
Recommendations for best practice for iron speciation by competitive 1 

ligand exchange adsorptive cathodic stripping voltammetry with 2 

salicylaldoxime 3 

Léo Mahieua,b*, Dario Omanovićc, Hannah Whitbya, Kristen N. Buckb,d, Salvatore Caprarad, 4 

Pascal Salaüna 5 

aOcean Sciences, School of Environmental Sciences, University of Liverpool, Liverpool L69 3GP, UK 6 

bCollege of Earth, Ocean and Atmospheric Sciences, Oregon State University, Corvallis OR 97333, US 7 

cRuđer Bošković Institute, Division for Marine and Environmental Research, 10002 Zagreb, Croatia 8 

dCollege of Marine Science, University of South Florida, Saint Petersburg FL 33701, US 9 

* Corresponding author: leo.mahieu@oregonstate.edu 10 

Abstract 11 

The method of competitive ligand exchange followed by adsorptive cathodic stripping voltammetry 12 

(CLE-AdCSV) allows for the determination of dissolved iron (DFe) organic speciation parameters, i.e., 13 

ligand concentration (LFe) and conditional stability constant (log K!"#$%&'(). Investigation of DFe organic 14 

speciation by CLE-AdCSV has been conducted in a wide range of marine systems, but aspects of its 15 

application pose challenges that have yet to be explicitly addressed. Here, we present a set of 16 

observations and recommendations to work towards establishing best practice for DFe organic 17 

speciation measurements using the added ligand salicylaldoxime (SA). We detail conditioning 18 

procedures to ensure a stable AdCSV signal and discuss the processes at play during conditioning. We 19 

also present step-by-step guidelines to simplify CLE-AdCSV data treatment and interpretation using 20 

the softwares ECDSoft and ProMCC and a custom spreadsheet. We validate our application and 21 

interpretation methodology with the model siderophore deferoxamine B (DFO-B) in a natural seawater 22 

sample. The reproducibility of our application and interpretation methodology was evaluated by 23 

running duplicate titrations on 19 samples, many of which had been refrozen prior to the duplicate 24 

analysis. Nevertheless, 50% of the duplicate analyses agreed within 10% of their relative standard 25 
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deviation (RSD), and up to 80% within 25% RSD, for both LFe and log K!"#$%&'(. Finally, we compared 26 

the sequential addition and equilibration of DFe and SA with overnight equilibration after simultaneous 27 

addition of DFe and SA on 24 samples. We found a rather good agreement between both procedures, 28 

with 60% of samples within 25% RSD for LFe (and 43% of samples for log K!"#$%&'(), and it was not 29 

possible to predict differences in LFe or log K!"#$%&'( based on the method applied, suggesting specific 30 

association/dissociation kinetics for different ligand assemblages. Further investigation of the 31 

equilibration kinetics against SA may be helpful as a potential way to distinguish natural ligand 32 

assemblages.  33 
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Introduction 36 

Iron (Fe) is an essential micronutrient for phytoplankton growth (Morel and Price, 2003; Twining and 37 

Baines, 2013), limiting primary productivity in up to 40% of open ocean waters (Moore et al., 2013). 38 

A fraction of the dissolved organic matter (DOM) is able to bind Fe and enhance its dissolution in 39 

seawater above the theoretical solubility limit (Liu and Millero, 2002). This complexation maintains Fe 40 

in the dissolved phase (DFe, defined by the porosity of the filter used of 0.2 or 0.45 µm), increasing its 41 

residence time in the water column and thus its potential bioavailability. It is thought that more than 42 

99% of DFe is bound to the fraction of the DOM that acts as Fe-binding ligands (FeL; Gledhill and van 43 

den Berg, 1994), however, there is still much to learn about ligand composition and biogeochemical 44 

cycling (Gledhill and Buck, 2012; Hassler et al., 2017). Multiple studies have focused on aspects of the 45 

organic iron ligand pool, from acid-base properties (Lodeiro et al., 2020; Wang et al., 2021) to 46 

photodegradation (Barbeau et al., 2001; Hassler et al., 2019), or transformation through remineralisation 47 

(Bressac et al., 2019; Whitby et al., 2020a). A considerable number of electrochemical methods have 48 

been developed to investigate and identify FeL groups. So far, studies have helped to define the ability 49 

of exopolymeric substances to bind Fe (Hassler et al., 2015, 2011; Norman et al., 2015), and to identify 50 

the essential role of the electroactive fraction of humic-like substances (eHS), thought to control DFe 51 



distribution in open-ocean deep waters (Whitby et al., 2020b). Other techniques have been compared 52 

to electrochemical methods to assess the contribution of ligands such as siderophores (Bundy et al., 53 

2018) or the fluorescent fraction of HS (Heller et al., 2013), but FeL and DFe distribution are not fully 54 

resolved despite these efforts (e.g., Bundy et al., 2015; Fourrier et al., 2022; Dulaquais et al., 2023). 55 

The CLE-AdCSV approach 56 

The competitive ligand exchange followed by adsorptive cathodic stripping voltammetry (CLE-57 

AdCSV) is classically used to investigate the complexing properties of the FeL fraction. Namely, it 58 

allows the determination of the conditional total ligand concentration (LFe in nmoleqFe L-1; nMeqFe) 59 

and the conditional stability constant (expressed as a logarithmic value and relative to inorganic Fe 60 

(Fe´), log K!"#$%&'(). The CLE-ACSV approach has been thoroughly explained previously (e.g., Gledhill 61 

and van den Berg, 1994; Rue and Bruland, 1995; Abualhaija and van den Berg, 2014; Gerringa et al., 62 

2014; Pižeta et al., 2015). Briefly, its principle is based on the competition for Fe complexation between 63 

the natural FeL and an added ligand (AL) of well-characterised ability to bind Fe. This competition is 64 

carried out in several aliquots of the sample at increasing DFe concentration resulting in a chemical 65 

equilibrium being reached between AL, FeL and DFe. Then, for each aliquot, the FeAL complex is 66 

quantified by AdCSV on a hanging mercury drop electrode (HMDE). The measurement consists of an 67 

accumulation step, where FeAL adsorbs on the mercury surface, before a stripping step, where adsorbed 68 

and bound Fe(III) is reduced to Fe(II). By plotting the intensity of the FeAL reduction peak against total 69 

DFe, a titration curve is obtained (total DFe being the sum of naturally present and added DFe). At high 70 

DFe concentrations in the titration curve, if natural FeL are saturated, the FeAL signal is considered as 71 

linear and proportional to DFe additions while at low DFe, LFe and AL are competing for DFe (e.g., 72 

Figure 2.1 in Mahieu, 2023). There are several methods that can be used to obtain LFe and log K!"#$%&'( 73 

from the titration curve (Pižeta et al., 2015), but those based on the Langmuir isotherm are the most 74 

commonly used, greatly facilitated by user-friendly software such as ProMCC (Omanović et al., 2015). 75 

This software presents the titration curve simultaneously obtained by the Scatchard transformation 76 

(Scatchard, 1949), the Ružić/van den Berg linearization (Ružić, 1982; van den Berg, 1982), and the 77 

Langmuir/Gerringa transformation (Gerringa et al., 1995, 2014), allowing also the user to overlay the 78 



fitted titration curves with the experimental data as a visual tool for results verification. The software 79 

ProMCC is commonly applied to the interpretation of metal speciation titrations, and the output from 80 

ProMCC includes a 95% confidence interval for the results, although there is currently no established 81 

procedure for assigning a titration quality control flag, which would be useful for data management 82 

archives. 83 

Added ligand and detection window 84 

There are currently four AL in use to study DFe organic speciation in marine systems: 1-nitroso-2-85 

naphtol (NN; Gledhill and van den Berg, 1994; van den Berg, 1995), 2-(2-thiazolylazo)-p-cresol (TAC; 86 

Croot and Johansson, 2000), dihydroxynaphthalene (DHN; van den Berg, 2006; Sanvito and Monticelli, 87 

2020), and salicylaldoxime (SA; Rue and Bruland, 1995; Buck et al., 2007; Abualhaija and van den 88 

Berg, 2014). They all have specific limitations. NN can be used at different pH but suffers from 89 

sensitivity issues (Gledhill et al., 2015; Avendaño et al., 2016). It also does not compete with part of 90 

the HS-bound DFe pool, resulting in an underestimation of LFe (Laglera et al., 2011; Ardiningsih et al., 91 

2021), which is a similar problem for the added ligand TAC (Laglera et al., 2011). On the other hand, 92 

previous studies have suggested an overestimation of LFe with SA (Slagter et al., 2019; Gerringa et al., 93 

2021). DHN is not as widely used because of its relatively quick oxidation by oxygen which occurs 94 

within the time scale of the equilibration step (Sanvito and Monticelli, 2020).  95 

