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dream you can, begin it. 
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ABSTRACT

Iron speciation in seawater is of the utmost importance in understanding the 
biogeochemical cycle of this element, in view of its central role in regulating 
the primary productivity of the oceanic environment and its connection to 
global planetary cycles. The Competitive Ligand Equilibration-Cathodic Stripping 
Voltammetry (CLE-CSV) methods, often with the catalytic enhancement of the 
signal, are fit for this purpose, as they allow to study the organic speciation of 
the metal by determining the organic iron binding ligands concentration and 
their stability constants for the metal itself. These methods avoid any sample 
separation or pretreatment step, and show acceptable detection capabilities 
and robustness towards the saline matrix. 
The aim of the present PhD project was the development, optimization and 
characterization of a new method based on the CLE-CSV technique, characterized 
by optimal detection capabilities (sensitivity and limit of detection) and by an 
easy-to-use instrumental configuration. In fact, several methods experienced a 
development during the last 20 years, but each of them was characterized by 
the presence of important drawbacks as poor sensitivity, too long analysis time 
requirement and also, in some cases, by the use of a suspected carcinogenic 
species as catalytic enhancer.
In the present work, 2,3-dihydroxynaphthalene and atmospheric oxygen were 
employed as iron chelator and catalytic enhancer, respectively, as they ensure 
the best analytical performances.
A new hardware configuration was firstly developed, leading to an overall 
simplification of the system: a silver wire pseudoreference was installed 
replacing the traditional Ag/AgCl 3 M KCl reference electrode and atmospheric 
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oxygen was directly introduced into the close analysis cell by an air pump. An 
extensive optimization procedure was accordingly performed, and the detection 
capabilities were carefully evaluated: fully satisfactory analytical performances 
for trace and ultratrace iron determination were achieved.
A comprehensive approach to the characterization of an adsorptive cathodic 
stripping voltammetry with catalytic enhancement followed. The focus of this 
second part of the work was on the understanding of the chemical features 
and processes involved. The consecutive effects of the studied features 
on the analytical signal were evaluated to appreciate possible limitations 
and future directions for the method improvements. Accordingly, the 
2,3-dihydroxynaphthalene degradation and the Fe-DHN complex stoichiometry 
were studied and their consequences on the speciation procedure evaluated. 
The stoichiometry of the FeDHN complex was also determined as it plays a major 
role in the speciation data treatment. Furthermore, the thermodynamics of the 
ligand and the complex simultaneous adsorption onto the electrode surface was 
considered to evaluate a possible competition between these two species.  As 
the final step of this part of the work, the electron transfer kinetics (k0) and 
catalytic enhancement (k’cat) were studied to completely characterize the 
electrode reaction, i.e., to give full insight into the exact mechanism responsible 
for the analytical sensitivity. 
The new CLE-CSV method was subsequently developed. Firstly, the side reaction 
coefficients for the FeDHN complex were calibrated against the EDTA and 
the conditional stability constants calculated. The method was successfully 
validated in UV digested seawater using diethylenetriaminepentaacetic acid 
(DTPA), deferoxamine (DFO), and protoporphyrin IX (PPIX). It was proved that 
good detection capabilities also for humic acid (HA) could be achieved. The 
analysis of six seawater samples from a Ross Sea water column (Antarctica) was 
then performed, demonstrating the fit for purpose for the detection of trace 
concentrations of organic iron binding ligands in seawater. 
Lastly, as a further development of the technique, the pH buffer which is usually 
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employed to perform the voltammetric analysis in seawater was removed. The 
latter innovation was enabled by the natural pH buffer capacity of seawater 
due to the presence of the CO2/HCO3

-/CO3
2- system. The application of the 

unbuffered method resulted in statistically indifferent values for both the side 
reaction coefficients and conditional stability constants with respect to the 
buffered method. Again, the unbuffered method was successfully validated in UV 
digested seawater using both an artificial and a natural ligand and then applied 
to the same six seawater samples from the Ross Sea water column. The proposed 
unbuffered approach may demonstrate relevant to already existing speciation 
procedures for iron, resulting in a correct determination of complexing capacity 
and stability constant of organic iron binding ligands at ambient pH.
The new method, both in its buffered and unbuffered version, achieved a tenfold 
sample size reduction and a tenfold increase in the analytical sensitivity compared 
with other methods employing 2,3-dihydroxynaphthalene. Furthermore, the 
analysis time was halved with respect to the fastest method reported in the 
literature as half an hour resulted enough to measure a twelve points titration.
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LIST OF ACRONYMS IN ALPHABETIC ORDER

AdCSV: adsorptive cathodic stripping voltammetry
CLE-CSV: competitive ligand equilibration – cathodic stripping voltammetry
CV: cyclic voltammetry
DA: domoic acid
DFO: deferoxamine
DHN: 2,3-dihydroxynaphthalene
DPD: NN-dimethyl-p-phenylenediamine
DTPA: diethylenetriaminepentaacetic acid
EDTA: ethylenediaminetetraacetic acid
EPS: exopolysaccharides
FA: fulvic acid
FI: flow injection
HA: humic acid
HEPPS: 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
HMDE: hanging mercury drop
HNLC: high nutrient low chlorophyll
1H-NMR: proton nuclear magnetic resonance
HS: humic substances
IARC: International Agency for Research on Cancer
ICP-MS: inductively coupled plasma - mass spectrometry
LOD: limit of detection
NN: 1-nitroso-2-naphthol
PPIX: protoporphyrin IX
RSD%: percentage relative standard deviation
RT: reverse titration



11

S/N: signal to noise ratio
SA: salicylaldoxime
SAFe: sampling and analysis of iron
SqW: square wave
SW: seawater
TAC: 2-(2-thiazolylazo)-p-cresol
UV: ultraviolet
UV-SW: ultraviolet digested seawater
UV-Vis: ultraviolet-visible
WHO: World Health Organization
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LIST OF SYMBOLS IN ALPHABETIC ORDER

A: electrode surface area
α: symmetry factor
αFe’L: side reaction coefficient for the Fe’L complex
β: adsorption constant
β1: stability constant of the ML2 species
β2: stability constant of the ML3 species
c: concentration
CL: total organic iron binding ligand concentration
γ: catalytic parameter
ΔEp: difference between anodic and cathodic peak
E0: standard potential
Ep: peak potential
F: Faraday constant
f: square-wave frequency
fmax: critical value of the square-wave frequency
Γ: electrode surface coverage
Γmax: maximum electrode surface coverage
i: peak current
ip,a/ip,c: anodic/cathodic peak current
k: kinetic constant
K: stability constant of the ML complex
k0: standard electrochemical rate constant
kcat: catalytic constant
K’Fe’L: conditional stability constant for the Fe’L complex
λ: kinetic parameter
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L: organic iron binding ligand
Ladd: iron chelator employed in a AdCSV analysis
n: number of electrons exchanged during an electrode reaction
Q: charge exchanged during an electrode reaction
S: sensitivity
va/vc: rate of the anodic/cathodic reaction 
ψp: net dimensionless peak current
ψp,a/ ψp,c: dimensionless anodic/cathodic peak current
ω: dimensionless kinetic parameter
ωmax: critical dimensionless kinetic parameter
[Fe’]: inorganic iron concentration
[Fe3+]: free iron concentration
[FeL]: iron concentration complexed by organic iron binding ligand
[Felabile]: iron concentration released from the FeL complexes upon the addition 
of Ladd and inorganic iron
[L’]: concentration of organic iron binding ligand not complexed by iron
[M]: metal concentration 
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Iron determination and speciation in seawater are tasks of the utmost importance 
for chemical oceanographers. Iron, in fact, plays an important role in regulating 
the primary productivity of the oceanic system1. Since 1990, when the first 
“Iron Hypothesis” was formulated2–4, it is clear that iron limitation reduces the 
phytoplankton community activity which consists on the synthesis of chlorophyll 
by photosynthetic processes. 
More than 30% of the surface waters of the oceans are known as the “high 
nutrient low chlorophyll” (HNLC) regions5. In these areas, despite the high 
concentrations of macronutrients as nitrate and phosphate, low chlorophyll 
concentrations are found as a consequence of a low phytoplankton biomass. 
To date, this phenomenon is acknowledged to be a result of the iron limitation. 
Therefore, the relevance of this limitation on the determination of the global 
atmospheric CO2 level and, hence, on the regulation of the global climate has 
been thoroughly investigated2,6,7. Low iron concentrations, in fact, could affect 
the ability of the phytoplankton which acts as a sink for CO2 and transports part 
of it to the deep ocean by the so-called “biological pump” process6. 
In this complex context, the Iron hypothesis has been investigated by both 
small-scale3,8–11 and mesoscale Fe-enrichment experiments5,12–21. The first, based 
on incubation bottle experiments, led to controversial results, as they did not 
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demonstrate that iron enrichment stimulates the phytoplankton growth22. 
Several limitations were found in these experiments, especially in recreating the 
oceanic environment: the walls of the containers are just one example affecting 
the simulation of the natural environment. For this reason, the small-scale 
experiments were not the best to describe the processes that happen in nature 
and the large-scale experiments were then set-up13. These were based on in situ 
mesoscale iron enrichment experiments: large areas of the ocean were fertilized 
with a controlled amount of iron sulfate, and simultaneously sulfur hexafluoride, 
SF6, was added as inert tracer. Iron concentration was largely increased and its 
effect on chemical, physical and biological properties of seawater was monitored 
for days. Several large-scale experiments were performed in different regions of 
the oceans during the last decades: the IRONEX I and II12,13 in the equatorial 
Pacific south of the Galapagos Islands, the FeeP14 in the North Atlantic Ocean 
and the LOHAFEX5  in the South Atlantic Ocean are just a few examples.
Nevertheless, the latest studies include more efficient modelling of the global 
earth system and suggest that even an efficient fertilization, which results in 
an increased phytoplankton activity, would have a limited impact on the global 
climate compared to other climate drivers23,24. In addition, recently introduced 
models have hypothesized the possible limiting ability of other micronutrients 
on the phytoplankton activity when iron is bounded by organic species25 (see 
“Iron Speciation” and “Iron Cycle and Bioavailability” paragraphs of this chapter 
for more information). Apart from these controversies, a deep comprehension 
of iron biogeochemical cycle and its linking to the other cycles in seawater would 
represent a giant step in the direction of the complete understanding of the 
regulatory processes in this natural environment.
These knowledge gaps led to the development of the GEOTRACES program 
(www.geotraces.org)26. Since 2005, in fact, the main purpose of the GEOTRACES 
program is to achieve a complete understanding of marine biogeochemical 
cycles of trace metals and their isotopes, motivated by their crucial role in many 
aspects of oceanography. 

1. Introduction
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Regarding iron, more than 20000 data were collected about its total concentration 
in seawater as of 20167, while data collected about its speciation were only 
around 1700, as of the same year27. The latter discrepancy is mostly due to the 
labor intensive and time-consuming analytical procedures developed up to now 
for iron speciation in seawater.
From the analytical chemist’s point of view, iron determination and speciation in 
seawater are challenging tasks as they require methods characterized by extreme 
detection capabilities in terms of sensitivity and limits of detection, usually below 
1 nM, preventing the high risk of sample contamination. Regarding the total iron 
determination, several methods experienced a great development during the 
last decade, increasing the detection capabilities and simplifying the analytical 
protocols. On the other hand, the same advancements were not achieved for the 
speciation analysis, as methods developed up to now show quite poor sensitivity 
and are characterized by long analysis time strongly limiting sample throughput.

1. Introduction
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1.1 Iron in seawater
1.1.1 Iron Speciation
Iron speciation is of the utmost importance in understanding its behavior and 
bioavailability in the oceanic environment. Fractionation will be presented 
first, followed by the description of the speciation on a chemical species-based 
approach, as it relies on well-known chemical concepts, as oxidation states, 
thermodynamics and kinetic laws and inorganic/organic domains. 
Before moving to the description of the main topic of the paragraph, an 
introduction to the forms of iron in seawater and its solubility in this matrix is 
required.
Iron dimensional fractionation is usually defined following physical separation 
by commercial filters (Figure 1.1)28.

The particulate iron is the fraction retained by a filter with a 0.2 µm pore size. 
Within the latter, the fraction smaller than 53 µm, which is composed of the 
suspended particles, is separated by the fraction larger than 53 µm, which 
instead contains the sinking particles. The 53 µm value is only dictated by the 
commercially available filters. The fraction which is not retained by a 0.2 µm 
pore size filter is called total dissolved iron28. No living organisms are generally 
present in this fraction, whereas many different chemical species are very 
common. Moreover, thanks to a filter with a pore size of 0.02 µm or by a cross-
flow filtration with a membrane cut-off of 1 kDa29,30, the retentate containing 
the colloidal iron can be separated by the permeate which, instead, contains 
the soluble iron. Actually, the colloidal iron cannot be directly measured, but it 

1. Introduction

 Figure 1.1: Operational definitions used in chemical oceanography for iron fractions based on the filter 
pore size.
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is deduced from the difference between the total dissolved iron and the soluble 
fraction. The knowledge about the physical separation of iron in seawater has 
been improved by using other techniques in addition to the filtration with 
trace metal clean membranes, such as the ultrafiltration or the flow field flow 
fractioning coupled to ultra-violet (UV) and inductively coupled plasma-mass 
spectrometry (ICP-MS)30,31.
Moving to iron chemical species in seawater, the oxidation state, inorganic 
and organic complexes should be considered: both the ferrous, Fe(III), and 
ferric(II) oxidation states exist in seawater. Fe(III) and Fe(II) are the oxidizer 
and the reducer, respectively, of the redox couple Fe(III)/Fe(II) characterized 
by the standard potential E0=0.771V. The latter is modified in seawater by the 
complexation with several ligands resulting in a wide range of redox potentials 
for the Fe(III)L/Fe(II)L couple. As a consequence, the ability of iron to fine-tune 
its redox potential make this element essential for all the living organisms.
In the presence of oxygen, Fe(III) is the stable state, showing high reactivity, 
thermodynamic stability, and very low concentrations as free Fe3+. Inorganic 
complexes of Fe3+ include Fe(OH)4

-, Fe(OH)3, Fe(OH)2
+, Fe(OH)2+ as iron(III) is 

characterized by a strong affinity for the hydroxide ion. 
Iron inorganic and organic speciation in seawater defines its solubility in this 
natural environment and, for this reason, it has been always presented in relation 
to this topic. In particular, the measurement for the iron solubility in seawater 
represented a challenging task for many years. In principle, it could be calculated 
considering the thermodynamic equilibria and summing the concentrations of 
the different dissolved forms for a determined total iron concentration at a given 
pH and temperature. The first approach was proposed by Byrne et al. in 197632: 
by using filtration and dialysis techniques, the prevalence of the Fe(OH)2

+ and 
Fe(OH)3 species was suggested. Later, in 1996, Kuma et al.33 studied the iron 
solubility both in coastal and oceanic water and compared it to the solubility 
in seawater preliminarily UV irradiated to remove all the organic matter. These 
experiments confirmed the prevalence of the Fe(OH)2

+ species and led to 
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calculated solubility products log*KSO in the range of 4.8-5.0 for coastal water 
and 4.4-4.6 for oceanic water. Moreover, a medium solubility value between 0.3 
and 0.6 nM was found in the mixed layer, with the minima between 0.15 and 0.2 
nM at depths of 50-200 m. Besides, in 2002, Liu et al.34 studied the solubility for 
a wide range of pH (2-9), temperature (5°C-50°C) and salinity (0-36). At the same 
conditions (salinity=36, pH = 8 and T= 25°C) the 0.3-0.6 nM solubility found was 
in good agreement with the previous work33. Moreover, it was demonstrated 
that solubility increases with the temperature decrease, and decreases with the 
salinity decrease. These results were confirmed by Schlosser et al35 in 2012, who 
studied the solubility of iron in the Southern Ocean and found values between 
0.4 and 1.5 nM correlated to the temperature.
In this context, the inorganic iron speciation in seawater is mostly studied 
in synthetic seawater to determine the solubility of the metal in this natural 
environment32–34. It primarily involves hydrolysis reactions (equation 1.1).

                                                                   
(n integer between 1 and 4)
with precipitation of amorphous Fen(OH)3-n xH2O and consecutive transformations 
into more stable forms such as hematite, goethite, and lepidocrocite. Also, the 
complexation of the metal with major ions must be considered for a complete 
evaluation of the inorganic speciation. 
The conditional stability constant β* can be experimentally determined or 
theoretically calculated considering the thermodynamic constants at the ionic 
strength I=0 and applying a correction for the activity coefficient for each ion36. 
Iron solubility studies have demonstrated that the solubility of iron in seawater 
considerably decreases to 0.1 nM ore less when the sample is pretreated with 
UV-digestion33, proving that natural organic Fe(III) ligands increase the metal 
solubility. In this context, in 1995, Van den Berg37 proved that at least the 99% 
of the total iron is bounded by organic ligands. Seemingly these ligands are 
present everywhere in the marine environment, from the costal to open ocean 

(1.1)
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and from the surface down to the deep waters. Organic Fe-binding ligands 
are divided into classes (denoted as Li, with i=1, 2, 3) following their binding 
strengths: L1 groups the stronger ligands characterized by a logK’Fe’L1 >12 (with 
K’Fe’L conditional stability constant for the iron-ligand complex (from now on 
referred to as FeL)), L2 groups ligands with 11<logK’Fe’L2<12, and L3 is the class for 
the weaker ligands characterized by a logK’Fe’L3 <11. These differences by orders 
of magnitude are dictated by the chemical structures and different nature of 
the species. Actually, there are several geochemical models that can be used 
to classify the organic matter in this natural environment. Just as an example, 
the NICA-Dunnan model38–40  is commonly used to describe the distribution of 
proton and metal binding to humic substances (see above for major information 
about these species). In particular, this model, which is based on a continuous 
site distribution, states that the distribution of the metal-binding functional 
groups follows statistical rules and the pk’s are distributed normally along the 
molecule38–40.
Several small organic Fe-binding ligands have been identified up to now: in 
particular, siderophores are the species of major interest (Figure 1.2-a and 
1.2-b). Siderophores are compounds produced by both terrestrial and marine 
heterotrophic and cyanobacteria to sequester iron from their environment41–43. 
Nevertheless, the siderophore uptake is not specific: they can be used by 
a bacterial species even though they are produced by another one44. Their 
production is more significant in regions where the organic carbon concentration 
is high enough to promote the bacterial productivity45; nevertheless, it has been 
suggested that many siderophores classes are not present in different water 
masses due to their photochemical lability46,47. By incubation experiments, it has 
been proved that all the siderophores are characterized by the presence of the 
catechol, hydroxamic or α-hydrocarboxylic acid groups48 and by high stability 
constants. Among these, the deferoxamine, DFO, (Figure 1.2-c) is a common 
example of siderophores. The chemical structure of many marine siderophores 
also contains one or more fatty acid chains bonded to the iron-chelating head 
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group5,49–56 that strongly influence the biogeochemistry of siderophores.

Porphyrins (Figure 1.2-d) are another biologically produced class of molecules 
suggested as organic Fe-binding ligands57,58. They include chlorophylls and their 
breakdown products and hemes. Due to their low solubility in seawater at pH 8, 
porphyrins are thought not to be a large part of the organic Fe-binding ligands, 
despite the ability to spontaneously complex Fe(III) in solution30,59.
Furthermore, domoic acid (Figure 1.2-e), which is an algal toxin, can complex 
iron in seawater, even though it is one of the weaker ligands with logK’Fe’DA=8.760. 
So, even though domoic acid is not one of the most common organic Fe-binding 

Figure 1.2: Examples of the small defined organic Fe-binding ligands: a), b) c) siderophores; c) 
deferoxamine; d) protoporphyrin IX; e) domoic acid.

1. Introduction



22

ligands, it plays an important role in the biogeochemical cycle of this element in 
seawater.
More recently, it has been proved that molecules characterized by larger 
dimensions, lower binding capacity for iron, but relatively higher concentrations 
in seawater contribute to the complexation of iron in the oceanic environment. 
In particular, humic substances (HS), saccharides and exopolysaccharides (EPS) 
are the most common classes of this kind of ligands. Humic substances, i.e. fulvic 
and humic acids (FA and HA, respectively Figure 1.3-a and 1.3-b) are refractory 
terrestrial, freshwater or marine substances and they persist into the deep 
ocean. On the other hand, EPS are mostly produced in the surface water and 
they are more associated with the phytoplankton activity. They are composed of 
neutral sugars and contain acidic polysaccharides like uronic acids. 

Moreover, exopolysaccharides represent a significant part of the dissolved and 
colloidal organic matter61,62. The two classes, HS and EPS, are characterized by 
similar properties being both oxygen rich63 and their complexes with iron more 
stable at high pH.   
To conclude, the organic iron speciation in seawater plays a fundamental role, as 
the organic Fe complexes are dominant in this environment and has important 
implications on the iron bioavailability and redox speciation as well as on its 

Figure1.3: Larger less defined organic Fe-binding ligands in seawater: a) example of a fulvic acid and b) 
general structure of humic acids

1. Introduction
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solubility.

1.1.2 Iron sources in seawater
External iron sources contribute to the total iron concentration in seawater and 
alleviate the iron limitation, mostly in Fe-limited regions. Part of it, in fact, is lost 
due to the sedimental burial of the particulate fraction. At steady state, in fact, 
the residence time of iron in seawater, which is thought to be between 200 and 
500 years, is calculated considering both the mean dissolved iron concentration 
in the oceans and the total external iron inputs.
For many years, dust deposition has been considered as the most important 
external iron source64. The dust iron, which is originated mainly from regions 
with enhanced soil aridity as North Africa or the Arabian Peninsula, is deposited 
on the ocean surface after its uplift from the terrestrial system and atmospheric 
transport. The latter can cover long distances so that dust is exposed to chemical 
transformations that can influence iron speciation and solubility in seawater. 
Rivers are another relevant external iron source as they transport a large amount 
of the metal through the suspended sediments65,66. In these sediments, iron is 
mostly present as particles or colloids and the flocculation phenomenon causes 
a significant loss in iron concentration in the estuary zone67. This is the reason 
why riverine iron supply, which is relevant for the total iron concentration of 
coastal water, is considered negligible for the open ocean.
More recently, it has been proved that hydrothermalism along the mid-ocean 
ridges and back-arc basins has a significant impact on the iron supply68–72. New 
models, in fact, demonstrated that the hydrothermal iron has a longer residence 
time70,73 contrary to what previously believed, i.e. that iron rapidly precipitates 
as solid minerals when the plume mixes with seawater74. In fact, despite the 
relevant mechanism is yet under study, it has been hypothesized that the 
hydrothermal iron is stabilized by complexation with organic species69,75,76 or 
transported by nanoparticles77,78. 
Lastly, in the high latitude regions, glaciers, iceberg and sea ice are other 
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important iron sources.  In fact, the meltwater of glaciers interacts with the 
sediments underneath them79 and iron concentrations may be increased by the 
mechanical and chemical weathering that occurred therein. Moreover, icebergs, 
which are also rich in terrigenous material, melt during their equatorward 
transport and are a potential source of iron to the open ocean.

