synthetic media, fresh and marine
natural waters). The Hg-GIME and sample manipulation steps were then
integrated into a submersible Voltammetric In situ Profiling system
(Tercier et al., 1998), which was then applied for direct measurements of
dynamic Co-nioxime species in the La Leyre-Arcachon Bay fluvial-
estuarine system (France) during ebb tide. Ancillary analysis of total
dissolved Co(II) concentrations in raw and filtered (0.2 and 0.02 pm)
samples as well as water composition were also performed. The
collected data were used to determine spatial Co speciation, to evaluate
the capability of the Hg-GIME VIP system to identify potential sources of
Co(II) species available for bio-uptake, and to assess the ecotoxicity
impact of Co(II) carried by surface waters in the Arcachon Bay, which is
an important regional ecosystem for oyster production.

2. Experimental
2.1. Chemicals and instrumentation

All solutions were prepared with ultra-pure deionized water (Milli-Q,
18.2 mQ-cm from a Fisher system). Boric acid (H3BOg3), nitric acid
(HNO3) and sodium hydroxide (NaOH) were suprapur grade (Merck)
while Hg(CH3COO); and KSCN were analytical-grade (Merk). Standard
stock solution of 1 g L~ co(In (TraceCERT®, 2 % w/w HNOgs, Sigma
Aldrich), 1,2-Cyclohexanedione dioxime (Nioxime 97 %, Alfa Aeser) as
well as agarose (LGL agarose, Biofinex®-Switzerland) were used. A stock
solution of 10 mM nioxime was prepared by dissolving nioxime in Milli-
Q water and was stored protected to sunlight by aluminum foil at 4 °C.
Standard solutions of Co were prepared by dilution from the stock
standard solution.

The measurements to evaluate the influence of the temperature on
the electrical signal were performed using a thermostated glass cell
(Metrohm) coupled to a Julabo F34 thermostated water bath. The pre-
cision on the temperature measured was on the order of 1 °C.

The total Co concentrations in the various fractions were measured
by ICP-MS (iCAP TQ ICP-MS Thermo®). A certified reference material
(CASS-6, Nearshore seawater reference material for trace metals, Na-
tional Research Council Canada) was used as a quality control of ICP-MS
measurements. The recovery was 104 + 2 %.

2.2. On-chip sensors preparation and renewal

Hg-GIME were prepared from on-chip array of 5 x 20 interconnected
Ir-based microdiscs of 2.5 pm in radius and a center-to-center inter-
distance of 150 pm surrounded by a 300 pm-thick EPON SU8 ring in
which a high purity agarose gel (LGL agarose), acting as efficient anti-
fouling membrane, is deposited (Belmont-Hebert et al., 1998; Tercier
and Buffle, 1996). The antifouling agarose gel deposition was performed
by dipping the chip in a 1.5 % LGL agarose solution heated at 80 °C. A
homogeneous, thickness-controlled deposition of the gel and the gel
mechanical stability is insured by the EPON SUS8 ring (Belmont-Hebert
et al., 1998). Before each new cycle of measurements, Hg hemispheres
(radius ranging from 5.5 to 6 pm) used as sensing element in this
application were electroplated through the gel by applying a —400 mV
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deposition potential for 480 s in a 5 mM mercury acetate solution con-
taining 10~2 M perchloric acid. After each mercury electrodeposition,
the hemispheres were stabilized in 0.1 M NaNOs using Square Wave
Anodic Stripping Voltammetry (SWASV) with the following conditions:
precleaning potential of —0.1 V for 1 min; preconcentration potential of
—0.9 and —1.1 V for 2 and 5 min, two replicates for each condition;
equilibration time of 30 s at —1.1 V. The stripping scan was made from
—0.9 or —1.1 V to —0.1 V with a pulse amplitude of 25 mV, a step
amplitude of 8 mV, and a frequency of 200 Hz. If required, mercury
hemispheres were renewed after Hg reoxidation in 1 M KSCN by linearly
scanning the potential from —300 to +300 mV at a scan rate of 5mV s ..