The AL concentration ([AL]; in mol L-1; nM) and its conditional stability constant (K!"#)$%&'(  or β!"#)$%&'( ) 96 

defines the detection window of the titration (𝛼FeAL = [AL]n x β!"#)$%&'( ), often expressed as a logarithmic 97 

value (log 𝛼FeAL; Table 1). The range of log 𝛼FeAL for which an AL is able to compete with FeL has been 98 

estimated to range between 1 to 2 orders of magnitude above and below the calibrated log 𝛼FeAL (Apte 99 

et al., 1988; van den Berg and Donat, 1992; Miller and Bruland, 1997; Laglera et al., 2013; Laglera and 100 

Filella, 2015). In the case of SA, higher LFe than those obtained with TAC or NN are systematically 101 

observed (Buck et al., 2016; Slagter et al., 2019; Ardiningsih et al., 2021), possibly due to those latter 102 

AL being insensitive to a fraction of weaker Fe-complexing HS (Boye et al., 2001; van den Berg, 2006; 103 



Laglera et al., 2011; Ardiningsih et al., 2021; Gerringa et al., 2021), in agreement with the higher 104 

detection window corresponding to TAC and NN applications (Table 1). 105 

Table 1. Typical AL concentrations and corresponding detection windows (log 𝛼FeAL) for the different ALs in use 106 
to investigate FeL by CLE-AdCSV. 𝐾%&'()*+,-  and 𝛽%&'()*+,-  used for the calculation of 𝛼FeAL can be found in the 107 
references given in the Table. 108 

Added 
ligand 

Concentration 
(µM) 

log 𝛼FeAL Reference and comment 

NN 2 2.4 van den Berg (1995) 

7 4 “ 

8.7 4.3 “ 

15 5 “ 

TAC 10 2.4 Croot and Johansson (2000) 

SA 5 1.2 Abualhaija and van den Berg (2014) 
considering FeSA and FeSA2 

25 1.9 Buck et al. (2007) 
considering FeSA2 

DHN 0.5 2.7 Sanvito and Monticelli (2020) 

1 3.2 “ 

5 4 “ 

10 4.2 “ 
 109 

SA has been used at the basin scale (Buck et al., 2015, 2018), in hydrothermal systems (Kleint et al., 110 

2016), and does not clearly suffer from interference with HS (Laglera et al., 2011; Abualhaija and van 111 

den Berg, 2014). There are, however, uncertainties regarding its chemistry and the optimum 112 

experimental conditions. Abualhaija and van den Berg (2014) suggested that a non-electroactive FeSA2 113 

complex slowly forms during the overnight equilibration step when using SA concentrations in the 114 

range of 25 µM, which was not experimentally attested; they advised to use a low SA concentration (5 115 

µM) to limit any formation of FeSA2. Their equilibration procedure consisted of first adding DFe to the 116 

aliquot, leave it to equilibrate with the natural ligands for at least 10 min (and not more than 2 hours), 117 

followed by addition of 5 µM SA and overnight equilibration (i.e. from 6h to 16h). On the other hand, 118 

Rue and Bruland (1995) and Buck et al. (2007) reported a shorter sequential equilibration procedure: 119 



DFe is first added and left to equilibrate with natural ligands for a minimum of 2 h; a relatively high SA 120 

concentration (27.5 µM or 25 µM) is then added and left to equilibrate for at least 15 min before starting 121 

voltametric analysis. Both these approaches have been applied to the accurate characterization of model 122 

ligands (Rue and Bruland, 1995; Buck et al., 2010; Abualhaija and van den Berg, 2014; Bundy et al., 123 

2018). Nevertheless, the two equilibration procedures have not yet been directly compared for 124 

determination of LFe and log K!"#$%&'( at similar SA concentration.  125 

Although the FeSA signal has been reported to be stable in the presence of oxygen (Abualhaija and van 126 

den Berg, 2014), a decreasing signal has been reported by several authors (Rue and Bruland, 1995; 127 

Buck et al., 2007; Ardiningsih et al., 2021; Gerringa et al., 2021). This instability may have various 128 

causes, ranging from progressive deoxygenation of the sample (Abualhaija and van den Berg, 2014), 129 

stabilization of Fe hydroxides with time (Dulaquais et al., 2023), or the kinetically slow formation of 130 

electro-inactive FeSA2 complexes suggested by Abualhaija and van den Berg (2014). Adsorption is also 131 

strongly suspected with SA, and conditioning of the voltametric cells and sample vessels prior to 132 

speciation measurements is common practice, but has yet to be addressed empirically in the literature 133 

(Rue and Bruland, 1995; Buck et al., 2007, 2012; Bundy et al., 2014).  134 

Sample preparation and technical limitations 135 

The quality and reliability of ligand titration results is also dependent on the number of seawater aliquots 136 

prepared for the analysis of a sample. It is recommended to run a titration with two aliquots of the 137 

sample without metal added and at least 8 aliquots with metal added (for a total of ≥ 10; Sander et al., 138 

2011; Gledhill and Buck, 2012), and ideally up to 15 points to maintain a decent analytical time 139 

(Omanović et al., 2015; Buck et al., 2016). Analysing two aliquots without added metal helps ensure 140 

the validity of the initial point by conditioning the voltametric cell and resolving any carry-over from 141 

previous measurements. The concentration range for DFe additions is typically dictated by the amount 142 

of LFe expected in the sample or adjusted to the amount detected (Gledhill and Buck, 2012). The 143 

complexation properties obtained from the titration curve heavily depends on the definition of the 144 

sensitivity (S) of the method. S is given by the slope of the peak intensity versus DFe when all natural 145 



FeL are saturated in the aliquots amended with high DFe concentrations. Alternatively, the sensitivity 146 

can also be fitted, meaning that instead of assuming FeL saturation in the final aliquots, the sensitivity 147 

is optimised by iteration to limit the fitting error on the whole titration (Omanović et al., 2015); this can 148 

be especially useful for copper speciation, where large pools of weaker ligands are not always titrated 149 

(Pižeta et al., 2015). Accurate determination of the sensitivity is still a challenge of the CLE-AdCSV 150 

approach (Gerringa et al., 1995, 2014; Omanović et al., 2015; Pižeta et al., 2015). So far, there is no 151 

common best practice for its definition for Fe.  152 

The fitting of the data is more challenging when more than one class of FeL is detected. In some cases, 153 

and mostly with SA as added ligand, the shapes of the Scatchard and Ružić-van den Berg plots exhibit 154 

a kink that suggests the presence of two distinct classes of FeL, whose complexing parameters can be 155 

quantified if they are sufficiently separated in log K!"$%&'( (Ibisanmi et al., 2011; Gledhill and Buck, 2012; 156 

Buck et al., 2015). In order to accurately characterize more than one ligand class in a sample, however, 157 

a sufficient number of aliquots must be analysed to allow for the degrees of freedom needed to resolve 158 

two ligand groups, which lengthens the analytical time required for each titration (Buck et al., 2012). 159 

The results can also be impacted by subjectivity of the analyst when interpreting the titration data. 160 

Intercomparison efforts on the interpretation of CLE-AdCSV titrations revealed discrepancies that were 161 

partly explained by the choices of the analyst on the selection of the titration datapoints in the case of 162 

copper (Pižeta et al., 2015). This problem has not been clearly identified for Fe, but the development of 163 

a systematic approach for analyzing titration data applicable to different metals should result in better 164 

reproducibility and comparability between laboratories. 165 

In this work, we revisit some of the limiting factors that prevent a wider use and comparability of the 166 

SA method for DFe organic speciation. We propose an optimised methodology that spans the 167 

conditioning of the voltametric cell and aliquot vessels (here, polypropylene tubes, Metal Free, 168 

LabconTM and perfluoroalkoxy alkane (PFA) vials, SavillexTM), the optimisation of voltametric 169 

parameters for the detection of the electroactive FeSA complex, and recommendations for data 170 

treatment of voltammograms and titrations. We present guidelines for a quick and reliable measurement 171 

of the peak-height using the freely available software ECDSoft (Supplementary Material, SM1). We 172 



also developed a step-by-step approach for systematic treatment of titration data, to assess titration 173 

quality in a non-subjective manner and improve dataset comparability between users (SM2). Based on 174 

the use of the software ProMCC with a freely available home-made spreadsheet (SM3), the procedure 175 

includes the statistical identification of outliers and the semi-automatic determination of quality flags 176 

for the titration data. We also estimated the reproducibility of the sequential addition of Fe and SA with 177 

short equilibration time (15 min equilibration; Rue and Bruland, 1995; Buck et al., 2007), and present 178 

here a comparison between the speciation parameters (LFe and log K!"#$,%&'() obtained by sequential and 179 

shorter equilibration versus overnight equilibration (Abualhaija and van den Berg, 2014; SM4). This 180 

work focuses on technical specificities related to the application of the CLE-AdCSV method; for the 181 

theoretical aspect of the method, we refer readers to previous work (e.g., Rue and Bruland, 1995; 182 

Gledhill and van den Berg, 1994; Abualhaija and van den Berg, 2014; Gerringa et al., 2014; Pižeta et 183 

al., 2015). 184 

Method 185 

Apparatuses 186 

MetrohmTM system 187 

The voltametric systems were composed of a 663 VA stand (MetrohmTM) installed in a laminar flow 188 

hood (class-100), supplied with nitrogen and equipped with a multi-mode electrode (MME, 189 