1.1.3 Iron cycle and bioavailability
The simplified iron cycle includes the uptake by microorganisms and the 
consecutive flux of sinking and subducted organic matter into deeper waters, 
basically until either iron is solubilized back into oceanic waters or iron containing 
particles settle on the ocean floor. 
The description of the biogeochemical cycle of iron in the oceanic system is 
complicated as many different processes and chemical and biological species 
must be considered. 
Generally, the so-called “internal Fe cycle” is supplied by inputs and generates 
outputs (Figure 1.4) after going through a multitude of different processes 
involving all the iron forms previously described. 
Most of them are biologically controlled processes while only a few, as 

the dissolution, the precipitation, the 
photochemical or the redox processes are 
abiotic.
This is the reason why the definition of 
a biological iron demand is mandatory 
for the description of the iron cycle, 

both for phytoplankton and heterotrophs. The first take up iron for their 
physiological functioning, whereas heterotrophic species are responsible for the 
remineralization of the organic carbon, a process which can return particulate 
iron into dissolved species. 
The rapid cycle of iron uptake and consequent regeneration driven by a range 
of biological mechanisms, called “ferrous wheel”, plays a fundamental role in 
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Figure 1.4: Scheme of iron cycling in seawater 
involving external iron sources as inputs and 
sinks as outputs
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the biogeochemical cycle of iron in seawater80. In particular, the importance 
of the ferrous wheel is based on the rapid mobilization of the biogenic iron 
pool with consequences on the bioavailability of this metal. Inside the ferrous 
wheel, heterotrophic organisms use siderophores to acquire iron81,82; moreover, 
microzooplankton83–85, mesozooplankton86,87, viruses88 and heterotrophic 
bacteria83 can rapidly recycle particulate biogenic iron in the surface water. 
On the other hand, phytoplankton can also use colloidal iron directly for 
photosynthetic processes89.
Figure 1.5 represents a simplified scheme of the iron cycle in the ocean, taking 
into account all the iron forms, the external iron sources as inputs and both the 
biotic and abiotic processes involved.

The organic Fe-binding ligands cycles are also of the utmost importance in this 
context. In fact, recently, an ocean biogeochemistry model with a dynamic pool25 
of ligands has been studied and its links to the iron cycle assessed. The model 

Figure1.5: Iron biogeochemical cycle in the oceanic system. The red boxes show the external iron sources. 
The blue box represents all the iron forms and the abiotic processes while in the green circle the ferrous 

wheel involving all the biologically controlled processes by phytoplankton and heterotrophic organisms is 
shown.
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predicts that iron availability in seawater is enhanced by the production of organic 
Fe-binding ligands, demonstrating the connection between ligand and metal ion 
cycles. Moreover, this study hypothesizes that the microbial production, fueled 
by external iron sources, produce ligands supporting iron solubility and lead to 
the consumption of other micronutrients until these become the limiting factor 
for the primary productivity.

1.2 Analytical Methods
The determination and speciation of iron in seawater challenge the analytical 
chemist to develop methods characterized by extreme detection capabilities in 
terms of sensitivity, selectivity and limit of detection.
Several methods for the determination of the total dissolved iron concentration, 
based on different techniques and chemical principles, experienced a great 
development.
Spectrophotometric methods90,91, for example, have been thorough developed 
and studied. They involve ligands able to selectively bind iron or to specific redox 
state of the metal that produce a color compound with high molar adsorptivity. 
Moreover, methods based on the iron catalytic ability on reactions that can be 
monitored by spectrophotometry have been developed. The catalytic effect 
of Fe(III) on the NN,-dimethyl-p-phenylenediamine (DPD) by the hydrogen 
peroxide91,92 is just an example. The latter, which provides a 25 pM limit of 
detection (LOD), initially required a flow-injection (FI) preconcentration on 
8-HQ microcolumns and was later modified by the introduction of an online 
preconcentration on NTA chelating resin at pH 1.7 making the method suitable 
for shipboard determination.
Chemiluminescence93,94 is also one of the most used methods in this field. It 
is often coupled to flow injection and requires a preconcentration on 8-HQ 
microcolumns. This method bases its functioning on the catalytic oxidation 
of brilliant sulfoflavin95 or luminol96 and its performances have been greatly 
improved by Obata et al.97 reaching a 10 pM LOD. Chemiluminescence is so 
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used thanks to its robustness and portability and low const instrumentation 
required. Moreover, it allows rapid analysis minimizing the high risk of sample 
contamination. Nevertheless, despite its applicability to redox speciation 
measurements, it cannot be used for the organic speciation analysis due to 
many unknown factors involved in iron chelation on the microcolumn.
Since the 1970s-1980s, also mass spectrometry methods have been studied 
and used for the total iron determination in seawater. All these methods 
require a sample preconcentration by solvent extraction or on-line chelating 
column. The most common extraction method is based on the chelation with 
ammonium 1-pyrrolidinedithiocarbamate (APDC) and diethylammonium 
diethyldithiocarbamate (DDDC), double extraction into chloroform and back-
extraction in nitric acid98. The latter, coupled with GFAAS99, allows a 30 pM limit of 
detection. Lots of extraction methods coupled both with GFAAS and ICP-MS have 
been developed100–104, but the best performances in terms of limit of detection 
are obtained by the MgOH2 coprecipitation followed by ICP-MS analysis. 
In this context, to date, one of the most used method for the detection of the total 
iron concentration employs the SeaFAST system (see http://www.icpms.com/
pdf/seaFAST_REE_ICPMS_Element2.pdf for the commercially available system) 
coupled to an ICP-MS analysis. The former is a fully automated online system 
which employs a resin with ethylenediaminetriacetic acid and iminodiacetic acid 
functional groups to metals while anions and alkali and alkaline earth cations are 
washed out. 
Neverhteless, the only methods avoiding the preconcentration steps are 
the electrochemical techniques based on the Adsorptive Cathodic Stripping 
Voltammetry (AdCSV). Besides being the only method avoiding any sample 
pretreatment, in fact, voltammetric techniques are characterized by significant 
advantages: they exploit a relatively low cost, compact and portable 
instrumentation which can be easily installed in on-ship laboratories.
The latter methods use a Hanging Mercury Drop Electrode (HMDE) and require 
the introduction of an artificial Fe-binding ligand into the analysis cell. The so-
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formed complex adsorbs onto the mercury drop surface during the so-called 
deposition time and a potential scan towards the cathodic direction follows. The 
current is measured during the potential scan and the height of the complex 
reduction peak is directly proportional to the iron concentration. 

Several ligands have been employed as iron chelator: 1-nitroso-2-naphthol 
(NN)105–108 (Figure 1.6-a), salicylaldoxime109 (Figure 1.6-b) , 2-(2-thiazolylazo)-p-
cresol (TAC)110 (Figure 1.6-c) and 2,3-dihydroxynaphthalene (DHN)111 (Figure 
1.6-d).
Besides the traditional methods, starting from 1992107, also catalyzed methods 
have been developed and applied. They consist on the introduction of an 
oxidizing species into the cell and the Fe(III) complex works as a sort of “electron 
shuttle” as it transfers electrons to the oxidizing species during the analysis.  This 
phenomenon causes an enhancement of the peak current resulting in higher 
sensitivity and, in general, in better analytical performances. Bromate110,111 and 
hydrogen peroxide105 are the common oxidizer used in this context.  
The most recent AdCSV method developed for the total dissolved iron 
concentration exploits DHN as the ligand and atmospheric oxygen as catalyzer112. 
It is characterized by the great improvement of using a microcell instead of the 

Figure1.6: species used as ligand for iron in the Adsorptive Stripping Voltammetry determination of 
the metal in seawater: a) 1-nitroso-2-naphthol, b) salicylaldoxime, c) 2-(2-thiazolylazo)-p-cresol and d) 
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traditional 10 mL cell which apparently causes an increase in the analytical 
sensitivity, showing on the other hand instability of the signals. Furthermore, 
recent developments113 extremely simplify the sample pretreatment. In fact, 
it has been demonstrated that the seawater UV-digestion required to remove 
all the organic matter for the total iron determination can be avoided and 
totally replaced by a 24 hours acidification followed to a neutralization before 
performing the analysis.
Besides presenting some benefits for the determination of the total dissolved 
iron concentration, AdCSV are at the utmost importance in the oceanography 
field mostly because they represent the unique techniques showing results for 
the organic iron speciation in seawater.
In particular, the Competitive Ligand Equilibration scheme coupled to the 
Cathodic Stripping Voltammetry (CLE-CSV) has been developed to study the 
interaction of metal with organic ligands105,114. The latter procedure is based on 
the competition between the organic Fe-binding ligands present in seawater 
samples and the artificial ligand used during the analysis. Accordingly, the 
determination of the organic Fe-binding ligands concentration CL and their 
conditional stability constant for iron K’FeL can be determined (see chapter 4 for 
details about the procedure).
As in the case of the total iron determination, also in this context, several artificial 
ligands for iron and oxidizer for the catalytic enhancement were employed and 
their performances evaluated.
1-nitroso-2-naphthol (NN) was the first historically used both without115,116 and 
with the catalytic effect of hydrogen peroxide105 or bromate117, showing poor 
detection capabilities with a 1.5 nA·nM-1·min-1 maximum sensitivity when 
bromate is used117. In 2000, 2-(2-thiazolylazo)-p-cresol (TAC) was tested110 and 
gave the high sensitivity value of 17 nA·nM-1·min-1 although a deposition time 
between 120 and 600 s was mandatory. 
To date, the method with salicylaldoxime as ligand and atmospheric oxygen as 
catalytic enhancer is the most exploited. It shows sensitivity values between 2.6 
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and 4.4 nA·nM-1·min-1 which increases up to 180 nA·nM-1·min-1 when an around 
seven times higher mercury drop surface is used. 2,3-dihydroxynapthalene 
(DHN) can be also employed as a ligand and both uncatalyzed and catalyzed by 
bromate118,119 methods have been developed.
Accordingly, the choice of the most performing ligand is crucial in this context 
to prevent the drawbacks typical of these methods. In particular, too long 
analysis time should be avoided ensuring, on the other hand, sensitivity values 
satisfactory for the trace and ultratrace determination. Moreover, it should be 
also considered that these kinds of methods can detect several classes of organic 
ligands; consecutively, interferences should be avoided, and data carefully 
treated. 

1.3 Aim of the thesis
The main purpose of this project is to develop a new, better performing and easier 
to use method for iron speciation in seawater following the competitive ligand 
equilibration – cathodic stripping voltammetry (CLE-CSV) scheme. As explained 
in the previous section, in fact, several methods employing different iron ligands 
were developed during the last 20 years, but each of them has its drawbacks. The 
use of NN required high analysis times resulting in a poor sensitivity105,106,115,116. 
SA120,121 has a only 5 nA·nM-1·min-1 for 30 µM ligand concentration and better 
analytical performances were obtained only employing a huge mercury drop as 
the electrode122,123. On the other hand, an acceptable sensitivity was reached 
with TAC110, but huge deposition time (up to 600 seconds) were needed. 
Furthermore, also the use of DHN118,124 resulted in poor sensitivity and, in this 
case, only the use of bromate as catalytic enhancer was experimented. 
More in general, iron speciation methods developed up to now were characterized 
by poor sensitivity, too high time analysis requirement and also, in some cases, 
by the use of a suspected carcinogenic species as catalytic enhancer. 
In this complex context, the method developed in 2015 by Caprara et al.112 was 
chosen as the starting point of the project. The latter used DHN as the ligand and 
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atmospheric oxygen as the oxidant and was characterized by the introduction 
of the microanalysis, 1 milliliter sample cell. The choice of this method was 
basically due to its promising analytical performances both in terms of sensitivity 
(49 nA·nM-1·min-1 for 10 µM DHN in seawater) and limit of detection (5 pM) 
obtained using atmospheric oxygen instead of bromate as catalytic enhancer.  
Moreover, the tenfold sample size reduction allowed using the microcell seemed 
perfectly suitable for the CLE-CSV scheme which usually required more than 100 
mL of sample for each analysis. On the other hand, the Caprara et al. method, 
was characterized by a drift in the analytical signal, especially for high ligand 
concentrations, and, mostly, by an instrumental configuration which resulted 
difficult to use and set-up. The small microcell, in fact should have hosted the 
three electrodes configuration and the stirrer, and the latter configuration was 
difficult to set-up because of the black support. Thus, firstly a new instrumental 
configuration should be developed, as these two problems should be avoided 
before developing the speciation method. Parallel to this, as extreme detection 
capabilities as required, a deep knowledge of the method in terms of its 
chemical and electrochemical feature is considered mandatory. In particular, 
the main interest should be focused on which parameters could control and 
thus positively influence the analytical sensitivity. Accordingly, a protocol for 
the characterization of a AdCSV method should be suggested as it seems to be 
missing in literature up to now. 
Therefore, the development of the new CLE-CSV method for iron speciation 
in seawater should follow these two steps. Applying the new instrumental 
configuration (chapter 2) and controlling the method thanks to its characterization 
(chapter 3), in fact, a performing and easy to use method should be expected 
(chapter 4).

1. Introduction
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2HARDWARE SET-UP, OPTIMIZATION AND 
VALIDATION1

The development of a new hardware configuration for the Competitive Ligand 
Equilibration-Cathodic Stripping voltammetry (CLE-CSV) is described in this 
chapter. In particular, this first step started form the most recent development by 
Caprara et al.112 for total iron determination, as it was characterized by promising 
analytical performances together with a reduction of the employed chemicals. 
The latter procedure was based on the use of 2,3-dihydroxynaphthalene as the 
ligand for iron and atmospheric oxygen instead of bromate for the catalytic 
enhancement of the signal. Moreover, a 0.5-1 mL microcell was for the first 
time introduced and led to a lower sample requirement to carry out each 
analysis (Figure 2.1). Therefore, the traditional cell was replaced by a Delrin 
(polyoxymethylene, POM) microcell support characterized by the presence of 
four holes that allowed a continuous flux of oxygen to the samples as needed 
for the catalytic enhancement. The latter instrumental configuration required 
a particular attention when used, especially during its set-up, as the small 
microcell should host three electrodes (working, counter and reference) and the 

1 Partially reproduced and adapted with permission of from Fostering and Understanding Iron Detection at 
the Ultratrace Level by Adsorptive Stripping Voltammetry with Catalytic Enhancement, Electroanalysis 2019, 
31 (2) (https://doi.org/10.1002/elan.201800675). Copyright © 2019 Wiley-VCH Verlag GmbH& Co. KGaA, 
Weinheim.
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stirrer, and the bottom of the Delrin support should be installed at the perfect 
height with respect to the stand.

Despite the high sensitivity reached by this method, up to 550 nA·nM-1·min-1 
and 150 nA·nM-1·min-1 for ultrapure water and seawater, respectively, obtained 
at high 2,3-dihydroxynaphthalene concentrations, an important deterioration of 
the signal stability and baseline was observed when moving from 10 to 500 µM 
DHN. In fact, as reported in112, although ensuring the best analytical sensitivity 
ever registered with a cathodic stripping voltammetry method, the signal 
was constantly rising leading to a poor reproducibility. External pollution as a 
consequence of the Delrin open support was supposed to be a reason for such 
behavior. Furthermore, the leaching phenomenon of the KCl filling solution of 
the reference electrode through the porous ceramic frit was thought to be an 
additional possible source of sample contamination.
The following chapter will focus on the setup, optimization and validation of 
a new hardware configuration that may overcome the previously described 
problems, and, more generally, lead to the development of a fast, easy to use 

Figure 2.1: Images of the voltammetric configuration developed by Caprara et al. (directly from112). View of 
the microcell through one of the four holes (1) and from above (2). Overview of the voltammetric system 

(3).

2.  Hardware set-up, optimization and validation
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and reproducible method for iron speciation, without compromising the already 
described good analytical performances. 

2.1 Hardware development
The first step in the development of the new hardware configuration was focused 
on the introduction of two substantial modifications to the previously described 
one, in the attempt to limit the signal instability.
Firstly, a pseudoreference (literally “pseudo” = false125) was installed to replace 
the traditional Ag/AgCl/3M KCl reference electrode. To date few information 
is known about pseudoreference electrodes, as their applications are limited 
in the literature. The main disadvantage of a pseudoreference, in fact, is the 
lack of the thermodynamic equilibrium which avoids the determination of its 
potential. Moreover, it can work only over a limited range of conditions of pH 
and temperature. Nevertheless, the application of a pseudoreference to the 
analysis of seawater samples seemed reliable, as the pH, ionic composition, and 
temperature are constant during all the voltammetric analysis and among all 
the experiments. In this context, a 5 cm silver wire with a 1 mm diameter and 
characterized by a 99.9% purity was employed as a pseudoreference electrode 
(Figure 2.2) by direct electrical connection with the stand.
The use of the silver wire pseudoreference led to several benefits. First, the 
leaching phenomenon of the KCl filling solution of the traditional Ag/AgCl/3M KCl 

electrode through the porous frit 
into the sample112 was avoided. 
In this way, no contamination 
due to this species could occur, 
making the removal of the long 
purification step of the potassium 
chloride filling solution, which 
required consecutive overnight 
equilibrations with an ion-Figure 2.2: Image of the silver wire pseudoreference (Sig-

ma-Aldrich; 99.9% purity; 1 mm diameter).

2.  Hardware set-up, optimization and validation
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exchange resin, namely Chelex®, possible. Furthermore, the possible increase 
in the sample volume, which could be not-negligible using the microcell, was 
prevented. Secondly, the pseudoreference, thanks to its five times smaller 
diameter, fitted better into the microcell which should host the three electrodes 
(working, reference, and counter) and the stirrer, with respect to the traditional 
Ag/AgCl reference. Actually, the employment of a pseudoreference electrode in 
ultratrace element detection was not reported in the literature and its effect on 
the analytical signal was accordingly carefully evaluated. In particular, an around 
120 mV shift of the peak potential towards the cathodic direction was evident 
using the pseudoreference, as it moved from -0.572 V to -0.690 V (Figure 2.3). 

The latter effect could be due to the formation of silver(I) oxide, Ag2O, at the 
silver surface during the analysis. This hypothesis was formulated considering 
that the standard potential E0 of the ½ Ag2O/Ag couple against the Standard 
Hydrogen Electrode (SHE) is +0.344 V, whereas the potential of the Ag/AgCl/3 
M KCl reference electrode is +0.210 V. Notwithstanding the potential of the 

Figure 2.3: Peak shift towards the cathodic direction using the pseudoreference (a) and the  Ag/AgCl 
reference electrode (b) in ultrapure water. Experimental: ultrapure water; 10 mM HEPPS buffer pH 8.0; 10 
μM DHN; 0.5 nM Fe. Square-wave voltammetry: 30 s deposition time; -0.4 V deposition potential; 10 Hz 

square-wave frequency; 0.05 V·s-1 scan rate; 90 mV half width for both the peaks.   

2.  Hardware set-up, optimization and validation
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pseudoreference cannot be exactly calculated because of its nature125, it is 
important that it keeps constant during the experiment under suitably selected 
and constant conditions (pH, ionic composition, temperature). Such stability was 
experimentally demonstrated by the iron peak potential being constant during 
prolonged experiments like the titrations reported in chapter 4. 
The second substantial modification with respect to the initial instrumental 
configuration was the use of a small air pump for the introduction of atmospheric 
oxygen as the catalytic enhancer of the signal. The air pump was located under 
the laminar flow hood to provide a continuous constant flux of clean air. 
Moreover, air was directly introduced into the close analysis cell by feeding 
the nitrogen line which is normally used for the purging step during traditional 
measurements. Nevertheless, the nitrogen connection to the HMDE (Hanging 
Mercury Drop Electrode) working electrode was maintained to guarantee its 
correct functioning. The catalytic enhancement by an oxidizer on the analytical 
signal is mandatory in this context, as the iron concentration in the oceanic 
natural environment is in the nM-pM range (see the Introduction chapter for 
more information) and high detection capabilities are required. The choice of 
atmospheric oxygen as the sensitivity enhancer instead of BrO3

- was dictated by 
the promising analytical performances obtained by Caprara et al.112 as well as 
the latter reagent being classified as a suspected carcinogenic for humans (2B 
group by the International Agency for Research on Cancer (IARC) of the World 
Health Organization (WHO)). Moreover, the use of atmospheric oxygen avoided 
the purification step of the chemical used as catalytic enhancer going towards a 
further simplification of the procedure and an important time saving.  The new 
hardware configuration is shown in Figure 2.4. 

2.2 Method optimization, sensitivity, and figures of merit
Before testing the analytical performances of the new hardware configuration, an 
optimization of the instrumental parameters was mandatory as for the first time 

2.  Hardware set-up, optimization and validation
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Figure 2.4: Image of the new hardware configuration (directly 
from126). Overview of the system (1: a) stirrer, b) counter electrode, c) 
HMDE, d) microcell and its support, e) silver wire pseudoreference, f) 

humidification chamber). Air pump and gas connection (2).

a pseudoreference was 
used together with the air 
pump for the introduction 
of atmospheric oxygen. 
Therefore, all the 
measurements reported 
in the following section 
have been performed 
employing them. Firstly, 
the influence of the 
square-wave (SqW) 
frequency and of the DHN 
concentration on the 
signal was simultaneously evaluated by studying the trend of the peak current 
vs. the frequency itself for DHN concentrations between 1 and 100 µM (figure 
2.5). 
For all the studied ligand concentrations the peak current increased with the 
square-wave frequency. Nevertheless, the square-wave frequency of 10 Hz 
ensured the best signal to noise (S/N) ratio and, consequently the best analytical 
performances, as problems connected to the peak shape and the background 
current were found when SqW frequencies higher than 25 Hz were employed. 

In particular, the peak widening and 
the background current increased with 
the square-wave frequency leading to a 
deterioration of the S/N ratio. The peak 
widening is commonly due to the increasing 
peak potential separation between the 

Figure 2.5: Trend of the peak current with the 
square-wave frequency and the DHN concentration. 
Experimental: ultrapure water; 10 mM HEPPS buffer 
pH 8.0; 0.3 nM Fe. Square-wave voltammetry: 30 s 
deposition time; -0.4 V deposition potential.

2.  Hardware set-up, optimization and validation
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forward and backward components of a square-wave voltammogram for 
quasireversible and irreversible systems127,128. In this context, in fact, we are in the 
presence of a quasireversible reaction (see chapter 3 for a thorough discussion on 
this topic). On the other hand, the growing background current is a consequence 
of the capacitive current increase due to the increase of the scan speed. Therefore, 
as in the case of the previous work112, the square-wave frequency of 10 Hz was 
employed from now on for all the measurements. The effect of the deposition 
potential on the signal was also considered: a previous work112 have set it to 
-0.1 V, as this value allowed the best analytical performances. In this context the 
trend of the peak current was studied as a function of the deposition potential 
in ultrapure water. In particular, the FeDHN reduction peak current showed a 
growing trend with the deposition potential up to a maximum for -0.4 V, and 
then it started to decrease for more negative potentials (Figure 2.6). Actually, the 
differences in the peak 
current obtained with 
deposition potentials 
between -0.2 V and -0.4 
V are minimal.
However, the deposition 
potential of -0.4 V was 
adopted from this point 
on, as it granted the 
highest peak current. 
The influence of the 
deposition time on 
the signal was, lastly, 
studied. 
Several experiments 
involving two different 
DHN concentrations, 

Figure 2.6: Trend of the peak current with the deposition potential. Data 
are expressed as medium value (black points) ± standard deviation of 

three replicates measurements (red error bars). Experimental: ultrapure 
water; 10 mM HEPPS buffer pH 8.0; 10 μM DHN; 0.5 nM Fe. 

Square-wave voltammetry: 30 s time; 10 Hz square wave frequency; 0.05 
V·s-1 scan rate.

2.  Hardware set-up, optimization and validation
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namely 5 and 30 µM, were carried out using both the traditional 10 mL analysis 
cell and the microcell. The peak current was measured for increasing deposition 
time, from 30 to 240 s (figure 2.7). 