2.3. Ad-SWCSV measurements of the dynamic Co-nioxime fraction

The Ad-SWCSV measurements were performed using a Voltametric
In situ Profiling system (VIP; Tercier et al., 1998) controlled by a laptop
computer. An external in-house acid-washed Plexiglas standard cell,
incorporating a Hg-GIME as well as Metrohm Ag/AgCl/3 M KCl//0.1 M
NaCl suprapur reference and a Platinum (Pt) counter electrodes, was
first used. For final optimization and field evaluation/application, the
Hg-GIME was incorporated in the VIP mini flow-through Plexiglas cell
(www.Idronaut.it). The reference and counter electrodes, respectively,
consisted of mini-sized in-house Ag/AgCl/sur-saturated KCl gel refer-
ence and a platinum rod electrodes (Idronaut S.r.1). An external double-
head peristaltic pump enables on-line mixing of the buffered ligand
solution (0.2 M borate pH 8.5, 510°° M Nioxime), contained in a sur-
gical bag, with the natural sample (% buffered solution, % natural
sample). The parameters used in Ad-DPCSV on standard mercury
hanging drop macroelectrodes (Metrohm) were optimized for Ad-
SWCSV on Hg-GIME. The optimized parameters together with the
measurement steps performed are given in Table 1. After each mea-
surement a background scan was recorded, using the same parameters,
but with shortened preconcentration time (10 s). The background scan
was subtracted from the stripping scan to obtain a corrected final
analytical scan with improved signal resolution. Since some trace metals
(i.e., Cu, Cd, Pb and Zn) capable of forming an amalgam with mercury
can be preconcentrated at the Hg-GIME during the cleaning step, a
SWASYV is performed after each Ad-SWCSV measurement to reoxidize
these metals and clean the Hg-GIME. Experiments were performed with
and without oxygen elimination. Oxygen elimination was achieved by
bubbling dinitrogen (N3) in the samples.

2.4. Field test area and sample collection

Field application and evaluation were performed on 20 May 2022 in
La Leyre River—Arcachon Bay continuum (France). The Arcachon Bay,
located ~100 km to the south of the Gironde Estuary mouth, is a mes-
otidal lagoon (Fig. 1). This lagoon represents an important breeding
ecosystem for regional seafood production, especially oysters. La Leyre
River (116 km length, 1700 km? basin size) is the main freshwater
affluent of the Arcachon Bay contributing 80 % of the annual freshwater
input volume (average 1.25 x 10° m®) to the bay. Samples were
collected from La Leyre river (stations A to D) and Arcachon Bay (sta-
tions E to H; Fig. 1) and stored in acid-precleaned polyethylene bottles
(1 L). Sampling was performed using in-house 12 V peristaltic pump and
acid-precleaned Teflon tubing. Aliquots of the raw collected samples
were used for on-board preparation of three different fractions: raw
sample (no filtration) and samples filtered on 0.2 pm and 0.02 pm pore
size membranes (cellulose nitrate, Sartorius; alumina-based membrane,
Whatman). The three collected fractions were stored in pre-cleamed 50
mL polyethylene bottles, immediately acidified (0.02 % HNO3 suprapur,
Merck) and stored in a cold box. At the on-site laboratory, the samples
were stored at 4 °C prior ICP-MS analysis. A last aliquot of the raw
samples was used on site for the quantification of the mobile and labile
(dynamic) Co-nioxime fraction using the Hg-GIME VIP. The Hg-GIME
VIP was calibrate in the field laboratory the day before deployment.

Table 1
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Summary of the Ad-SWCSV protocol for the determination of the dynamic Co-

nioxime fraction.