MetrohmTM) used as hanging mercury drop electrode (HMDE) mounted with a silanized capillary, a 190 

glassy carbon counter electrode and a silver/silver chloride reference electrode, all provided by 191 

MetrohmTM. Both the counter and reference electrodes were placed in glass bridges filled with 3M KCl. 192 

The KCl solution was previously cleaned of organics through UV radiation in quartz tube for 6 h using 193 

a home-made UV-digestion apparatus equipped with a 125 W mercury vapour lamp (described here: 194 

http://pcwww.liv.ac.uk/~sn35/Site/UV_digestion_apparatus.html), and cleaned of metals with 195 

overnight equilibration with manganese oxides (Yokoi and van den Berg, 1992) and filtered through 196 

syringe filter (Millex HA, MilliporeTM; Mahieu, 2023). We did not experience interferences from the 197 

diffusion of manganese from the KCl placed in the glass bridges, but we advise to use cleaning resins 198 

http://pcwww.liv.ac.uk/~sn35/Site/UV_digestion_apparatus.html


in future work (e.g., Donat and Bruland, 1988). Voltametric measurements were carried out in 5 mL of 199 

oxygenated seawater placed in custom-made PTFE cells which support measurements in small 200 

volumes, initially cleaned by successive 1 week-long soaking in DeconTM detergent, 1 M HCl bath, and 201 

0.1 M HCl bath (Gourain, 2020). For each system, a potentiostat/galvanostat µAutolab III and an 202 

IME663 were controlled by the software NOVA 2.5, allowing automatic formation of the drop (size 3) 203 

and stirring of the solution through home-made vibrating devices. The home-made stirring device 204 

consisted of a small vibration motor (6 mm diameter, 12 mm long, 1.5 V, 10200 rpm, JinLong 205 

Machinery, China) connected to a melted pipette with the flat-tip (polypropylene) penetrating the 206 

solution. In this instance the use of the home-made stirring device within a smaller voltametric cell, as 207 

in Chapman and van den Berg (2007), was favored over the classic polytetrafluoroethylene (PTFE) rods 208 

as it enabled working in lower sample volumes, although similar results are obtained with 209 

commercialized stirrer and the vibrating devices used here (Mahieu, 2023). To avoid progressive 210 

deoxygenation of the sample, the nitrogen blanket gas flow was stopped by tightening the screw on the 211 

left side of the 663 VA stand, and a small aquarium pump (HD-603, HDOMTM) placed inside the 212 

laminar flow hood was blowing a stream of air above the water sample to ensure constant dissolved 213 

oxygen saturation (Sanvito et al., 2019; Sanvito and Monticelli, 2020; Mahieu, 2023). 214 

The MetrohmTM systems are pressurized with gas and the mercury oxidizes quickly. These oxides 215 

accumulate in the MME and adsorb preferentially on metallic surfaces such as the needle and the 216 

connection pin and can interfere with the quality of the voltammograms. To mitigate this, we 217 

recommend cleaning the needle daily by simply screwing it off, wiping it gently, and screwing it back 218 

in with the exact same tightness, and to clean the mercury weekly. Prior to mercury cleaning, we 219 

recommend to vigorously shake the MME to desorb mercury oxides. Then, instead of dismantling 220 

completely the MME, we suggest opening it only from the back, emptying the mercury, and collecting 221 

the clean mercury by pipetting from just below the surface oxidised layer before placing it back in the 222 

MME. Cleaning following the above procedure on a weekly basis was observed to be easier, faster, 223 

safer and overall, better for the capillary than less frequent cleaning leading to mercury oxide 224 

accumulation. This procedure was specifically developed for MetrohmTM MME; mercury reservoirs 225 



from different manufacturers may not experience such rapid mercury oxidation. Health and safety 226 

instructions from manufacturers should be checked prior to manipulating the MME to limit mercury 227 

exposure and spillage (i.e., manipulating the MME above a tray and in a well-ventilated space with 228 

appropriate personal protective equipment, and with spill kit available nearby). 229 

BioAnalytical Systems, Inc. (BASi) 230 

The CLE-AdCSV method was further assessed on a BioAnalytical Systems, Inc. (BASi) 231 

electrochemical system at Oregon State University. This system was comprised of a Controlled Growth 232 

Mercury Electrode (CGME) cell stand connected to an Epsilon Ɛ2 electrochemical analyzer. The 233 

CGME was employed in Static Mercury Drop Electrode (SMDE) mode with a drop size of 14 and 234 

commercially available quadruple-distilled elemental mercury (Bethlehem Apparatus). The mercury 235 

reservoir of the CGME is enclosed under vacuum, and the dispensing of mercury drops from the 236 

reservoir of the CGME is accomplished with a solenoid valve. No compressed gas is required for this 237 

application, and the mercury does not readily oxidize in this setup; it does not require regular cleaning 238 

as for the MetrohmTM systems. The bevelled glass capillary (150 µm inner diameter; part # MF-2090), 239 

Ag/AgCl reference electrode (MF-2052), platinum wire auxiliary electrode (MW-1032), and Teflon-240 

coated stir bar (ER-9132) were all included in the CGME Cell Stand Package purchased from BASi. 241 

The glass capillary and Teflon stir bar were wiped down with methanol prior to use, but otherwise were 242 

not cleaned before the cell conditioning process was begun. The voltametric cell used on this system is 243 

a Teflon (fluorinated ethylene propylene, FEP) cell originally manufactured by Princeton Applied 244 

Research (now Ametek), which had first been cleaned in concentrated Trace Metal Grade (TMG) aqua 245 

regia (TMG HCl and HNO3; Fisher ChemicalTM) and stored in Milli-Q until conditioned for use.  246 

Voltametric procedure 247 

The procedure for the MetrohmTM application of the method is adjusted from Buck et al. (2007) and 248 

Abualhaija and van den Berg (2014) using the software NOVA 2.5 (MetrohmTM). Three new drops 249 

were formed prior to the analysis by DP-AdCSV (Differential Pulse Adsorptive Cathodic Stripping 250 

Voltammetry) using the following parameters: deposition at +0.05 V (optimisation presented hereafter) 251 



for 45 s to 3 min (depending on the sampling depth of the sample) while vibrating, 3 s of equilibration 252 

(no vibration), stripping from -0.25 to -0.6 V with a 6 mV step, 50 mV amplitude, 35 ms pulse time and 253 

200 ms interval time. For the BASi application of the method, analyses were accomplished as described 254 

by Buck et al. (2007) by DP-AdCSV using the software EpsilonEC and the following parameters: 255 

deposition at +0.05 V while stirring, 15 s of equilibration (no stirring), stripping from 0 to -0.85 V with 256 

a 6 mV step, 50 mV amplitude, 35 ms pulse width and 200 ms pulse period. 257 

Reagent preparation 258 

For the application of the method on the MetrohmTM system, the preparation of the SA solution is 259 

adjusted from Abualhaija and van den Berg (2014). SA (SA; 98% Acros OrganicsTM) stock solution of 260 

20 mL at 0.1 M was prepared in Milli-Q water (Millipore, 18.2 MW) only once and stored in the fridge 261 

in a Metal Free LabconTM tube at pH < 1 (acidified with TMG HCl, FisherSchentificTM; Abualhaija and 262 

van den Berg, 2014). From this stock solution, 20 mL of 5 mM at pH 2 were prepared regularly (around 263 

once a month) 24 hrs prior to use to ensure stability and homogeneity. Gentle heating of the stock 264 

solution (between 30 and 35 °C) was necessary to prevent the presence of a liquid organic phase. We 265 

followed the preparation suggested in Abualhaija and van den Berg (2014) in this work, but stock 266 

solution of lower concentration should ease its manipulation by limiting the formation of the organic 267 

phase. A batch of 250 mL of a 1 M borate/ammonia buffer was prepared by diluting boric acid 268 

(analytical reagent grade, Fisher ScientificTM) in 0.4 M ammonia (NH4OH; 29% LaporteTM). 269 

Borate/ammonia buffer is classically used at 10 mM to adjust the pH around pH 8.2 (NBS scale; Millero 270 

et al., 1993) because it does not complex Fe, as opposed to stronger organic buffers (e.g., Gupta et al., 271 

2013). Fe standards at pH 2 (acidified with TMG HCl) were prepared from a Fe stock solution, 1000 272 

ppm (17.9 mM; BDHTM). A 50 µM Fe standard was used for cell and tube conditioning, prepared 273 

monthly. A 2 µM Fe standard was used to prepare the titrations, prepared weekly. 274 

For the application of the method on the BASi, the procedures of Buck et al. (2007) were followed. 275 

Briefly, a 5 mM solution of SA (98+%, TCI AmericaTM) was prepared in 200 mL high purity methanol 276 

(LC/MS Grade Optima, Fisher ChemicalTM) and stored in the refrigerator when not in use. When 277 



prepared in methanol, the SA solution is stable for many months and does not require any further 278 

cleaning (Buck et al., 2007). A 1.5 M borate/ammonium buffer solution was prepared by dissolving 279 

high purity boric acid (99+%, Thermo ScientificTM) in 0.4 N ammonium hydroxide (Optima, Fisher 280 