The peak current vs. deposition time deviated from linearity after 120 seconds 
deposition time. In addition, regarding the use of the microcell, the smaller 
distance between the stirrer and the mercury drop of the working electrode 
affected the results. In fact, longer deposition time increases the probability of 
the drop detachment from the electrode capillary and deposition times higher 
than 60 seconds are difficult to apply when the microcell is used (see above and 
section 3.4.3 of Chapter 3 for an explanation of the higher current obtained with 
it).
Following the optimization of the instrumental parameters, the analytical 
sensitivity (sensitivity=slope of the calibration line/deposition time) was 
thoroughly studied for several DHN concentrations and using different sample 

Figure 2.7: Trend of the peak current with the deposition time for both the microcell and the standard cell. 
Data are expressed as medium value (points) ± standard deviation of three replicates measurements (error 

bars). Experimental: ultrapure water; 10 mM HEPPS buffer pH 8.0; 5 and 30 µM DHN, 0.3 nM Fe. Squa-
re-wave voltammetry: -0.4 V deposition potential; 10 Hz square-wave frequency; 0.05 V·s-1 scan rate.
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salinity (Figure 2.8). 

The trend of the sensitivity with the DHN concentration was the same for all the 
matrices: it increased up to a maximum and then it levelled off for the highest 
DHN concentration Moreover, for each DHN concentration the sensitivity 
decreased with the matrix salinity (the reasons for this will be discussed in the 
following chapter). Regarding the limit of detection (LOD) of the technique, 
calculated as 3sBLANK/slope of the calibration line, non-distinguishable values were 
found for a wide range of DHN concentrations. In particular, LODs in the range 
9.7 to 16 pM for both ultrapure water and seawater for DHN concentrations 
between 1 and 100 µM were determined. The similarity in LOD values was a 
clear indication that the reproducibility of the signal is proportional to the signal 
itself, resulting in a constant S/N ratio. A comparison between the latter results 
and the sensitivity and LODs values reported in112 is mandatory to assess the 
analytical performances of the new method. Moreover, the limit of linearity 

Figure 2.8: Trend of the sensitivity with the DHN concentration in ultrapure water and seawater samples 
with different salinity values. Experimental: 10 mM HEPPS buffer pH 8.0; 0.3 nM Fe added to calibrate the 
sensitivity. Square-wave voltammetry: -0.4 V deposition potential; 10 Hz square-wave frequency; 0.05 V·s-1 

scan rate.
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(LOL) of the method was estimated as 0.8 nM and 1 nM in ultrapure water and 
seawater, respectively. Regarding the analytical sensitivities, a slight increase 
was observed when the new hardware configuration was employed (e.g. 150 
nA·nM-1·min-1 vs 220 nA·nM-1·min-1 for 10 µM DHN and in ultrapure water in112 
and in this work, respectively). As far as the LOD is concerned, a similar value 
around 10 pM was obtained in ultrapure water for 10 µM DHN concentration. 
Nevertheless, it should be highlighted that the latter LOD was obtained in112 only 
for 10 µM DHN, whereas it deteriorates with increased DHN concentrations 
due to the growing instability of the signal. As opposite, the present method 
featured the same limit of detection for a wide range of DHN concentration. The 
latter evidence confirmed that the signal instability evidenced by the previously 
developed instrumental configuration112 was avoided thanks to simultaneous 
use of the silver wire pseudoreference and of the air pump for the introduction 
of the atmospheric oxygen into the close analysis cell as they avoided any sample 
contamination. 
Lastly, a brief discussion about the selectivity of the method is required. Since its 
first development in 2001111, the method seemed extremely selective towards 
Fe, as only vanadium showed a partial interference in the voltammograms 
acquired for iron detection in seawater113. The new developments led to a great 
improvement in the selectivity as also the vanadium peak was not present in any 
of the voltammograms. The latter is possibly caused by the combination of two 
different phenomena. Firstly, the height of the vanadium peak could be reduced 
by a less efficient catalytic effect triggered by hydrogen peroxide with respect 
to the previously employed bromate ion118. Secondly, the hydrogen peroxide 
reduction peak is positioned right at negative potentials of the iron one and 
could completely overlap the vanadium peak.
Furthermore, the previously introduced modifications, i.e. the pseudoreference 
and the air pump, were tested also using the standard 10 mL cell from Metrohm. 
The same trend in the sensitivity vs. DHN concentration was found for the two 
the sample volume meaning that the new instrumental configuration is suited 
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for both 1 and 10 mL (Figure 2.9). 
Nevertheless, for all the studied ligand concentration, the sensitivity was higher 
using the microcell with respect to the traditional cell (Figure 2.6). This evidence 
could be due to a higher flux caused by a more efficient stirring in the microcell 
(refer to chapter 3 (section 3.4.3) for a deeper discussion).
As a final remark, the introduced modifications led to a significant simplification of 

the instrumental configuration. 
In fact, the microcell was 
directly introduced into the 
standard 10 mL cell only 
using a Teflon support, and 
the 1 mm diameter of the 
pseudoreference better fitted 
into the small cell together 
with the working and counter 
electrodes and the stirrer. 
The analytical performances 
obtained were comparable 
to the ones of the previously 
developed method112, avoiding, 
on the other hand, the signal 

drift. Accordingly, the method seemed fully exploitable for the trace and 
ultratrace determination of iron in seawater and its analytical performances 
promising for the metal speciation in this complex environmental matrix.

2.3 Validation
As the final step for the new hardware configuration set-up, its performances 
were assessed by analyzing the seawater sample SAFe D2 collected in the 
framework of the SAFe (Sampling and Analysis of Fe) program129. The latter 
was characterized by the consensus value of 0.91±0.022 nM for the total iron 

Figure 2.9: Trend of sensitivity vs. DHN concentration for 1 
and 10 mL sample volume. Experimental: ultrapure water; 
10 mM HEPPS buffer pH 8.0; 0.3 nM Fe added to calibrate 
the sensitivity. Square-wave voltammetry: -0.4 V deposition 
potential; 10 Hz square-wave frequency; 0.05 V·s-1 scan rate.
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concentration. The seawater sample, which was treated as thorough explained 
in the “Materials & methods chapter (section 6.3.4.1), was 10x diluted test the 
method for the detection of ultratrace levels of the metal. The determination was 
repeated four times and gave an average value of 1.01±0.16 nM (medium value of 
the four replicates ± standard deviation) after the subtraction of 0.070±0.006nM 
which corresponded to the blank iron concentration 0.070±0.006nM (ultrapure 
water, buffer, HCl and NaOH). The obtained result was not statistically different 
from the consensus value at the 95% confidence interval; moreover, the method 
resulted reproducible with an 8% relative standard deviation of the mean (RSD%). 

2.  Hardware set-up, optimization and validation
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3METHOD CHARACTERIZATION2

2Fully reproduced and adapted with permission of Elsevier from Strategies for the Characterization and 
Optimization of Adsorptive Stripping Voltammetry with Catalytic Enhancement for Ultratrace Element 
Determination: The Case of Iron 2,3-Dihydroxynaphthalene Complex with Catalytic Enhancement by Atmospheric 
Oxygen, Electrochimica Acta 2019, 321, 134653 (https://doi.org/10.1016/j.electacta.2019.134653). Copyright 
0013-4686/© 2019 Elsevier Ltd. All righs reserved

Despite the promising analytical performances in terms of detection capabilities 
obtained by the new hardware configuration, several features of the method were 
unclear. A thorough knowledge of the chemical features and of the phenomena 
occurring during the analysis would lead to a better understanding of the chemical 
bases of the method. Thus, the degradation of the 2,3-dihydroxynaphthalene 
was studied and the complex stoichiometry evaluated. On the other hand, 
the adsorption of the species onto the electrode surface was considered and 
the electron transfer kinetics and the catalytic mechanism simultaneously 
characterized. The latter would in turn provide control of the performances and 
limitations of the methods for both total iron detection and speciation. Moreover, 
it should be highlighted that information on the characterization of catalytically 
enhanced Adsorptive Cathodic stripping Voltammetry (AdCSV) methods are 
sparse and usually a thorough investigation of newly introduced methods is not 
performed. In this context, all the investigations reported in this chapter led to 
a complete knowledge of the (AdCSV) method for iron detection and speciation 
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in seawater, thus providing a general protocol for the characterization of AdCSV 
methods for the detection and speciation of a metal at the ultratrace level.

3.1 Theoretical background
In the following section all the methods and procedures used for the 
characterization of the catalytically enhanced AdCSV technique will be presented. 
The equation used to fit experimental data will be also reported.

3.1.1 Ligand degradation
Different techniques can be employed to determine the degradation rate of 
a chemical species. In this context spectroscopic and spectrometric methods 
play a major role. In particular, the UV-Vis spectroscopy and the proton nuclear 
magnetic resonance spectrometry (1H-NMR) were employed to study the 
degradation of the 2,3-dihydroxynaphthtalene by the acquisition of several 
spectra in a given time frame. Experimental data were treated using the zero 
(eq. 3.1), first (eq. 3.2) and pseudo-first (eq.3.3) kinetic models.

rate=-d[A]/dt=k   (3.1)

rate=-d[A]/dt=k[A]   (3.2)

rate=k[A][B]=k’[A]   (3.3)

With k’=kobs=k[B]0  ; [k’]=s-1

The pseudo-first kinetic model is mostly used as an approximation for second 
order (equation 3.3) reactions involving two different species if the concentration 
of one of them can be considered constant; under this condition, the reaction 
rate depends only on the concentration of the non-constant chemical species.

3.1.2 Complex stoichiometry
The stoichiometry of a complex can be established using different techniques. 
The most common and simple ones require the use of the UV-Vis spectroscopy 
basing their functioning on the Beer-Lambert’s law. However, these methods 
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can be used only if the complex adsorbs in a spectral range characterized by 
the absence of any interference caused by the presence of the ligand. The Job’s 
method, also called the method of continuous variation130,131 plays a major role 
in this context. It is based on the absorbance measurement of several solutions 
characterized by different ratios between the concentrations of the metal and 
the ligand keeping the sum of them constant. The stoichiometric ratio value of 
the complex is then determined by the maximum of the graph obtained plotting 
the absorbance vs. the [L]/[M] ratio ([L]: ligand concentration; [M]: metal 
concentration). Otherwise, a second method, called mole-ratio method, can be 
applied to determine the stoichiometry of a complex. Contrary to the method 
previously described, the latter is based on the absorbance measurements of UV-
Vis spectra of solutions containing increasing ligand concentrations keeping the 
metal ion one constant. In this case, the graph of the absorbance vs. the [L]/[M] 
ratio is a curve which reaches a plateau in the correspondence of the complex 
stoichiometric ratio. In particular, the curved trend of the absorbance vs. [L]/[M] 
ratio holds only for high complex formation constant K (log(K)>6)132, whereas 
ambiguous results can be obtained for lower log(K) values133. Despite their ease 
of use, these methods are characterized by an important limitation which make 
them not completely versatile. In fact, they can be used only when the metal ion 
and the ligand concentrations are high (in the range of molar-millimolar) and 
differ at most by an order of magnitude. When this requirement is not fulfilled, 
a different approach based on the square-wave voltammetry (SqW) can be 
employed. The latter is based on the acquisition of voltammograms for solutions 
with increasing ligand concentration and constant metal concentration. The 
stability constant of a ML, ML2 and ML3 complex, and therefore the complex 
stoichiometry, is estimated by fitting the peak current plotted against the ligand 
concentration with equation 3.4.120

i=imax∙(K[L]/(K[L]+β1 [L]2+β2 [L]3+1))   (3.4)

The latter equation is the general form when the 1:1 only is electroactive and 
all the three species form; if more than one species is electroactive, then they 
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should be added to the numerator of the equation and if one or more species 
do not form, they should be removed from the denominator. Few examples of 
the modified equation follow (equations 3.5-3.7; see equations A.1-A.6 of the 
Appendix for all the forms of equation 3.4).

i=imax∙(K[L]/(K[L]+1))   (3.5) (only the 1:1 complex forms and is electroactive)

i=imax∙(K[L]/(K[L]+β1 [L]2+1))   (3.6) (The 1:1 and 1:2 species form but only the 1:1 

one is electroactive)

i=imax∙((K[L]+β1 [L]2 )/(K[L]+β1 [L]2+1))   (3.7) (The 1:1 and 1:2 species form and are 

electroactive)

3.1.3 Adsorption 
The AdCSV technique is based on the adsorption of the complex onto the 
surface of the Hanging Mercury Drop Electrode (HMDE) used as the working 
electrode. Thermodynamic information (maximum electrode surface coverage 
and adsorption equilibrium constant) can be easily obtained using the linear 
sweep voltammetry or, alternatively, the cyclic voltammetry. The first step 
for the adsorption phenomenon characterization is the determination of the 
amount of the exchanged charge Q during the electrode reaction. The latter is 
calculated by integration of the reduction peak of the adsorbed species for each 
voltammogram. The surface coverage is then calculated following equation 3.8.

Q=nFAΓ   (3.8)

(Where Q: amount of exchanged charge; n: number of the electrons exchanged 
during the electrode reaction; F: Faraday constant = 96485 C·mol-1; A: electrode 
surface area; Γ: electrode surface coverage expressed as moles concentration 
of adsorbed molecules per surface area unit). The Henry (equation 3.9) or the 
Langmuir (equation 3.10) isotherm models are then employed to model the 
Γ vs. concentration data in order to obtain the adsorption thermodynamic 
parameters134,135.
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Γ/Γmax =β∙c   (3.9)

(Γ/Γmax )/(1-(Γ/Γmax ))=β∙c   (3.10)

(Where Γmax: maximum surface coverage; β: adsorption equilibrium constant; c: 
species concentration in solution).
The above equations are successfully used to model the data of a monocomponent 
system, that is a system characterized by the adsorption of only one species 
onto the electrode surface. More complex systems are better described by the 
multicomponent Langmuir isotherm model (equation 3.11) which can be also 
used for the description of a competitive adsorption between two or more 
species onto the same electrode surface136,137.

Γi=(βi∙Γmaxi )∙ci)/(1+∑N
j=1cj∙βj)   (3.11)

3.1.4 Electron transfer reaction
Important information about the electrode reaction is obtained studying the 
kinetics of the electron transfer reaction. In this context, cyclic voltammetry 
(CV) is useful to determine the kinetic parameters, that are the standard 
electrochemical rate constant (k0) and the symmetry factor (α). These parameters 
can be calculated only if the number of electrons exchanged during the reaction 
(n) is well-known. The latter is calculated taking into account the mid-height 
width δ0.5 of the cathodic peak, which should be 90.6/n mV for a totally reversible 
reaction or 62.5/(1-α)n mV for a totally irreversible reaction138. Subsequentially, 
the standard electrochemical rate constant k0 and the symmetry factor α can be 
experimentally determined following equations 3.12 and 3.13 if the difference 
between the anodic and cathodic peaks potentials ΔEp is larger than 200/n mV138.

Ep=Ej-(RT/αnF)∙ln(α/|m|)   for the cathodic reaction   (3.12)

Ep=Ej+(RT/((1-α)nF))∙ln((1-α)/|m|)   for the anodic reaction   (3.13)

With m=(RT/F)(k0/nv)   (3.14)
(Where v: reaction rate for the anodic or the cathodic reaction).
Accordingly, a graph of Ep=f[log(v)] is used for the calculation of the kinetic 
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parameters k0 and α. In particular, the latter gives two straight lines characterized 
by a -2.3RT/αnF slope for the cathodic reaction and a 2.3RT/(1-α)nF ones for 
the anodic reaction; the reaction rates for the anodic and cathodic processes (vc 
and va, respectively) are subsequentially deduced by the intersection of the two 
straight lines with the x-axis of the graph. Alternatively, the symmetry factor α 
can be calculated following equation 3.15.

α/(1-α)=va/vc    (3.15)

Otherwise, the standard electrochemical rate constant can be calculated from 
the anodic and cathodic reaction rates, following equation 3.16.

k0=(αnFvc)/RT=((1-α)nFva)/RT   (3.16)

The latter equation can be applied only if the ΔEp>200 mV condition is verified. 
Contrarily, when the latter condition is not fulfilled, square-wave voltammetry 
is employed to estimate the standard electrochemical rate constant and the 
symmetry factor. In particular, the symmetry factor is roughly calculated 
considering the split between the forward and the backward components of the 
square-wave voltammogram as the related ratio of the peak heights is a function 
of α according to equation 3.17.

i(p,c)/i(p,a) =5.64e-3.46α  (3.17)

(Where ip,c: cathodic peak current; ip,a: anodic peak current)
The function of the net dimensionless current ψp (ψp  is the heights of the peak 
of the square-wave scan, i.e ψp = ψp,a-ψp,c) against the square-wave frequency is 
subsequentially employed to estimate the standard electrochemical rate constant 
k0. ψp, in fact, is related to the dimensionless kinetic parameter ω, which is the 
ratio between the standard electrochemical rate constant and the square-wave 
frequency (ω=k0/f), by a parabolic function. The dimensionless kinetic parameter 
is also useful to estimate the electrode reaction mechanism: if log(ω)<-2, the 
reaction is totally irreversible and, on the other hand, if log(ω)>2, the reaction is 
totally reversible; within the latter range (-2<log(ω)<2) the reaction is considered 
quasireversible. Therefore, the peak current is measured at different square-
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wave frequency and its function against log(1/f) shows a trend characterized by 
a sharp maximum, called “quasireversible maximum”, positioned in the so-called 
“quasireversible region”. Each surface electrode reaction is characterized by a 
critical frequency fmax in correspondence of the quasireversible maximum. The 
latter frequency produces the highest dimensionless peak current so that the 
standard electrochemical rate constant can be calculated according to equation 
3.18.

k0=ωmax∙fmax   (3.18)

The ωmax value is a function of the symmetry factor, the square-wave amplitude 
and the number of electrons exchanged during the redox reaction; if all of these 
parameters are well-know, the ωmax value can be easly found in Table 3.1127.
The theory here described refers to simple confined surface processes where the 

contribution of the mass transfer phenomena 
during the stripping step is negligible and all 
the experimental system is approximated as 
being free of surface lateral interaction.

3.1.5 Catalytic reaction mechanism
The catalytic cathodic stripping voltammetry methods base their functioning on 
the introduction of an oxidizing species into the analysis cell. The latter species 
re-generate via a re-oxidation process the metal complex, which adsorbs onto 
the electrode surface, after being reduced during the electron-transfer process. 
As a matter of fact, the metal complex catalyzes the electron- transfer reaction 
from the electrode to the oxidizing species working as an electron shuttle. 

ωmax

nESW/mV
α 15 25 30 40 50

0.9 1.43 1.35 1.38 1.33 1.26
0.8 1.32 1.30 1.25 1.17 1.08
0.7 1.31 1.26 1.20 1.10 0.97
0.6 1.29 1.20 1.16 1.04 0.90
0.5 1.28 1.19 1.13 1.01 0.88
0.4 1.27 1.18 1.13 1.02 0.89
0.3 1.26 1.22 1.17 1.04 0.94
0.2 1.25 1.24 1.19 1.12 1.04

Table 3.1: Values of the critical dimensionless kinetic parame-
ter as a function of the symmetry factor α, of the number of 
electrons exchanged during the electron transfer reaction n, 
and of the square-wave amplitude ESW (table from127).

3.  Method characterization
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These methods are deeply studied and applied as they ensure an enhancement 
of the signal and, consequently, of the analytical sensitivity, also for a totally 
irreversible reaction139. Generally, in the case of a species free to diffuse in the 
solution, the peak current is directly proportional to the square root of the 
oxidizing species concentration140. The same cannot be said for the surface 
catalytic mechanisms, as a general expression for the peak current vs. oxidant 
concentration cannot be derived for all the different conditions141. In particular, 
when the preceding electron- transfer reaction is close to be totally reversible, 
i.e. the kinetic parameter λ≥0.7 (see the following paragraph of this section 
for more information), the function of the peak current vs. oxidizing species 
concentrations is characterized by a linear trend; otherwise a non-linear trend 
is related to quasireversible electron-transfer reactions141. As in the case of the 
system studied in the present thesis (see section 3.4.2 of this chapter for the 
data about the electron transfer kinetics), the linear trend of the peak current 
vs. the oxidizing species concentration follows equation 3.19.

ip=kcat∙[Complex]∙[Oxidizing species](electrode surface)   (3.19)

According to equation 3.19, as the sensitivity linearly increases with the oxidizing 
species concentration, a linear plot of the peak current vs. oxidizing species 
concentration can be employed for the estimation of the catalytic constant kcat. 
If the concentration of the oxidizing species is unknown, the apparent catalytic 
constant k’cat is also defined following equation 3.20.

k’cat=kcat∙[Oxidizing species](electrode surface)   (3.20)

3.1.6 Electrode reaction mechanism
The characterization of the reaction mechanism requires the use of square-
wave voltammetry. In particular, the aspect of the square-wave voltammograms 
are determined by the kinetic parameter λ (equation 3.21) and the catalytic 
parameter γ (equation 3.22)139.

λ=k0/f   (3.21)
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γ=k’cat/f   (3.22)

(Where k0: standard electrochemical rate constant; k’cat: apparent catalytic 
constant; f: square-wave frequency). 
The kinetic parameter describes the reversibility of the reaction and, in particular, 
the effect of the electron transfer kinetics on the voltammograms aspect: the 
reaction is considered totally reversible for log(λ)>1, and totally irreversible for 
log(λ)<-1.5. Within this range (-1.5<log(λ)<1), the reaction is quasireversible. 
If the quasireversible condition if fulfilled and log(λ)<0.7, the dimensionless 
peak current ψp is described by a complex function of the catalytic parameter; 
otherwise, if log(λ)≥0.7, the function of ψp vs. γ is characterized by a linear 
trend. Moreover, also the ratio between the catalytic and the kinetic constants 
gives important information: the trend of ψp vs. log(1/f) is characterized by 
the presence of the quasireversible maximum if k’cat/k0≤0.15; in this case, the 
reaction is mainly controlled by the charge transfer process. On the other hand, if 
k’cat/k0≥0.5, the function of the dimensionless current vs. log(1/f) is a non-linear 
sigmoid without the quasireversible maximum and the effect of the catalytic 
reaction prevails.

3.2 Protocol for the characterization of a catalytically enhanced 
AdCSV method 
In the following section, two schemes reporting the steps required for the 
characterization of the chemical features (figure 3.1) and the electrode reaction 
mechanism (figure 3.2) are reported.

3.  Method characterization
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Figure 3.1: Procedures required to characterize the degradation of a species used as ligand of the 
AdCSV method analyte, and the complex stoichiometry.

Figure 3.2: Procedures for the characterization of the adsorption of a species onto the electrode 
surface, of the electrode reaction kinetics and of the catalytic mechanism, if involved, of a general 

AdCSV method.

3.  Method characterization
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All the procedures reported were used in the present thesis to characterize the 
AdCSV method for iron determination and speciation in seawater. Nevertheless, 
the reported schemes can be also considered as a protocol for the characterization 
of the AdCSV techniques for the detection of a metal at trace and ultratrace 
levels in different kind of matrices.

3.3 Characterization of the chemical features
3.3.1 Degradation of 2,3-dihydroxynaphthalene
The slow degradation of 2,3-dihydroxynaphatlene (DHN) at alkaline pH values in 
aerated solutions was highlighted in a previous work113, and it is clearly observable 
as a pink and then light brown color develops in alkaline DHN solutions. The 
degradation of the ligand used to complex the metal could generally cause a loss 
in the analytical sensitivity and other adverse effects; this phenomenon takes 
on particular importance for the speciation analysis procedure, which require 
an overnight equilibration time of solutions containing the ligand at pH 8. These 
are the reasons why a comprehension of this phenomenon and the conditions 
under which it occurs is mandatory. According to the evidence of a change in the 
color of DHN solutions, UV-Vis spectroscopy was at first employed to study the 
DHN degradation. The adsorption spectra of DHN aerated solutions at different 
pH values are reported in figure 3.3.