External cell Co Ad-SWCSV protocol

Flow-through cell Co Ad-SWCSV
protocol

Gel equilibration: 300 s
SW stripping and background
parameters:

- E initial: =700 mV

- E final: —1300 mV

— Pulse amplitude: 25 mV

— Step amplitude: 4 mV

— Frequency: 200 Hz

Cell: On

Cleaning: E = —1200 mV; t =30 s
Preconc.: E = =700 mV; t =90 s
Equilibration: E = =700 mV; t = 10 s
Stripping measurement

Cleaning: E = —1200 mV; t =30's
Equilibration: E = —700 mV; t =10 s
Background measurement

Cell: Off

Data storage (internal memory) and
transfer (computer)

SW stripping and background
parameters:

- E initial: —1200 mV

- E final: —200 mV

— Pulse amplitude: 25 mV

- Step amplitude: 8 mV

— Frequency: 200 Hz

Cell: On

Cleaning: E = —100 mV; t = 60 s
Preconc.: E=—-1200 mV; t =120 s
Equilibration: E = —1200 mV; t =60 s
Stripping measurement

Cleaning: E = —100 mV; t =60 s
Equilibration: E = —1200 mV; t =60 s
Background measurement

Cell: Off

Data storage (internal memory) and
transfer (computer)

Pump on: 180 s

Gel equilibration: 300 s
Pump on: 30 s

SW stripping and background
parameters:

- E initial: —700 mV

- E final: —1300 mV

— Pulse amplitude: 25 mV

- Step amplitude: 4 mV

— Frequency: 200 Hz

Cell: On

Cleaning: E = —1200 mV; t = 30 s
Preconc.: E=-700mV;t=90s
Equilibration: E = —700 mV; t =10 s
Stripping measurement

Cleaning: E = —1150 mV; t = 30's
Equilibration: E = =700 mV; t =10 s
Background measurement

Cell: Off

Data storage (internal memory) and
transfer (computer)

SW stripping and background
parameters:

- E initial: —1200 mV

- E final: —200 mV

— Pulse amplitude: 25 mV

— Step amplitude: 8 mV

— Frequency: 200 Hz

Cell: On

Cleaning: E = —100 mV; t =60 s
Preconc.: E = —-1200 mV; t =120 s
Equilibration: E = —1200 mV; t = 60 s
Stripping measurement

Cleaning: E = —100 mV; t = 60 s
Equilibration: E = —1200 mV; t = 60 s
Background measurement

Cell: Off

Data storage (internal memory) and
transfer (computer)

ICP-MS measurements of the various collected samples enabled to
determine the operationally defined total (Coro) (raw samples) and
total dissolved <0.2 pm (Cog2) and <0.02 pm (Cog g2) fractions. The
voltammetric and ICP-MS data were coupled to define four specific
homologous metal fractions, as follows: (1) The Copy,, obtained by direct
Hg-GIME Ad-SWCSV measurements and representing the fraction of Co
available for bio-uptake; (2) The small colloidal Co species (Coscol)
obtained by subtracting Copyn from Cog o2 and including the metals
adsorbed on small inorganic colloids or forming inert complexes with
organic ligands; (3) The inorganic and organic coarse-colloidal Co spe-
cies (Coccop) obtained by subtracting Cog o2 from Coyg 2; and (4) The acid-
extractable particulate Co (Copg;) obtained by subtraction of Cog 2 from
Corot-

To evaluate and validate our Ad-SWCSV procedure, back to the
laboratory, two 0.2 pm samples were collected at stations A and E in pre-
cleaned polyethylene bottles. One aliquot was stored at natural pH and
the second at pH 1. One aliquot of the pH 1 samples were UV-irradiated
at 90 °C during 4 h to decompose the organic matter and assess the total
dissolved Co(II) concentration recorded by Ad-SWCSV after reajustment
of the pH at appropriate values (see Section 3.4). A second aliquot of the
pH 1 samples was analyzed by ICP-MS. The total dissolved Co(II) con-
centrations (Coret) determined by voltammetry and ICP-MS were then
compared. The non-acidified and non-UV-irradiated samples (stations
A-H) were analyzed to assess the dynamic Co-nioxime concentration at
each station and evaluate the proportion of such fraction in comparison
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Station Coordinates

A 44°29"16.73"N,0°47'59.93"0
B 44°32'47 45"N,0°52'22.67"0
C 44°36'6.62"N,0°56'21.83"0
D 44°38"15.63"N, 0°58'49.35"0
E 44°39'41.70"N, 1° 3'6.24"0