ChemicalTM). The buffer required further cleaning, which was accomplished by using a peristaltic pump 281 

(Gilson) and size 13 tubing (ColeParmer) to pump the solution through two sequential Chelex 282 

(BioRadTM) cleaning columns. Prior to use, the cleaning columns were prepared with the same pumping 283 

setup and flushed with approximately 200 mL Milli-Q, followed by similar volumes of 10% TMG HCl, 284 

0.024 M TMG HCl, another 200 mL Milli-Q, and finally 100 mL of 0.4 N ammonia hydroxide to ensure 285 

the column was conditioned to the buffer matrix. The first 50 mL of buffer passed through the columns 286 

after these steps were discarded, and the remainder collected in narrow mouth Teflon (FEP, Nalgene) 287 

bottles for use. The buffer was stored in the clean hood at room temperature to minimize the risk of 288 

precipitation. A 50 µL addition of the buffer to 10 mL sample was used in speciation analyses, achieving 289 

pH 8.2 (NBS scale). Dissolved Fe standards were prepared by dilution of a 1000 ppm Fe standard 290 

(atomic absorption spectrometry grade, AA; Fisher ChemicalTM)  in 0.024 M TMG HCl and stored at 291 

room temperature (Buck et al., 2007). 292 

Sample preparation 293 

FeL titrations were obtained using sequential equilibration, whereby Fe additions are equilibrated for 294 

at least 2 hrs, before SA is added at least 15 min before starting the analysis, as previously described by 295 

Rue and Bruland (1995) and Buck et al. (2007, 2015, 2018). Analysis reproducibility was evaluated in 296 

19 samples analyzed in duplicate (with one in triplicate, 20 comparisons). Overnight equilibration 297 

(minimum of 8 hrs) using the same SA concentration added 10 min after Fe additions was also applied 298 

for comparison in 24 samples (including 4 of the samples for which duplicate analysis was performed, 299 

28 comparisons). For both equilibration, seawater aliquots were spiked with 10 mM of borate buffer 300 

and 25 µM of SA. Specific set of tubes were prepared for each equilibration. The sets were composed 301 

of 16 tubes with DFe additions ranging from 0 to 15 nM (Table 2). Prior to preparation, samples were 302 

left to thaw overnight in the dark at room temperature, then energetically swirled. If duplicates were 303 

analysed within a few days, they were kept in the fridge. If more time was needed before the second 304 



analysis, they were frozen back at -20 °C. The samples analysed to evaluate the reproducibility and the 305 

impact of the equilibration procedure in this study were collected in the Western Tropical South Pacific 306 

in 2019 during the cruise GPpr14 (TONGA cruise; Guieu and Bonnet, 2019). For complementary 307 

information regarding DFe and FeL in those samples, please refer to Tilliette et al. (2022) and Mahieu 308 

(2023), respectively. Conditioning waters used for the application with the MetrohmTM systems was a 309 

mixture of deep waters collected during the GA13 FRidge cruise in the mid-Atlantic in 2017 and kept 310 

in the dark at room temperature in a 50 L carboy made of polycarbonate (Nalgene), while for the 311 

application with the BASi systems, the conditioning seawater was surface waters collected in the Gulf 312 

of Mexico in 2015 kept frozen in 500 mL bottles made of fluorinated high density polyethylene (FHPE; 313 

Nalgene). 314 

Peak height extraction from voltametric measurements 315 

The treatment applied for the data presented in this work consisted of the conversion of the initial 316 

voltammograms into derivative scans, prior to automated peak height determination, completed by 317 

manual peak determination when necessary. This treatment was performed using the freely available 318 

ECDSoft software following a procedure detailed in SM1. The use of the derivative peak height instead 319 

of the direct peak height or peak area is favoured in case of curvature of the baseline under the peak 320 

(Salaün et al., 2007; Cobelo-García et al., 2014). For example, if the baseline is approximated by a third 321 

polynomial, the derivative will transform it to a linear baseline, avoiding manual and user dependent 322 

definition of the baseline (Omanović et al., 2010). However, it is crucial that the half-width of the second 323 

derivative peak is unchanged for the treated dataset (e.g., complexometric titration). In our case, the 324 

half-width of the FeSA peak on second and fourth derivative scans was not impacted by the addition of 325 

Fe, meaning that both can be used for quantification purposes. 326 

Result and discussion 327 

Recommended conditioning procedures  328 

Conditioning of the PTFE voltametric cell 329 



A systematic decrease of the FeSA peak is observed when the voltametric system is not sufficiently 330 

conditioned (Gerringa et al., 2021), and deliberate conditioning of the system with Fe has been noted 331 

across the applications of the FeSA method (Rue and Bruland, 1995; Buck et al., 2007, 2012; Bundy et 332 

al., 2014). Here, we also observed a strong decrease of the signal with time in the voltametric cell in the 333 

absence of conditioning (Figure 1b), consistent with adsorption of Fe on cell walls, stirring device, and 334 

electrodes. To prevent such adsorption, we developed a procedure to saturate the adsorption sites with 335 

a high amount of Fe that consistently led to reproducible peak heights across the titration range. Figure 336 

1 presents the difference in stability of the signal in a voltametric cell with and without conditioning 337 

(Figure 1a and b, respectively). The optimal conditioning procedure for the MetrohmTM voltametric 338 

PTFE cell consisted of leaving overnight (≥ 8 h) a buffered seawater sample spiked with 300 nM of Fe 339 

in the cell placed on the system and containing the electrode and stirring device. The concentration of 340 

300 nM showed better peak stability than overnight conditioning with 50 and 150 nM of Fe while the 341 

addition of 25 µM of SA had no apparent effect (results not shown). The conditioning sample spiked 342 

with 300 nM of Fe showed only 7 nM of Fe left after overnight conditioning (Figure 1a). The carried 343 

over DFe was effectively removed by 3 Milli-Q rinse of cell and a sacrificial buffered seawater sample 344 

containing 25 µM of SA. The stability of the signal over 5 scans at different Fe concentration attests to 345 

the absence of further Fe adsorption and desorption, confirming the stability and inertia of the 346 

conditioning (Figure 1a). For optimal preservation of the conditioning, we suggest keeping the cell with 347 

a similar matrix as the analysed samples, i.e., seawater if possible, though Milli-Q can be used if 348 

seawater is limited. 349 



 350 

Conditioning of polypropylene tubes 351 

An empirical methodology was developed to condition the tubes used to prepare the titration aliquots 352 

of the samples (polypropylene Metal Free tubes, 50 mL, LabconTM). Prior to conditioning, the tubes are 353 

simply cleaned by an overnight acid bath at 1 M HCl and thorough Milli-Q rinse, since no difference 354 

was observed with tubes cleaned by successive week-long baths in Dekon detergent, 1 M HCl and 0.1 355 

M HCl (results not shown). In absence of tube conditioning, the titrations were not showing the peak 356 

corresponding the the FeSA2 complex, even at high DFe. The preparation of several sacrificial titrations 357 

at regular DFe addition was not solving the issue. 358 

 The most efficient conditioning procedure consisted of a weeklong conditioning with high Fe 359 

concentrations (minimum of 50 nM; Table 2) added to buffered seawater containing 25 µM of SA, and 360 

swirling several times a day every day. At the end of the week of conditioning, the tubes were emptied, 361 

rinsed twice with Milli-Q, and filled with a titration. If the titration analysis showed a linear response 362 

at high additions giving the same slope as a post-titration spike (i.e., not equilibrated with SA in the 363 

tubes but added directly to the cell; Whitby et al., 2018), then the tubes were considered sufficiently 364 

conditioned for analytical work. In the absence of swirling during the weeklong conditioning, the tubes 365 

Figure 1. Stability of the FeSA2 reduction signal in a buffered open-ocean seawater sample 
containing 25 µM of SA on the MetrohmTM after a) overnight conditioning, initially spiked with 300 
nM of and b) deconditioning of the cell by 15 min rinse with 0.5 M HCl and rinsed 5 times with 
Milli-Q. 5 scans were recorded if the peak was stable, or until the signal reached 0 nA if unstable. 
For each DFe addition, the first voltammogram recorded are darkest and become paler with time 
(90 s between voltammograms with 60 s deposition time). 

a) b) 



required the preparation of 5 to 10 titrations before sufficient conditioning was achieved. Between 366 

titrations, the tubes were filled with 20 mL of Milli-Q and energetically shaken for rinsing, and kept dry 367 

when not in use. Following previous recommendation (e.g., Abualhaija and van den Berg, 2014; 368 

Gerringa et al., 2014), we recommend using, when possible, bulk open ocean seawater available at a 369 

sufficient volume both to (1) condition all sets of tubes and the cell, and (2) be used as a reference 370 

seawater. A set of experiments exploring the flexibility of the conditioning procedure were performed 371 

and are presented in SM4. 372 

Table 2. DFe additions added to buffer seawater for conditioning of 50 mL polypropylene MetalFree tubes 373 
(LabconTM) and PFA vials (SavillexTM). For the polypropylene tubes, 25 µM SA is also added with the Fe for 374 
conditioning, and the tubes are regularly swirled to speed up conditioning. For the PFA vials, SA is added at the 375 
end of each round of conditioning. See manuscript for detailed outline of the conditioning procedures. 376 
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 377 