3.  Method characterization

Figure 3.3: Adsorption spectra of 2,3-dihydroxy-
naphthalene aerated solutions at pH values 
between 6 and 11. Experimental: 0.2 mM DHN 
except pH 4 which required 0.4 mM DHN con-
centration; 1 nm bandwidth; 0.2 s integration 
time, 0.5 nm data range; 150 nm·min-1 scan rate; 
298.15 K constant temperature. See Table A.1 of 
the Appendix for the measurements of tempe-
rature and pH at the beginning and at the end of 
each kinetic test.
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Kinetic tests demonstrated that the peak at around 335 nm steadily decreased 
with time, evidencing a fast and first order kinetics characterized by a degradation 
half-life times (t1/2) between 37 minutes and 660 minutes moving from pH 7 to 
11 (see Table 3.2 for all the t1/2 values). 

Moreover, the kinetic tests at pH 8 was repeated in absence of oxygen: no variation 
in the spectra were found during all the test (see figure 3.4), confirming that 
the degradation of the ligand is 
caused by the presence of O2.
1H-NMR spectrometry was 
then used to confirm the de-
gradation rate of the 2,3-dihy-
droxynaphthtalene but preli-
minary experiments evidenced 
a much slower kinetics; there-
fore, the fast degradation rate 
related to the peak at 335 nm 
was attributed to an impurity 
contained in the DHN, and the 
appearance of the peak in the 
visible region and the consecu-
tive color of solutions were at-
tributed to its degradation and 

pH Half-life time (min) pH Half-life time (min)

6 Constant absorbance 9 135

7 37 10 420

8 103 11 660

Table 3.2: Half-live times of the species characterized by the peak at 335 nm for pH values between 6 and 
11.

Figure 3.4: Adsorption spectra of 2,3-dihydroxynaphthalene 
solution prepared under nitrogen at the beginning and at 

the end of the kinetic test (t=5 hours). The spectra are shown 
with 0.3 offset on the y-axis. Experimental: 0.2 mM DHN, 

pH=8; 1 nm bandwidth; 0.2 s integration time, 0.5 nm data 
range; 150 nm·min-1 scan rate; 298.15 K constant tempera-

ture.

3.  Method characterization
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not to the degradation of the DHN itself. In this context the UV-Vis spectroscopy 
failed in the attempt to describe the degradation phenomenon of the ligand 
and the 1H-NMR was preferred. In particular, 1H-NMR tests were conducted at 
the natural pH value of the DHN stock solutions (around 5) to study their de-
gradation in time, and at pH 8 as it is the pH value used to apply the AdCSV 
method for iron determination and speciation in seawater with the DHN. Both 
the solutions used during this step were prepared by dissolution of the adequate 
amount of the solid reagent in ultrapure water and setting the pH at the proper 
value (8.0) by adding NaOH. Moreover, 1H-NMR spectra were acquired for 315 
and 402 hours for pH 5 and pH 8, respectively, with time intervals between 2 and 
96 hours. The method of the internal standard was applied, and the dimethyl 
sulfoxide was employed. Figure 3.5 shows the 1H-NMR spectra of the DHN at the 
beginning of the kinetic test at pH 8 (t=0) and at the end (t=402.5 hours). 
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Figure 3.5: 1H-NMR spectra DHN at the beginning (t=0) (blue spectrum) and at the end (t=402.5 hours) (red 
spectrum) of the kinetic test. Experimental 10 mM DHN; pH=8; zg acquisition sequence with 15 s delay 

time and 32 scans accumulated.
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The simultaneous study of these spectra together with literature data142 suggested 
that the reaction mechanism of the degradation phenomenon involved the 1,4 
coupling of two naphthalene rings. In particular, 1H-NMR spectra evidenced 
that the singlet at 7.31 ppm, which corresponded to hydrogen 1 and 4 of the 
naphthalene ring, reduced its integral, whereas multiples at 7.38 and 7.73 ppm, 
which corresponded to hydrogen 6-7 and 5-8, respectively, were constant with 
respect to the dimethyl sulfoxide singlet during all the kinetic test. According to 
this evidence, the kinetic law of the DHN degradation was established using the 
integral of the 7.31 ppm singlet. The data treatment (Figure 3.5) involved only 
the points up to the halving of the 2,3-dihydroxynaphthalene concentration, 
assuming the formation of the dimer due to the 1,4 coupling reaction although 
polymers with higher order and other DHN oxidation products may also form142.

Figure 3.6: Trend of DHN concentration vs. time evidenced by the 1H-NMR spectroscopy/internal standard 
method for the two different conditions (a), and its linearization by logarithm function for pH=5 (b), for 

pH=8 and T=25°C (c).
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The logarithm function was applied to linearize the concentration trend vs. time 
evidencing that the 2,3-dyhydroxynapthalene degradation kinetic law was first 
order for both the studied pH values or, possibly, pseudo-first order, as the role 
of atmospheric oxygen was not studied. Table 3.3 summarizes the kinetic rate 

constant calculated for 
each kinetic test. Test at 
pH 5 was characterized 
by a slower kinetics. 
Otherwise, test at pH 8 
showed a faster kinetics 

characterized by an order of magnitude higher reaction rate with respect to 
the test conducted in acidic condition. Accordingly, these data suggested an 
important reduction of the sensitivity, even for relatively short time, requiring 
further investigation. Thus, the influence of the ligand degradation on the 
analytical sensitivity was studied for two DHN concentration levels (Figure 3.7).

A decrease in the analytical sensitivity was evident, although it was not 
as high as the decrease in the DHN concentration (see Table 3.5 for the 
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pH T (°C) R2 n Rate Constant (s-1)

5 25 0.9993 6 (7.8±0.1) ·10-7

8 25 0.9881 14 (5.4· ±0.2) ·10-6

Table 3.3: Rate constant of the DHN degradation at pH 5 and 8.

Figure 3.7: Trend of sensitivity vs. time. Experimental: ultrapure water; 10 mM HEPPS buffer pH 8.0; 5 and 
30 μM DHN; 0.3 nM Fe added to calibrate the sensitivity. Square-wave voltammetry: -0.4 V deposition 

potential; 10 Hz square-wave frequency; 0.05 V·s-1 scan rate.
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detailed data).

This limited decrease in the analytical sensitivity could be an indication that 
the oxidized 2,3-dihydroxynaphtalene retained, at least in part, its capability to 
complex iron and be electroactive. Despite the analytical sensitivity not being 
strongly influenced by the DHN degradation, at least after 24 hours, the DHN 
concentration loss affected the speciation analysis that required an overnight 
equilibration time (see chapter 4). In an attempt to limit the DHN degradation, 
a kinetic test at pH 8 was repeated preserving the solution between each 
acquisition at T=4°C and in the dark (see Figure 3.8).

DHN (μM) Time of degradation Sensitivity (nA·nM-1·min-1)

5 New 50 ± 2.0

30 New 162 ± 7.7

5 18 hours 47 ± 2.7

30 18 hours 150 ± 4.0

5 7 days 29 ± 4.6

30 7days 62 ± 1.3

Table 3.5: Analytical sensitivity determined using the DHN at different degradation levels for both the 
uncatalyzed and catalyzed method.

Figure 3.8: Trend of DHN concentration vs. time evidenced by the 1H-NMR spectroscopy/internal standard 
method for pH=8 and T=4°C (a), and its linearization by logarithm function (b).

3.  Method characterization
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Accordingly, the 1H-NMR spectra were acquired for 235 hours with time interval 
between 8 and 72 hours. A rate constant of (6.5±0.4)·10-7 s-1 was obtained by 
the linearization (R2=0.9690) of the experimental data showing a slower kinetic 
with an order of magnitude lower rate constant with respect to the test at 
the same pH value conducted preserving the sample at room temperature 
(T=25°C). The latter results suggested two consequences. Firstly, during the 16 
hours equilibration time required by the speciation analysis (see chapter 4), 
the aliquots should be stocked in a fridge to avoid the at least 33% loss in the 
DHN concentration. Secondly, the DHN stock solution should be refrigerated, 
as the lower temperature allowed a tenfold slower degradation rate. Thus, 
this stock solution could be reprepared weekly showing a negligible loss in its 
concentration.

3.3.2 Complex stoichiometry
The UV-Vis spectroscopy was firstly employed to determine the stoichiometry 
of the Fe-DHN complex which adsorbs onto the electrode surface, following the 
Job’s and the mole-ratio methods130,131. Job’s method, also called the method 
of continuous variations, was repeated for a wide range of pH values, between 
2 and 10. A stoichiometric ratio of 1:1 was found for the test at pH 2, which 
increased up to 1:3 in alkaline conditions (Figure 3.9). 

The mole-ratio method was then 
applied to verify the stoichiometric 
ratio value of the complex at 
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Figure 3.9: Job’s plot at pH values between 2 
and 11. The stoichiometry ratio value is 1:1 
for pH 2 and it increases up to 1:3 for basic 
pH. Experimental: [DHN] between 0.1 and 1 
mM; [Fe] between 0 and 0.9 mM; pH varied; 1 
nm bandwidth; 0.2 s integration time, 0.5 nm 
data range; 150 nm·min-1 scan rate; 298.15 K 
constant temperature.
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pH 8, which is the condition needed for iron determination and speciation in 
seawater. This experiment succeeded as the 1:3 value was found for the Fe-DHN 
stoichiometric ratio at pH 8 (Figure 3.10 (a)).

Nevertheless, the latter test showed that the λmax was higher for solutions 
characterized by [DHN]/[Fe]<3 with respect to solutions with [DHN]/[Fe]≥3 
(Figure 3.9 (10)), suggesting the presence of a mixture of species characterized 
by different stoichiometric ratios. The latter methods based on the UV-Vis 
spectroscopy required high and similar concentrations of both the ligand and 
the metal to be applied. Nevertheless, the AdCSV method is used to detect 
trace and ultratrace levels of iron (nM-pM range), in the presence of at least 
two order of magnitude higher DHN concentration. For this reason, the 
electrochemical measurement120 described in the 3.1.2 paragraph (peak current 
vs. increasing DHN concentration at a constant iron concentration) was needed 
to confirm the stoichiometric ratio of the complex under these conditions. In 
particular, the reduction peak of the Fe-DHN complex was already present in the 
voltammograms at the lowest 0.5 μM ligand concentration. The latter started 
to increase reaching a maximum in the range between 50 and 75 μM DHN, and 
then it levelled off for the higher concentrations. The trend of the peak current 

Figure 3.10: Mole-ratio plot showing the 1:3 stoichiometric ratio (a); Adsorption spectra of the mole-ratio 
experiment showing that λmax decreases with increasing [DHN]/[Fe] ratios. Experimental: [DHN] between 

0 and 1 mM; [Fe]=0.2 mM; pH=8.0 ; 1 nm bandwidth; 0.2 s integration time, 0.5 nm data range; 150 
nm·min-1 scan rate; 298.15 K constant temperature.
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vs. the DHN concentration, which is reported in figure 3.11, suggested the 
formation of only one electroactive species and probably the one characterized 
by the 1:1 stoichiometric ratio, as previously demonstrated by Abualhaija and 
van den Berg120. 

To confirm the hypothesis of the 
1:1 complex, the experimental 
data (black points of Figure 3.11 
were fitted with the specific form 
of equation 3.4. Table 3.6 repor-
ts the results of the data fitting 
with equation 3.5 (indicating that 
only the 1:1 species forms and 
is electroactive), 3.6 (indicating 
that both the 1:1 and the 1:2 
species form but only the 1:1 is 
electroactive) and 3.7 (indicating 
that both the 1:1 and the 1:2 spe-
cies form and are electroactive); 
see the Appendix for all the used 

equations.

The first evidence of this data treatment was that all the models involving the 1:3 
complex did not converge; therefore, the formation of this species was excluded. 
All the models that considered the 1:1 and the 1:2 complexes lead to an around 
105 value for the stability constant K’ of the 1:1 species and a negative or a not 
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Figure 3.11: Trend of the peak current of the FeDHN reduction 
peak vs. DHN concentration. Experimental: ultrapure water; 
10 mM HEPPS buffer pH 8.0. Square-wave voltammetry: 
-0.4 V deposition potential; 10 Hz square-wave frequency; 
0.05 V·s-1 scan rate.

Equation imax K’ β1 R2

3.5 63 ± 1.3 (1.1 ± 0.9) · 105 / 0.9881

3.6 59 ± 2.5 (1.3 ± 0.1) · 105 Negative 0.9861

Table 3.6: Parameters calculated by fitting the experimental data with equation 3.5-.37.
*Not significantly different from zero (p<0.01)
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significantly different from zero (p<0.01) value for the stability constant β1 of 
the 1:2 species. Therefore, only the 1:1 complex formed and was electroactive 
under the condition typically encountered in the AdCSV method. The latter 
conclusion is also in good agreement with a previous work118 which evidenced 
the prevalence of the 1:1 complex. This only apparent discrepancy between the 
results obtained with the two different techniques (UV-Vis spectroscopy and 
voltammetry) is easily explained by the fact that the dilution favors the formation 
of the species characterized by a lower stoichiometry as explained by standard 
equilibrium calculations. As a final remark, it should be highlighted that the use 
of ligand and metal concentrations different from the ones employed by the 
AdCSV method could lead to an erroneous identification of the species involved.

3.4 Characterization of the electrode reaction mechanism
3.4.1 Adsorption
An AdCSV method bases its functioning on the adsorption of the metal-
ligand complex onto the working electrode surface and usually works in the 
presence of a large (at least two orders of magnitude) excess of the ligand 
concentration. Regarding the case of iron determination and speciation using 
2,3-dihydroxynaphtalene as the complexing ligand, preliminary experiments 
evidenced that both the Fe-DHN complex and the DHN itself adsorbed onto the 
electrode surface giving a symmetric voltammetric signal at around -0.600 V and 
-0.050 V, respectively (Figure 3.12). 
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Figure 3.12: Square-wave voltammogram showing the 
symmetric DHN (-0.050 V) and FeDHN (-0.600 V) peaks.  

Experimental: ultrapure water; 10 mM HEPPS buffer 
pH 8.0; 30 μM DHN. Square-wave voltammetry: 30 s 
deposition time; -0.05 V deposition potential; 10 Hz 

square-wave frequency; 0.05 V·s-1 scan rate.
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In this context a competition between the two species for the electrode surface 
could be possible. The latter phenomenon could result in a loss in the analytical 
sensitivity and, for this reason, it required a thorough investigation. The ligand 
adsorption in the absence of the metal was first studied. The trend of the 
electrode surface coverage ΓDHN vs. ligand concentration is reported in Figure 
3.13. 

The experimental data 
(black points) were fit-
ted following the Lang-
muir isotherm model 
(dashed blue line) resul-
ting in a 3.1·10-8±6·10-10 
mol·dm-1 maximum sur-
face coverage Γmax and 
in a (1.8±0.2)·105L·mol-1 
adsorption equilibrium 
constant β. The same 
procedure, that is the 
calculation of the ad-
sorption parameters for 
the complex in the ab-
sence of the ligand, was 

not possible because, as previously explained, these methods are applied in the 
presence of a large excess of ligand concentration. The multicomponent Lang-
muir isotherm model was then applied to describe the simultaneous adsorp-
tion of the Fe-DHN and the DHN species onto the electrode surface. Figure 3.14 
shows the experimental data together with the fitted surface (R2=0.9154), whe-
reas Table 3.7 lists the calculated adsorption parameters for the two species.
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Figure 3.13: Trend of Γ (electrode surface coverage) vs. DHN 
concentration. The experimental data (black points) are fitted with the 
Langmuir isotherm model (dashed blue line). Experimental: ultrapure 
water; 10 mM HEPPS buffer pH 8.0. Square-wave voltammetry: 30 
s deposition time; -0.05 V deposition potential; 10 Hz square-wave 
frequency; 0.05 V·s-1 scan rate.
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The ligand adsorption constant calculated by fitting the experimental data with 
the multicomponent Langmuir isotherm model resulted two order of magnitude 
lower with respect to the complex one and with respect to the same parameter 
calculated in the absence of the complex. This meant that the ligand adsorbed 
around 100 times weaklier onto the electrode surface in the presence of the 
Fe-DHN complex than in its absence. The latter behavior suggested that the 
competition between the two species for the electrode surface did not occur. In 
particular, a reduction of the adsorption strength of the neutral ligand could be 
observed as a consequence of the adsorption of the complex which was, instead, 

Figure 3.14: Trend of the surface coverage by FeDHN complex vs. iron and DHN concentration. The surface 
is modelled following the multicomponent Langmuir isotherm model. Experimental: ultrapure water; 10 

mM HEPPS buffer pH 8.0. Cyclic voltammetry: 30 s deposition time; -0.4 V deposition potential; 0.05 V 
voltage step
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Species Γmax (mol·dm-1) β (L·mol-1)

DHN /* (2.55±0.5) ·103

Fe-DHN (6.9·10±0.6) ·10-9 (5.5±0.8) ·105

Table 3.6: Adsorption parameters of the DHN and the FeDHN complex considered simultaneously by the 
multicomponent Langmuir isotherm model

* The Γmax value for the DHN cannot be calculated using the multicomponent approach.
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charged. The latter hypothesis could be also confirmed by the fact that in all the 
studied conditions the electrode surface was not saturated by the species as 
suggested by the experimental data trends.

3.4.2 Kinetics
Prelaminar cyclic voltammogram of the FeDHN complex was acquired to choose 
the proper method for the kinetic parameters’ determination (see section 3.1.4 
of this chapter). As the backward component of the cyclic voltammogram was 
missed, square-wave voltammetry was employed. In particular, the split between 
the forward and backward components of the square-wave voltammograms 
was employed to calculate the symmetry factor α following equation 3.17: a 
value of 0.57 was found. The latter value meant that the energy barriers of the 
reduction and oxidation reactions were slightly asymmetrical. On the other hand, 
the standard electrochemical rate constant k0 was calculated by measuring the 
FeDHN reduction peak current at different square-wave frequencies. Thus, the 
trend of the i/f ratios (i: peak current; f: square-wave frequency) vs. log(1/f), was 
used to determine the quasireversible maximum (Figure 3.15). The latter, which 
was the same for all the studied iron concentration, was in correspondence of 
fmax=90 Hz.
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Figure 3.15: Trend of the i/f ratio 
vs. log(1/f). The quasireversible 
maximum is in the correspondence 
of f=90 Hz for all the iron concentra-
tion. Experimental: ultrapure water; 
10 mM HEPPS buffer pH 8.0; 5 μM 
DHN. Square-wave voltammetry: 30 
s deposition time; -0.05 V deposi-
tion potential; 10 Hz square-wave 
frequency; 0.05 V·s-1 scan rate.
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Moreover, the 50 mV square-wave amplitude used to perform all the 
measurements and the 0.57 value of α previously determined led to the ωmax 
value of 0.88 (see Table 3.1). Accordingly, the standard electrochemical rate 
constant k0 resulted in a value of 79 s-1 by applying equation 3.18. The latter 
value was in good agreement with literature data reported for other complexes 
(e.g. k0 for several molybdenum complexes is in the range between 8 and 150 s-1 
143,144. Consequently, the kinetic parameter λ=k0/f was 7.9 for the square-wave 
frequency of 10 Hz, which is the typical condition used for iron determination 
and speciation with the DHN: log(λ)=0.9 evidenced the quasireversibility of the 
Fe-DHN reduction reaction. Moreover, as in the case of the DHN itself, the high 
value of k0 meant that the equilibrium, which involved only the charge transfer 
and re-solvation reactions, was achieved in a short-time scale.

3.4.3 Catalytic reaction mechanism
The catalyzed AdCSV methods are, as already described, widely applied in 
ultratrace iron determination as they allow a significant increase in the peak 
current and, thus, in the analytical sensitivity. In the case presented in this 
thesis, atmospheric oxygen was used as the oxidizing species; nevertheless, 
it was hypothesized that the real responsible of the catalytic enhancement of 
the signal was not the oxygen itself, but the hydrogen peroxide produced at the 

electrode surface during the deposition 
step at the potential of -0.4 V by the 
reduction of O2. Figure 3.16 shows the 
suggested catalytic reaction mechanism.
The apparent catalytic constant k’cat was 
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Figure 3.16: Suggested catalytic mechanism scheme. 
H2O2 generated at the electrode surface during the 
deposition step at the potential of -0.4 V by the O2 
reduction, re-oxidizes the Fe(II)DHN species into the 
Fe(III)DHN one producing the catalytic enhancement 
of the peak current.
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defined following equation 3.20 as k’cat= kcat·[H2O2]. Accordingly, the sensitivity 
(see Figure 2.9 which reports the trend of sensitivity vs. DHN concentrations 
for 1 and 10 mL sample volume) for DHN concentration higher than 150 μM, 
condition under which all iron was complexed by the ligand, was employed for 
the k’cat calculation following equation 3.19. Consequently, the average apparent 
catalytic constant resulted 168 s-1 and 123 s-1 for 1 and 10 mL cell volume, 
respectively. The around 1.4 higher sensitivity for the smallest cell volume could 
be attributed to a higher hydrogen peroxide concentration generated at the 
electrode surface. A more efficient stirring in the small volume, in fact, could 
reduce the diffusion layer and consequently cause a better diffusion of oxygen, 
which is the precursor of H2O2, towards the electrode during the deposition 
step. The oxygen reduction current measured during the deposition step was a 
confirmation of this hypothesis, as it was around 1.5 μA and constant for 1 mL 
analysis cell volume, whereas it decreased down to around 0.9 μA for the 10 mL 
one. In this case, the value of the catalytic constant kcat may be obtained only by 
estimation of the H2O2 concentration at the electrode surface. Thus, a comparison 
between the sensitivity values here presented and reported in a previous work, 
in which the effect of increasing hydrogen peroxide concentration added to the 
sample on the Fe-DHN reduction peak current was studied112, could be useful. 
In particular, similar sensitivities were obtained for around 1 mM hydrogen 
peroxide concentration. Therefore, the kcat values were calculated by multiplying 
the apparent catalytic constant values by 103 obtaining 1.68·105 mol-1·dm3·s-1 
and 1.23·105 mol-1·dm3·s-1 for 1 mL and 10 mL sample volume, respectively. The 
latter values for the catalytic constant agreed with a previous work where the 
kcat value for a molybdenum complex in the presence of hydrogen peroxide 
was reported as 8·104 mol-1·dm3·s-1 143. At last, regarding the contribution of the 
catalytic effect to the electrode reaction, the ratio k’cat/k0 was 2.1. According to 
the theory previously explained (see section 3.1.6 of this chapter)143, the latter 
value was an indication of the prevalence of the catalytic reaction effect. 
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3.5 Comparison with seawater
As reported in the previous chapter of this thesis (see section 2.2), the analytical 
sensitivity increases when the matrix salinity decreases. Understanding which 
parameters led to this difference among the sensitivity in ultrapure and seawater 
is a fundamental topic, especially for its consequences on the application of the 
technique to iron speciation in seawater. A comparison of the electrode reaction 
mechanism was required in this context. The same procedure used in the case of 
ultrapure was then applied for a seawater sample with a 35 psu salinity. Square-
wave voltammetry was employed to determine the symmetry factor α and 
the standard electrochemical rate constant k0 for the Fe-DHN reduction at the 
electrode surface because, as in the case of ultrapure water, ΔEp<200/n mV. The 
first difference evidenced by this procedure was that the calculated symmetry 
factor for seawater was 0.30. The latter value indicated an important asymmetry 
between the energy barriers of the reduction and oxidation reactions. On 
the other hand, the calculation of k0 required the prior determination of the 
quasireversible maximum, by the application of the procedure reported in 
section 3.1.4 of this chapter. The trend of the i/f ratio vs. log(1/f) (see Figure 
3.17) was employed to determine the quasireversible maximum. 