F 44°40'40.20"N, 1" 5'42.48"0
G 44°40'12.90"N, 1°11'22.14"0

44°38'5.22"N, 1°14'7.98"0

Fig. 1. Map of the La Leyre River and Arcachon Bay location and of the sampling sites associated with a table of their coordinates.

with the total dissolved one.
3. Results and discussion

3.1. Influence of nioxime concentration and pH on the Hg-GIME Ad-
SWCSYV signal

The influence of the nioxime concentration on Co(Il) sensitivity was
determined in synthetic media (0.02 M NaNOj and 0.04 M borate). In
the literature, the typically used nioxime (or DMG) concentration is
equal or higher than 10> M (Adeloju and Hadjichari, 1999; Alves et al.,
2013). The use of high concentrations of nioxime was never an issue in
these previous work since the authors wanted to determine the total
dissolved Co(Il) concentration in UV-irradiated samples. Our objective
here is the direct quantification of the nioxime-labile Co(II) concentra-
tion in the natural environments. Since the use of a ligand can modify
the Co speciation by competition with natural ligands, the concentration
of nioxime in solution should be as low as possible to minimize this
competition effect but sufficient to reach appropriate sensitivity. Niox-
ime concentrations ranging from 1078 up to 5.10™> M was therefore
selected and evaluated at two different pH values: pH 8.5 close to the
natural pH of fresh and marine waters (see below for more details) and
pH 9.2 typically used in previous work for Co(II) detection by AdCSV
using nioxime or DMG.

At both pH values, the Co(II) peak intensity increased with the
increasing nioxime concentrations from 1078 up to 10°°M (Fig. 2). At
pH 8.5, the Co(II) peak intensity levelled off and remained constant for
nioxime concentrations between 10> and 5.10"°> M (Fig. 2), while at
pH 9.2 a significant current drop was observed. These results suggest
that the usual pH 9.2 used in previous studies does not give optimal
sensitivity.

Based on the results obtained at pH 8.5, a nioxime concentration of
107> M was selected for all further experiments. For measurements
using the flow-through cell, the VIP multi-channel peristaltic pump
enables controlled online mixing of the nioxime solution with the nat-
ural samples at a 1:4 ratio. A 4.10~> M nioxime solution was therefore
stored in the surgical bag.

The influence of pH on the Hg-GIME Ad-SWCSV Co(II) signal and
sensitivity was further studied in synthetic media (0.02 M NaNOs and

1.5
OCopH 9.2
CopH 85
101 OCop B oo
g
g =N]
o=
<0.5 -
(i |
8@
0.0 & . . .
1x10° 1x10® 1x107 1x10° 1x10°5 1x10%

Nioxime concentration (nM)

Fig. 2. Influence of nioxime concentration on the Co peak intensity in a solu-
tion containing 8 nM Co at both pH 8.5 (orange open circle) and 9.2 (blue open
square). Peak intensities were normalized by the highest peak intensity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

0.04 M borate) and UV-irradiated seawater samples. The pH values
ranged from typically 7.46 up to 9.25. In synthetic media, the peak
potential for reduction of Co(II) adsorbed shifted to more negative po-
tential with increasing pH (from —1000 to —1112 mV, Fig. 3A). The
predicted logarithmic acid dissociation constant (pKa) of nioxime is
around 10.70 + 0.20 while the logarithmic complex formation constant
(logp2) of the 1:2 Co-nioxime complex is estimated to be in the range of
16 (Zhang et al., 1990) to 18.1 (Ellwood and van den Berg, 2001). Based
on this, the observed shift in the peak potential suggests that an
increased amount of Co-nioxime complexes are formed with increasing
pH owing to reduced hydrogen ion competition with Co(II) for
complexation with nioxime. In contrast, in seawater, the peak potential
of Co(II) was at —1150 mV (Fig. 3B) and independent of pH. These re-
sults suggest that, in seawater, the 1:2 Co-nioxime complexe is the main
complex formed independently of the pH. The absence of hydrogen ion
competition might possibly be explained by a stabilization of the Co-
nioxime complex by chloride. This hypothesis is however still to be
verified, but this was out of the scope of this paper.