Conditioning of PFA vials 378 

A similar procedure using high Fe concentrations is sufficient for the conditioning of the 15 mL flat-379 

bottom PFA vials (SavillexTM) commonly used for Fe speciation titrations with SA. New vials are 380 

typically cleaned first in a soap bath (0.8% CitradTM in distilled water) and then acid-cleaned only once 381 

by soaking in concentrated aqua-regia (TMG HCl and HNO3; Fisher ChemicalTM) for a week. It is 382 

possible that this aqua regia step is not necessary, and could be replaced with a longer (e.g., month-383 

long) soak in a weaker acid bath (e.g., 10% TMG HCl), but we have not tested this. Following the aqua 384 

regia bath, the vials are stored in Milli-Q for at least one more week, after which the conditioning 385 

procedure can begin. New vials, or vials newly applied to Fe speciation measurements with SA, are 386 

conditioned with mock titrations containing seawater, buffer, and high Fe additions (Table 2). A 387 



minimum of 10 nM Fe is added to the vials that will be used for the lowest (<1 nM) sample titration 388 

additions, 10-fold Fe additions are used thereafter, and 15-fold higher for the two highest planned 389 

additions (Table 2). The additions are left in the buffered seawater samples for several days in the first 390 

round (e.g., over the weekend), and three iterations with the additions left overnight. For these overnight 391 

soaks, 25 µM SA is added to the vials the following morning, allowed to equilibrate at least 15 minutes, 392 

and the contents analyzed; the content of the last titration vial, with the highest added Fe concentration, 393 

is left in the cell overnight to condition it and analyzed again in the morning to assess consistency. Once 394 

reproducible peak heights are observed in these conditioning titrations, the vials are filled with a mock 395 

sample titration and analyzed for verification. Following analysis of the last addition in the mock sample 396 

titration, 5 nM of Fe is added directly to the voltametric cell as a post-titration spike to verify (1) that 397 

the peak heights at the end of the titration sample had increased in proportion to the Fe additions and 398 

(2) the absence of Fe loss during the equilibration (e.g., Whitby et al., 2018). If the response is linear, 399 

the vials and voltametric cell are sufficiently conditioned for sample analyses. The post-titration spike 400 

continues to be employed throughout sample analyses as a tool not only for verifying conditioning but 401 

also for ensuring that the natural ligands in the samples have indeed been titrated. 402 

Conclusion on the conditioning procedures 403 

Optimum conditioning procedures vary depending on different voltametric systems, tubes, and vials. In 404 

all cases, saturation of the adsorption sites seems to occur through the formation of various Fe species 405 

that are no longer labile to SA at 25 µM. Once the material is conditioned, it can be safely used if regular 406 

duplicate or reference water analysis are consistent. In term of conditioning process, we hypothesise 407 

that for weeklong conditionings, SA could help for optimal distribution of Fe at the surface of the 408 

vessels over the weeklong conditioning necessary for stability of the slowly formed Fe ‘layer’ or 409 

‘coating’. The FeSA2 would slowly dissociate near the tube wall, scavenging Fe from the solution. 410 

Regular swirling would optimize the conditioning by ensuring optimal flux of Fe to the tube wall. It is 411 

not surprising that the amount of Fe and time requirement differ between the voltametric system and 412 

the tubes, since differences in Fe adsorption behaviour with materials has been established in previous 413 

work (Fischer et al., 2007). The stability of the signal shown in Figure 1a, 2 and 3, however, attests to 414 



the non-lability of Fe after application of the procedures developed for our equipment. We know from 415 

practical experience that conditioning can be achieved with lower Fe additions, with Fe added with and 416 

without SA, and without swirling the tubes or vials; however, what we outline here and in Table 2 417 

represents the fastest way we could achieve after months of experimenting. 418 

Effect of the deposition potential 419 

The impact of the deposition potential on the FeSA reduction peak current was investigated in the 420 

conditioning seawater for the MetrohmTM application, buffered and spiked with 25 µM of SA (Figure 421 

2). The experiment was performed twice starting at -0.10 V up to +0.06 V, and twice starting at +0.06 422 

V down to -0.10 V. Increments were of 0.02 V. By applying a deposition potential of +0.05 V, the 423 

sensitivity of the method is increased by around 3-fold and 1.8-fold compared to the previously applied 424 

values of -0.05 V (Rue and Bruland, 1995) and 0 V (Buck et al., 2007; Abualhaija and van den Berg, 425 

2014), respectively. A deposition potential above 0 V was previously attempted (Buck et al., 2007) and 426 

produced a similar peak height at +0.05 V relative to 0 V and then a steep decrease of the signal at +0.1 427 

V. In our case, the signal is higher at +0.05 V relative to 0 V. The contrasted results obtained by the 428 

different analysts suggest that the influence of the deposition potential is sample dependent. 429 

The sensitivity of the SA method also decreases with sample depth in the Pacific relative to the Atlantic 430 

(Rue and Bruland, 1995; Buck et al., 2007, 2015, 2018), which was hypothesized to result from 431 

distinctions in the composition and/or structure of the DOM with the aging of water masses (Buck et 432 

al., 2018). The sensitivity loss is generally compensated by the deposition time used, ranging from 90 433 

s to 600 s in surface and deep Pacific Ocean samples, respectively (Buck et al., 2018). Using a higher 434 

deposition potential of +0.05 V, the deposition time required in our study ranged from 45 s in surface 435 

samples to 150 s in deep samples collected in the Western Tropical South Pacific. It is well known that 436 

the adsorption of organic compounds can lower the sensitivity of the AdCSV method of Fe detection 437 

(e.g. Yokoi and van den Berg, 1992). Our results suggest that a higher deposition potential limits the 438 

adsorption of negatively charged refractory DOM at the mercury electrode in Western Tropical South 439 

Pacific waters. Deposition potentials higher than +0.07 V were not tested to limit oxidation of the 440 



mercury electrode and a deposition potential of +0.05 V was chosen as the optimal value. This 441 

deposition potential allowed analysis of a complete titration of 16 aliquots with triplicate 442 

voltammograms in less than 1 hour, even for deep samples, a significant improvement compared to 443 

other studies (e.g., Buck et al., 2007, 2018; Cabanes et al., 2020). The deposition potential value of 444 

+0.05 V could be of specific interest in samples containing high concentrations of DOM such as coastal 445 

samples.  446 

 447 

These findings also suggest that the deposition potential for this method may provide useful insights 448 

into the composition and/or electroactivity of the DOM in natural samples. The relation between the 449 

trace metal binding strength by DOM and the deposition potential applied in anodic stripping 450 

voltammetry (ASV) has been used in the past, notably for copper, and is referred to as 451 

pseudopolarography (e.g., Garnier et al., 2004; Louis et al., 2008, 2009). The relation between the peak 452 

intensity and the deposition potential presented here and in previous work could be representative of 453 

the competitive adsorption on the mercury drop between the electroactive DOM and FeSA2 (Rue and 454 

Bruland, 1995; Buck et al., 2007; Abualhaija and van den Berg, 2014; this study). This was not explored 455 

Figure 2. Reduction current of the FeSA peak after 
45 s deposition as a function of the deposition 
potential applied in a seawater sample buffered to 
pH 8.2 containing 25 µM of SA. Previously 
published values (-0.05 V and 0.00 V) and the one 
selected in this study (0.05 V) are noted. An 
exponential fitting is shown for visual clarity. 



in our work, but we highlight that the dependency of the signal intensity to the deposition potential in 456 

AdCSV in presence of SA may provide additional information to characterise electroactive DOM.   457 

Validation of ligand titrations 458 

For the MetrohmTM systems, the titration presented in Figure 3 illustrates two features classically 459 

observed: Fe carry-over from previous analysis with the first aliquot, and saturation of the mercury drop 460 

electrode at high Fe concentration. For the BASi systems, two different analyses are presented in Figure 461 

4: one of the seawater used for conditioning the tubes, and one of the same seawater spiked with 2 nM 462 

of deferoxamine B (DFO-B; Figure 4b). The addition of DFO-B, a siderophore of high affinity with Fe, 463 

is an easy and reliable way to validate the CLE-AdCSV application, previously performed in a similar 464 

application in the absence of natural ligands (e.g., Rue and Bruland, 1995; Abualhaija and van den Berg, 465 

2014). Here, we performed the DFO-B addition in the presence of the natural ligands to verify the 466 

absence of interfering interaction between the natural ligands and the detection of FeSA2 at the mercury 467 

drop electrode, a process reported in previous work for other added ligands with humic substances 468 