The quasireversible maximum, which was the same for the three different Fe 
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Figure 3.17: Trend of the i/f vs. log(1/f) 
for seawater. The quasireversible 
maximum is in the correspondence of 
f=90 Hz for all the Fe concentration. 
Experimental: ultrapure water; 10 mM 
HEPPS buffer pH 8.0; 5 μM DHN. Squa-
re-wave voltammetry: 30 s deposition 
time; -0.05 V deposition potential; 10 
Hz square-wave frequency; 0.05 V·s-1 
scan rate.
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concentration studied was in correspondence of fmax=20 Hz. According to Table 
3.1, this fmax value led to a k0 of 19 cm·s-1, which was around fourfold lower 
with respect to the standard electrochemical rate constant for the same electron 
transfer reaction in ultrapure water. The latter value is a clear indication of a 
much slower kinetics of the electron transfer reaction in a high salinity matrix. 
Accordingly, the lower sensitivity found in seawater is the result of this slower 
kinetics as it limits the Fe-DHN peak current.
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4IRON SPECIATION3

Iron speciation; i.e. the distribution of the metal between different species (redox 
state III or II, inorganic, bund by organic ligands…), has attracted considerable 
attention in the last decades because it is of utmost importance in understanding 
the behavior of the metal in the oceanic system. From the analytical chemist’s 
point of view, the problem of iron speciation in seawater represents a challenging 
task: methods characterized by extreme detection capabilities and selectivity 
able to detect different forms of the analyte at concentration levels often 
below the nM one are, in fact, required. Contrary to the methods developed 
for the detection of the total dissolved iron concentrations, advances in iron 
speciation methods were limited since the introduction of the Competitive 
Ligand Equilibration - Cathodic Stripping Voltammetry scheme (CLE-CSV)105. In 
fact, as extensively described in the Introduction chapter of this thesis, since 
the early ‘80s, cathodic stripping voltammetry has been employed to determine 
the interaction of several metals, such as Cu145, Ni146 and Co147,  with organic 
complexing ligands, but only since 1994105 it has been applied to the problem of 
iron speciation in seawater. 

3Fully reproduced and adapted with permission of Elsevier from Fast Iron Speciation in Seawater by Catalytic 

Competitive Ligand Equilibration-Cathodic Stripping Voltammetry with Tenfold Sample Size Reduction, Analyti-

ca Chimica Acta 2020, 1113, 9–17 (https://doi.org/10.1016/j.aca.2020.04.002). Copyright 0003-2670/© 2018 

Elsevier B.V. All rights reserved.
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The following chapter will be focused on the description of the development, 
validation, and application steps of a new method for iron speciation in seawater 
based on the CLE-CSV scheme which apply the hardware configuration previously 
developed and characterized. Firstly, the method together will be described 
together with the theoretical background of the data treatment. The results will 
be presented subsequently.

4.1 Theoretical background
The competitive ligand equilibration-cathodic stripping voltammetry (CLE-
CSV) procedure allows the determination of the organic iron-binding ligands 
concentration in seawater and their stability constant for the metal. This method 
is based on the competition for iron complexation between the added artificial 
iron chelator, namely Ladd (in our case the 2,3-dihydroxynaphthalene), and one 
(or more) organic iron binding ligand L present in the sample. Therefore, the 
analytical signal is determined by the reduction of the FeDHN complex adsorbed 
onto the electrode surface and depends on the competition between Ladd and 
L. Accordingly, data required by the speciation calculations are obtained from 
titrations of seawater samples with growing iron concentrations whilst keeping 
constant the added ligand Ladd concentration and monitoring the free iron not 
complexed by the organic iron-binding ligand L.

4.1.1 Titrations
As previously mentioned, the CLE-CSV method is based on a titration scheme. 
The latter consists on the addition of growing iron concentration to equivalent 
sample aliquots in the presence of a constant concentration of the iron chelator. 
Accordingly, the proper iron chelator concentration is chosen accordingly to 
the expected side reaction coefficient of the FeL complex (see section 4.1.3 
of this chapter). Voltammograms are usually acquired following the order of 
increasing iron concentration after a time period called “equilibration time”, 
as the equilibrium must be achieved before performing all the measurements. 
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The trend of the peak current vs. total iron concentration is peculiar of the CLE-
CSV titrations and characterized by three different areas (Figure 4.1). Firstly, 
the current slightly increase with the Fe concentration, as in the solution there 
are both L and Ladd that competitively complex iron. Then, the current increases 
more considerably when L starts to be saturated by iron. Subsequentially, the 
last part of the curve is characterized by the linear increase of the current with 
the total iron concentration, meaning that all L is saturated, and the added iron 
is complexed only by Ladd.

4.1.2 Calibration of the side reaction coefficient
The calibration of the side reaction coefficients of the FeDHN complex is required 
by the data treatment of the titration procedure (see the following section). This 
step requires a competitive titration of a seawater sample containing a constant 
amount of Fe and Ladd with increasing concentration of a ligand characterized by 
well-known stability constants for most metal ions. Ethylenediaminetetraacetic 
acid (EDTA) is often used in this context. It should be highlighted that the 
seawater sample used here must be UV-digested before being used to remove 

Figure 4.1: Typical trend of the peak current vs. total iron concentration for a CLE-CSV titration 

of a seawater sample.
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all the organic matter which could interfere during the measurements. As in the 
case of the sample titrations, measurements are acquired after the equilibration 
time. During this step, the peak current decreases with the EDTA concentration 
as a consequence of the competition between the two ligands (Figure 4.2).

4.1.3 Data treatment
The theoretical basis of the speciation calculation based on titration data was 
firstly formulated by van den Berg and Ruzic148–150. In particular, a Langmuir 
type148–150 linear plot (equation 4.1) is usually used to fit experimental data.

[Fe3+]/[FeL] =[Fe3+]/CL + 1/(K’FeL∙CL)     (4.1)

(Where [FeL]: concentration of Fe complexed by the organic iron-binding ligand 
L; CL: total L concentration, including both the free and the complexed species; 
K’FeL: conditional stability constant for the FeL complex; see equation 4.2).

K’FeL=[FeL)/([Fe3+][L’])     (4.2)

(Where [L’]: concentration of organic iron-binding ligand not complexed by iron. 
It comprises free [L-] and complexes of L with the major cations, protons and 
trace metal in seawater).

Figure 4.2: Typical trend of the current with the EDTA concentration for the calibration of the 

side reaction coefficient.
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It should be reminded the K’FeL value is conditional upon the seawater composition 
in terms of calcium, magnesium and trace elements concentration, and pH and 
salinity conditions.
Important information can be also obtained by the plot of the ratio [Fe3+]/[FeL] 
vs [Fe3+] as, if the latter is linear, only a single ligand is present in the analyzed 
sample, whereas, if a curved trend is found, two or more organic iron-binding 
ligands characterize the composition of seawater. A definition of the labile iron 
Felabile concentration is, at this point, mandatory, to describe the theoretical basis 
of the method: in particular, [Felabile] includes the iron released from the FeL 
complexes upon the addition of the artificial iron ligand Ladd together with the 
inorganic iron. [Felabile] is directly related to [FeL] by equation 4.3.

[FeL]=CFe-[Felabile]     (4.3)

Where CFe can be calculated by the mass balance (equation 4.4).

CFe=[Fe’]+∑[Fe(Ladd)x]+[FeL]     (4.4)

Where [Fe’] is the concentration of the free iron(III), i.e. not complexed by the 
DHN or other ligands.
A more useful expression of the labile iron concentration can be obtained by 
substitution of equation 4.4 in equation 4.3 as follow.

[Felabile]=[Fe’]+∑[Fe(Ladd)x]     (4.5)

Moreover, [Fe3+] is directly related to the [Felabile] one (equation 4.6) by the 
overall side reaction coefficient α’ (equation 4.7) for the complexation of iron by 
the added ligand Ladd and the inorganic complexation.

[Fe3+]=([Felabile])/α’     (4.6)

α’=α’Fe3++α’Fe3+Ladd     (4.7)

Therefore, a more convenient expression of the linearization plot (equation 4.1) 
is obtained by substituting the expression of [Fe3+] (equation 4.6) in equation 
4.1, as the labile iron is measured by cathodic stripping voltammetry, rather than 
[Fe3+].

4.  Iron speciation



76

[Felabile]/[FeL] =[Felabile]/CL  + α’/(CL∙K’FeL )     (4.8)

The theory explained up to now is generally applied. 
In the specific case of this work, in which the 2,3-dihydroxhynaphtalene was 
used as the added iron ligand Ladd data were treated as van den Berg reported 
in118. In particular, data were fitted with the linear equation 4.9.

[Felabile]/[FeL]=[Felabile]/CL  + (1+αFe’DHN)/(CL∙K’FeL)     (4.9)

(Where αFe’DHN is the side reaction coefficient for the FeDHN complex).
The latter equation differs from equation 4.1 as the inorganic iron Fe’ was 
consider rather than Fe3+. From now on the notation Fe’ will be employed as 
usually preferred by the oceanographic community. In this context the stability 
constant of the FeL complex was expressed following equation 4.10.

K’Fe’L=[Fe’L]/[Fe’ ][L^’]     (4.10)

(Where: [L’]: DHN concentration not complex by Fe).
The inorganic side reaction coefficient αFe’=[Fe’]/[Fe3+]=1010 was calculated (see 
the following sections) and used as before105,118,151.
Accordingly, to the theory up to now described, two graphs were used to obtain 
information from the experimental data:
 1) the graph of the peak current ip plotted against the total dissolved 
iron concentration was used to estimate the sensitivity of the technique: in 
particular, the sensitivity S (nA·nM-1) was calculated by dip/dCFe of the linear final 
points of each titration;
 2) the graph of the ratio [Felabile]/[FeL] vs. [Felabile] was used to calculate 
the organic iron-binding ligand concentration CL and its conditional stability 
constant for iron K’Fe’L.
The determination of the conditional stability constant for the FeDHN complex 
(equation 4.11) and its side reaction (equation 4.12), was mandatory to apply 
the speciation procedure.

K’Fe’DHN=[Fe’DHN]/[Fe’ ][DHN’]      (4.11)

It should be reminded that, as CFe<<CDHN, the concentration of DHN not 
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complexed by iron can be approximated to the total DHN concentration. 

αFe’DHN=[Fe’DHN]/[Fe’] = K’Fe’DHN∙[DHN]  (4.12)

The side reaction coefficient αFe’DHN was calibrated by competition with 
ethylenediaminetetraacetic acid (EDTA), as its stability constants for iron and 
most metal ions are well-known. In particular, in the absence of EDTA the 
concentration of the FeDHN complex followed equation 4.13, whereas, in the 
presence of EDTA, it could be described by equation 4.14.

[FeDHN]0=(αFe’DHN∙CFe)/(αFe’+αFe’DHN)     (4.13)

[FeDHN]=(αFe’DHN∙CFe)/(αFe’+αFe’DHN+αFe’EDTA)     (4.14)     

(Where αFe’EDTA=K’Fe’EDTA·[EDTA’] and, as in the case of DHN, because CFe<<CEDTA, 
the concentration of EDTA not complexed by iron [EDTA’] can be approximated 
to the total EDTA concentration [EDTA].)
It should be reminded that all the calculations were performed against the 
inorganic iron, so that αFe’ equal to 1 could be neglected with respect to the 
other parameters of equation 4.13 and 4.14.
The peak current ip obtained by voltammetric measurement was theoretically 
lowered as a result of the competition between DHN and EDTA. Therefore, 
considering that ip was described by equation 4.15, the ratio X between the 
signal in the presence and in the absence of EDTA resulted in equation 4.16

ip=S[FeDHN]     (4.15)

X=ip/ip0 =αFe’DHN/(αFe’DHN+αFe’EDTA)     (4.16) 

The only parameter unknown in equation 4.16 is the side reaction coefficient of 
the FeDHN complex so that, it could be calculated by non-linear regression of X 
against αFe’EDTA.

4.2 Calibration of the side reaction coefficients and the stability 
constant for the FeDHN complex
The side reaction coefficients for the FeDHN complex were calibrated against 
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the ethylenediaminetetraacetic acid (EDTA) due to its well-known stability 
constant for most metal ions. In particular, the αFe’EDTA values for different EDTA 
concentrations at pH 8 were previously calculated using the Visual MINTEQ 
software (version 3.1) which employed the equilibrium constant from the NIST 
database (Table 4.1).

Moreover, the side reaction 
coefficients for the FeEDTA 
complex were calculated 
considering the correction for the 
activity coefficients of the ionic 
species because the contribution 
of the ionic strength could not be 
neglected as it will be explained 
later. 
Preliminary experiments 
were performed to assess the 

equilibration time required by the procedure. The reduction peak of the FeDHN 
complex in the presence of a constant EDTA concentration was measured during 
time to estimate the time required to achieve the signal stability. Figure 4.3 
shows that the signal decreased in time for the first hours of the test and became 
constant after an at least fifteen hours. Therefore, an overnight equilibration time 
was employed for all the speciation 
measurements from now on. 

EDTA

Species logK Species logK

HEDTA-3 10.948 CaHEDTA- 15.97

H2EDTA-2 17.221 MgEDTA-2 10.58

H3EDTA- 20.338 MgHEDTA- 15.01

H4EDTA 29.24 FeEDTA- 27.66

H5EDTA+ 24.052 FeHEDTA 29.17

H6EDTA+2 23.94 Fe(OH)EDTA-2 33.843

CaEDTA-2 12.9

Table 4.1: Stability constants used by the Visual MINTEQ 
software for the calculation of the αFe’EDTA values.

Figure 4.3: Trend of the FeDHN signal vs. time in 
the presence of a constant EDTA concentration. 

Experimental: UV-digested seawater; 10 mM 
HEPPS buffer pH 8.0; 10 μM DHN; 0.5 nM total 
iron; 1 mM EDTA; T=4°C. Square-wave voltam-

metry: 30 s deposition time; -0.05 V deposition 
potential; 10 Hz square-wave frequency; 0.05 V·s-1 

scan rate.
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Furthermore, the possibility to perform the analysis preserving the aliquots at 
room temperature was assessed. Preliminary experiments showed unreliable 
results in the trend of experimental data, in accordance with literature 
data63; thus, the equilibration period has been performed at T=4°C for all the 
experiments reported in this study. 
The side reaction coefficients for the FeDHN complex were calibrated for four 
different DHN concentrations (0.5,1,5,10 μM DHN); moreover, for each of 
them, three replicate calibrations were performed to assess the precision of the 
procedure. 
The trend of ratio between the peak current for each EDTA addition and the 
peak current in absence of EDTA X=ip/ip0 vs. αFe’EDTA is shown in Figure 4.4 (points: 
experimental data; dashed lines: data fitting with equations 4.16).

Figure 4.4: Trend of X=ip/ip0 vs. αFe’EDTA for 0.5 (a), 1 (b), 5 (c) and 10 (d) μM DHN. For each DHN concentra-
tion all the three replicate calibrations are shown. equation 4.16 fitted the experimental data (dashed 
lines) with R2 between 0.9433 and 0.9897 with a median value of 0.9819. Experimental: UV-digested 

seawater; 10 mM HEPPS buffer pH 8.0; 10 nM added Fe for 0.5 μM DHN and 5 nM added Fe for the other 
DHN concentrations; overnight refrigerated equilibration time. Square-wave voltammetry: 30 s deposition 

time; -0.4 V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.

4.  Iron speciation
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The mean side reaction coefficients αFe’DHN of the three replicates for each 
DHN concentration, together with their uncertainties expressed as the standard 
deviations and the relative standard deviations (RSD%) are listed in Table 4.2.
The αFe’DHN values reported in Table 4.2 apparently disagreed with literature 

data118 where values of 166 and 
366 were reported for 0.5 and 1 
μM DHN, respectively. 
Nevertheless, these literature 
values were calculated conside-
ring the activity coefficients of 
the ionic species equal to one. 
Therefore, if the calculation for 
the side reaction coefficients of 
the FeDHN complex of this work 
were repeated neglecting the 

correction for the ionic stren-
gth, values of (9.01±1.3)·101, 
(2.6±0.3)·102, (1.6±0.2)·103 
and (3.1±0.1)·103 would be 
obtained for 0.5, 1, 5 and 
10 μM DHN, respectively. 
The latter values, which 
were instead in good agre-
ement with literature data, 
confirmed that neglecting 
the contribution of the ionic 
strength in seawater causes 
an underestimation of the 
side reaction coefficients. 
Moreover, as an artificial li-

DHN (μM) αFe’DHN 
(mean ± standard deviation) RSD%

0.5 (5.0±0.7) ·102 15%

1 (1.5±0.2) ·103 12%

5 (9.5±0.7) ·103 7.9%

10 (1.7±0.06) ·104 3.4%

Table 4.2: Side reaction coefficients αFe’DHN for the FeDHN 
complex expressed against the inorganic iron. For each DHN 
concentration the precision is expressed as the standard 
deviation and the percentage relative standard deviation.

Figure 4.5: Distribution of the around 1600 log(αFe’L) values 
reported in a recent compilation of iron speciation data in 

seawater27 for organic iron complexing ligands. Blue lines indicate 
the range of values detectable by the method here described 

employing different artificial ligand concentrations.

4.  Iron speciation
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gand AL characterized by a given αFe’AL may only detect natural ligand following 
the inequality 0.1·αFe’AL<αFe’L<10·αFe’AL, thanks to the side reaction coefficient here 
calculated, the method presented in this thesis is theoretically capable to detect 
natural ligands with αFe’L in the range of 50-2·105 (1.7-5.2 of the log scale as 
log(αFe’L)). A comparison between this result and a recent compilation of iron 
speciation in seawater data27 demonstrates that 97% of these are included in the 
50-2·105 range suggested that the correct detection window was targeted by the 
method (Figure 4.5).
Regarding the precision of the αFe’DHN values, the one achieved here was higher 
with respect to literature data that reported RSD% values in the range of 24-
35% for the αCuEDTA

152, as opposite to the 3-15% range obtained for the αFe’DHN 
here. As a final consideration, the side reaction coefficients linearly increased 
with the DHN concentration with an R2=0.9980 confirming the presence of the 
1:1 complex as demonstrated in the 3.3.2 section of chapter 3. In particular, 
the (1.80±0.05)·10-9 (9.25 on the logarithm scale) slope of the fitted line shown 
in Figure 4.6 corresponded to the conditional stability constant for the FeDHN 
complex in seawater (K’Fe’DHN) expressed against inorganic iron.

Figure 4.6: Linear trend (R2=0.9980) of the side reaction coefficients αFe’DHN vs. DHN concentration. Data 
are expressed as medium value of the three replicates calibration ± standard deviation. The (1.80±0.05) 
·10-9 (9.25 on the logarithm scale) slope corresponds to the conditional stability constant K’Fe’DHN of the 

FeDHN complex in seawater (expressed against the inorganic iron).

4.  Iron speciation
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4.3 Set up and method validation4 
4.3.1 Blank
Preliminary experiments were employed in the attempt to demonstrate that 
the trend of the FeDHN peak current vs. the ligand concentration typical of 
the speciation analysis was only due to the competition for iron complexation 
between the DHN itself and the organic iron binding ligand present in the seawater 
sample. Other electroactive complexes, in fact, could interfere with the FeDHN 
peak, leading to a misinterpretation of the experimental data.  Accordingly, a first 
titration of UV-digested seawater with increasing iron concentration without the 
DHN showed voltammograms characterized by a total absence of signals (Figure 
4.7), confirming that the peak visible during the speciation analysis was only 
due to reduction of the FeDHN complex and no interference from other species 
occurred (Figure 4.7).

As the second step, two blank titrations of UV-digested seawater in the presence 

4.  Iron speciation

Figure 4.7: Voltammograms of the titration 
of UV digested seawater with increasing 
iron concentration in the total absence of 
2,3-dihydroxynapthalene. The FeDHN peak 
at around -0.6 V is totally absent for all 
the Fe concentration. Measurements are 
acquired employing the pseudoreference. 
Experimental: UV-digested seawater; 10 
mM HEPPS buffer pH 8.0; 0.74 initial total 
Fe concentration; overnight refrigerated 
equilibration time. Square-wave voltammetry: 
30 s deposition time; -0.4 V deposition 

This part, except the validation with DTPA, was conducted in collaboration with Professor Luis Laglera in the FI-

Trace group laboratories (https://www.fitrace.es/) at the Universitat de les Illes Balears in Palma de Mallorca.
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of 1 and 10 µM DHN with increasing iron concentration were performed to 
assess the selectivity of the method in accordance with previous data112. Figure 
4.8 shows the voltammograms of the two titrations and the consecutive trend of 
the peak current vs. iron concentration.

The linear trend, characterized by R2=0.9961 and R2=0.9926 for 1 and 10 µM 
DHN respectively, confirmed that no interference occurred, and the trend of 

Figure 4.8: Titration of UV-digested seawater and trend of the peak current vs. iron concentration in 
the presence of 1 (a) and (b), and 10 (c) and (d) µM DHN. Measurements are acquired employing the 
pseudoreference. Data are expressed as medium value of three replicates measurements ± standard 

deviation. Experimental: 10 mM HEPPS buffer pH 8.0; 1 and 10 µM DHN; overnight refrigerated 
equilibration time. Square-wave voltammetry: 30 s deposition time; -0.4 V deposition potential; 0.005 V 

Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.
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the seawater titrations was due to the competition between ligands for iron 
complexation.

4.3.2 Validation with natural and artificial ligands
A validation step followed the verification about the absence of any interference. 
At first a titration of a seawater sample with trace level of iron containing 
5 nM diethylenetriaminepentaacetic acid (DTPA) in the presence of 1 µM 
2,3-dihydroxynaphthalene was performed. In particular, the DTPA was chosen 
as its stability constant for major and trace elements are well-known and the 
expected side reaction coefficient falls in the previously determined detection 
window. As in the case of EDTA, when DTPA is employed, all the complexation by 
trace elements must be considered due to the low concentration of the ligand 
and its low selectivity for iron. Table 4.3 lists all the DTPA acid dissociation and 
complex formation constants employed during the calculation.

Regarding the trace elements concentrations in seawater (Table 4.4), data from 
the GEOTRACES database153 were used.

DTPA

Species logK Species logK

HDTPA-4 11.72 CaDTPA-3 12.90

H2DTPA-3 21.18 CaHDTPA-2 19.65

H3DTPA-2 26.11 MgDTPA-3 11.42

H4DTPA- 29.24 MgHDTPA-2 18.91

H5DTPA 31.46 Fe(OH)DTPA-3 40.45

H6DTPA+ 33.05 FeHDTPA- 35.21

H7DTPA2+ 37.20 FeDTPA-2 31.22

Table 4.3: Stability constants used by the Visual MINTEQ software for the calculation of the stability 
constants of the DTPA species.
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Moreover, as in the case of EDTA, all the calculations were carried out considering 
the correction for the ionic strength to avoid any underestimation of the results. 
The Visual MINTEQ calculation, which employed the stability constants from 
the NIST database, showed the prevalence of the FeOHDTPA3- species with the 
corresponding log(K’FeOHDTPA3-) equal to 12.09; otherwise, the  concentration of 
the FeDTPA2- and FeHDTPA- species can be considered as negligible. The 12.09 
log(K’FeOHDTPA3-) here calculated apparently disagreed with the 13.6 value reported 
in literature154. Nevertheless, this large difference is explained by the fact that in 
the cited paper only the major ions were taken into account for the calculation. 
If the trace elements had not been considered, the log(K’FeOHDTPA3-) would have 
been 12.9, reducing the difference with the literature value to below one order 
of magnitude. 
Figure 4.9 shows one of the five replicate titrations of DTPA (a) together with its 
linearization (b) (see Table A.2 of the Appendix III for all the results).
Table 4.5 lists the results obtained during the validation step, expressed as 
mean value of five replicate titrations ± the standard deviation of the mean; 
the expected values for the ligand concentration and its stability constant for 
iron are also reported. The detected ligand concentrations showed an optimal 
agreement with respect to the expected value, whereas a limited discrepancy 
was evident regarding the stability constant log(K’FeOHDTPA3-). The latter could be 
explained considering the errors in the tabulated values of the constants for the 
EDTA and DTPA species and the errors obtained in the calibration of the side 
reaction coefficient for the FeDHN complex152.