In synthetic media, the peak current intensity increased with pH up
to pH 8.99 and decreased for a 9.25 pH solution (Figs. 3A, 4A left).
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8
A ——pH 7.67
6 ———pH 8.13
- / pH 857
< 4
£ pH 8.99
3 / ——pH 925
2 -
0 T T T — T T — '.J
6
B ——pH 746
——pH 8.10
= 47 pH 8.59
= pH 8.99
32 7 ——pH 925
Y
0 ! T T T T T
~1300  —1200 -1100 —1000 —900  —800  —700
Potential (mV)

Fig. 3. Co(Il) sensitivity in synthetic media (A) and UV-irradiated seawater (B)
as a function of pH. The nioxime concentration was 10> M in both media while
the Co(II) concentration was 8 nM in the synthetic media and 2 nM in seawater.

Visual MINTEQ (vers. 3.1) speciation modeling software, predicts that
the sum of the inorganic Co species expected to be dynamic (i.e. free
metal ions, nitrate complexes; Buffle and Tercier-Waeber, 2005) repre-
sents >95 % of the total Co(II) for pH up to 8.6. It then decreased owing
to the formation of inert complexes in a proportion > 20 % for pH > 9
(Fig. 4A right). This suggests that the variation in the observed Co(II)
peak current intensities (Fig. 4A left) is mainly controlled by the
decrease in hydrogen ion competition up to pH 9 and by the formation of
Co-hydroxide complexes above pH 9.2. In UV-irradiated seawater, the
Co(II) peak intensity decreased with increasing pH for the entire range of
pH (Figs. 3B, 4B). Formation of inert hydroxide complexes alone cannot
explain this decrease as shown by the speciation predicted by Visual
MINTEQ based on major truly dissolved ions (Fig. 4B right). UV-
irradiation efficiently mineralizes organic compounds but does not in-
fluence the concentration of small colloids. Metal desorption/adsorption
processes on these small colloids are strongly influenced by pH in the
range tested (e.g. Tercier-Waeber et al., 2009, 2012) and thus might
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explain the trends observed.

Overall, these results confirmed that the usual pH used in the liter-
ature (pH 9.2) is not the most suitable. They also demonstrated that the
speciation of both nioxime and Co must be considered to optimize the
parameters to calibrate the Co(II) reduction signals recorded on Hg-
GIME by Ad-SWCSV, see below.

3.2. Sensor sensitivity and limit of detection

Calibrations in synthetic and UV-irradiated fresh and marine samples
were performed to determine sensitivity and detection limits obtained in
various media. The experiments performed at different pH demonstrated
that for calibration in synthetic media a pH of 8.5 is optimal to reach
good sensitivity and minimize the formation of inert Co-hydroxide
complexes. For calibration in UV-irradiated natural samples, pH and
added Co(II) concentrations used should be close to their values in
natural samples. Since the pH values of freshwater ranged from 7 to 9.5
and of marine waters from 8 to 8.3, pH values of 8.5 and 8.1 were used
for calibration in UV-irradiated fresh and marine samples, respectively.
The added Co(II) concentrations ranged from 1 to 12 nM in synthetic
media (Fig. 5A) and, respectively, from 1 to 8 nM (Fig. 5B) and 1 to 4 nM
(Fig. 5C), in UV-irradiated fresh and marine samples. Examples of cali-
bration curves obtained under the selected conditions are given in Fig. 5.

The observed sensitivities and limits of detection (LOD) are sum-
marized in Table 2. In synthetic solution at pH 8.5 a sensitivity of 0.47 +
0.01 nA nM~! min~! was obtained. Slightly lower sensitivities were
observed for calibrations in UV-irradiated fresh and marine waters at
pH 8.5 and 8.1 (0.34 + 0.01 nA nM ! min~! and 0.35 + 0.02 nA nM ™"
min~?, respectively). The limit of detections, calculated as 3x the
standard deviation of the intercept over the slope of the calibration
curve, were below the nM level and comparable within analytical errors
for the three media (Table 1). To increase the sensitivity and decrease
the limit of detection, the preconcentration time can be increased as
demonstrated with the example in freshwater (Table 2). The limit of
detection obtained with a preconcentration time of 420 s was 88 + 8
pM.