(Laglera et al., 2011). Our results show the expected increase in LFe corresponding to the 2 nM DFO-B 469 

added (with regards to the uncertainty of the analyses), and an increase in log K!"#$%&'(, in line with the 470 

high affinity of DFO-B for Fe. The lower log K!"#$%&'( found here compared to previous characterization 471 

of DFO-B at similar SA concentration (log K!"#$%&'( > 14; Rue and Bruland, 1995; Bundy et al., 2018) 472 

illustrates a fundamental characteristic of the log K!"#$%&'( determination by CLE-AdCSV, being an 473 

averaged value of the individual log K!"#$%&'( of all the binding sites in competition against the added 474 

ligand (here, the natural ligands and the added DFO-B). 475 



476 

 477 

We compare in Figure 2 and 3 the results obtained with manual determination of the peak height and 478 

with the automated approach developed to ease and fasten data handling. For both applications (i.e., 479 

with the MetrohmTM and the BASi, Figure 3 and 4, respectively), the fast automated approach resulted 480 

in similar Fe-binding ligand characteristics that the time-consuming manual determination. Several 481 

Figure 3. a) Peak height and b) second derivative of the titration of the FRidge seawater used for 
voltammetric cell and tubes conditioning with 25 µM of SA and buffered at 8.18 with 10 mM of 
borate acquired with the MetrohmTM system. Duplicates voltammograms were recorded with a 
deposition time and potential of 60 s and +0.05 V, respectively. The sample was equilibrated 
following the sequential procedure equilibration. The green dots represent the data selected to 
determine LFe and log 𝐾%&')*+,- (procedure detailed hereafter). Grey dots represent the discarded data, 
corresponding to carry-over Fe in the cell from previous analysis at the start of the titration, and 
saturation of the working electrode with the last aliquot. 

Figure 4. a) Peak height and b) fourth derivative of the titration of the Gulf of Mexico seawater used for 
tubes conditioning with 25 µM of SA and buffered at 8.18 with 10 mM of borate without (blue diamonds) 
and with (orange circles) addition of 2 nM DFO-B acquired with the BASi systems. Duplicates 
voltammograms were recorded with a deposition time and potential of 90 s and +0.05 V, respectively. The 
sample was equilibrated following the sequential procedure equilibration. The last points of the titrations 
(empty symbols) correspond to the 5 nM Fe spike performed in the last aliquot. 



adjustments were necessary to ensure optimal efficiency of the software ECDSoft and avoid manual 482 

treatment of some voltammograms.  For the voltammograms acquired with the MetrohmTM systems, 483 

the optimal treatment consisted of using the second derivative scans and increasing the number of data 484 

points composing the voltammograms by a factor 3, and with the BASi, the optimal treatment was using 485 

the fourth derivative without increasing the number of data points. The variations of the automated peak 486 

determinations are attributed to differences in the voltammogram acquired with the two set up compared 487 

here, notably in terms of peak height range. Future users should compare the different parameters 488 

available within ECDSoft to define the optimal automation of the peak determination corresponding to 489 

their application.      490 

For the application with the MetrohmTM systems, the conditioning seawater was kept in the dark at room 491 

temperature in a 50 L carboy (polycarbonate, Nalgene), while for the application with the BASi systems, 492 

the conditioning seawater was kept frozen in several 500 mL bottles (FHPE, Nalgene). Repeated 493 

titrations of the conditioning seawater kept in the carboy showed a drift in LFe toward higher values 494 

with time and emptiness of the carboy (results not shown), suggesting an impact of the aging of the 495 

DOM and/or stratification in the carboy. We suggest not to sample and store reference seawater in large 496 

polycarbonate carboy, but such water can be used for conditioning. 497 

A post-titration Fe spike of 5 nM was performed in the final aliquot being analyzed to confirm the 498 

saturation of the organic ligands (Figure 3). For the titration in the presence of DFO-B, the spike 499 

confirms the saturation of the natural ligands, and the absence of saturation of the mercury drop. For 500 

the titration in absence of DFO-B, the spike confirms the saturation of the natural ligand, but also the 501 

saturation of the mercury drop electrode for the final aliquots. The aliquots for which the linearity is 502 

impacted by the saturation must be discarded for the interpretation. Guidance for the data selection and 503 

interpretation of ligand titrations are provided in the following section. 504 

Recommendations for the interpretation of ligand titrations 505 

The development of ProMCC software has substantially eased the interpretation of ligand titrations 506 

(Omanović et al., 2015), although the results remain notably dependent on the choice of the 507 



mathematical treatment used to retrieve the log K!"#$%&'( of the natural ligand, on the definition of the 508 

sensitivity of the method (e.g. Omanović et al., 2015) and on the data selection made by the analyst 509 

(Buck et al., 2012). It is sometimes necessary to remove outliers but currently, the definition of outlier 510 

is subjective. We propose here a procedure to treat titration data in a systematic way to statistically 511 

exclude potential outliers independently, and to simultaneously model ligand characteristics using the 512 

most common fitting procedures (Ružić, 1982; van den Berg, 1982; Scatchard, 1949; Gerringa et al., 513 

2014). All the results presented hereafter were collected using the MetrohmTM systems. 514 

Definition of the sensitivity 515 

The first step was to assess how to best define the sensitivity (S) of the measurement. The definition of 516 

S should be tested for every application of a CLE-AdCSV method on a set of natural samples. The 517 

simplest and most straightforward approach for this is the post-titration spike as a verification of the 518 

linearity of the final internal titration points. We also compared the results obtained by using S 519 

determined from the three last linear aliquots with the mathematical fit option given in ProMCC. 520 

Replicate titrations were fitted using both methods, the differences between duplicates in LFe (ΔLFe) and 521 

between log K!"#$%&'( (Δlog K!"#$%&'() were determined, and the standard deviations of the ΔLFe and Δlog 522 

K!"#$%&'( obtained with each method compared. For LFe and S, the standard deviation was divided by the 523 

mean value for all the duplicate titrations mentioned in Table 3, while for log K!"#$%&'(, the standard 524 

deviation was divided by the acknowledged range of values covered by a single detection window (i.e., 525 

2; Apte et al., 1988; Gerringa et al., 2014). Here, the most consistent results were obtained when S is 526 

defined with the 3 last aliquots of the titration, with 22% of residual standard deviation (RSD) for ΔLFe, 527 

against 46% for the mathematical fitting. Differences between the two fittings for Δlog K!"#$%&'( were 528 

negligible in comparison to the differences in ΔLFe. The definition of S with the 3 last aliquots has thus 529 

been implemented in our procedure. Despite recommendations from Gerringa et al. (2014) to use 4 530 

aliquots, our results showed that in our case the accuracy was not impacted by the use of 3 or 4 aliquots 531 

(results not shown). This could be attributed to the range of concentration of DFe considered in our 532 

titrations, up to 15 nM, compared to up to 10 nM used by Gerringa et al. (2014). This emphasizes the 533 



importance of extending the titration well into the linear portion to ensure optimal definition of the 534 

sensitivity. 535 

In our case, the relative standard deviation (RSD) of ΔLFe and Δlog K!"#$%&'( was independent of the high 536 

RSD (e.g., poor reproducibility) in S values between duplicate analysis. We attribute the high S RSD 537 

to the presence of mercury oxides in the MME in the case of the MetrohmTM system. Indeed, despite 538 

daily cleaning of the needle ensuring good quality of the scan and accurate determination of LFe and log 539 

K!"#$%&'(, mercury oxides were accumulating in the mercury reservoir over the week. We suggest that the 540 

daily cleaning of the needle is not enough for optimal reproducibility of the S of the MetrohmTM system, 541 

and that the formation and/or impact of the mercury oxides are variable from one week to another. Even 542 

if it does not impact the ΔLFe and Δlog K!"#$%&'( obtained, the fluctuation of the S is to be kept in mind 543 

when using and comparing results obtained on MetrohmTM systems. 544 

Table 3. Deviation between duplicate analyses on LFe, log 𝐾!"#$%&'( and S with two definitions of S. The relative 545 
standard deviation (RSD) corresponds to the standard deviation divided by the mean for ΔLFe (5.1 nMeqFe) and ΔS, 546 
and by the acknowledged range covered by a single detection window for Δlog 𝐾%&')*+,- (2; Apte et al., 1988; 547 
Gerringa et al., 2014). 548 

Definition of 
the 

sensitivity: 
Using the 3 last aliquots Fitted by ProMCC 

Sample label ΔLFe  
(nMeqFe) Δlog K!"’$%&'( 

ΔS 
((nA/V-2)/s) 

ΔLFe  
(nMeqFe) Δlog K!"#$%&'( 

ΔS 
((nA/V-2)/s) 

ST6-21 0.0 0.3 -0.8 -0.7 0.1 -3.2 
ST6-20 3.0 -0.5 -3.9 8.1 -0.3 1.7 
ST6-11 0.5 0.0 -8.1 0.6 0.0 -8.2 
ST6-7 -0.6 -0.5 -4.1 3.6 -0.6 -3.9 
ST6-5 0.5 -0.3 1.5 2.4 -0.3 5.7 
ST6-3 -1.7 0.0 -4.7 -2.2 -0.1 -7.0 
ST2-7 0.0 -0.2 -0.4 3.2 -0.3 0.3 
ST7-17 0.0 0.1 -3.2 0.7 0.0 3.2 