Element Concentration (nM) Element Concentration (nM)

Al 3.3 Mn 1.6

Ba 42 Ni 3.2

Cd 0.026 Pb 0.015

Co 0.023 Ti 0.049

Cu 0.73 Zn 0.53

Table 4.4: Trace elements concentrations in seawater calculated as mean value of the GEOTRACES data of 
the GA10 cruise153.
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The method was subsequently validated using two commercially available 
natural ligands. In particular, the deferoxamine (DFO) as mesylate salt, and the 
protoporphyrin IX (PPIX) were chosen as they represent two of the main classes of 
organic iron-binding ligands in seawater41–43,57,58,155. Contrary to DTPA, the stability 
constants for the FeDFO and FePPIX complex were previously determined (see 
Table 4.5) and they were employed to evaluate the experimental results obtained 
in the present study. Figure 4.10 shows one of the three replicate titrations of 3 
nM DFO, 3 nM PPIX and 6 nM PPIX with their linearization (see Table A.3-A.5 of 
the Appendix for all the other results).

Figure 4.9: Trend of the peak current with the total iron concentration of a 5 nM DTPA titration (a) and its 
linearization (b). Experimental: matrix: UV-digested seawater; 10 mM HEPPS buffer pH 8.0; 1 µM DHN; 
5 nM DTPA, 0.735 nM initial Fe concentration; overnight refrigerated equilibration time. Square-wave 

voltammetry: 30 s deposition time; -0.4 V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 
V·s-1 scan rate.

EXPECTED FOUND

log(K’FeL) CL log(K’FeL) CL n

DTPA 12.09 5 11.82±0.043 5.0±0.21 5

DFO 11.54115

11.60-12.1054 3 12.54±0.07 3.1±0.25 3

PPIX 11.9±0.557
3 12.21±0.16 2.7±0.13 3

6 11.91±0.4 6.1±0.15 3

Table 4.5: Results obtained during the validation step in terms of organic iron-binding ligand concentration 
and its stability constant for iron using both an artificial and two natural ligands compared to the expected 

values
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Figure 4.10: Trend of the peak current with the total iron concentration and its linearization for 3 nM 
DFO (a) and (b), 3 nM PPIX (c) and (d) and 6 nM PPIX (e) and (f) titrations. Experimental: matrix: UV-
digested seawater; 10 mM HEPPS buffer pH 8.0; 1 µM DHN; 1.392 nM, 0.544 nM and 0.728 nM initial 

Fe concentration for the 3 nM DFO, the 3 nM PPIX and the 6 nM PPIX titrations, respectively; overnight 
refrigerated equilibration time. Square-wave voltammetry: 30 s deposition time; -0.4 V deposition 

potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.
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All the results are listed in Table 4.5: for both the DFO and the PPIX, the found 
organic iron-binding ligand concentration and its conditional stability constant 
for iron were in good agreement with the expected values reported in the table. 

4.3.3 Humic Substance
In the last years humic substances have attracted considerable attention of 
the chemical oceanographers as recent evidences showed their importance 
in the iron biogeochemical cycle in seawater156. Thus, the method was tested 
for the detection of Humic Acid (the Suwannee River humic Acid standard 
was employed in this context). Preliminary experiments were employed to 
verify the absence of interference caused by the Fe-HA complex peak in the 
voltammograms. The previously developed method which employed bromate 
as the catalytic enhancer evidenced, in fact, a peak due to the reduction of the 
FeHS species119,124. Therefore, a titration of UV-SW without any other ligand than 
humic acid with growing iron concentration up to 30 nM was performed. Figure 
4.11 displays resulted voltammograms.

No peaks were present in the voltammograms, even for the higher Fe 
concentration. Accordingly, no species as the FeHS one could interfere with the 
FeDHN peak in the detection of humic substances by the CLE-CSV technique. 
Moreover, the O2 method cannot be used for the detection of the Fe-HA complex 

Figure 4.11: Voltammograms of the 
titration of UV digested seawater with 
increasing iron concentration in the total 
absence of 2,3-dihidroxynaphthalene 
and in the presence of 0.20 mg·L-1 SRHA. 
No peaks are present. Experimental: 10 
mM HEPPS buffer pH 8.0; 0.20 mg·L-1 
SRHA; overnight refrigerated equilibration 
time. Square-wave voltammetry: 30 
s deposition time; -0.4 V deposition 
potential; 0.005 V Voltage step; 10 Hz 
frequency; 0.05 V·s-1 scan rate.
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as done in the case of bromate63. UV-digested seawater containing 0.20 mg·L-1 
SRHA was titrated with increasing iron concentration in the presence of 1 μM 
DHN. Figure 4.12 shows one of the titrations as an example (see Table A.5 of the 
Appendix for the results of each titration).

As a result, the method was demonstrated to detect the complexing capacity 
of the humic acid, as a value of 5.8±0.3 nM, or 29±1.3 nmol per milligram of 
HA, was found and the conditional stability constant K’Fe’HA was calculated as 
11.72±0.09. Regarding the comparison with literature data, only Laglera and 
van den Berg63 reported the estimation of the HA complexing capacity and of 
the K’ as 32±2.2 nmol·mg-1 of HA and 11.1±0.2, respectively. A limited 10 % 
difference was found in the HA complexing capacity, whereas a higher 0.6 on 
the logarithm scale discrepancy was found in the calculation of the conditional 
stability constant. However, it should be highlighted that the different methods 
employed in the cited paper63 and in this work (direct detection of the FeHA 
complex for the complexing capacity and competition with the EDTA for K’, and 
CLE-CSV, respectively) could play a role in the estimation of the complexing 
capacity and the conditional stability constant.  

Figure 4.12: Titration (a) and its linearization (b) of 0.20 mg·L-1 SRHA. Experimental: 10 mM HEPPS 
buffer pH 8.0; 1 µM DHN; 1.995 nM initial Fe concentration; overnight refrigerated equilibration time. 

Square-wave voltammetry: 30 s deposition time; -0.4 V deposition potential; 0.005 V Voltage step; 10 Hz 
frequency; 0.05 V·s-1 scan rate.
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4.4 Antarctic seawater samples
Six seawater samples from a Ross Sea water column collected between 1 and 
736 m depth were employed to test the method for both the detection of the 
total iron concentration and the metal speciation. Table 4.6 lists all the results 
expressed as mean ± standard deviation for each sample (Table A.7 of the 
Appendix lists all the results for each replicate titrations).

One of the titrations of the 1 m depth sample and its linearization is reported as 
an example in Figure 4.13.

Depth (m) Fe (nM) CL (nM) log(K’Fe’L)

1 1.5 ± 0.1 2.6 ± 0.09 12.25 ± 0.2

20 2.0 ± 0.1 4.9 ± 0.2 12.31 ± 0.03

50 1.51 ± 0.05 6.4 ± 0.2 12.05 ± 0.1

100 2.4 ± 0.3 2.9 ± 0.3 12.73 ± 0.3

400 1.8 ± 0.1 5.8 ± 0.1 11.88 ± 0.06

736 2.5 ± 0.5 6.5 ± 0.07 12.33 ± 0.4

Table 4.6: Dissolved total iron concentration and organic iron-binding ligand concentration and its stability 
constant for iron found in six seawater samples from the Ross Sea (E5 site, 74°40.04’ S, 167°18.76’ E). Data 

are all expressed as mean value of three replicates (three replicate titrations were performed for each 
sample).

Figure 4.13: Titration (a) and its linearization (b) of the 1 m depth sample from the E5 site (74°40.04’ 
S, 167°18.76’ E74°40.04’ S, 167°18.76’ E) of the Ross Sea. Experimental: 10 mM HEPPS buffer pH 8.0; 
1 µM DHN; 1.46 nM initial Fe concentration; overnight refrigerated equilibration time. Square-wave 

voltammetry: 30 s deposition time; -0.4 V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 
V·s-1 scan rate.
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The total dissolved iron concentration, organic iron-binding ligand concertation 
and logK’Fe’L values spanned between 1.5 and 2.5 nM, 2.6 and 6.5 nM, and 
11.8 and 12.73, respectively. The total iron concentrations are similar to values 
previously found in the upper 200 m of the water column in an around 20 nmi 
away area during the Antarctic summer season157. The high degree of variability 
found in the data is fully explained by the dynamicity of the coastal waters in 
the Ross Sea during this season due to both riverine inputs and melting pack 
ice phenomena and physical features like currents157. Regarding the log(K’Fe’L), 
the results show good agreement with the 12.17 medium value obtained from 
a recent compilation about iron speciation data27, whereas a higher discrepancy 
was found between the average total iron concentrations (1.9 nM in the 
present thesis vs. 1.4 nM from literature27) as only data from open oceanic 
waters were reported in the literature. A comparison between the precision 
of the here proposed method and literature data is another interesting topic 
to discuss. Besides a few cases, literature reports only one titration for each 
sample, whereas in the present work at least three replicates measurements 
were performed. This is the reason why only errors obtained from the linear 
fitting of the data can be compared. Regarding the concentration of the organic 
iron-binding ligand, the average percentage standard deviation RSD% values 
were 4% (n= 18) and 11% (n≈1200) for the here proposed method and literature 
data, respectively. On the other hand, errors in log(K’Fe’L) were 0.17 (n=18, this 
method) and 0.27 (n≈900, literature data). Nevertheless, despite this apparently 
important discrepancy between the errors of the new method and literature 
data, it should be reminded that the latter is only a qualitative comparison, as 
the dimensions of the two data sets are completely different; moreover, it should 
be considered that literature data are expected to show a higher variability, 
because they were obtained by experiments conducted in different laboratories 
across a time span of 25 years. However, having said that, the precision for both 
the organic iron-binding ligand concentration and its stability constant for iron 
resulted comparable or better than data reported in literature.

4.  Iron speciation
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4.5 Limit of detection
As the final assessment of the technique performances, the limit of detection 
(LOD) in terms of the lowest detectable ligand concentration was studied. 
Generally, the LOD calculation requires the evaluation of the standard deviation 
of the blank124. Nevertheless, the linearization procedure applied to the 
titration of the blank provided very low values for the ligand concentration and, 
consequently, caused an underestimation of the limit of detection. Therefore, 
the data obtained during the analysis of the Antarctic seawater samples 
reported in the previous paragraph of this section were used to achieve a more 
realistic evaluation of the limit of detection. In this context, a pooled standard 
deviation spooled from the ligand concentration results of all the 18 titrations 
of the Antarctic seawater samples were used to estimate the standard deviation 
of the blank. The LOD estimation formula, proposed by IUPAC (three times the 
standard deviation of the blank concentration) was then applied. As a result, a 
spooled of 0.17 nM was calculated and the minimum detectable organic iron-
binding ligand concentration was estimated as 0.51 nM. The fitness for the 
purpose of the method was prompted by the 95% of the literature data27 which 
reported organic iron-binding ligand concentrations higher than the estimated 
value of the limit of detection. 

4.  Iron speciation
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5UNBUFFERED CLE-CSV METHOD5

5 3Fully reproduced and adapted with permission of Elsevier from Exploring bufferless iron speciation in se-

awater by Competitive Ligand Equilibration-Cathodic Stripping Voltammetry: does pH control really matter?, 

Talanta 2021, 122300 (https://doi.org/10.1016/j.talanta.2021.122300) Copyright © 2021 Elsevier B.V. All ri-

ghts reserved.

In the previous chapter, the speciation procedure developed introducing 
several improvements has been described. In particular, all the parameters 
characterizing the analysis method have been optimized and applied to the CLE-
CSV technique: the addition of bromate as catalytic enhancer was avoided, as 
the use of atmospheric oxygen directly introduced into the close voltammetric 
cell was proposed, the analysis time was reduced as well as the required sample 
volume, which was lowered down to 1 mL per titration aliquot. Nevertheless, 
some modification could be also introduced to the use of the pH buffer as its 
removal has not yet been considered. The pH buffer is usually used in all the 
voltammetric methods for iron detection and speciation in seawater to fix the 
pH at the value of 8.00. In fact, despite the natural buffer capacity of seawater, 
primarily due to the presence of the CO2/HCO3

-/CO3
2- system, most methods 

employ the nitrogen purging step which causes the carbon dioxide removal, 
resulting in a significant raise in the pH value. Consequently, the latter pH 
increase would lead to a change in both the organic and inorganic speciation 
of the metal158–161. Nevertheless, the method developed and presented in this 
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thesis is characterized by the removal of the N2 purging step, as it has been 
replaced by an atmospheric air purging to introduced oxygen as the catalytic 
enhancer. In this context, this new method seemed perfectly suited to introduce 
the simplification of the buffer removal in the procedure. The pH buffer removal 
in fact, could lead to an improvement in the method, not only regarding a 
general simplification of the procedure, but also because two problems related 
to the use of the buffer may be avoided. Firstly, because of the subnanomolar 
levels of iron in most of seawater samples, the pH buffer should be iron free, 
requiring in this way a time-consuming purification step. Thus, several (in 
our case, at least three) overnight equilibrations with colloidal manganese 
dioxide118 (see section 6.2 of the Materials & Methods chapter) are required, 
and the residual iron concentration must be checked after each equilibration, 
until a satisfactory level of purification is achieved. Secondly, it should be also 
considered that the pH buffers usually employed in this context (the so-called 
“Good Buffers”162), may complex the metal or adsorb onto the electrode surface, 
affecting in this way the voltammetric signal. Actually, at present, no evidence 
about the iron complexation by the pH buffer employed (the 4-(2-hydroxyehtyl)-
1-piperazinepropanesulfonic acid, HEPPS) has been yet found, but it should be 
also considered that the buffer surface active behavior and its ability to complex 
other trace metals could affect the reliability of iron speciation results. 
However, before working on a non-buffered method for iron speciation in 
seawater, a thorough assessment of all the factor that may alter the sample 
pH were performed as seawater has limited buffering capacity, with an average 
2.2±0.3 mmol·kg-1 total alkalinity (normalized to a 35 psu salinity)163. The first 
point to be considered was that the bulk pH of the sample should not change 
during both the equilibration step and the analysis. Thus, as the acidic iron 
standard solutions added to the aliquots during each titration were a source of 
H+, and the new procedure lowered the volume of the sample aliquots down to 
1 mL, the decrease in the pH was avoided from one side limiting the volume of 
the standard addition to below 10 μL, and from the other preserving the iron 
standard solutions with 1 mM HCl, as opposite to the higher acidic condition 

5.  Unbuffered CLE-CSV method
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usually employed. Moreover, no bulk pH changes could be observed during the 
analysis step, since the new method employed a purging step with atmospheric 
air, avoiding in this way the removal of the carbon dioxide.  Secondly, it should 
be also considered that the pH buffer removal could result in a change in the pH 
values at the electrode interface during the electron transfer reaction typical of 
the deposition and sweeping steps. In particular, the interface pH was expected 
to raise as a consequence of proton consuming due to the oxygen reduction 
during the deposition step164–166. Accordingly, a significant increase in the pH 
could occur under the experimental conditions typical of the proposed method 
and its effect was carefully evaluated in the following section of this thesis.

5.1 General effects of the pH buffer removal
The effects of the pH buffer removal were thoroughly investigated to understand if 
any detrimental consequence on the method performances, especially regarding 
the speciation procedure, may be observed. Firstly, a 0.1 V shift towards more 
negative potentials was observed in the absence of buffer. The latter evidence 
is due to the increase in the interface pH value as a consequence of the oxygen 
reduction during the deposition step, as explained in the introduction of this 
chapter and in164. Figure 5.1 shows the 0.1 V peak shift for the buffered and 
non-buffered titrations of the same sample. This phenomenon did not appear to 
affect the analytical signal as the background current increase, although evident, 
was limited and did not influence the signal to noise ratio.

Figure 5.1: Titrations of the same Antarctic 
seawater sample (74°,40.04’ S, 167°,18.76’ E; 100 
m depth) with (red lines) and without (blue lines) 
the pH buffer showing the 0.1 V shift towards 
more negative potentials (only one replicate 
per aliquot is shown for the sake of clarity). 
Experimental: 1 μM DHN; 2.43 nM total initial iron 
concentration; iron additions from 0 to 16 nM; 17 
hours refrigerated equilibration period; square-
wave voltammetry: 30 s deposition time; 0.4 V 
deposition potential; 0.005 V Voltage step; 10 Hz 
frequency; 0.05 V·s-1 scan rate.

5.  Unbuffered CLE-CSV method
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The impact of the pH buffer removal on the analytical sensitivity is reported in 
Figure 5.2, together with its trend with the DHN concentration.

The trend of the sensitivity with the DHN concentration was the same for both 
buffered and unbuffered UV-digested seawater: it increased up to a maximum 
and then it levelled off for the highest ligand concentration, as shown in the 
previous chapters of this thesis. Nevertheless, it should be highlighted that a 
significant increase in the analytical sensitivity was found when the buffer 
was removed, especially for the highest DHN concentration. The latter effect 
could be considered a consequence of the higher pH value registered during 
the unbuffered analysis, in good agreement with data previously obtained using 
oxygen112 and bromate113 as catalytic enhancer of the signal. 

5.2 Calibration of the side reaction coefficient
The side reaction coefficients for the FeDHN complex were again calibrated due to 
the new experimental conditions employed. Accordingly, competitive titrations 
against EDTA were performed at same four different DHN concentrations 

Figure 5.2: Trend of the analytical sensitivity vs. DHN concentration in buffered (red points) and unbuffered 
(blue points) UV- digested seawater. The sensitivity is reported as the signal of 1 nM iron concentration 

per minute of deposition time. Experimental: square-wave voltammetry: 30 s deposition time; 0.4 V 
deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.
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investigated using the pH buffer (0.5, 1, 5 and 10 µM). Figure 5.3 shows the 
trend of the ratio X=ip/ip0 vs. the side reaction coefficients αFe’EDTA which is varied 
by varying EDTA concentrations.

As in the case of the buffered calibrations, the side reaction coefficients αFe’DHN 
were calculated by fitting the experimental data by equation 4.16; Table 5.1 lists 
all the results, including the percentage relative standard deviation %RSD.
Data reported in Table 5.1 resulted not statistically different with respect to 

Figure 5.3: Trend of of the ratio X=ip/ip0 vs. αFe’EDTA for 0.5 (a), 1(b), 5 (c), and 10 (d) µM DHN. Three replicate 
titrations were performed for each DHN levels. The experimental data (points) were fitted according to 

equation 4.16. Experimental: UV-digested seawater; total iron concentration 10 nM for 0.5 µM DHN and 
5 nM for 1, 5, and 10 µM DHN; 17 hours refrigerated equilibration time; square-wave voltammetry: 30 s 
deposition time; 0.4 V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.
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DHN (μM) αFe’DHN 
(mean ± standard deviation) RSD%

0.5 (5.9±0.4) ·102 6.6%

1 (1.03±0.07) ·103 7.4%

5 (7.8±0.2) ·103 3.5%

10 (1.74±0.09) ·104 5.0%

Table 5.1: Side reaction coefficients values at the four different 
DHN levels studied. The percentage relative standard deviations 
were calculated from three replicate titrations for each DHN 
concentration.

the ones reported in Table 4.2 
(section 4.2 of the previous 
chapter) regarding the calibra-
tion of αFe’DHN using the HEPPS 
pH buffer. In particular, the 
αFe’DHN buffered vs. αFe’DHN unbuffered plot 
(Figure 5.4) evidenced a linear 
trend (R2=0.9883, p<0.01, n=4) 
with the slope not statistically 
different from 1 (0.989±0.075) 

and the intercept undistinguishable from 0 (-440±770).

Furthermore, the conditional stability constant for the FeDHN complex, 
calculated, as before, as the slope of the linear trend obtained by plotting the 
side reaction coefficient αFe’DHN vs. the DHN concentration, was identical (9.25 on 
the log scale) to the one obtained with the buffered method. The latter evidence 
indicates that the simultaneous equilibria between iron, DHN and EDTA were 

Figure 5.4: Linear trend (R2=0.9883, p<0.01, n=4) of αFe’DHN buffered vs. αFe’DHN unbuffered showing a 0.989±0.075 
slope and a -440±770 intercept. Data are expressed as medium value ± standard deviation of the 

αFe’DHN buffered (y-axis error bars) and of the αFe’DHN unbuffered (x-axis error bars).
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not altered by the absence of the pH buffer, at least regarding the around 50 
seconds timescale of the analysis, accordingly to the slow kinetics of exchange 
reactions involving iron and EDTA at trace levels previously demonstrated (see 
Figure 4.3 of section 4.2 of chapter 4). 

5.3 Validation of the unbuffered method
The new experimental conditions, i.e. the pH buffer removal, required a new 
validation step. In this context the unbuffered method was validated using 5 
nM diethylenetriaminepentaacetic acid (DTPA) as artificial ligand, and 3 nM 
deferoxamine mesylate (DFO), as natural ligand, because a comparison with the 
validation of the buffered method is required. In particular, it should be reminded 
that the K’FeL was calculated with the Visual MINTEQ v. 3.1 software in the 
case of DTPA (see section 4.3.2 of the previous chapter) and was available from 
literature57,118 in the case of DFO. The results of the validation experiments, that 
are listed in Table 5.2, showed the absence of bias in the unbuffered method.

A comparison between the expected and found values is here required: no 
statistical difference was found between the expected and found concentrations 
for both the ligands at the 95% confidence level (n=3, tcal=1.35 and 2.33 for 
DFO and DTPA, respectively). Regarding the values of the conditional stability 
constant, a slight discrepancy was, instead, evident. The two ligands require, 
in this context, two separate comments. Firstly, regarding the DTPA, the 0.18 
on log scale difference between the experimental and calculated values may be 

EXPECTED FOUND

log(K’FeL) CL log(K’FeL) CL

DTPA 12.09 5 11.91±0.04 4.9±0.4

DFO 11.54115

11.60-12.1057,118 3 11.90±0.07 3.1±0.1

Table 5.2: Results of the speciation validation procedure in unbuffered UVSW. Three replicates titrations 
were performed for each ligand. Uncertainties are reported as ± sone standard deviation of the three 

replicates (see Table A.8 and A.9 for the detailed results of each titration).
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ascribed, as in the case of the buffered method, to errors in the tabulated values 
for the EDTA and DTPA species and in the side reaction coefficient of the FeDHN 
complex. However, it should be highlighted that the results obtained with the 
buffered and unbuffered methods were not statistically different at the 95% 
confidence level. On the other hand, the conditional stability constant for the 
FeDFO complex log(K’Fe’DFO) fell in the range of values reported in literature57,118, 
even if only values of 11.60 were found with CLE-CSV technique57,118 and the 
higher values were obtained applying the so-called kinetic method57. As in the 
case of DTPA, this discrepancy may be due to uncertainties in the tabulated 
stability constants for the EDTA species and in the calibration of αFe’DHN.
As the final step of the validation procedure, the method was assessed for the 
detection of humic acid in UV-digested seawater. The absence of any interference 
was firstly checked: preliminary experiments confirmed the absence of peaks 
when the DHN is not added to the samples, analogous to what was observed 
in the presence of the HEPPS pH buffer (section 4.3.3). Subsequently, the same 
procedure as used with the pH buffer was employed: 0.20 mg·L-1 of the Suwannee 
River Humic Acid (SRHA) was titrated with increasing iron concentration in the 
presence of 1µM DHN. The resulted HA complexing capacity was 5.5±0.3 nM, 
or 28±1.5 nmol per milligram of HA; regarding the calculated logK’Fe’SRHA, a value 
of 11.72±0.12 was found (see Table A.10 of the Appendix for the results of the 
three replicate titrations). No difference was found between the results obtained 
in the presence or in the absence of the buffer, whereas  the same discrepancies 
were found between the literature data63,167 and the calculated values of the 
complexing capacity and the conditional stability constant. This is the reason why 
the same explanation can be ascribed to justify this difference: only Laglera and 
van den Berg63,167 reported data about humic substances, but in the cited papers 
the complexing capacity and the conditional stability constant were determined 
by direct detection of the FeSRHA complex and competition against EDTA, 
respectively, whereas here the CLE-CSV method was applied. However, despite 
these considerations, the unbuffered method was demonstrated to detect the 
complexing capacity of humic substances with regard to iron in seawater.