As mentioned above, total dissolved Co(II) concentrations in fresh-
water can be as low as 0.1 nM and reach up to 1.28 mM (Kosiorek,
2019). In sea water, Co(II) concentrations range from 0.017 nM in the
open sea to 12.8 nM in coastal areas (Kosiorek, 2019; Morley et al.,
1997). The developed analytical method is therefore promising to
monitor Co(II) concentration available for bio-uptake in surface and
costal area and detect an anomaly due to anthropogenic releases.

100

m Cot
80
60 m CoNO3*
0 = Co(NOy),
20
0 Co(OH),
767 813 857 898 925 & coont
pH
100 s Co?t
80 m CoCl*
60 m CoSO,
40 m CoCO;
20 = CoHCO;*
0 Co(OH),
746 81 859 899 925
pH " CoOH*

Fig. 4. Intensity of the Co(II) peak recorded by Ad-SWCSV (open circle) as well as the simulated sum of inorganic Co species percentage (open triangle) in the range

of the studied pH, in the synthetic media (A) and seawater (B).
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Fig. 5. Co(II) calibration in (A) the synthetic media at pH 8.5 (0.02 M NaNO3
and 0.04 M Borate), and UV-irradiated (B) freshwater buffered at pH 8.5 (0.02
M NaNO3 and 0.04 M Borate) and (C) in seawater at natural pH 8.1.

Table 2
Sensitivity for Co(Il) in the synthetic media, and UV-irradiated fresh and marine
waters associated with the calculated limit of detection in nM.

Media pH Sensitivity (nA nM ! LOD 90s LOD 420 s
min ') (nM) (M)

Synthetic 8.5 0.47 £ 0.01 0.30 + 0.03 -
(n=3)

Freshwater 8.5 0.34 + 0.01 0.29 + 0.01 0.088 + 0.008
m=2)

Seawater 8.1 0.35 £ 0.02 0.27 + 0.06 -
n=3)

3.3. Influence of temperature

Temperature influences the diffusion coefficient (D) and therefore
the mass transport of species toward sensor surface (Bard and Faulkner,
2001). Since the temperature of aquatic systems may vary between
usually 25 to 4 °C as a function of the depth and seasons, it is necessary
to determine an experimental temperature correction factor to apply to
correct the voltammetric signals recorded in situ. It has already been
demonstrated in previous papers (Belmont-Hebert et al., 1998; Touil-
loux et al., 2015) that Eq. (1), derived from the Arrhenius' law and the
direct proportionality between current intensity and D at microsized
electrodes, can be used to achieve this.
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ixD—i = ige ¢))

where AG correspond to the free enthalpy, T the temperature and R the
universal gas constant.

Eq. (1) suggests a linear relationship between In (i) and 1/T, and that
AG/R, which is the temperature effect correction factor, can be exper-
imentally determined from the slope of the linear curve obtained. This
experimental temperature effect correction factor can later be applied to
correct the influence of temperature on the currents recorded in situ by
voltammetry on microelectrodes using Eq. (2).

AG 1 1
. . R Troom  Tiy situ 2
Mom = IT;, 1, © (2)

where Ty, siw is the temperature of the sample measured in situ, Troom iS
the temperature used for calibration, iri, iy is the current measured in
situ with Ty, s, and iroom 1S the corrected current for Troom.

The experiments were performed with a solution containing 12 nM
Co(II) and 10~° M nioxime. The experiments were performed in tripli-
cates using a linear ramp from 25 °Cto 5 °C and 5 °C to 25 °C with a step
of 5 °C.

As expected, a linear relationship was observed between In(i) and 1/
T in the three studied media (Fig. 6). The correction temperature effect
factors, AG/R, determined from the slopes was found to be (—4465 +
188), (—4485 + 234) and (—4044 + 301) in the synthetic media,
freshwater, and seawater, respectively. These values are higher that the
theoretical value E,/R (with E, being the activation energy) of —2555
given by the Stokes-Einstein equation (Belmont-Hebert et al., 1998)
where the linear relationship is determined between In(D) and 1/T. It
may be concluded that the peak current behaves as for a not entirely
reversible1 system under the fast SWAdCSV scan rate conditions used
(0.8Vs ).