ST7-17_2 -0.8 -0.1 -3.2 -1.5 0.0 -3.9 

Standard 
deviation 1.3 0.3 

 
2.8 3.2 0.2 

 
4.3 

Relative 
standard 
deviation 

22% 14% 69% 46% 11% 82% 

The options offered by the software ProMCC of linear or logarithmic fitting of the sensitivity did not 549 

limit the dispersion of the calculated LFe (results not shown). Although the mathematical approach of 550 



sensitivity fitting is the (only) theoretically correct approach, and as such, would be expected to provide 551 

better results, it is more impacted by signal variability, because it uses all titration points for the 552 

calculation of S and not only the final 3 additions. The reduction current at low DFe additions is 553 

relatively more variable (less accurate) than at higher DFe additions, and thus the mathematical fitting 554 

might provide a less robust sensitivity than the final 3-point approach. The use of the “final 3-addition” 555 

approach is justified by the obtained better reproducibility with our dataset, as shown above. However, 556 

we still recommend comparing different approaches in sensitivity determination to justify the choice 557 

made and in particular, to verify the linearity of the final titration points with a post-titration spike. 558 

Step-by-step interpretation of the titration 559 

The procedure developed for the interpretation of ligand titration data relies on the combined use of 560 

ProMCC and of a spreadsheet specifically prepared to keep track of the successive fittings and define 561 

the quality flag of the titration (Figure 5; SM2; SM3). A step-by-step description of the procedure is 562 

detailed in SM2 and included within the spreadsheet (SM3). The procedure we propose here allows a 563 

more reliable selection of the data points retained for the fitting by statistically identifying 564 

voltammograms of poor quality that can bias the calculated FeL characteristics.  565 

Briefly, the user first needs to enter analysis information as requested in the spreadsheet and add the 566 

titration data to both the spreadsheet and ProMCC. From ProMCC, a pre-selection is made, based on 567 

the visual presence of carry-over Fe (high values for the first aliquot) or saturation of the titration at 568 

high added Fe concentration (flattening of the curve; Figure 2). A first “Complete Complexation Fitting 569 

Model” is then performed, “Add Results to list…” clicked, and the “Used” column of the “Data” tab 570 

copied in the spreadsheet. The graphical error of the titration presented as Relative Percentage 571 

Difference (RPDi) calculated in ProMCC is then used. RPDi corresponds to the dispersion of each data 572 

point from the fitted curve obtained by the “Complete Complexation Fitting Model”. Data points with 573 

an RPDi higher than 50% are discarded, in order of decreasing RPDi values. The RPDi values for all 574 

data from all aliquots are considered because this step aims to discard voltammograms of poor quality, 575 

not to evaluate the validity of an aliquot. If all the voltammograms recorded for an aliquot have an issue 576 

(e.g., due to contamination or problem during the preparation), they will end up being discarded within 577 



the process. Following each data removal step, the “Complete Complexation Fitting Model” fit is 578 

performed, “Add Results to list…” clicked, and the “Used” column copied in the spreadsheet. The 579 

identification of lower quality datapoints and fitting steps are reproduced until all data show an RPDi < 580 

50%. The RPDi used to define the validity of the data is automatically calculated in ProMCC, and, 581 

therefore, the data selection is not impacted by the analyst, who keeps a detailed record of the successive 582 

treatment with the spreadsheet. The RPDi threshold value, however, could be adjusted for different 583 

applications and become a coefficient traducing the overall quality of the titrations for datasets.  584 



 585 

Automated determination of the quality flag within the spreadsheet 586 

A quality flag (QF) system was implemented to rapidly visualise the confidence in the results with 587 

values ranging from 1 to 4, 1 being highly confident. Assignment of a QF to titration results as a whole 588 

allows for a rapid comparison of data quality in database archives of speciation measurements. 589 

Additionally, to our knowledge, there are no open access tools for users to keep track of the choices 590 

made when fitting titration data (e.g., number of replicates of each titration point, how outliers were 591 

defined and how many (if any) were discarded, which ones, how the sensitivity was defined, etc.). This 592 

Figure 5. Diagram describing a) the procedure developed for the interpretation of ligand titration data, with n 
corresponding to the number of voltammograms recorded for each aliquot and RPDi is the Relative Percentage 
Difference, and b) the process defining the quality flag (QF) of the titration. The QF is lowered by one even if 
only one of the tests (convergence or accuracy) is successful. 



motivated the development of a spreadsheet combining the record of the metadata of the analysis, the 593 

record of the titration data, and the visualisation of the whole and selected complexometric data. The 594 

spreadsheet is intended to be used in tandem with ProMCC. This spreadsheet (SM3) is perfectible and 595 

is open to user’s suggestions. 596 

The QF value is based on three aspects (Figure 5b). The first relates to the number of fittings performed 597 

during the data selection procedure to reach a RPDi < 50% for all data points, with the QF being equal 598 

to the number of fittings having been performed. The second, which is automated, relies on the errors 599 

on LFe and log K!"#$%&'(, and the averaged error given by ProMCC. For LFe, an error of ± 10% of the RSD 600 

or less was accepted (in our case, ± 0.5 nMeqFe). For log K!"#$%&'(, an error of ± 0.2 is accepted, 601 

corresponding to ± 10% of the range of 2 unit of log K!"#$%&'( covered by an analytical window (Apte et 602 

al., 1988; Gerringa et al., 2014). Accordingly, the limit of the criteria on the average error calculated by 603 

ProMCC as root-mean-square error (RMSE) is 20%. If two of the tests performed on LFe, log K!"#$%&'( 604 

and average error are successful, the QF value previously defined by the number of fittings and data 605 

selection performed to reach RPDi < 50% is lowered by one (meaning the confidence is increased).  606 

The third aspect defining the QF relies on the convergence of the fittings. Successive fittings can lower 607 

the error on the parameters, but the parameter can show similar results in terms of LFe and log K!"#$%&'( 608 

despite data points having been discarded, meaning that the initial fitting was accurate. We implemented 609 

an automated verification of the convergence of LFe and log K!"#$%&'( along successive fittings and data 610 

selection. The QF is lowered by one if the values change by less than 20% of the method accuracy, so 611 

in our case by 0.1 nMeqFe for LFe and by 0.04 for log K!"#$%&'(. The rules to define the QF based on the 612 

error and on the convergence of the fittings are not cumulative, meaning that the QF cannot be lowered 613 

by more than one level. 614 

In summary, the QF determination for the procedure developed for a single ligand class will flag the 615 

results of a titration from 1-4, with 1 being highest confidence, and we recommend that titrations that 616 

receive a QF flag of 3 and 4 to be carefully compared to the rest of the dataset to decide whether to 617 

integrate the results into the final dataset.   618 



Reproducibility of ligand titrations 619 

The reproducibility of ligand titration and data treatment procedure was compared on 19 samples run 620 

in duplicate (including a triplicate, 20 comparisons). Results of the treatment of these analyses are 621 

presented in Figure 6 and the data table is presented in SM4. The samples were randomly chosen within 622 

a set collected in the Western South Tropical Pacific in 2019 (Guieu and Bonnet, 2019) covering a large 623 

range of biogeochemical conditions (e.g., DFe from 0.18 nM to 1.09 nM; Tilliette et al., 2022), with the 624 

area being impacted by intense diazotrophic and hydrothermal activity.  625 

 626 

Figure 6.a) Distribution of the RSD of the LFe and log 𝐾%&')*+,- values and 1:1 
plots for b) LFe and c) log 𝐾%&')*+,- of duplicate titration performed with the 
sequential equilibration. For the 1:1 plots, the results are shown in function 
of the water masses, namely the Mixed Layer (ML; green triangles), the 
Subtropical Underwater (STUW; grey circles), the Antarctic Intermediate 
Water (AAIW; yellow diamonds), and the Pacific Deep Water (PDW; blue 
squares). The grey lines correspond to 10 and 25% RSD of the main value 
for all titrations for LFe (5.1 nMeqFe) and of the range covered by the 
detection window for log 𝐾%&')*+,- (2). 