5.  Unbuffered CLE-CSV method
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5.4 Comparison between buffered and unbuffered titrations of 
Antarctic seawater samples
The same six seawater samples from the Ross Sea water column analyzed to test 
the buffered method were then used to apply the procedure in the absence of 
the pH buffer. Table 5.3 list the iron speciation data obtained during this step.

In general terms, the differences found between the data reported in Table 5.3 
and the ones obtained applying the buffered method (Table 4.6) are relatively 
small and within the expected random errors typical of the speciation procedures. 
In fact, the differences measured in this context, that were lower than 15% and 
0.23 log scale for CL and logK’Fe’L, respectively, were in good agreement with the 
uncertainty reported in a recent compilation27 for speciation data  (average RSD% 
11% and standard deviation 0.6 log unit from ≈1200 and 900 data for CL and 
logK’Fe’L, respectively). Moreover, the paired t-tests confirmed the absence of bias 
among the two procedures as no systematic differences were found, showing p 
values of 0.91 and 0.61 for CL and logK’Fe’L, respectively (n=12). Accordingly, as 
already observed during the calibration of the side reaction coefficients and the 
validation with both artificial and natural ligands, no systematic differences in 
the speciation data were introduced by the pH buffer removal. Upon an initial 
analysis, these data, as well as the speciation data found for iron complexes with 

Sample depth (m) Fe (nM) CL (nM) logK’Fe’L

1 1.5 ± 0.1 2.8±0.3 12.03±0.13

20 2.0 ± 0.1 5.4±0.05 12.47±0.06

50 1.51 ± 0.05 5.47±0.3 11.91±0.12

100 2.4 ± 0.3 3.3±0.4 12.60±0.4

400 1.8 ± 0.1 5.6±0.6 11.90±0.06

736 2.5 ± 0.5 5.91±0.08 12.10±0.02

Table 5.3: Organic iron binding ligand concentration and its stability constant for iron found in six Antarctic 
seawater samples from the Ross Sea obtained applying the unbuffered method. Data are reported as ± one 
standard deviation (see Table A.11 of the Appendix for the detailed results of each sample). Experimental: 
1 µM DHN; refrigerated overnight equilibration time; square wave voltammetry: 30 s deposition time; 0.4 

V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 V·s-1 scan rate.
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EDTA (section 5.2) and discrete ligands (section 5.3), seemed in contrast with 
the alteration of the pH in the diffusion layer164,166. Nevertheless, it should be 
considered that the ligand exchange reactions are usually characterized by a 
slow kinetics. In this context, the approximately 50 seconds spent by the FeL and 
FeDHN complexes in the diffusion layer at an higher pH value were not enough 
to affect the equilibrium concentrations168.

5.5 Effect of the pH buffer removal on the performances and 
detection capabilities
The titrations of the six Antarctic seawater samples were also useful to evaluate 
the performances of the unbuffered method and its detection capabilities. A 
first comment regards the analytical sensitivity. In fact, even if an increase in the 
analytical sensitivity due to the pH buffer removal was firstly observed and justified 
(see section 5.1), the sensitivity gain observed in the seawater sample titrations 
using 1 µM DHN was almost negligible, as it increased from 10.3 nA·nM-1·min-1  in 
unbuffered samples to only 12.6 nA·nM-1·min-1 in buffered samples. The lowest 
detectable ligand concentration was, subsequently, estimated in accordance 
with the IUPAC recommendation169. Thus, a 1.05 nM LOD was calculated as three 
times the pooled standard deviation of the ligand concentration data from the 
twelve titrations of the seawater samples (two replicates for each sample). The 
latter LOD value resulted around twice the 0.51 nM value determined in the 
presence of the HEPPS pH buffer. Accordingly, the unbuffered method seemed 
to be characterized by a lower reproducibility, although it should be highlighted 
that only two titrations per sample were used to estimate the standard deviation 
in the case of the unbuffered method, opposite to the three used for the 
buffered one. A lower precision of the unbuffered method is also supported by 
a F-test conducted on the pooled standard deviations of ligand concentration 
data for the two groups (buffered vs. unbuffered) at the 0.05 significance level 
(F=4.63, df1=6, df2=12; Fcrit,α=0.05=3.00). Nevertheless, if the highest standard 
deviation of 0.6, relative to the 400 m depth sample, found with the unbuffered 
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method, is removed from the calculation, the difference results not significant 
(F=2.28, df1=5, df2=12; Fcrit,α=0.05=3.10). The latter evidence, which showed the 
high leverage of this datum on the pooled standard deviation, highlighted that 
a larger sample size would be needed to corroborate or dismiss the difference 
among the precisions of the buffered and unbuffered methods.

5.6 Equilibration phase kinetics
As the final step in the development of the new method, the increase of the 
sample throughput by reducing the equilibration time required before the 
analysis of the titration aliquots was tested. The possibility to reduce the 
equilibration time is directly connected to the kinetics of the involved chemical 
equilibria and of the ligand exchange reactions involving natural ligands, as iron 
rapidly reacts with the artificial one168. In this context, the titration of the 20 m 
depth sample was repeated after 3, 6, 12, 17, and 24 hours equilibration time and 
the apparent organic iron binding ligand concentration and conditional stability 
constant for iron were determine as a function of the equilibration time. Figure 
5.5 reports the trend of the apparent ligand concentration vs. equilibration time.
Figure 5.5 shows that the 6 hours equilibration time was not enough to reach 
the equilibrium, as well as after twelve hours. Therefore, the equilibration time 
reduction seemed not to be a good strategy to increase the sample throughput 
as it would lead to an around 20% bias in the estimated ligand concentration. 
Instead, experimental data suggested that the equilibrium was achieved after 
the overnight 17 hours equilibration time and that the results were stable for at 
least 24 hours. This evidence suggested that up to eight titration per day may be 
analyzed, making the method exploitable for a large number of samples, typical 
of the oceanographic studies. On the other hand, regarding the conditional 
stability constant of the FeL complex, only the titration measured after the three 
hours equilibration time resulted in a lower estimation of log(K’Fe’L), as a value of 
11.93 was calculated, whereas for all the other experiments, log(K’Fe’L) fell in the 
12.28-12.46 range, without showing any trend.  
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Figure 5.5: Trend of the organic iron binding ligand concentration vs. equilibration time determined by 
the unbuffered CLE-CSV technique. The equilibration time was assumed as the time interval between 
the preparation of the titration and the middle of the titration measurements; its error was estimated 

as ±22.5 minutes, i.e. half of the analysis time. Y-axis errors are reported as one standard deviation 
calculated from the two replicates. Experimental: 20 m depth Antarctic seawater sample; 2.05 nM initial 
iron concentration; 1 µM DHN; refrigerated equilibration time (3, 6, 12, 17, and 24 hours); square wave 

voltammetry: 30 s deposition time; 0.4 V deposition potential; 0.005 V Voltage step; 10 Hz frequency; 0.05 
V·s-1 scan rate.
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6MATERIALS & METHODS

6.1 Equipment
Voltammetric measurements were mostly performed by a Metrohm VA 757 
Computrace voltammetric stand; the latter was equipped with a three electrodes 
configuration, employing a Hanging Mercury Drop (HMDE) electrode as the 
working electrode, a silver wire (Sigma-Aldrich, 1 mm diameter, 99.9% purity) as 
pseudoreference and a graphite counter electrode. A 663 VA Stand voltammeter 
by Metrohm controlled by a µAUTOLAB III potentiostat and equipped with 
the same electrodes configuration was employed for measurements that 
required the split of the forward and backward components of the square-
wave voltammograms and for the validation of the speciation method with 
deferoxamine (DFO), protoporphyrin IX (PPIX) and humic substances(6).  A 1 mL 
quartz microcell170 was installed and used unless otherwise noted, and three 
replicate measurements were performed for each analysis. Table 6.1 lists all the 
voltammetric parameters employed to perform the experiments.

6The validation step, in fact, was perform in the laboratory of the FI-Trace group in collaboration with professor 
Luis Laglera at the Universitat de les Illes Balears in Palma de Maiorca
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Cyclic 
Voltammetry

Square-Wave 
voltammetry 

without catalytic 
enhancement 

(absence of O2)

Square-Wave 
voltammetry 
with catalytic 
enhancement 

(presence of O2)

Purge time (s) 300 300 0

Deposition potential (V) -0.1[1] -0.1 -0.4[1]

Deposition time (s) 30 30 30

Equilibration time (s) 10 10 10

Start potential (V) -0.1 -0.1 -0.4

End Potential (V) -0.9 -0.9 -0.9

Voltage step (V) 0.005 0.005 0.005

Amplitude (V) / 0.05 0.05

Frequency (Hz) / 10[3] 10

Scan rate (V·s-1) 0.15[2] 0.05[3] 0.05

[1] -0.1 V without catalytic enhancement and for the electrochemical characterization; -0.4 V with the catalytic 
enhancement.

[2] Varied for the ligand symmetry factory α and standard electrochemical rate constant k0 determination.
[3] Varied for the complex symmetry factory α and standard electrochemical rate constant k0 determination.

Table 6.1: Voltammetric parameters employed during all the experiments.

An aquarium air pump was used to introduce atmospheric oxygen as catalytic 
enhancer with a 2.1 L·min-1 into the voltammetric cell. All the voltammetric 
apparatus, together with the pump, was located under an Aura HZ-72T 
laminar flow hood from Bioair. The ECDSOFT software was used to treat the 
voltammograms. 
Spectrophotometric measurements were performed by a ThermoScientific 
Evolution 220 UV-Vis spectrophotometer (instrumental parameters are listed in 
Table 6.2). The latter was equipped with a ThermoScientific Haake S3 thermostat 
to keep the temperature constant during the kinetic tests. 

Band width (nm) 1 Data range (nm) 0.5

Integration time (s) 0.2 Scan rate (nm·min-1) 150

Table 6.2: Spectrophotometric parameter employed during the kinetic and stoichiometry experiments
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A Bruker 400 MHz NMR equipped with a 5 mm PABBO probe was used during 
the kinetic experiments using the zg acquisition sequence and a delay time of 
15 s accumulating 32 sans. The TOPSPIN software was used to integrate the 
1H-NMR spectra.
The pH of the solutions used during the experiments was measured by a VWR MU 
6100L pH-meter; the same instrument with a pHenomenal® CO11 conductivity 
cell from VWR was emplyed to measure the salinity of the seawater samples.
Ultrapure water was produced by a Millipore MilliQ A10 system or by a Sartorius 
Arium Mini ultrapure water lab system. 
Organic matter was removed from the seawater samples, if needed, using a 
home-made UV digestion system171 (Figure 6.1) with a 400 W mercury bulb lamp. 

A Milestone DuoPUR subboiling distillation system was used to produce ultrapure 
nitric acid172.

Figure 6.1: Scheme of the UV-digestion system (a) and main components of the control unit and its 
connections to the UV-digester unit. Pictures from171
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6.2 Materials
All solutions were prepared in LDPE bottles cleaned as suggested for 
oceanographic studies. They were soaked in three consecutive baths for one 
week each: firstly 0.8% Nalgene L900 liquid detergent, then 2 M ultrapure HCl 
(prepared by dilution of the Fluka TraceSELECT reagent, and lastly 2% ultrapure 
HNO3 (produced by subboiling distillation from the Sigma-Aldrich reagent).
The 1 M 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (HEPPS) solution, 
used as buffer for the voltammetric measurements, was prepared by dissolution 
of the adequate amount of the solid reagent (Sigma-Aldrich) in ultrapure water. 
The pH was set to 8.04 (NBS scale) by adding 50% ultrapure NaOH and the so 
prepared solution was purified by three consecutive overnight equilibrations 
with the Chelex 100® resin (Sigma-Aldrich), previously cleaned with methanol, 
ultrapure HCl and ultrapure water.
The 2,3-dihydroxynaphthalene (DHN), which was used as ligand for iron in 
the voltammetric analyses, was purified by sublimation on a cold finger at a 
temperature T=100°C (Figure 6.2). This solid was dissolved in ultrapure water up 
to the final concentration of 10 mM to obtain the stock solution. The latter was 
prepared every ten days.

Figure 6.2: System used for the purification of the DHN by sublimation T=100°C with focus on the pure 
DHN crystals on the cold finger.
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The NaOH solution was prepared by dissolving the solid reagent (Sigma-Aldrich, 
99.99%, trace metal basis) in ultrapure water and purification by five consecutive 
overnight equilibrations with MnO2.
The latter was prepared following the procedure reported in118 according to the 
following reaction.

3 Mn2+ + 2 MnO4
- + 4 OH- → 5 MnO2 + 2 H2O   

After mixing equal volumes of 0.03 M MnCl2 and 0.02 M KMnO4/0.04 M NaOH, 
the pH was set to 7.0 (NBS scale) adding more NaOH. The brown MnO2 obtained 
was centrifugated three times and taken up in ultrapure water to the final 
concentration of 0.05 M. 
All the iron standards were prepared by dilution from the 1000 mg·L-1 ICP iron 
standard (Fluka, TraceCERT) and subsequent acidification to pH 3 or 3.5 (the latter 
pH value was used only for voltammetric measurements without the buffer) 
with 0.1 M ultrapure HCl (prepared from the Fluka, TraceSELECT reagent). For 
both the pH values, the adequate concentrations of the Fe(III) standards were 
chosen considering the ksp =1.1·10-36 of the Fe(OH)3 species in order to avoid any 
Fe(III) precipitation.
The adequate amount of solid (Sigma-Aldrich) was dissolved in ultrapure water 
to obtain the 10 mM stock solution of ethylenediaminetetraacetic (EDTA), 
diethylenetriaminepentaacetic acid (DTPA) and deferoxamine (DFO).
The Humic Acid (HA) stock solution was prepared by dissolution of the adequate 
amount of the Suwannee River standard reference in 100 µL of ultrapure NaOH 
and dilution in ultrapure water.
Protoporphyrin IX (PPIX) stock solution was prepared by dissolving the solid with 
0.1 M ultrapure HCl and diluting with ultrapure water to the final stock solution 
concentration.
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6.3 Sampling and methods
6.3.1 Sampling
The seawater sample called SAFe D2 used for the validation of the new 
instrumental configuration was collected during the SAFe cruise (Sampling and 
Analysis of Fe129. The consensus value for the total iron concentration of this 
sample was 0.91±0.02 nM.
Otherwise, the seawater samples used to apply the speciation method were 
collected in the Ross Sea during the 2011/2012 Italian expedition in Antarctica. 
Six samples from a water column at depths between 1 and 736 m of the E5 site 
(74°40.04’ S – 167°18.76’ E) were chosen (Figure 6.3). 

All samples were filtered by a Teflon apparatus using polycarbonate membranes 
(diameter 142 mm, porosity 0.42 µm) under a laminar flow hood.
The seawater samples from Antarctica have been granted by the Antarctic 
Environmental Specimen Bank (BCAA) of the Italian Antarctic Research Program 
(PNRA) and the University of Genoa. 
 

Figure 6.3: Antarctica Maps showing the E5 site with the pink star
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6.3.2 Set up and validation
6.3.2.1 Sensitivity
The sensitivity was preliminary evaluated in ultrapure water and then in seawater 
by square-wave voltammetry following the same procedure. 10 mL of water 
were added with 10 mM pH 8 HEPPS buffer and the adequate amount of DHN. 
1 mL of the latter solution was transferred into the voltammetric cell and three 
replicate measurements acquired. Measurements were then acquired after 
each of the two consecutive 0.3 nM Fe additions. The sensitivity was calculated 
as the slope of the calibration line and it was normalized by the deposition time 
employed during the analysis. This procedure was repeated for different DHN 
concentration, between 1 and 100 µM, and square-wave frequency, between 
5 and 100 Hz. The trend of the sensitivity moving from ultrapure water and 
seawater was also estimated: seawater was diluted with ultrapure water with 
growing dilution factor and the sensitivity evaluated for each solution.

6.3.2.2 Limit of detection
The limit of detection (LOD) of the new method was evaluated both in ultrapure 
water and seawater after a deep cleaning step of the voltammetric cell for 
different DHN concentration (between 1 and 100 µM). 1 mL of the blank solution, 
containing water with 10 mM pH 8 HEPPS buffer and the proper amount ligand 
was transferred into the voltammetric cell and ten replicates measurements 
acquired. Voltammograms were also acquired after a 0.3 nM iron addition to 
check the sensitivity as the LOD was calculated according to equation 6.1.

LOD=3σblank/solpecalibration line     (6.1)

6.3.2.3 Method validation
The new method was validated by measuring the total iron concentration of 
a reference sample. 10 mL of the SAFe D2 sample were acidified to pH 1.5 
with ultrapure HCl for 12 hours and subsequently neutralized using ultrapure 
1 M NaOH. A 10x dilution was applied to test the method for the detection of 
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ultratrace levels of iron. 10 mM pH 8 HEPPS buffer and 10 µM DHN were then 
added. 1 mL of the so-prepared sample was transferred into the voltammetric 
cell and the total iron concentration was quantified after two consecutive 0.3 
nM iron additions. A subtraction of the total iron concentration of the blank 
(HCl, NaOH and HEPPS) from the results was mandatory to obtain the correct 
value.

6.3.3 Method characterization
6.3.3.1 Kinetic studies
The degradation of the 2,3-dihydroxynaphthalene was followed by both UV-Vis 
spectroscopy and 1H-NMR spectrometry. 
UV-Vis kinetic tests were performed on 0.2 mM DHN solutions prepared form 
the solid at different pH values, between 6 and 11. The pH was set to the proper 
value by adding 1M HCl or NaOH. Kinetic tests at pH between 6 and 8 were 
characterized by the acquisition of one spectrum every 15 minutes, whereas, for 
higher pH values tests, spectra were acquired every 30 minutes. The instrumental 
parameters characterizing these experiments are listed in Table 6.2.
1H-NMR spectrometry experiments were conducted on 10 mM DHN solutions 
at pH 5, which is its natural pH, and at pH 8.0, which is the pH condition used 
during the voltammetric measurements. Regarding pH 8, two different solutions 
were prepared and analyzed: the first one was preserved at room temperature 
during the dead time between the acquisitions, while the second at T=4°C. 
Dimethyl sulfoxide (DMSO) was used as the internal standard and added to the 
solutions up to the concentration of 10 mM. The singlet peak at 7.31 ppm, which 
corresponded to hydrogens 1 and 4 of the naphthalene ring of the DHN was 
integrated with respect to the singlet peak at 2.30 ppm.
The latter, which was set to 1.000, corresponded the hydrogen of the dimethyl 
sulfoxide and was constant during the kinetic tests. Preliminary experiments 
were conducted to set the acquisition rate, which was higher for tests at pH 8 as 
DHN, at these conditions, was characterized by a higher degradation rate. Total 
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acquisition time was 312 hours (13 days) for pH 5 experiments, and 402.5 hours 
(about 17 days) for pH 8 ones. 

6.3.3.2 Complex stoichiometry
The classical spectrophotometric methods, the Job’s130,131 and the Mole-Ratio132 
ones, were firstly used to study the stoichiometry of the FeDHN complex. The 
Job’s method, also called method of continuous variations, was based on the 
acquisition of the UV-Vis spectra of solutions with [DHN]/[Fe] ratios between 
0.1 and 10 at different pH values (2-10). Otherwise, the Mole-Ratio method 
was performed varying the [DHN]/[Fe] ratios between 0 and 5, maintaining the 
iron concentration constant. For both methods, the graph of the absorbance 
vs. the [DHN]/[Fe] ratio of each experiment gave a curve with the maximum in 
correspondence of the stoichiometric ratio between DHN and Fe.
The stoichiometric ratio of the FeDHN complex in the presence of trace 
concentration of Fe was determined by square-wave voltammetry methods. 
Two experiments, with and without catalytic enhancement, of the signal were 
performed. The experiments were characterized by constant iron concentration 
(100 nM and 0.37 nM without and with the catalytic enhancement, respectively, 
as the catalyzed method was characterized by a much higher analytical 
sensitivity) and increasing DHN concentration. The peak current of the FeDHN 
reduction peak was measured for each DHN addition and data were fitted with 
equation 3.4, as reported in section 3.1.2 of chapter 3131–133.

6.3.3.3 Adsorption properties
Cyclic voltammetry without the catalytic enhancement of the signal was used 
to study the adsorption phenomena of the ligand itself and the FeDHN complex 
onto the electrode surface. The adsorption of the 2,3-dihydroxynaphthalene in 
the absence of iron was firstly studied. A pH 8 buffered solution was employed 
and DHN concentration was varied between 10 and 210 µM. The current of the 
peak at around -0.2 V, related to the reduction of the DHN, was measured for 
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each DHN concentration and the surface coverage Γ was calculated according 
to equation 3.8). Trend of Γ with the DHN concentration was fitted with the 
Langmuir isotherm model (equation 3.10) to obtain the adsorption parameters 
of the ligand.
A similar procedure was applied to determine the adsorption parameters 
of the FeDHN complex. Seven experiments characterized by different DHN 
concentration, between 5 and 200 µM were set up. For each experiment, the 
iron concentration was varied between 90 and 1890 nM. The current of the peak 
of FeDHN complex was measured for each iron addition, the surface coverage of 
the electrode by the complex calculated following equation 3.8 and data fitted 
with the multicomponent Langmuir isotherm model (equation 3.11).

6.3.3.4 Standard electrochemical rate constant
As the backward peak in cyclic voltammogram was missing for the FeDHN 
complex, square-wave voltammetry was used to determine its symmetry factor 
and standard electrochemical rate constant. A pH 8 buffered solution containing 
5 µM DHN and 54 nM iron was analyzed, and the square-wave frequency 
changed between 10 and 150 Hz. The peak current of the FeDHN complex was 
measured for each frequency (f) and its trend with log(f-1) gave a maximum in 
the correspondence of the so-called fmax. The latter was used for the calculation 
of k0FeDHN according to equation 3.16. Regarding the symmetry factor of the 
FeDHN complex, the same experiments were performed and the backward and 
forward components of the square-wave voltammograms registered. α0 was 
calculated according to the empirical equation 3.17.  

6.3.3.5 Catalytic constant
The catalytic constant was calculated following the equation k’cat/[oxidant] 
(with k’cat apparent catalytic constant) estimating the concentration of the 
oxidant at the electrode surface. Otherwise, the calculation of the apparent 
catalytic constant was based on the assumption that sensitivity=ip∙[Complex] 
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using equation 3.19. Experiments were performed on a pH 8 buffered solution 
containing 0.37 nM Fe using both 1 and 10 cell volumes to compare the results. 
2,3-dihydroxynaphthalene was added to the solution with concentrations 
between 150 µM and 500 µM, condition in which all the iron is complexed by 
the ligand. 