3.4. Analytical method evaluation and validation

The evaluation and validation of analytical methods prior their field
application are a pre-requisite to insure the reliability of field moni-
toring data. Toward this aim, Co(II) quantification by Ad-SWCSV in
presence of nioxime were applied to samples collected at station A
(freshwater) and E (seawater) prior (Copyn) and after (Cogz) UV-
irradiation. For UV-irradiation, samples were acidified at pH 1. At the
end of the irradiation, the pH was adjusted at 8.5 for sample A and 8.1
for sample E. The Hg-GIME Ad-SWCSV measurements were performed
after samples re-equilibration over-night. In parallel an aliquot of sam-
ples collected at stations A and E was acidified and analyzed by ICP-MS

4.5
€3.5 E
2
%\
EZ.S E
1.5 T T T
33x1073 34x1073 3.5x1073 3.6x1073
1/T (K1Y

Fig. 6. Influence of the temperature on the Co(Il) stripping peak current in-
tensities in synthetic media (violet), freshwater (orange) and seawater (blue).
Each experiment has been done from 25 °C down to 5 °C (open circles) and
form 5 °C up to 25 °C (open triangles) in triplicates. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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(Cop.2)- Results obtained by ICP-MS and Ad-SWCSV after UV-irradiation
were then compared.

Cog.2 measured by ICP-MS in both samples were comparable, within
analytical error the one measured by Ad-SWCSV on Hg-GIME after UV-
irradiation (Table 3). This validates our analytical methodology. Copyn
determined in the raw samples by Ad-SWCSV on Hg-GIME were lower
than Cog 2 measured after UV-irradiation, (Table 3). Copy, represented
only 24 and 26 % of Cog o measured by ICP-MS. These results confirm
that our sensor only detects a small fraction of the total dissolved Co(II)
concentration. They also suggest a low competition of nioxime with non-
dynamic natural organic and inorganic cobalt sorbents.

3.5. Field application in the Leyre River-Arcachon Bay continuum

Due to time constraints, Hg-GIME VIP measurements in the Arcachon
Bay were performed on-board in freshly collected samples and at natural
pH that ranged from 8 to 8.1. Samples collected in La Leyre River were
analyzed in the field laboratory within a maximum of 12 h after sam-
pling upon buffering the sample pH to 8.5. The concentrations of the
different fractions of Co(II) measured along the transect from La Leyre
river (stations A to D) and the Arcachon Bay toward the open ocean
(stations E to H) at ebb tide and the resulting Co(II) speciation are re-
ported in Fig. 7A and B, respectively.

Corot were similar at stations A and B (around 4 nM), increased at
stations C and D (up to 8.7 nM) and then decreased down to 3.05 nM
toward open sea reflecting a dilution effect (Fig. 7A). The increase of
Corot Observed at stations C and D was correlated with an increase of
ammonium concentration (Fig. 7A and C). Ammonium is a compound of
fertilizer used in soils. This suggests that the observed Coro and NHZ
might result from their runoff from the surrounding land following an
intense rainy episode occurring the day before. Cop was decreasing
from station A (4.48 nM) to H (1.21 nM) reflecting a dilution effect along
the transect of freshwater Co(II) sources (Fig. 7A). The same trends was
observed for Cog g2 with concentrations ranging from 4.36 nM at station
A to 1.29 nM at station H. Copy, increased from station A (1.08 + 0.13
nM) to B (1.82 + 0.06 nM) and was lower than the limit of detection at
stations C and D which might be explained by Co(II) adsorption on
suspended particles issued from the surrounding land run-off. This hy-
pothesis is supported by the increase of Cop,, observed at these stations
(Fig. 7B). Finally, in the bay (stations E to H) Copy, was overall similar
(0.7 £+ 0.2 nM) (Fig. 7A). Focusing on the proportions of the different
fractions, one can see that Cop,, did not play a significant role in the Co
speciation at station A (0 %) and B (3 %) but did at station C and D (50
and 56 % respectively) (Fig. 7B). On the contrary, in the bay, the par-
ticulate fraction Cop,, represented 25 % at stations F, G and H and up to
39 % at station E of the total Co(II) concentration (Fig. 7B). These results
suggest aggregation of the Co colloids due to increase in chloride con-
centration (Tercier-Waeber et al., 2012).