The RSD between duplicates was calculated relative to the average value obtained between duplicates 627 

for LFe and relative to the range of log K!"#$%&'( covered by a single detection window (2; Apte et al., 1988; 628 

Gerringa et al., 2014). Here, 50% of the duplicates agreed within 10% of the RSD for LFe and log K!"#$%&'(, 629 

and up to 80% within 25% of the RSD (Figure 6a). Meanwhile, the diazotrophic and hydrothermal 630 

processes of the area were responsible for LFe and excess LFe (eLFe = LFe - DFe) mean values of 5.1 ± 631 

1.4 and 4.8 ± 1.3 nMeqFe, respectively. This is much higher than typically observed in open ocean 632 

samples. For comparison, a mean eLFe of 1.9 ± 1.1 nMeqFe was reported in the eastern tropical South 633 

Pacific, east of our sampling location (Buck et al., 2018). The agreement between duplicate analyses is, 634 

therefore, rather high, with regard to the intense biogeochemical processes at play and of their impact 635 

on the Fe-binding properties of the DOM.  636 

Interestingly, a relationship between the log K!"#$%&'( and the time separating the duplicate analyses 637 

emerged for the samples collected in the Antarctic Intermediate Waters (AAIW; Figure 6c). The 638 

majority of the duplicates performed in other water masses did not show a similar offset in the second 639 

analysis. This offset could suggest a specific aging behaviour of the ligand assemblage in these samples, 640 

but the influence of mercury oxidation and re-freezing of the sample are not excluded. The change in 641 

log K!"#$%&'( was not coupled to a change in LFe, suggesting a decoupling between the amount and the 642 

strength of the Fe-binding sites of the DOM. While other studies concluded on the limited impact of 643 

the aging of the DOM following similar freezing and thawing treatment (Fourrier et al., 2022; Fonvielle 644 

et al., 2023), our results suggest a potential impact on the Fe-binding sites of the DOM found in the 645 

AAIW. 646 

Comparison of equilibration procedure on speciation parameters 647 

It has been suggested that a shorter equilibration times could overestimate LFe and log K!"#$%&'(, as some 648 

dissociation kinetic of Fe and natural ligands could be too slow in absence of adjunctive mechanism 649 

between natural and added ligands (Gerringa et al., 2014; Laglera and Filella, 2015; Gerringa et al., 650 

2021). However, to date, the impact of the equilibration time on the results obtained using SA have not 651 

been documented. Here, we compared the sequential and the overnight equilibration procedures on 24 652 



samples collected in the Western South Tropical Pacific (Guieu and Bonnet, 2019), including 4 samples 653 

run in duplicate with sequential equilibration (28 comparisons). The results are shown in Figure 7, and 654 

the data table is presented in SM4. Half of the duplicates were performed within two days between first 655 

and second analyses, and the other half within one month. There were no trends emerging in relation to 656 

the storage time.  657 

The deposition time requirement was on average 1.6-fold lower with the sequential equilibration than 658 

with the overnight equilibration, and a higher deposition time was required for deep samples (SM4), in 659 

line with previous studies (e.g., Buck et al., 2018). The lower deposition time requirement in our 660 

application (from 45 s in surface samples to 150 s in deep samples; SM4) compared to previous study 661 

(60 s to 600 s; Buck et al., 2018) is explained by our optimised deposition potential of +0.05 V and by 662 

the technical specificity of the system used, such as the size of the mercury drop and stirring efficiency. 663 

The lower sensitivity observed for overnight equilibration has been previously attributed to the slow 664 

formation kinetics of the electro-inactive FeSA2 complex (Abualhaija and van den Berg, 2014), but this 665 

was not experimentally proven. Such phenomenon could be an issue because the calibration of the 666 

added ligand depends on the specific stoichiometry of the complexes formed, which need to be well 667 

known and stable in time. However, for SA, the β!",) calibrated by Abualhaija and van den Berg (2014) 668 

by overnight equilibration and the β!",)) calibrated by Buck et al. (2007) with sequential equilibration 669 

result in α!",) of 123 and in α!",)) of 79 for 25 µM of SA, respectively. This leads to a shift of 0.2 in 670 

log K!"#$%&'(, lower than the error between most of the duplicates shown in the previous section. This 671 

suggests a limited impact of the calibration choice in our application. Also, other results (not shown) 672 

obtained while conditioning tubes of higher surface contact with the sample (15 mL, MetalFree 673 

LabconTM) suggest that instead of a slow change in SA speciation, a weak interaction with the tube 674 

walls could explain the decrease of the signal with the equilibration time. This hypothesis is, however, 675 

still under investigation and is not yet confirmed. Another possibility could be the slow dissociation of 676 

FeSA2 toward inorganic forms of Fe such as colloids and/or Fe oxyhydroxides. Indeed, it was recently 677 

shown that the solubilization of Fe oxyhydroxides by humic substances decreased with the age and 678 

stability of Fe oxyhydroxides (Dulaquais et al., 2023). A similar phenomenon could happen during the 679 



equilibration with SA, as Fe oxyhydroxide stabilization could pull the equilibrium toward their 680 

formation and, concomitantly, toward FeSA2 dissociation with time. 681 

 682 

The equilibration procedures show an agreement within 10% of the RSD for 46% of the comparison 683 

for LFe and 21% for log K!"#$%&'(, and an agreement within 25 % of the RSD for 60% of LFe and 43% of 684 

log K!"#$%&'(. These results attest to a rather good agreement between sequential and overnight 685 

equilibration procedure, especially for LFe. With this comparison, we state that differences with other 686 

methods using overnight equilibration cannot be attributed only to the lack of equilibrium using 687 

Figure 7. a) Distribution of the RSD of the LFe and log 𝐾%&')*+,- values and 
1:1 plots for b) LFe and c) log 𝐾%&')*+,- of duplicate titration performed with 
overnight and sequential equilibration. For the 1:1 plots, the results are 
shown in function of the water masses, namely the Mixed Layer (ML; green 
triangles), the Subtropical Underwater (STUW; grey circles), the Antarctic 
Intermediate Water (AAIW; yellow diamonds), and the Pacific Deep Water 
(PDW; blue squares). The grey lines correspond to 10 and 25% RSD of the 
main value for all titrations for LFe (5.1 nMeqFe) and of the range covered 
by the detection window for log 𝐾%&')*+,- (2). 



sequential equilibration as stated in recent comparison studies (Ardiningsih et al., 2021; Gerringa et al., 688 

2021).  689 

For log K!"#$%&'(, higher values are observed for several samples when applying the sequential 690 

equilibration (Figure 7c). This was not a systematic observation, but it does suggest the absence of 691 

adjunctive mechanism between natural and added ligands for several samples. Because none of the 692 

samples collected in the mixed layer showed higher log K!"#$%&'( with the sequential equilibration, we 693 

suggest that a slower equilibration kinetic might take place between SA and some of the natural Fe-694 

binding sites composing more aged and mineralized DOM compared to the more reactive Fe-binding 695 

ligands found in the mixed layer. Rather than discriminating an equilibration procedure, this comparison 696 

suggests that the mineralization state of the DOM impacts Fe-binding sites and their 697 

association/dissociation kinetic. It would be of upmost interest to carry out more comparative studies 698 

on the equilibration kinetic between natural Fe-binding ligands and SA, and to compare them to 699 

methods constraining Fe exchange kinetics (e.g., Boiteau and Repeta, 2022).  700 

Conclusion 701 

We present in this paper a suite of recommendations intended to improve and ease the use of SA as an 702 

artificial ligand to investigate DFe organic speciation by CLE-AdCSV. The conditioning, voltametric 703 

and voltammogram treatment guidelines simplify the application of the SA method for MetrohmTM and 704 

BASi systems, and the titration fitting procedure facilitates comparison and integration of results across 705 

laboratories. The titration fitting spreadsheet and procedure are newly developed and are open to 706 

recommendations from the community. The automated definition of the QF implemented in this work 707 

introduces a tool for qualifying the titration quality and improve data comparison between laboratories, 708 

and could help improving our understanding of the organic speciation of trace metals at local and global 709 

scales if integrated in future work. The interpretation procedure can be modified for the interpretation 710 

of organic speciation data regarding any metal and application specificities such as number of aliquots 711 

and voltammogram recorded. Essential aspects for the validation of the procedure include tests on the 712 



automation of the voltammograms treatment, on the definition of the sensitivity, and on the 713 

reproducibility of the analysis on diverse samples and on multiple analyses of a reference seawater.  714 

Our comparison of equilibration procedures (sequential versus overnight) resulted in LFe and log K!"#$%&'( 715 

values within 25% RSD for more than half of the samples. The difference between duplicates in the 716 

other half appeared to be random and not systematically biased in one direction or another and suggested 717 

specific association/dissociation kinetics for different ligand assemblages. This could be the reason for 718 

the historical disagreement regarding the equilibration time in previous work (Rue and Bruland, 1995; 719 

Buck et al., 2007; Abualhaija and van den Berg, 2014). The impact of the equilibration time on the 720 

CLE-AdCSV results may be better constrained with the use of model ligands and novel mass 721 

spectrometry approaches to evaluate kinetics of DFe exchange between the natural binding ligands and 722 

the added SA (e.g., Boiteau and Repeta, 2022). These equilibration kinetics for DFe against SA could 723 

be a way to discriminate different kinds of ligands or binding-sites in natural samples. Such experiments 724 

have already been tested but on the time scale of hours to days (Wu and Luther, 1995; Witter and Luther, 725 

1998; Croot and Heller, 2012). Our optimised SA method with shorter deposition time could allow the 726 

investigation of the equilibration kinetics on the time scale of minutes to hours, opening a way to further 727 

explore FeL association and dissociation kinetics. Ultimately, we also suggest that the DOM 728 

composition could explain the differences in the peak intensity of the FeSA2 reduction as a function of 729 

the deposition potential applied. Indeed, the competition for adsorption on the mercury drop between 730 

FeSA2, surfactant, and/or electroactive DOM could be dependent on the potential applied. Further work 731 

should explore the possibility to develop an indirect pseudopolarographic titration of the DOM against 732 

SA. 733 
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