6.3.4 Speciation analyses
6.3.4.1 Determination of the total iron concentration
The application of the competitive ligand equilibration-cathodic stripping 
voltammetry as method for iron speciation in seawater required the preliminary 
determination of the total iron concentration of each seawater sample. 
Firstly, each seawater sample was acidified to pH 1.5 by adding 12 M ultrapure 
HCl (Fluka, TraceSELECT) for at least 12 hours to make all the iron available for 
the analyses. The proper amount of pH 8 HEPPS buffer and DHN added to the 
final concentration of 10 mM and 10 µM, respectively were added. Samples 
were then neutralized using 1M ultrapure NaOH (prepared as described in the 
previous paragraph). The former procedure was used following the method 
validated by Laglera et al in 113. 1 mL of the so prepared solution was transferred 
into the voltammetric cell and three replicates measurements were acquired 
using the instrumental parameters reported in Table 6.1. The sensitivity was 
calibrated by repeating the same measurements after two consecutive additions 
of 0.3 nM Fe and the total iron concentration was consequentially calculated. 
The value of the total iron concentration for each sample was obtained after the 
subtraction of the 0.31 nM blank iron concentration (HCl, NaOH and HEPPS).
Figure 6.4 shows a calibration line used for the determination of the total 
iron concentration as an example: data are expressed as medium value of five 
replicate measurements ± standard deviation.
It should be also reminded that the same procedure was repeated to determine 
the total iron concentration of the blank, also for the ligands used for the 
validation of the speciation method.
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6.3.4.2 Calibration of the side reaction coefficient αFe’DHN

The calibration of the side reaction coefficient αFe’DHN for the FeDHN species, 
needed to calculate the stability constant K’Fe’DHN of the complex required 
titrations of pretreated seawater samples with a competitive ligand. 
Ethylenediaminetetraacetic acid (EDTA) was accordingly chosen, as its stability 
constant for most metal ions are well-known. Seawater was previously UV-
digested for 4 hours to remove the organic matter. Subsequentially, 10 mL 
of the UV-digested samples were added with 10 mM pH 8 HEPPS buffer and 
the adequate amount of DHN and iron. Experiments at four different DHN 
concentrations were set up: 0.5, 1, 5 and 10 µM. Iron concentration was 10 nM 
for the lower DHN concentration and 5 for the others. The so prepared solutions 
were divided in 10 aliquots, 1 mL each, using preequilibrated vials, and the latter 
were titrated with increasing EDTA concentrations, between 5 and 100 µM for 
0.5 and 1 µM DHN and between 50 and 800 µM for 5 and 10 µM DHN. After the 

Figure 6.4: Determination of the total iron concentration of the 50 m depth sample from the Ross Sea 
water column (E5 site, 74°40.04’ S – 167°18.76’ E). The sensitivity was calibrated by two consecutive 0.5 

nM Fe addition. Data are expressed as medium value of five replicate measurements ± standard deviation. 
Experimental: seawater; 10 mM HEPPS buffer pH 8.0; 1 μM DHN; two 0.5 nM Fe addition to calibrate the 

sensitivity. Square-wave voltammetry: -0.4 V deposition potential; 10 Hz square-wave frequency; 0.05 V·s-1 
scan rate.
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overnight equilibration time (around 17 hours) at T=4°C to avoid the degradation 
of the DHN, measurements were acquired following the ascending order with 
respect to the EDTA concentration. Figure 6.5 reports the scheme of the titration 
employed for the calibration of the side reaction coefficient.

The side reaction coefficient of the FeDHN complex for the four ligand 
concentrations was calculated by fitting the ip/ip0 vs. αFe’EDTA graph with equation 
(4.16). In particular, the αFe’EDTA values for the different EDTA concentrations used 
during the experiments were calculated employing the Visual MINTEQ software 
(3.1 version).

6.3.4.3 Validation and application to real samples
The validation of the new method for iron speciation based on the CLE-
CSV procedure required the titration of previously pretreated seawater 
samples containing a known amount of an organic Fe-binding ligand with 
known or calculable conditional stability constants for iron. In this context, 
diethylenetriaminepentaacetic acid was used as artificial ligand as its stability 

Figure 6.5: scheme of the titration of the CLE-CSV procedure.

6.  Materials & Methods
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constant for iron could be calculated using the Visual MINTEQ software, and 
deferoxamine and protoporphyrin IX were employed as natural ligand, present 
in seawater, as their constants for iron were well-known from the literature.
After the 4 hours UV-digestion, 15 mL of UVSW were added with 10 mM pH 8 
HEPPS, 1 µM DHN and the adequate amount of the proper organic Fe-binding 
ligand as follow: 5 nM DTPA, 3 nM DFO, and 3 and 6 nM PPIX. The so-prepared 
solutions were divided in 15 aliquots, 1 mL each, in 15 preequilibrated vials, and 
titrated with increasing iron concentration, up to 15 nM. Measurements were 
acquired after the refrigerated overnight equilibration time by transferring the 
aliquots into the voltammetric cell following the increasing order with respect 
to the iron concentration. Data were treated as reported in the 4.1.3 section 
of chapter 4.  Three replicates analysis were done for each ligand. The same 
procedure was applied to test the method for humic substances detection, 
introducing into the solutions 0.2 mg·L-1 of SRHA.
Real samples were analyzed following the validated procedure. Figure 6.6 reports 
the titration scheme.

Figure 6.6: scheme of the titration procedure used for the determination of the side reaction coefficient.

6.  Materials & Methods
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15 mL of each seawater sample was added with 10 mM pH 8 HEPPS and 1 
µM DHN. The solution was divided into 15 aliquots in 15 preequilibrated vials 
and the latter titrated with increasing iron concentrations. After the overnight 
refrigerated equilibration time, aliquots were transferred into the voltammetric 
cell and the analysis was performed following the increasing order with respect 
of iron concentration. Before starting each titration measurement, three blank 
measurements were performed for the microcell conditioning. Each sample was 
analyzed three times and data treated as reported in the 4.1.3 paragraph of 
chapter 4.
All the procedures reported in the present section were repeated in the total 
absence of the HEPPS buffer to assess the unbuffered method.

6.  Materials & Methods
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7CONCLUSION

7.1 Major outcomes
The aim of this project was the development, optimization and characterization 
of a new method based on the competitive ligand equilibration-cathodic 
stripping voltammetry procedure for iron speciation in seawater able to 
overcome the drawbacks of the already existing methods. A completely new 
hardware configuration was at first developed: a silver wire pseudoreference 
was for the first time introduced replacing the traditional Ag/AgCl 3M KCl 
reference electrode, and atmospheric oxygen, which was used as the catalytic 
enhancer was directly introduced into the “closed” cell by an air pump. All the 
here summarized modifications led to a great simplification of the instrumental 
configuration, ensuring on the other hand analytical performances fully 
satisfactory for trace and ultratrace levels both in terms of detection capabilities 
and signal stability.  
Before applying the new instrumental configuration to the development of 
the new method for iron speciation in seawater, a complete characterization 
of the chemical and electrochemical features of the method was performed. 
This step was basically dictated by the lack of information on the chemical 
and electrochemical features of the system: generally, a protocol for the 
characterization of a voltammetric method seemed to be missing in the 
literature. A systematic approach for the characterization of adsorptive stripping 
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voltammetry methods with catalytic enhancement of the signal was accordingly 
proposed for the first time, involving both the characterization of the chemical and 
the electrochemical features. Firstly, the quantitative study of the degradation 
of the ligand used as iron chelator, in our case the 2,3-dihydroxynaphthalene, 
was fundamental to set the proper experimental conditions in terms of 
analysis time and storage temperature of stock solutions. The study of DHN 
degradation proved a challenging task and required the use of proton Nuclear 
Magnetic Resonance (1H-NMR). A significant loss in the ligand concentration was 
evidenced at pH 8 when the sample was preserved at room temperature and a 
significant deterioration of the speciation analysis results was observed under 
these conditions (i.e. equilibration time at room temperature). DHN degradation 
was prevented when the same solution was preserved at T=4°C and in the dark. 
The latter evidence demonstrated the need to perform the equilibration period 
at 4°C in the dark.
Secondly, the stoichiometry of the complex adsorbed onto the electrode 
surface was determined under the conditions relevant for the AdCSV method 
which involves trace and ultratrace concentrations of the metal, in the range 
of nM-pM, in the presence of a 1000-fold ligand excess. The latter condition 
usually favors the formation of complexes characterized by the lowest metal-
ligand ratio: a 1:1 stoichiometry ratio between iron and DHN was, in fact, found 
by studying electrochemical measurements. Otherwise, the use of traditional 
spectrophotometric methods, i.e. the Job’s and the mole-ratio methods, led to 
misleading results, suggesting the presence of 1:3 complexes when metal to 
ligand ratio in the range 1:10-10:1 are used.
The simultaneous adsorption of the complex and of the ligand on the electrode 
surface was subsequently investigated. The multicomponent Langmuir isotherm 
was used as a simpler, monocomponent modelling approach may be employed 
only if the ligand does not adsorb onto the electrode surface. As a result, this 
approach suggested that the competition between the ligand and the complex 
for the electrode surface did not occur even under the highest employed ligand 
concentrations, showing that also high concentration of the ligand may be 
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employed to ensure high sensitivity values.
As the final step of this part of the work, the electron transfer kinetics (k0) 
and catalytic enhancement (k’cat) were simultaneously studied to completely 
characterize the electrode reaction and gave full insight into the intimate 
mechanism responsible for the high sensitivity. In particular, the ratio between 
the catalytic and the standard electrochemical rate constant was lower than 2, 
meaning that the signal was mostly controlled by the catalytic effect. 
The CLE-CSV method for iron speciation in seawater was subsequently developed.
Firstly, as a completely new instrumental configuration was applied to develop 
a CLE-CSV method, the side reaction coefficients for the FeDHN complex was 
calibrated for four DHN concentration by competition with EDTA. In particular, 
the resulted values for the side reaction coefficients were calculated showing 
a higher precision with respect with literature data, as the relative standard 
deviation RSD% was in the 3%-15% range.
The method was then successfully validated using an artificial and two natural 
ligands, namely DTPA, DFO and PPIX respectively, and tested for the detection of 
humic substances. In particular, the results of the validation step demonstrated 
the capability of the method to correctly determine the complexing capacity 
and stability constant of both discrete and more complex organic iron binding 
ligands.
The subsequent application to six Antarctic seawater samples from a Ross Sea 
water column suggested the possibility to apply the method to organic iron 
speciation in seawater samples. 
The possibility to perform the iron speciation in seawater analysis by the CLE-
CSV procedure developed in the total absence of the pH buffer was finally 
investigated, requiring the calibration and validation steps to be performed 
again. The side reaction coefficient of the FeDHN complex was calibrated for the 
four DHN concentration previously used, obtaining values not distinguishable 
from the side reaction coefficients obtained in the presence of the pH buffer. 
The method was then validated using known ligands (DTPA and DFO) and tested 
for the detection of humic substances obtaining results not different from the 
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expected values and from the results obtained in the presence of the pH buffer. 
Accordingly, the unbuffered method was demonstrated to be able to determine 
the concentration and the conditional stability constant for both artificial and 
natural iron ligands, including humic substances. Moreover, the unbuffered 
method was tested for the analysis of the same Antarctic seawater samples 
and the results were comparable to the ones obtained when the pH buffer was 
used. The major advantage of the proposed unbuffered method was the in situ 
disentanglement of the equilibration and analysis environment. The iron fraction 
bounded to the added ligand and adsorbed onto the electrode surface, in fact, 
was detected at pH values around 8.5, where the sensitivity is optimal, whereas 
the equilibration was performed at the natural pH value of the sample. The 
present protocol is expected to greatly benefit the speciation analysis of samples 
with circumneutral to slightly acidic pH, as the voltammetric measurements are 
performed with the optimal sensitivity, while at the same time, the samples are 
preserved at the natural pH during the equilibration time.

7.2 Comparison with existing methods
Table 7.1 lists all the CLE-CSV methods for iron speciation in seawater introduced 
since 1994, together with their main features (analysis time and required sample 
size) and performances (detection capabilities and sensitivity).
An analytical sensitivity of around 13 nA·nM-1·min-1 for 1 µM DHN was obtained 
applying the unbuffered DHN/O2 method. The latter result is sevenfold higher 
than the sensitivity obtained with the same ligand concentration (1 µM DHN) 
using bromate instead of atmospheric oxygen. In fact, the bromate method 
resulted in a 1.9 nA·nM-1·min-1 sensitivity118. Moreover, the around 13 nA·nM-

1·min-1 sensitivity value resulted 25% lower than the 17 nA·nM-1·min-1 one obtai-
ned with 10 µM TAC110 and comparable to the 15 nA·nM-1·min-1 one obtained 
with 1-5 µM NN105. On the other hand, the use of SA as ligand and bromate as ca-
talytic enhancer led to an extreme sensitivity, in the 40-180 nA·nM-1·min-1 range 
for a 25 µM SA121. Nevertheless, it should be highlighted that these great values 
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Figure 7.1: general comparison between the present method and all the other 
existing methods.

were obtained using a huge mercury drop as electrode (3.34 mm2). Beside sensi-
tivity, the limit of detection of the technique is a fundamental parameter to con-
sider when iron speciation in seawater is involved. The limit of detection calcu-
lated as 3xblank standard deviation/slope of the calibration line was used during 
the comparison as the minimum detectable ligand concentration was estimated 
only in the present work. As a result, the new method featured the best LOD va-
lue independently of the ligand concentration, 10 pM for both 1 and 10 µM DHN 
for a 30 seconds deposition time. This could be related to an extreme stability 
of the signal, thanks to the new instrumental configuration (close analysis cell 
and pseudoreference replacing the traditional Ag/AgCl electrode) opposite to 
methods characterized by higher sensitivities but affected by lower signal repro-
ducibility. A similar LOD value was only achieved with 25 µM SA and a 600 seconds 
deposition time121.  Another relevant benefit introduced by the novel method 
was the extreme reduction of the analysis time. The use of atmospheric oxygen 
as the catalytic enhancer avoided the need of nitrogen purging of the sample 
aliquots, reducing the analysis time by 300 seconds per aliquots, as common to 
the later evolution of 
the SA method120,121. 
Moreover, the de-
position time was 
three or four times 
lower than the ones 
previously used with 
DHN (90 and 120 
seconds in118 and119, 
respectively), and 
four-twenty times 
lower with respect to the SA (120-300 seconds120,121) and TAC (120-600 se-
conds110) methods. All of these improvements resulted in an analysis time of 
only 30 minutes for the measurements of a twelve aliquots titration. Furthermo-
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re, the new method avoided the addition of several chemicals, as no hydrogen 
peroxide or bromate were added to the samples, and the pH buffer was totally 
removed in the unbuffered version of the method. As a final remark, Figure 7.1 
summarizes all the benefits introduced by the new method.

7.3 Relevance to existing speciation analysis procedures
The here described approach may be extended to already existing and used 
procedures for both the speciation of iron and other metals in seawater. The 
modifications introduced to the hardware configuration, in fact, may also be 
used when SA, TAC or NN are used as iron chelators. In particular, the use of the 
microcell would lead from one side to a tenfold sample size reduction and, from 
the other, could improve the detection capabilities, as explained in chapter 3. 
The use of a pseudoreference electrode would also simplify the overall hardware 
setting.
On the other hand, the possibility to remove the pH buffer in the existing 
procedures requires a more careful discussion. Starting from the speciation 
method employing SA120,121, the unbuffered procedure could be easily adopted 
because this method also avoids the nitrogen purging step before the analysis 
as the here presented one. The same cannot be said regarding the use of 
NN105,106,115,116 and TAC110 as the pH buffer removal would cause a raise in the pH 
value, up to 9.1, due to the CO2 removal. Nevertheless, as proved in chapter 5, 
only a limited rearrangement of the species distribution is expected following 
the raise in the pH value, as the kinetics of ligand exchange is typically slow. It 
should be highlighted that the sensitivity is expected to increase with the pH, 
when TAC is employed, whereas it decreases above pH 8.5, when NN is involved. 
Contrarily, the unpurged procedure would avoid the raise in the pH value, but 
oxygen reduction signals would raise the baseline current. Nevertheless, the 
peak potential of both FeTAC2 (-0.53V,110) and FeNN3 (-0.58V,115) complexes in 
seawater falls in a potential range were the baseline current due to the reduction 
of oxygen is stable and limited (around 30 nA in the –0.55V / –0.65V range in our 
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experimental conditions).
Accordingly, the unbuffered method proposed in the present thesis could be 
generally employed in iron speciation analysis by CLE-CSV, avoiding the purging 
step also when other iron chelators are employed, although thorough testing is 
required to confirm such hypothesis.

7.4 Future perspectives
Regarding the future perspectives and developments of this project, the 
proposed method should be thoroughly tested to detect the complexing 
properties of other natural ligands (e.g. exopolysaccharides EPS, porphyrins, 
domoic and phytic acids, and transferrin), and the results obtained from the 
speciation analysis of different natural ligand pools (e.g. as found in coastal and 
open oceanic waters) compared with existing data. Furthermore, the analysis of 
a large number of samples is required to fully assess the fit for purpose of the 
developed CLE-CSV method, as only six seawater samples were analyzed in the 
present work. 
Furthermore, a thorough comparison between all the existing methods could 
provide a full picture of all the pros and cons of this method. In this context an 
intercomparison exercise, i.e. the application of all the existing methods using 
all the four iron chelators (NN, TAC, SA, DHN) on the same samples set, which 
could be a water column or a transect, could be useful to assess the merits of 
these procedures.
Further developments regarding the here presented method may be focused 
on the development of an unbuffered reverse titration (RT) procedure, which 
allows the speciation analysis for samples with high and similar iron and organic 
iron-binding ligands concentrations. In particular, the possibility to develop an 
RT unbuffered procedure seems feasible, even if it should be firstly set-up and 
then tested and validated. 
Regarding the analytical aspects of the technique, the slow degradation kinetics 
of the 2,3-dihydroxynaphthalene represents the most relevant complication of 
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the procedure. Despite it is easily dealt with by preserving the samples in the 
fridge at 4°C during the equilibration time, this drawbacks may be solved by 
introducing one or more electron withdrawing substituent(s) on the naphthalene 
ring, as they could lead to a less easily oxidizable species. The complexing 
properties of this species and the ensuing performances should be carefully 
evaluated as performances similar to the ones afforded by unsubstituted DHN 
cannot be a priori assumed.
Further hardware development may be also foreseen. In particular, the procedure 
automatization would represent a great step forward in the throughput of 
speciation analysis, which are labor and time consuming, especially when a large 
number of samples are analyzed. In this context, the whole system should be 
carefully studied as the use of the microcell would require a dedicated system for 
the transfer of the sample aliquots. Moreover, the use of substituted, less easily 
oxidizable DHN species could be helpful to avoid the refrigerated equilibration 
time, which could result difficult to implement in an automated system.
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Equations used to determine the stoichiometry 

i=imax∙(K[L]/(K[L]+1))   (A.1) only the 1:1 complex forms and is electroactive;

i=imax∙(K[L]/(K[L]+β1[L]2+1))   (A.2) the 1:1 and 1:2 species form but only the 1:1 

one is electroactive;

i=imax∙((K[L]+β1[L]2 )/(K[L]+β1[L]2+1))   (A.3) the 1:1 and 1:2 species form and are 

electroactive;

i=imax∙(K[L]/(K[L]+β1[L]2+β3 [L]3+1))   (A.4) the 1:1, 1:2 and 1:3 species form and 

the 1:1 is the only electroactive;

i=imax∙((K[L]+β1[L]2)/(K[L]+β1[L]2+β3[L]3+1))   (A.5) the 1:1, 1:2 and 1:3 species form 

and 1:1 and 1:2 are electroactive.

i=imax·((K[L]+β1 [L]2+β3[L]3)/(K[L]+β1[L]2+β3[L]3+1))   (A.6) the 1:1, 1:2 and 1:3 
species form and are electroactive.

Temperature (K) pH

Beginning End Beginning End

pH 6 297.85 298.25 6.15 6.18

pH 7 298.25 298.35 7.02 7.11

pH 8 298.25 298.25 8.14 8.16

pH 9 298.15 298.75 9.12 9.08

pH 10 298.75 298.45 10.05 10.05

pH 11 297.75 298.15 11.04 11.02

Table A.1: temperature and pH values at the beginning and at the end of the UV-Visible kinetic tests for pH 
values between 6 and 11
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Table A.2-A7 report the detailed result for each titration acquired using the 
buffered method.

Replicate CL logK’Fe’L

1 4.64±0.30 11.79±0.05

2 4.39±0.37 11.78±0.07

3 5.39±0.45 11.87±0.09

4 4.89±0.33 11.85±0.06

5 5.47±0.437 11.83±0.07

Table A.2: Results of the titrations performed during the validation step using 5 nM 
diethylenetriaminepentaacetic acid.

Replicate CL logK’Fe’L

1 2.82±0.06 12.62±0.13

2 3.15±0.07 12.52±0.13

3 3.31±0.07 12.48±0.11

Table A.3: Results of the titrations performed during the validation step using 3 nM deferoxamine.

Replicate CL logK’Fe’L

1 2.58±0.1 12.22±0.12

2 2.24±0.15 9.98±0.16

3 2.76±0.07 12.36±0.11

Table A.4: Results of the titrations performed during the validation step using 3 nM protoporphyrin IX.

Replicate CL logK’Fe’L

1 6.11±0.38 12.08±0.13

2 6.30±0.33 11.81±0.05

3 6.01±0.35 11.86±0.06

Table A.4: Results of the titrations performed during the validation step using 6 nM protoporphyrin IX.
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Replicate CL logK’Fe’L

1 5.88±0.66 11.66±0.07

2 6.04±0.41 11.68±0.06

3 5.53±0.23 11.82±0.05

Table A.6: Results of the titrations performed during the test of the method for the detection of 
0.20 mg·L-1 humic acid.

Sample depth (m) Replicate CL logK’Fe’L

1

1 2.70±0.13 12.08±0.12

2 2.60±0.12 12.24±0.14

3 2.51±0.08 12.44±0.16

20

1 4.87±0.14 11.91±0.07

2 5.10±.12 12.06±0.09

3 4.66±.11 12.31±0.07

50

1 6.54±0.27 11.91±0.07

2 6.31±0.39 12.06±0.09

3 6.22±0.19 12.18±0.07

100

1 3.12±0.09 13.05±0.4

2 2.70±0.06 12.50±0.1

3 2.94±0.11 12.64±0.3

400

1 5.73±0.49 11.93±0.08

2 5.94±0.58 11.95±0.09

3 5.88±0.49 11.83±0.08

736

1 6.59±0.21 12.23±0.1

2 6.46±0.32 12.10±0.09

3 6.31±0.21 12.12±0.08

Table A.7: Ross Sea water column seawater samples titrations results.
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Table A.8-A.11 list the detailed results obtained during the development of the 
unbuffered method.

Replicate CL logK’Fe’L

1 4.50±0.47 11.82±0.15

2 5.10±0.47 11.98±0.19

3 5.19±0.55 11.95±0.24

Table A.8: Results of the titrations performed during the validation step using 5 nM 
diethylenetriaminepentaacetic acid. 

Replicate CL logK’Fe’L

1 2.97±0.01 11.94±0.11

2 3.10±0.13 11.86±0.11

3 3.21±0.13 11.99±0.12

Table A.9: Results of the titrations performed during the validation step using 3 nM deferoxamine. 

Replicate CL logK’Fe’L

1 5.74±0.50 11.62±0.12

2 5.24±0.22 11.86±0.10

3 5.58±0.33 11.69±0.11

Table A.10: Results of the titrations performed during the test of the method for the detection of
 0.20 mg·L-1 humic acid.
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Sample depth (m) Replicate CL logK’Fe’L

1
1 3.03±0.19 11.93±0.12

2 2.56±0.20 12.12±0.2

20
1 5.46±0.10 12.42±0.1

2 5.39±0.14 12.51±0.13

50
1 5.27±0.37 12.00±0.1

2 5.67±0.17 11.82±0.09

100
1 3.58±0.11 12.86±0.14

2 2.95±0.07 12.33±0.33

400
1 6.04±0.47 11.85±0.11

2 5.24±0.29 11.94±0.13

736
1 5.96±0.30 12.11±0.12

2 5.85±0.25 12.08±0.11

Table A.11: Ross Sea water column seawater samples titrations results.
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