Coccol did not represented a significant fraction of the total Co(II)
concentration along the whole transect (<14 %) (Fig. 7B). This indicates
that coarse colloids did not play a significant role in the Co(II) specia-
tion. In contrast, Cosco represented from 26 % (station G) up to 72 %

Table 3

Total dissolved Co(II) concentration in freshwater and seawater samples
measured by ICP-MS and by Hg-GIME Ad-SWCSV after UV-irradiation, as well as
the dynamic Co-nioxime concentration in raw samples.

ICP-MS Hg-GIME Ad- Coyg 2 recovery Copyn/
Cop.2 SWCSV Ad-SWCSV/ICP- Coyp.2 ICP-
(nM) - MS®) MS (%)
Cog 2 Copyn
(nM) (nM)
Freshwater 4.58 + 5.60 + 1.08 £ 122+ 9 24
0.05 0.47 0.13
Seawater 2.34 + 2.48 + 0.61 &+ 106 + 5 26

0.06 0.18 0.09
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Fig. 7. (A) Spatial variation of Core, C0g.2, Cog.02 and Cogyy, associated with the
maximum Co(II) concentration that should not be exceed to protect 99 % of the
marine species. (B) proportion of the different Co fractions: Cop,, associated to
suspended particles, Cocco associated to coarse colloids (between 0.02 and 0.2
pm), Coscor associated to small colloids (between 4 nm and 0.02 um) and Copyn
available for bio-uptake. (C) Ammonium concentrations (measured by spec-
trophotometry, Perkin Elmer) along the transect profile performed from sta-
tions A to H.

(station A) of the total Co concentration (Fig. 7B). This finding highlights
that nano-sized colloids play a major role in Co(II) transport. Finally, the
contribution of Copy, to Coro varied significantly at each station. It
represented from ~0 up to 48 % in La Leyre River and from 17 % up to
47 % in the Bay (Fig. 7B). These results demonstrate that it is important
to measure in real time this fraction which can evolve in space
depending on the composition of the medium. In addition, regarding the
Australian and New Zealand directives, Copy, measured at all marine
stations (stations E to H) were higher than the defined threshold for 99 %
species protection (i.e. 0.085 nM). This demonstrated the need of metal-
hazardous bioavailable-assessment sensing tool for efficient survey and
protection of important socio-economic coastal areas such as the Arca-
chon Bay.

4. Conclusion

For the first time ever, we successfully quantify on-field the poten-
tially bioavailable Co(II) concentration in natural waters. For this pur-
pose, we successfully developed an analytical approach based on the
dynamic Co(II) detection on Hg-GIME by using Ad-SWCSV in the pres-
ence of nioxime. The parameters influencing the voltammetric signal
were investigated. The optimal nioxime concentration and pH value
were determined for both fresh and seawater. A temperature correction
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factor was determined. The results obtained in UV-irradiated natural
samples with the developed technique were compared with traditional
ICP-MS measurements which allowed to validate our methodology. The
optimized analytical methodology was successfully applied in the
Arcachon Bay and its main effluent, La Leyre River, using Hg-GIME
incorporated in the VIP submersible probe. The results have demon-
strated that Co(II) concentration and its spatial variation can be moni-
tored at sub-nanomolar level. They also demonstrated that La Leyre
River is a source of several Co(II) species in the Arcachon Bay. Moreover,
the determined dynamic Co(II) concentrations along the continuum
were hazardous for aquatic biota. Finally, the developed method is
generic and thus offer opportunity to detect a wider range of trace
metals in the near future. Especially, we investigated if the methodology
reported here is also suitable for the quantification of the potentially
bioavailable fraction of Ni(II). The results are reported elsewhere
(Creffield et al., 2023).
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